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Solar-to-Chemical Energy Conversion
with Photoelectrochemical Tandem Cells

Kevin Sivula*

Abstract: Efficiently and inexpensively converting solar energy into chemical fuels is an important goal towards a
sustainable energy economy. An integrated tandem cell approach could reasonably convert over 20%of the sun’s
energy directly into chemical fuels like H2 viawater splitting. Many different systems have been investigated using
various combinations of photovoltaic cells and photoelectrodes, but in order to be economically competitive
with the production of H2 from fossil fuels, a practical water splitting tandem cell must optimize cost, longevity
and performance. In this short review, the practical aspects of solar fuel production are considered from the
perspective of a semiconductor-based tandem cell and the latest advances with a very promising technology –
metal oxide photoelectrochemical tandem cells – are presented.
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Introduction

The realization of a sustainable energy
economy is contingent on developing an
energy vector that can be efficiently (re)
generated from renewable sources, easily
stored, and straightforwardly transported to
thepointofuse.Chemical fuels,whichstore
energy in covalent bonds, are especially at-
tractive for this purpose, as the infrastruc-
ture for the widespread use of fossil fuels
is already in place. Photoelectrochemical
cells can directly convert energy from our
largest energy source – the sun – into re-
newable chemical fuels like H

2
(from the

reduction of water) or MeOH (from the
reduction of CO

2
).[1] Indeed, efficiently

producing molecular hydrogen using pho-
toelectrochemical means has been an ulti-
mate goal of electrochemists and material
engineers for decades given the abundance
of the required raw materials – water and
sunlight. Indeed, solar hydrogen is consid-
ered the central element in a multifaceted
and interconnected chemical network – a
‘solar refinery’ – which will ultimately
convert photons from the sun into raw ma-
terials for industrial synthesis and carbon-
based chemical fuels.[2]

However, any system for converting
solar energy on a scale commensurate
with the global energy demand must find
a balance between minimizing system
complexity (i.e. device cost) and maxi-
mizing device performance (i.e. energy
conversion efficiency and device longev-
ity). Moreover, any economically feasible
system for solar hydrogen production must
also compete with the price of H

2
gener-

ated from conventional sources (US$ 2–3
kg–1 for the steam reforming of natural
gas). Attaining this goal remains a major
challenge for photoelectrochemists and
material engineers, but the severity of the
global energy situation has stimulated the
development of many promising routes. In
this article, an analysis and comparison of
promising routes is presented. To begin, an
obvious route to solar-generated hydrogen
is considered.

Is PV+ Electrolysis a Viable
Solution?

Based on the reduction and oxidation
potentials of water, a difference in bias of
only 1.23 V should be sufficient to split
water into H

2
and O

2
. However, due to the

entropic increase needed for this process
to be spontaneous as well as the overpo-
tential required to overcome kinetics of
the oxygen and hydrogen evolution reac-
tions, modern electrolyzers usually operate
at voltages above 1.8 V. The most obvious
approach to generate sufficient voltage for
water splitting with solar energy is to con-
nect multiple standard photovoltaic (PV)
cells in series. For example, a traditional
pn-junction silicon PV produces a poten-
tial of 0.5–0.6 V at its maximum power
point under standard conditions. Thus

three or four of these connected electrical-
ly in series would create sufficient poten-
tial to split water (depending on the type of
electrolyzer employed). The effectiveness
of this ‘brute force’ PV + electrolysis ap-
proach is limited by the price and availabil-
ity of PV devices and electrolyzers, and
currently makes the price of the H

2
pro-

duced around US$ 10 kg–1.[3]Nevertheless,
a fair amount of research interest has fol-
lowed this path and devices with overall
solar-to-hydrogen conversion efficiency
(η

STH
), up to 9.3% have been demonstrated

using single crystal silicon PV modules
and high-pressure electrolysis.[4] It has also
been suggested that a comprehensive opti-
mization of these systems could produce
H

2
at a price as low as US$ 4 kg–1.[5] This

price may decline further by employing
novel thin-film PV technologies. For ex-
ample, Dhere and Jahagirdar have reported
the use of two high voltage CuIn

