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Electrocatalysis is a key component
in these PEC cells, but also an essen-
tial element in the energy storage (batter-
ies, supercapacitors) and conversion de-
vices (fuel cells and electrolyzers). There
is the need to develop more active and
stable catalysts, not containing rare ele-
ments, for both direct alcohol fuel cells
and SOFCs (solid oxide fuel cells). Solv-
ing these and other challenging for catal-
ysis requires passing from a fit for use
to a true design of catalyst in energy-
related aspects.Today, advances indevel-
opment andmanipulationof structures at
the nanoscale [12] and theoretical design
are impressive [13]. There is the need
to develop also conceptually new cata-
lysts based on earth abundant and cheap
metals [14] or nanocarbons [15], for
example.

Energy-related catalysis plays thus an
enabling role to find new solutions to
societal challenges and to create a sus-
tainable future. A knowledge-driven de-
velopment bridging the many aspect

necessary to develop novel advanced
catalysts, spanning over an incredible
1010 scale dimension (from molecular
nanoscale level to the multimeter size of
the catalytic reactors) is necessary.

Salvatore Abate, Gabriele Centi∗ and
Siglinda Perathoner
Department DIECII, Section Industrial Chemistry,
University of Messina, Italy
∗Corresponding author.
E-mail: centi@unime.it

REFERENCES
1. Fang, X, Guo, R and Yang, C. Chin J Catal 2013;
34: 130–9.

2. Bellussi, G, Rispoli, G and Landoni, A et al. J Catal
2013; 308: 189–200.

3. Armor, JN. J Energy Chem 2013; 22: 21–6.
4. Zhang, Q, Cheng, K and Kang, J et al. Chem-
SusChem 2014; 7: 1251–64.

5. Guo, X, Fang, G and Li, G et al. Science 2014; 344:
616–9.

6. Lanzafame, P, Centi, G and Perathoner, S. Chem
Soc Rev 2014; 43: 7562–80.

7. Jacobs, PA, Dusselier, M and Sels, BF. Angew
Chem Int Edit 2014; 53: 8621–6.

8. Lanzafame, P, Centi, G and Perathoner, S. Catal
Today 2014; 234: 2–12.

9. Perathoner, S and Centi, G. ChemSusChem 2014;
7: 1274–82.

10. Artero, V and Fontecave, M. Chem Soc Rev 2013;
42: 2338–56.

11. Yang, J, Wang, D and Han, H et al. Acc Chem Res
2013; 46: 1900–9.

12. Cargnello, M, Fornasiero, P and Gorte,
RJ. ChemPhysChem 2013; 14: 3869–
977.

13. Raugei, S, DuBois, DL and Rousseau, R et al. Acc
Chem Res 2015; 48: 248–55.

14. McKone, JR, Marinescu, SC and Brunschwig, BS
et al. Chem Sci 2014; 5: 865–78.

15. Centi, G, Perathoner, S and Su, DS. Catal Surv
Asia 2014; 18: 149–63.

doi: 10.1093/nsr/nwv017
Advance access publication 30 April 2015

CHEMISTRY

Special Topic: Catalysis—Facing the Future

Photocatalysis in solar fuel production
Hongxian Han and Can Li∗

With the increasing concerns on energy
and environmental problems caused by
the combustion of fossil fuels, solar en-
ergy becomes vitally important because
it is the only viable renewable energy
source that can replace the fossil fuels in
vast volume.The research on photocatal-
ysis for solar fuel production, especially
H2 production by photocatalytic splitting
of water and conversion of CO2 to chem-
ical fuels such as CO, CH3OH, CH4,
etc., is regarded as the most ideal way for
solar energy conversion, storage and uti-
lization. In view of the current research
status and the near future practical

applications, particulate semiconductor
photocatalyst (PSP), photoelectrochem-
ical cell (PEC) cell and photoelectro-
chemical cell coupled with photovoltaics
(PEC-PV) system are the three most
promising solutions for solar fuel
production.

