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photosynthesis is a technology to be for efficiently converting the tremendous solar energy received every
day on Earth into chemical energy, i.e. fuels. In particular, hydrogen production through light-driven
water splitting is the subject of numerous investigations. We focus here on the construction of electrodes
and photoelectrodes achieving H, evolution, as components of photoelectrochemical (PEC) cells. In such

g%‘fg;gi devices, H, evolution at the cathode or photocathode is combined with water oxidation to oxygen at the
Catalysis photoanode or anode. We review here the various molecular-based materials developed in this context
Bio-inspiration with emphasis on those specifically exploiting the properties of Earth-abundant elements.

Artificial photosynthesis © 2015 Elsevier Ireland Ltd. All rights reserved.
PEC devices
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1. Introduction

There is now a consensus on the urgency to diversify the ener-
getic mix of our societies by the introduction of a growing amount
of renewables. Because of the availability of sunlight at the surface
of Earth, solar energy research is the spearhead of these new non-
carbon based energy technologies. It has recently been shown that,
among all other renewable energy sources, only solar energy would
be able to provide the additional >14 terawatts required by our
societal needs by 2050 [1,2]. However, this additional energy input
must be stored in a durable way because of the mismatch between
solar energy intermittence and economic/domestic demand. In that
prospect, producing fuels from readily available resources such
as water is probably the only sustainable way to go. Hydrogen

production through water splitting thus appears as an attractive
solution to store the abundant flow of sunlight falling on Earth.
This clean energy carrier can then be used to produce electricity on-
demand in fuel cells with very high energy conversion efficiencies
[3]. A close-to-market way to convert solar energy into hydrogen
is to interface photovoltaic technologies with water electrolysis.
However, such a solution remains expensive and still needs fur-
ther technological developments. Alternatively, direct utilization
of sunlight, i.e. without intermediate production of electricity, to
split water into oxygen and hydrogen in a single device would be
a major breakthrough in hydrogen production, as far as mass pro-
duction costs are concerned [4-6]. A recent life-cycle net energy
assessment has shown that such devices can be economically viable
when developed at large scale if they exhibit a solar-to-hydrogen
yield superior to 5% and a stability over 10 years [7]. Anticipated
costs for H, production are in the range of $2-4 per kg H, [8].

A major issue related to both reductive and oxidative processes
involved in water splitting, i.e. the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER), resides in their
multielectronic nature, resulting in strong kinetic limitations. This
bottleneck requires the development of efficient electrocatalysts,
proceeding at high rates and low driving force, called overpoten-
tial. So far, the most efficient electrocatalysts are based on noble
metals, in particular platinum for both HER and OER and irid-
ium or ruthenium oxide for OER. However, the utilization of Pt
and Ir-/Ru-based catalysts in technological devices for worldwide
energy supply is not sustainable because of their scarcity in Earth
crust’s and their related high costs [1,9,10]. Intense research activity
in this field during the last two decades has led to the develop-
ment of new electrocatalytic materials based on non-noble metals
[11-13] including both solid state materials and molecular cata-
lysts. In this review we almost exclusively focus on the later series
and limit our scope to hydrogen evolution. Similar approaches
that include biomolecules such as enzymes and photosystems will
not be discussed here [14-17]. After a general introduction on
photoelectrochemical devices, we describe how catalysts can be
immobilized onto cheap carbon-based materials so as to prepare
active cathodes for HER. We then consider their integration into
photocathode materials, where the photoactive component can be
solid-state inorganic semiconductors, organic semiconductors or
molecular photosensitizers. As a final step, we point out few recent
attempts toward the build-up of overall water-splitting cells which
include such molecular-based photocathodes.

2. Overview on photoelectrochemical devices for water
splitting

Building photoelectrochemical cells (PECs) is not a straightfor-
ward procedure. Several architectures have been identified, each
of them presenting its own advantages and drawbacks. We present
below an overview of these possible architectures.

The simplest configuration involves a single photoactive com-
ponent, usually coupled to the OER catalyst as described in Fig. 1a.
The resulting photoanode, reproducing the function of Photosys-
tem II during biological light-driven water-splitting processes in
photosynthetic microorganisms, uses solar energy to extract elec-
trons from water which is oxidized to O,. Then, the electrons
generated at the photoanode are collected at the cathode where
a catalyst evolves H,. Proton transfer through the electrolyte and
possibly through a membrane ensuring the separation of H, and
0O, gases allows for the mass balance in the whole device. There
is no fundamental reason why a similar architecture with the
light-harvesting unit connected to the HER catalyst could not be
considered [18]. The resulting system (Fig. 1b) then combines an
anode with a photocathode. Nevertherless, in most cases, the use
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