1–x
Ga

x
S
2

(GIGS) PV cells side-by-side to generate a
η
STH

up to 8.8%.[6,7]
Despite the seemingly straightforward

nature of the PV + electrolysis approach, a
major and general drawback comes from
the voltage output of a tradition pn-junc-
tion solar cell, which is strongly dependent
on the illumination intensity. This neces-
sitates complicated switching mechanisms
to ensure the optimum number of cells are
connected in series during variations in
light intensity caused by haze, cloud cover,
or time of day. This critical drawback can
result in as much as a 50% energy loss,
and calls into question the viability of the
PV+ electrolysis approach. However, this
has also inspired researchers to develop
systems specifically designed to generate
sufficient voltage for water splitting by us-
ing tandem cells.
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to η
STH

= 7.5% under AM1 (100 mW cm–2)
illumination when islands of Pt and RuO

2
were used as a reduction and oxidation
catalysts, and the device was directly sub-
merged into aqueous electrolyte.[16] Since
the band-gap of the a-Si was the same for
each nip-junction, the layer thicknesses
were optimized so each layer produced the
same photocurrent (i.e. the top two layers
were thin enough to transmit some photons
with energy hν > E

g
). This concept was

later developed to increase the efficiency
for electricity production by mixing some
Ge in with the Si to modify the E

g
of the

bottom two layers.[17] Using these devices
for water splitting, an η

STH
of 7.8% under

AM1.5 (100 mW cm–2) illumination was
achieved in 1 M KOH electrolyte with re-
duction and oxidation catalysts of CoMo
and NiFe

y
O

x
respectively.[18] The stability

of these devices was improved to greater
than 31 days while maintaining a η

STH
val-

ue of 5–6% using a fluorine-doped SnO
2

protection layer on the cathode.[19] More
recent efforts with these devices have also
shown that operation at near neutral pH is
possible using an optimized cobalt-based
oxygen evolution catalyst to give η

STH
=

4.7% when using a ‘wired’ geometry that
placed two water splitting electrodes in
close proximity to facilitate ion transport
between the electrodes.[20] In addition,
the use of a transparent conducting oxide
(ITO) on the surface enhanced stability and
stable water splittingwas observed for over
10 hours. However, in the ‘wireless’ geom-
etry (Fig. 2) these devices suffer a limita-
tion from the transport of ions through the
electrolyte from one face of the device to
the other, and the overall solar to hydrogen
efficiency drops to around 3%. Fig. 2 also
shows the oxygen produced by this wire-
less cell, as measured by mass spectrome-
try (MS) for two different electrolytes with
varying ionic strength, and the effect on the

The Tandem Cell Concept

One way to overcome the need to use
multiple PV devices to generate enough
potential for the water splitting reaction
would be to develop a single PV device
that could produce sufficient voltage by
using a material with a sufficiently large
semiconductor band-gap energy (E

g
).

However, when E
g
increases, the amount

of solar light that the semiconductor can
absorb decreases because a semiconductor
can only absorb photons with an energy hν
> E

g
. This drastically lowers the maximum

achievable solar conversion efficiency.
However, both sufficient voltage and ad-
equate light harvesting can be realized in a
water splitting device by stacking multiple
cells that can individually harvest differ-
ent portions of the solar spectrum on-top
of one another, in tandem (Fig. 1). If the
cells are connected electrically in series the
total photocurrent density will be limited
by the cell producing the least current, but
the total voltage will be the sum of all the
cells used.

Fig. 1 also shows the distribution of
the standard solar spectrum (AM1.5G 100
mW cm–2) and how the tandem concept
can allow more complete harnessing of the
solar spectra than a single absorber case.
If reasonable losses are assumed for the
water splitting process (average loss per
photon of 0.8 eV), and the requirement
for the device to produce sufficient volt-
age to split water and overcome the over-
potentials is accounted for, a semiconduc-
tor with E

g
> 2.1 eV is required using a

single semiconductor absorber. This would
leave a valuable part of the solar spectra
from 600–1200 nm unused, and limit the
maximum possible solar-to-hydrogen con-
version efficiency to 17.4%. However, by
employing a dual absorber tandem system
with the same assumptions, the optimized
band gaps of the two absorbers are found to
be E

g1
= 1.72 eV and E

g2
= 1.11 eV.[8] Thus

in this case, the top absorber can harvest
photons up to 720 nm, while the bottom
cell would use the photons from 720–1120
nm giving a maximum possible solar-to-
hydrogen conversion efficiency of 27.1%.
Even more of the solar spectrum can be
harvested with a 3-level tandem configu-
ration.[9]Of course in practice, the addition
of each cell brings technical difficulties
that greatly increase the complexity and
cost of these devices. Indeed, the tandem
devices used for high efficiency solar-to-
electricity conversion are very costly and
relegated to specific niches (e.g. extrater-
restrial application).