The best PSP reported so far for wa-
ter splitting under UV light irradiation is
La dopedNaTaO3 loaded with Ni/NiOx
cocatalyst, reaching quantum efficiency
(QE) of 56% [1]. Because UV light takes
only less than 5% of the solar spectrum,
solar energy conversion by UV-active
photocatalyst is rather limited. Since

visible light occupies more than 40%
in the solar spectrum, development of
visible light active photocatalyst is neces-
sary. The best visible light photocatalyst
for water splitting is (Ga1-xZnx)(N1-xOx)
semiconductor photocatalyst loaded
with Rh2-yCryO3 cocatalyst, which can
reach QE of 5.6% under visible light
irradiation (λ > 420 nm) [2]. Visible
light QE of 6.3% has also been reported
for a ZrO2/TaON and PtOx/WO3 cou-
pled system with I−/IO3

− as the shuttle
redox mediator.Though it is still far from
the practical application requirement
of at least 10% solar energy conversion
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efficiency (ηSTH), these results already
demonstrated that photocatalytic water
splitting is a promising solution for
solar energy to chemical conversion and
storage.

In order to achieve high solar energy
conversion efficiency, the efficiencies
of light absorption, charge separation
and surface redox reactions should
be harmonically and simultaneously
achieved. Among them, efficient charge
separation is the vital factor for solving
the energetically uphill solar energy con-
version reactions. Interface (junction)
engineering has been demonstrated
to be efficient approach for achieving
high charge separation. For example,
CaFe2O4/TaON heterojunction pho-
toanode has been demonstrated for
efficient photoelectrochemical water ox-
idation [3]. Formation of surface phase
junction between α- and β-phase Ga2O3
can also enhance overall water-splitting
activity under visible light irradiation
(Fig. 1a) [4].

Cocatalysts [5] play important roles
in the assembly of efficient semiconduc-
tor photocatalyst (Fig. 1b). It was found
that photogenerated electrons and holes
may be spatially separated on the {010}
and {110} facets of BiVO4 crystal. Upon
selective photodeposition of reduction
cocatalysts (Pt, Au, Ag, etc.) on {010}
facet and oxidation cocatalysts of transi-
tion metal oxides (MnOx, CoOx, NiOx,
etc.) on {110} facets, water oxidation ac-
tivitywas increasedmore than twoorders
ofmagnitude higher [6].The intrinsic na-
ture of charge separation between differ-
ent facets of BiVO4 togetherwith the syn-
ergetic effect of dual cocatalysts plays key
role in photocatalytic activity enhance-
ment.This opens up a new avenue for the
assemblyof semiconductor-crystal-based
artificial photosynthesis system by selec-
tively loading of dual cocatalysts on the
different facets (Fig. 1c).

Alternative approaches other than
PSP should be also highly considered,
such as PEC and PEC-PV systems. A
Ta3N5 photoanode coated with fer-
rihydrite (Fh) layer on which Co3O4
water oxidation cocatalyst (Co3O4/Fh/
Ta3N5) was deposited, could yield a
photocurrent of 5.2mA cm−2 at a po-
tential of 1.23 V versus RHE under AM

1.5G simulated sunlight irradiation. And
remarkably, about 94% of the initial ac-
tivity could be maintained even after 6 h
irradiation, which is due to the avoidance
of the Ta3N5 corrosion via efficient hole
storage and transfer by the Fh layer [7].
A self-biased PEC-PV system consisting
of FeOOH/Mo:BiVO4 photoanode and
a Pt/p-Si solar-cell-based photocathode
showed ηSTH of 2.5% under parallel irra-
diation [8]. A triple junction amorphous
silicon photovoltaic coupled with Ni-
MoZn alloy and cobalt borate cocatalysts
can achieve ηSTH of 4.7% for a wired
configuration and 2.5% for a wireless
configuration when illuminated with 1
sun of airmass 1.5 simulated sunlight [9].
Based on these results, concept of ‘arti-
ficial leaf ’ has been proposed. Recently,
it has been also reported that a solution
processed perovskite tandem solar cell
coupled with a NiFe-layered double
hydroxide electrocatalyst exhibited a
water-splitting photocurrent density of
around 10 mA cm–2, corresponding to a

