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a b s t r a c t

Dye-sensitized photoelectrochemical cells (DS-PECs) are receiving increasing attention as a novel path-
way for visible light-induced water splitting for hydrogen. As well-known, the whole water-splitting pro-
cess consists of two parts, oxygen evolution reaction (OER) for water oxidation and hydrogen evolution
reaction (HER) for proton reduction, occurring at (photo)anode and (photo)cathode, respectively. Water
oxidation reaction is the key rate-determining step in water splitting for its four electrons transfer period.
So the assembly of efficient and stable photoanode is an essential part of DS-PECs. Herein, we summarize
the recent developments of photoanodes based dye-sensitized photoelectrochemical cells (PA-DS-PECs)
with a focus on their design, assembly, and performance. Based on the results discussed, the current chal-
lenges are briefly presented and several future opportunities are proposed.

� 2017 Published by Elsevier B.V.
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1. Introduction

The rising energy demands and environmental concerns have
aroused an increasing public awareness of renewable and car-
bon–neutral energy sources to replace fossil fuels. In nature, the
sun is the largest potential source of energy, providing approxi-
mately 3,850,000 exajoules (EJ) per year to our planet, which is
approximately 10,000 times the current global rate of energy con-
sumption [1]. If well managed, the sun’s energy will be a precious
resource for everyday life. Hydrogen, the smallest and simplest
molecule, plays an increasingly important role in the global energy
economy. Hydrogen is a zero-emission fuel when burned with oxy-
gen or used in a contained cell, and reversal of the reaction is pos-
sible if needed. Therefore, transferring the sun energy to produce
clean hydrogen to replace traditional fossil fuels is a possible path-
way to develop a sustainable society in the future. Recently, dye-
sensitized photoelectrochemical cells (DS-PECs) have been shown
to provide a promising approach to solar fuels by splitting water
into oxygen and energy-rich hydrogen and some exciting achieve-
ment have also been obtained.

While, to date, most existing review articles focus on the pho-
toanode or photocathode for DS-PECs in a wide sense of working
mechanism, photoactivity or stability [2–4]. Specific design princi-
ples and assembly methods had rarely been reported. As well-
known, water oxidation reaction occurring at photoanode is the
key rate-determining step in water splitting for its four electrons
transfer period. So the assembly of efficient and stable photoanode
is an essential part of DS-PECs. However, there are few review
papers systematically investigating efficient synthetic strategies
for assembling photoanodes for PA-DS-PECs. To the best our
knowledge, the only complete and systematic review article was
reported by Swierk and Mallouk in 2013 [5]. Herein, we summarize
the recent developments and working experience in lab of PA-DS-
PECs with a focus on their design, assembly, and performance.
Based on the results discussed, the current challenges are briefly
presented and several future opportunities are proposed. Nor-
mally, an integrated PA-DS-PEC is composed of a photosensitizer
(PS), water oxidation catalyst (WOC), semiconductor, electrolyte
and counter electrode (normally Pt) (Fig. 1). The PA-DS-PECs will
be discussed from the above aspects.

2. Device composition

2.1. Photosensitizer

The photosensitizer is an important part of PA-DS-PECs. To be
an effective choice, the photosensitizer should strongly absorb vis-
ible and even the near-infrared (NIR) light; the LUMO level of the
photosensitizer should be more negative than the CB edge of the
n-type semiconductor to facilitate efficient electron injection;
and the HOMO level of the photosensitizer should be positive com-
pared with the catalytic onset potential of the WOC for oxygen
evolution. Additionally, the photochemical and electrochemical
stabilities are two other important factors. As a model sensitizer,
[Ru(bpy)3]2+ has many attractive features [6]: (i) it absorbs
strongly between 400 and 500 nm (e450nm = 14,400 M�1 cm�1);
(ii) it has a sufficiently long-lived excited state lifetime (ca. 600
ns) for a diffusional encounter with an electron donor or acceptor
in solution; and (iii) the Ru(III)/Ru(II) reduction potential is suffi-
ciently positive at 1.26 V versus NHE (Normal Hydrogen Electrode)
to drive the water oxidation process, even in acidic solutions. As
such, [Ru(bpy)3]2+ compounds have dominated PA-DS-PEC investi-
gations to date (PS1–PS4) (Fig. 2) [7]. However, its instability in
oxygen rich environments for water oxidation greatly limits its
application. Meanwhile, high-charged but narrow absorption

range porphyrins (PS5, PS6) [8,9] and high molar extinction co-
efficient organic dyes (PS7, PS8, PS9) [10–12] have also been inves-
tigated, although the risk of being oxidized is the biggest chal-
lenges for the use of organic dyes [13].

2.2. Water oxidation catalyst (WOC)

Recently, great developments have been achieved in the design
and synthesis of molecular WOCs based on Ru [14–31], Ir [32–35],
Cu [36,37], and Co [38] complexes. To be an ideal choice for PA-DS-
PECs, the WOC must collect four oxidizing equivalents per oxygen
molecule generated, facilitate the formation of oxygen, and be
chemically stable. For practical use, the catalyst should be very
active or self-repairing. The onset potentials of the water oxidation
catalyst should be lower so that it can be thermodynamically dri-
ven by photo-generated [Ru (bpy)3]3+ or other oxidized photosen-
sitizers. The turnover number (TON), turnover frequency (TOF),
and overpotential at the desired TOF are three quantitative criteria
for the WOC. From these three criteria, Cat. 2–Cat. 9 are commonly
recognized as suitable choices for PA-DS-PECs (Fig. 3). Among the
reported catalysts, [Ru(bda)(isoq)2](H2bda = 2,20-bipyridine-6,60-d
icarboxylic acid; isoq = isoquinoline) shows an unprecedentedly
high reaction rate with a TOF of >300 s�1 with the Ce(IV) oxidant
Ce(NH4)2(NO3)6 as electron acceptor, which is comparable with
that of photosystem II in an homogeneous system [19]; [Ru(bda)
(4-Br-pyridine)2] displays a TON of 579 and a TOF of 20 (min�1)
for water oxidation in an homogeneous system with [Ru(bpy)3]2+

as photosensitizer and Na2S2O8 as electron acceptor [30]; [Ru
(tda)(L)2[tda = 2,20:60,200-terpyridine]-6,600-dicarboxylato] exhibits
a million TON determinations without any sign of degradation at
pH = 7 with an Eapp = 1.45 V versus NHE [39]; a TON of 498 and
an average TOF of 1.0 s�1 for total water splitting were achieved
with 500 seconds of light illumination in PA-DS-PEC with Cat. 4
[40]. These discoveries established the foundation for the further
development of PA-DS-PECs.

2.3. Adsorbing group

Adsorbing groups are key components to combine the semicon-
ductor and PS or catalyst for assembling PA-DS-PECs. Generally,
there are three main kinds of common adsorbing groups intro-
duced in PA-DS-PECs, the carboxylic group [8,10], phosphonic
group [21,41–45] and silicic group [40]. Hydroxamic group and
dipicolinic acid group display a less number occurring in PA-DS-
PECs [46,47]. From the published works [8,47–51] and previous

Fig. 1. Schematic illustration of PA-DS-PEC for water splitting.
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