PV/PV Tandems for Solar Water
Splitting

Neglecting the practical aspects of de-
vice cost and complexity, it is interesting
to understand how efficiently solar energy
can be converted to chemical energy us-
ing ‘PV/PV’ tandem cells for water split-
ting. One common strategy is to couple
a PV/PV tandem directly to electrolysis
electrodes (including the appropriate cata-
lysts) resulting in a device that can be sim-
ply placed into an aqueous electrolyte and
eliminating the need for a separate electro-
lyzer. Champion devices of this type use
the well-known band-gap engineering of
III-V semiconductor systems to optimize
light harvesting and voltage generated,
and have demonstrated record-breaking
solar-to-chemical conversion efficiencies.
In particular, Licht et al. have employed
an AlGaAs/Si (pn-pn) structure using Pt-
black and RuO

2
as reduction and oxidation

catalysts, respectively, and obtained solar-
to-hydrogenconversionefficiencies ashigh
as 18.3% under simulated AM0 sunlight
(135 mW cm–2).[10,11] Turner and co-work-
ers have investigated monolithic GaAs/
GaInP

2
(pn-p, pn-pn, or pn-pn-p) systems

and attained η
STH

values up to 12.5%.[12–14]
While the conversion efficiencies reported
with these systems are quite impressive,
major concerns exist about the price (due
to the requirements of high material purity
and costly fabrication methods) and stabil-
ity of these devices when they are used in
contact with aqueous electrolyte.[15]

Of course it is not necessary to con-
struct an all-PV tandem system from III-V
semiconductors; many other systems have
also been reported. One system of particu-
lar interest is based on amorphous silicon
(a-Si). Bockris and co-workers first showed
that a triple stack of n-type/intrinsic/p-type
(nip) a-Si on a Ti substrate could give up

Fig. 1. The benefits
of the tandem cell
approach are shown
through the AM 1.5 G
solar photon flux as
a function of wave-
length and photon
energy. The patterned
areas of the spec-
trum represent the
photons that could
be harvested using a
single semiconductor
absorber and a dual
absorber tandem
approach. The inset
shows a scheme of
the dual absorber
tandem device layout
and the relative semi-
conductor energy
levels.
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is shown in Fig. 3. Here the bending of the
conduction and valence band edge ener-
gies induced by the space-charge field is
shown schematically for both photoanode
and photocathode. The photo-induced
splitting of the Fermi level (broken lines) is
also shown indicating the amount of exter-
nally available free energy,∆µ

ex
, developed

in each semiconductor. The energetic re-
quirements for water splitting are satisfied
when the total ∆µ

ex
is greater than 1.23 eV

plus the overpotential losses at each elec-
trode.

conversion efficiency can be clearly seen.
The limitation of ion transport in these
types of devices remains an important
practical point to address. Moreover, while
these a-Si based devices are presumably
less expensive than III-V semiconductor
based tandem cells, their fabrication still
requires relatively expensive vacuum pro-
cessing. Despite this, the mass production
of triple junction a-Si device modules for
photovoltaic energy conversion is already
underway by several companies. It is yet
unclear what the price per kg H

2
would be

if these cells would be used for water split-
ting. Furthermore, the open-circuit volt-
ages produced by such triple junction a-Si
cells are around 2.4 V – much higher than
is needed for water electrolysis.

Direct Solar-to-Chemical
Conversion with PEC

The strategies discussed up to this
point have employed multiple photovoltaic
junctions to generate sufficient voltage to
convert solar energy into chemical energy
via water splitting. Since the employed
semiconductor materials are not gener-
ally stable in the aqueous environment re-
quired for water electrolysis, devices have
included encapsulating layers or separate
electrolyzing electrodes to accomplish the
water oxidation and reduction reactions
with reasonable stability. These solutions
increase both the complexity of the final
device architecture and electrical losses by
the introduction of additional interfaces. A
more straightforward route to light-driven
chemical transformations in general is to
directly contact a semiconductor and the
electrolyte as in a photoelectochemical de-
vice.