Figure 1. (a) α/β-Ga2O3 surface junction photocatalyst for overall water splitting under UV light
irradiation (Reprinted with permission from [5]. Copyright 2012 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim), (b) dual cocatalyst approach for the assembly of efficient photocatalytic system
and (c) the conceptual diagram showing the crystal based artificial photosynthesis system.

ηSTH of 12.3% [10], but the stability of
the perovskite is a problem.

It can be seen that great progresses in
solar fuel production have been achieved
in the past decades. However, there is
still no promising solution for practical
application in terms of efficiency, sta-
bility and cost effectiveness. In order
to further improve the solar fuel pro-
duction efficiency, in-depth understand-
ing the nature of the energetically up-
hill photocatalytic reactions is necessary.
We should learn from the mother na-
ture, since thenatural photosynthesis sys-
tem has well-resolved all of the uphill en-
ergy conversion problems. And addition
to the current researches focusing onma-
terial engineering for efficient light har-
vesting and charge separation, the ther-
modynamic and kinetic aspects of wa-
ter activation should be also extensively
investigated.

Compared to the other approaches
of solar energy utilization, such as con-
version of solar energy into electricity
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(photovoltaics) and thermal energy (so-
lar heat), solar energy to chemical energy
conversion to produce solar fuels by pho-
tocatalysis has some unique advantages
in terms of energy storage, transporta-
tion and utilization, because the photo-
catalytically converted chemicals (solar
fuels) can be conveniently activated for
use.Though current research on this field
is still in the stage of laboratory research,
it can be envisioned that some break-
throughs may be achieved in the near fu-
ture with extensive research input. And
it is necessary to take the research on
solar fuel production in a high priority
to secure the national renewable energy
development.
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Studying birth, life and death of catalytic solids with operando
spectroscopy
Bert M. Weckhuysen

Catalytic solids are arguably themost im-
portant catalysts used in pharmaceuti-
cal, (petro) chemical and environmental
industries:most transportation fuels, ma-
terials as well as fine and bulk chemi-
cals are produced by heterogeneous cata-
lysts [1,2]. Despite their widespread use,
the intricate details how they are com-
posed, function, change and ultimately
deactivate are still not well understood.
One of the reasons is that catalytic solids
are hierarchically structured, multicom-
ponent andmultielementmaterials.They
are verydynamicunder true reactioncon-
ditions, which often comprise high tem-
peratures and pressures. This dynamic

aspect is further underlined by the fact
that most often a freshly prepared cat-
alyst material loaded in a chemical re-
actor structurally changes during a pe-
riod of activation. Such period of reaction
environment-induced changes, very sim-
ilar to the behavior of a chameleon, can
easily take a few days in an industrial set-
ting, a period in which the catalyst un-
fortunately suboptimally performs.These
inherent dynamics make it a real tour de
force to study and understand how cat-
alytic solids are formed (‘birth’), function
(‘life’) and deactivate (‘death’), an am-
bition which is already around since the
early days of catalysis.

Fig. 1 pictorially illustrates how cat-
alyst scientists may use of a ‘photo-
camera’ to make real-life 3D movies
of the entire lifespan of a heteroge-
neous catalyst. This photocamera includ-
ing an extremely powerful lens should
have the potential to zoom-in and -out
with the capability to focus on both the
chemical reactor and individual catalyst
particles. Moreover, it should track in-
dividual atoms and molecules in real-
time, while bond-breaking and -making
processes are occurring. All this has
then do be done under realistic re-
action conditions. Unfortunately, such
powerful ‘photocamera’ is not yet on
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