When a semiconductor is placed in
direct contact with an electrolyte the
equilibration of the semiconductor chemi-
cal potential (also called the Fermi level)
with the oxidation/reduction potential of
the electrolyte creates an electric (space-
charge) field in the semiconductor at the
semiconductor-liquid junction (SCLJ).
The space-charge field can separate photo-
generated electrons in the semiconductor’s
conduction band from their corresponding
holes in the valence band. Unlike a tradi-
tional photovoltaic cell where the photo-
excited carriers are extracted by electrical
contacts into an electric circuit, excited
carriers in a photoelectrochemical (PEC)
electrode travel to the SCLJ to perform
redox chemistry directly. For example,
with an n-type photoanode under illu-
mination, photogenerated holes directly
oxidize water into O

2
, while for a p-type

photocathode, photogenerated electrons
can directly reduce water into H

2
. In this

way a PEC cell can reduce the number of

materials and interfaces needed to perform
an electrochemical reaction driven by solar
energy, and potentially reduce the cost of
device fabrication.

Indeed interest in performing inexpen-
sive solar water splitting using a PEC de-
vice goes back decades, and was first dem-
onstrated using TiO

2
as a single semicon-

ductor absorber over 40 years ago.[21]As an
oxide semiconductor TiO

2
offers excellent

stability in the relatively harsh aqueous
conditions of water splitting. However,
this material has a semiconductor band-
gap around 3.2 eV. Thus it cannot harvest
a significant portion of the solar spectrum
and therefore its potential solar-to-hydro-
gen conversion efficiency is very low (less
than 2%). Because of this, following the
seminal demonstration with TiO

2
chemists

and material scientists have invested con-
siderable effort towards identifying ideal
PEC materials. However, a single material
has not yet been identified that can offer
substantial solar light harvesting, adequate
stability in the harsh aqueous electrolytes
required, and appropriate conduction and
valence band energy levels straddling the
water reduction and oxidation potentials,
respectively. However, the tandem concept
can also be applied to a PEC device. In
fact, since the water splitting reaction nec-
essarily entails two separate half-reactions,
it seems natural to use two light absorbers
for PEC water splitting.

Indeed, a simple way to construct a
PEC tandem water splitting cell is to use
an n-type semiconductor photoanode to-
gether with a p-type semiconductor cath-
ode. The electrochemical scheme for this
type of ‘D4’ device (dual absorber, four
photons for one molecule of H

2
produced)

Fig. 2. Demonstration of a triple junction amorphous silicon (3jn-a-Si) tandem cell for solar water
splitting is shown with the wireless device scheme (left) and the oxygen evolution data (right)
taken by mass spectrometry (MS). The cell was illuminated over the 2 h of the experiment under
AM 1.5 illumination in 1 M KBi (light trace) and in 0.5 M KBi and 1.5 M KNO3 (dark trace) electro-
lyte. MS signal corresponds to the concentration of O2 in the carrier gas of the cell. The spikes in
the data originate from sudden release of gas bubbles that were adhered to the cells, resulting in
a temporary increase of the O2 concentration in the headspace. The solar-to-fuel efficiency (SFE,
or ηSTH) is also shown. Reprinted with permission from S. Y. Reese, et al., Science 2011, 334, 645-
648. Copyright 2011 American Association for the Advancement of Science.

Fig. 3. Electron energy scheme of a dual-
absorber PEC tandem cell with direct semicon-
ductor liquid junctions (SCLJ) is shown. Here
an n-type photoanode connected to p-type
photocathode. Charge separation due to the
space-charge field at the SCLJ (as indicated
by the bending of the energy bands) allows
generation of sufficient free energy (∆µex) to
split water under illumination.



158 CHIMIA 2013, 67, Nr. 3 Solar EnErgy HarvESting

Examples of Photoanode/
Photocathode Materials and
Tandem Cells for Water Splitting

Within the framework of the photo-
anode/photocathode tandem cell for PEC
water splitting many photoelectrode ma-
terials have been identified as promising
candidates for a device that maximizes
stability and minimizes complexity of
fabrication and material costs. In general,
transition metal oxides have been particu-
larly attractive due to their superior stabil-
ity in water-based systems. Stable n-type
materials for water oxidation are well-
developed in the scientific literature. TiO

2
is probably the most well studied material,
and although its band-gap is too large for
efficient solar energy conversion, meth-
ods to sensitize it,[22] or reduce its band
gap with carbon or nitrogen impurities[23]
have been reported to have limited success.
More promising photoanode materials are
WO

3
(E

g
= 2.6 eV) and Fe

2
O

3
(hematite, E

g
= 2.0 eV), which could respectively con-
vert a maximum of about 6% and 16% of
incident solar energy into chemical fuels
based on their band-gaps. These materials
have gained significant interest due to their
observed stability in aqueous systems,
light harvesting ability, and composition
from abundant and inexpensive elements.
However, these materials are not noted for
their exceptional semiconducting proper-
ties. As such, much effort has been invest-
ed in improving the performance of these
materials as water oxidizing photoanodes
through doping and nanostructuring ef-
forts.[24,25] In addition, methods have been
developed to obtain high performance
electrodes using inexpensive and scal-
able solution-based techniques for both of
these materials.[26,27] Similar efforts have
also been employed to increase the perfor-
mance scalability of other promising pho-
toanode materials such as BiVO

4
,[28] and

TaON.[29]
Despite the large amount of effort in-

vested in developing high performance
photoanodes for the tandem cell approach,
only a few demonstrations of actual photo-
anode/photocathode devices can be found
in the literature. The reason for this is
clearly due to a lack of suitable photocath-
ode materials for water reduction. Many
materials, for example GaInP

2
,[30] Si,[31,32]

SiC,[33] WS
2
,[34] Cu(In,Ga)Se

2
,[35] Cu

2
O,[36]

CuYO
2
,[37] CaFe

2
O

4
,[38] and even p-type

(Mg2+ doped) Fe
2
O

3
[39] have been investi-

gated as water reducing p-type electrodes,
but the magnitude of the photocurrent or
the stability in aqueous solutions have
remained limiting factors. Despite this, a
few efforts have been made to demonstrate
photoanode/photocathode tandem cells.

Early work by Nozik[40] established the
general theory for combining photoanodes

and photocathodes into tandem cells and
introduced the TiO

2
/GaP system. Ohmic

contacts between single crystals of n-type
TiO

2
and p-type GaP (E

g
= 2.26 eV) gave a

tandem cell that was found to evolve both
hydrogen and oxygen without an external-
ly applied potential

.
A high internal resis-

tance limited the conversion efficiency of
the cell for H

2
evolution, which was calcu-

lated to be 0.25% at zero bias (based on a
total electrode area of 1.9 cm2 and 85 mW
cm–2 of net incident simulated sunlight).
An oxide layer forming on the surface of
the p-GaP was the likely cause of the de-
vice instability.[41]

Very little research attention was given
to constructing photoanode/photocathode
tandem devices for many years after this
seminal demonstration. More recently, fol-
lowing the advances in oxide photoanode
performance, additional demonstrations
of photoanode/photocathode tandem de-
vices have appeared. For example, while
also known to be unstable in aqueous
systems,[15] GaInP

2
(E

g
= 1.83 eV) photo-

cathodes have been combined with either
WO

3
[30] or Fe

2
O

3
[42] photoanodes by Wang

and Turner. Under intense white light il-
lumination (>200 mW cm–2) the WO

3
/

GaInP
2
combination produced a detectable

photocurrent that rose linearly with light
intensity to reach operating photocurrents
of about 20 µA cm–2 at 1000 mW cm–2 (so-
lar-to-hydrogen efficiency η

STH
< 0.01%).

Due to the insufficient potential difference
the system did not function at illumina-
tion intensities below 200 mW cm–2 (recall
that the minority carrier quasi Fermi level
and thus the ∆µ

ex
of each electrode should

change proportional to the logarithm of
the illumination intensity). For the case of
Fe

2
O

3
/GaInP

2
, negligible photocurrent was

observed even at 10 sun illumination due to
the mismatch of the conduction band mini-
mum of the Fe

2
O

3
thin film and the valence

band maximum in the GaInP
2
. Employing

surface dipoles to raise the conduction
band[43] of Fe

2
O

3
may be useful for this

combination of materials, which is clearly
not ideal. Moreover the limited availabil-
ity of indium in the Earth’s crust prevents
the application of this material on a global
scale.

A more novel p-type material made
from abundant elements, CaFe

2
O

4
(E

g
=

1.9 eV), has been paired with n-TiO
2
(in

a side-by-side configuration) to give a de-
vice operating photocurrent, J

op
, of 110 µA

cm–2 in 0.1 M NaOH electrolyte with the
light from a 500 W Xe lamp.[44] However,
the Faradaic efficiency for water splitting
was found to be only 12% and Fe and Ca
were detected in the electrolyte after the
device test, suggesting the photocurrent
was mostly due to corrosive side reactions
as opposed to water splitting.

Nanostructuring techniques have also

been employed to enhance the perfor-
mance of inexpensive electrode materi-
als for photoanode/photocathode tandem
cells. Grimes and co-workers used an an-
odization technique to oxidize Cu-Ti films
and obtain p-type nanotubular (1000 nm
length, 65 nm pore diameter, 35 nm wall
thickness) Cu-Ti-O films.[45] The films
were primarily CuO (E

g
= 1.4 eV) with

a Cu
4
Ti

3
impurity phase detected. These

films (on transparent F:SnO
2
substrates)

were placed in tandem with nanotubular
TiO

2
to give a working tandem device

(Fig. 4).A J
op
= 0.25 mA cm–2 (η

STH
around

0.30%) under standard illumination condi-
tions and a reasonable stability for a dura-
tion of minutes were observed (photocur-
rent was negligible after 5 h). It should be
noted that the TiO

2
was exposed to 1 M

KOH while the Cu-Ti-O was exposed to
0.1 M Na

2
HPO

4
and the electrolyte com-

partments were connected by a salt bridge.
The dissimilar pH values lead to a favor-
able chemical bias of about 0.4 V in this
case. Exposing the Cu-Ti-O to the KOH
caused the rapid decay of photocurrent as
the CuO was reduced to copper. Recent ef-
forts to stabilize p-type photocathodes us-
ing overlayers deposited via atomic layer
deposition may improve the performance
of this and many other photocathode ma-

Fig. 4. (Top) Illustration of a D4 tandem cell
comprised of n-type TiO2 and p-type Cu-Ti-O
nanotube array films, with their substrates con-
nected through an ohmic contact. (Bottom)
Photocurrent from the D4 tandem cell under
global AM 1.5 illumination. Light is incident
upon the oxygen evolving TiO2 side of the
diode, with the visible portion of the spec-
trum passing to the Cu-Ti-O side. The n-TiO2

side of the device is kept immersed in a 1 M
KOH aqueous solution, the p-Cu-Ti-O side
is kept in 0.1 M Na2HPO4 with a salt bridge
linking the two sides solution. Reprinted with
permission from G. K. Mor, et al., Nano Lett.
2008, 8, 1906–1911. Copyright 2008 American
Chemical Society.
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terials.[46] However, the addition of these
layers increases the device complexity and
cost (especially using atomic layer depo-
sition, which is not a scalable technique).
Thus the identification of stable p-type
photocathodes for water reduction remains
the limiting factor for these photoanode/
photocathode devices.

A Hybrid Approach Using Dye-
sensitized Regenerative Cells

Overall, identifying semiconductor
materials that form stable junctions with
water under illumination has been a major
challenge in the field of PEC water split-
ting. The particular difficulty identifying
stable p-type cathodes, together with the
availability of stable photoanode materials
like WO

3
and Fe

2
O

3
, makes a photoanode/

PV tandem device a good compromise for
device complexity and stability. Indeed,
the possibility of a photoanode/PV tandem
device to employ a stable transition metal
oxide photoanode and a complimentary PV
device has attracted many research groups
to investigate various promising systems.
For example, a TiO

2
photoanode in tan-

dem with a thin film PV device based on
Cu(In,Ga)Se

2
/CdS produced hydrogen at a

rate of 0.052 µL s–1 cm–2 during unassisted
solar water splitting (corresponding to an
external quantum efficiency of 1.02%).[47]
While less interest has been paid towards
using the prototypical TiO

2
as a photo-

anode due to its large band-gap this work
demonstrated the importance of using opti-
mized protective layers (Nb

0.03
Ti

0.97
O

1.84
in

this case) to eliminate corrosion of the PV
cell in the aqueous conditions.

Further research efforts have focused
on using more promising transition metal
oxides. Miller and co-workers have inves-
tigated combiningWO

3
[48] or Fe

2
O

3
[49] pho-

toanodes in tandem with a-Si:Ge PV. As a
drawback, the large overpotential for wa-
ter oxidation and the relatively low voltage
output of an a-Si device requires a double
junction PV in tandem to provide sufficient
potential to drive the overall water split-
ting reaction (similar to the PV-only case
where 3 pn-junctions were needed with
a-Si). Despite this, 3% η

STH
was obtained

with the WO
3
/a-Si:Ge/a-Si:Ge device.[48]

A similar device for iron oxide with only
one PV (Fe

2
O

3
/a-Si:Ge) did not split water

without an external bias, but it was shown
that a 0.65 V bias ‘savings’ was earned
under AM1.5G illumination.[49] This result
could reasonably be improved with the re-
cent advances in α-Fe

2
O

3
photoanode per-

formance.[25]

The Photoanode/DSC Tandem Cell

From a practical perspective, the attrac-
tive aspects of using a widely available,
highly stable and inexpensively produced
photoanode are diminished when using a
tandem component that requires relatively
expensive processing techniques (e.g. the
plasma-enhanced chemical vapor deposi-
tion of a-Si). Thus more recently, investi-
gations have focused on using next-gen-
eration photovoltaics that can also be fab-
ricated with inexpensive, solution-based
processing methods. The dye sensitized
solar cell (DSC) is the prototype exam-
ple[50] of this class of photovoltaic device
and thus has attracted significant attention
for use in solar water splitting tandem cells
with a stable photoanode.[51]

The photoanode/DSC combination
was first suggested by Augustynski and
Grätzel[52] with WO

3
as the photoanode –

suggesting that the devicewouldbe capable
of 4.5% η

STH
given the performance of the

two devices.[52] In practice, tandem devices
with WO

3
were constructed by Park and

Bard[54] andArakawa et al.[55] to give η
STH

’s
up to 2.8% at AM1.5G (100 mW cm–2)
using Pt as the cathode. However, similar
to the a-Si based devices, two DSCs con-
nected in series to the photoanode were
necessary to afford overall water splitting.
This was accomplished by positioning
these two DSCs side-by-side behind the
WO

3
photoanode.

This photoanode/2×DSC architecture
does not fundamentally provide a limi-
tation to the possible solar-to-hydrogen
conversion efficiency for WO

3
or even the

more promising Fe
2
O

3
, as less than one

third of the available solar photons have
a wavelength shorter than 600 nm and

pan-chromatic dyes with high quantum ef-
ficiency extending past 900 nm are being
developed.[56] However, it does present a
challenge to device assembly as the two
DSCs need to be constructed each with
half of the active area of the photoanode in
order to normalize the total area of the de-
vice. Brillet et al. have addressed this prob-
lem by employing a narrow bandwidth
squaraine dye together with a pan-chro-
matic ruthenium dye to study the efficacy
of a true three-level photoanodes/DSC/
DSC tandem. A η

STH
of slightly greater

than 1% was found with this construction,
based on the performance of the individual
components.[57] However, it is not clear
that the complexity of this device, even
though slightly reduced from the 2×DSC
side-by-side approach, could be offset by
the performance to make a commercially
viable device. DSCs with slightly higher
voltage and photoanodes with slightly
lower overpotential losses would enable a
true D4 photoanode/DSC water splitting
tandem cell, and offer a big advance in de-
vice simplicity.

Indeed, in 2012 a specifically designed
cobalt redox couple combined with an all-
organic dye (codedY123) gave DSCs with
open circuit voltages of over 1.0V at 1 sun
conditions.[58] This breakthrough, together
with advances on reducing photoanode
overpotential using passivating overlayers
and catalysts[59] allowed the first demon-
stration of a D4 photoanode/DSC water
splitting tandem cell.[60] Devices were as-
sembled with both nanostructured WO

3
and (silicon doped) Fe

2
O

3
photoanodes,

and the actual operating photocurrents
were measured to give a η

STH
of 3.10% and

1.17% with the WO
3
/DSC and Fe

2
O

3
/DSC

combinations, respectively. In this work,

Fig. 5. General scheme (left) of a photoanode/dye-sensitized solar cell D4 tandem cell. Spectral
response and J-V characteristics of the WO3 (light)/DSC (dark) (a, c) and Fe2O3 (light)/ DSC (dark)
(b, d) tandem cells. The transmittance of the photoanode (not shown) convoluted to the AM 1.5 G
photon flux on the photoanode (a, b black lines) allows the calculation of the photon flux incident
to the DSC (a, b grey lines). IPCE data (not shown) and the photon flux incident to each element
is used to estimate the photocurrent density (shaded areas under the curves in a and b). J-V
curves (c and d) of the cells are shown under AM 1.5 G irradiation. The filled lines represent the
J-V curves predicted from calculation (see ref) and the triangles represent data from in situ device
measurements. Adapted with permission from Brillet et al., Nat. Photonics 2012, 6, 824–828.
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an optical analysis also compared the pre-
dicted photocurrent from the integration
of IPCE measurements and the actual cur-
rent–voltage behavior measured in situ in
the device. This optical analysis and the
current voltage curves for each device are
shown in Fig. 5. In the case of the Fe

2
O

3
/

DSC tandem cell, the operating photocur-
rent, J

op
(shown by the intersection of the

DSC photocurrent and the DSC photocur-
rent curves) is far from the plateau region
of the hematite electrode photocurrent.
This results in a performance far from the
maximum obtainable. The limitation of
this system is clearly the late onset of the
photocurrent in the photoelectrode caused
by a high overpotential, despite the use
of state-of-the-art strategies to cathodi-
cally shift the onset of the photocurrent by
means of surface catalysis and passivation.
Regardless of this, the Fe

2
O

3
/DSC device

still exhibited a near unity faradaic effi-
ciency and a good stability over an eight
hour testing period.

In the case of the WO
3
/DSC tandem

cell, the photocurrent onset was not a limi-
tation and the J

op
is very close to the plateau

region of the photoanode. The limiting
factor in this case is the low photocurrent
obtainable by the photoanode due to less-
than-ideal absorptioncapabilityof tungsten
trioxide in the visible region of the solar
spectrum. Overall this work suggests that
the low η

STH
of the D4 hematite/DSC tan-

dem cell offers the larger potential for im-
provement, in particular, further reduction
of the overpotential for water oxidation.
The recent advances in this field suggest
that a hematite/DSC tandem device may
soon advance significantly further towards
its maximum solar-to-hydrogen conver-
sion efficiency of over 16%.While the cost
of hydrogen produced with the hematite/
DSC tandem cell is still unknown given
the immaturity of the technology, the an-
ticipated improvements together with the
inexpensive and scalable processing tech-
niques used to fabricate both the hematite
photoanode and the DSC are expected to
be able to produce a water-splitting device
that balances complexity and performance
to an economically feasible level.

Conclusions and Outlook

In this short review the practical as-
pects of solar fuel production have been
considered from a tandem cell perspec-
tive. While a single perfect material could
reasonably convert more than 10% of the
incident solar irradiation to chemical en-
ergy stored in hydrogen, that single perfect
material has not been found. An integrated
tandem approach (D4 scheme) could rea-
sonably convert over 20% of the sun’s
energy (even with large assumed losses)

and is more flexible regarding material
choice. Many different systems have been
investigated using various combinations
of photovoltaic cells and photoelectrodes.
In order to be economically competitive
with simple ‘brute force’ strategies or
the production of H

2
from fossil fuels, a

practical water-splitting tandem cell must
optimize cost, longevity and performance.
The most straightforward approach is to
use one photoanode and one photocath-
ode, both constructed from stable and
readily available materials. However, due
to the lack of stable photocathode materi-
als, a promising approach to meet the cost
and performance targets is to use a stable
photoanode material in tandem with an in-
expensive PV cell like the dye sensitized
solar cell. Promising photoanode materials
are stable transition metal oxides exempli-
fied by hematite, which has vast potential
given its band-gap energy levels, abun-
dance, and stability. The successful dem-
onstration of a D4 Fe

2
O

3
/DSC tandem cell

with an solar-to-hydrogen efficiency, η
STH

,
of 1.17%, gives convincing promise to this
device, but much more research is needed
to realize a D4 tandem device from hema-
tite with an η

STH
> 10%. Further reducing

the overpotential for the oxygen evolution
reaction (by passivating surface traps and
adding catalysts)[59,61] and increasing the
photocurrent (by nanostructuring)[27,62,63]
are ongoing research topics for hematite
and other encouraging photoanode materi-
als. Device complexity and cost would also
drop dramatically if stable photocathode
materials with suitable band-gap energies
for operation with hematite could be iden-
tified. Recent review articles describing
approaches to improving the performance
of materials like hematite using new ap-
proaches in nanotechnology,[64] plasmon-
ics,[65] catalysis,[66] and to finding new ma-
terials[67] that will someday be employed in
an efficient, inexpensive and stable tandem
device may be of interest to the reader who
is concerned about finding a viable route
for the overall conversion and storage of
the sun’s energy into chemical species like
molecular hydrogen.
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