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Nanostructured Inorganic Assemblies for Artificial Photosynthesis

Heinz Frei

Physical Biosciences Division and Joint Center for Artificial Photosynthesis
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Functionalized inorganic nanomaterials have opened up the exploration of robust hierarchical
assemblies for the conversion of carbon dioxide and water with sunlight to fuels in single
integrated systems. We have developed nanostructured assemblies functionalized by
all-inorganic heterobinuclear light absorbers coupled to metal oxide nanoclusters. These
clusters function as multi-electron catalysts for water oxidation or carbon dioxide reduction
driven by binuclear light absorbers. Closing of the photosynthetic cycle of CO, reduction by H,O
was demonstrated for assemblies anchored on nanoporous silica surfaces, and detailed
reaction mechanisms uncovered by time-resolved infrared spectroscopy. Nanometer thin
separation membranes in the form of silica layers with embedded molecular wires were
introduced for separating the water oxidation catalysis from the carbon dioxide reduction
chemistry while allowing for tightly controlled electron transport and transmission of protons
between the compartments. Implemented in the form of cobalt oxide — silica core-shell
nanotubes, closing of the redox cycle under product separation on the nanoscale becomes
feasible. Completing the fuel forming cycle on the length scale of nanometers under product
separation is essential for minimizing side reactions and efficiency degrading processes, a
critical scientific gap to resolve in order to enable adequate scalability of artificial photosystems.
Concurrent with explorations of fundamental concepts in ours and other labs for removing
scientific obstacles that have not yet been addressed, efforts conducted at the Joint Center for
Artificial Photosynthesis (JCAP, which is the Department of Energy Innovation Hub for Fuels
from Sunlight, a Caltech—-LBNL partnership), a large translational research center take on
challenges at the testbed and prototype stage. JCAP has developed macroscale prototypes of
durable solar water splitters operating at high power efficiency under product separation. Efforts
of translational research centers focusing on materials integration and prototype development
on the one hand, and exploration of new concepts by individual research groups or small teams
of investigators to overcome yet unaddressed scientific barriers, on the other, fulfill
complementary tasks that are essential for making fuels from sunlight by artificial
photosynthesis a reality.
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Photocatalysis and CO, Reduction
Akira Fujishima
Tokyo university of Science

In the year of 1969, the unsung scientific phenomena of producing oxygen gas on TiO,
semiconductor surface in aqueous solution by light illumination known as “photosynthetic
water oxidation” was first time demonstrated by us. This striking discovery of ‘photosynthetic
water oxidation’ to oxygen gas evolution using TiO, is recognized as “artificial leaf”, since our
functionality is analogous with plant leaf ‘natural photosynthesis’ in which oxygen and
carbohydrates are produced from water and carbon dioxide using sunlight. Later in 1972, our
detailed report in ‘Nature’ journal describes the complete water splitting phenomenon resulting
in hydrogen and oxygen gas evolution by photocatalytic phenomena. This work has triggered a
new scientific theme namely “artificial photosynthesis” around the globe, and opens new
paradigm to emulate the natural photosynthesis using man-made materials.

The tremendous amount of research that has been carried out in the two closely related fields of
semiconductor photoelectrochemistry and photocatalysis during the past three decades
continues to provide fundamental insights and practical applications. The principles and
measurements obtained TiO, with photoelectrochemical studies have led to the research activity
on heterogeneous photocatalysis, where the strong photooxidative activity of TiO, has been
applied to environmental cleanup. This resulted in the concept of “light cleaning”, i.e.,
deodorizing, disinfection, and decontamination of air, water and surface with TiO, thin films and
light. In 1997, we reported the novel photo-induced superhydrophilicity of TiO, and proposed
the concept of self-cleaning superhydrophilic properties of TiO,,.

We opened new research center in our Noda Campus of Tokyo University of Science, named
“Photocatalysis International Research Center” in 2013. In this center, we have three research
groups, Artificial photosynthesis group (Demonstration experiment using sun light),
Self-cleaning group (Performance evaluation using windows and walls), and Environmental
cleanup group (Environmental cleanup with composite photocatalyst). Now we have three more
research projects of Plant factory PJ, Liquid light-fiber PJ and CO, reduction using diamond
electrode. In this Symposium, | will explain and introduce the recent progress and our main
targets of this research center.
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Sunlight, Free Electrons, and Molecular Bonds: the Electrocatalysis of
Solar Fuels

Peter Strasser

The Electrochemical Energy, Catalysis, and Materials Science Laboratory
Department of Chemistry, Chemical Engineering Division, Technical University Berlin, Germany
pstrasser@tu-berlin.de

Nanoscale catalytic materials are key components of photoelectrochemical devices and
technologies for storing and converting solar energy. Their successful development and
optimization requires insight into the relations between atomic-scale structure of the catalytic
interface and its catalytic activity and stability.

In this talk, we will highlight some of our recent work geared toward a fundamental
understanding of electrocatalytic nanomaterials and their liquid-solid interface at the
atomic-scale. We will outline the preparation, characterization, and catalytic performance of a
number of different nanomaterials and solar fuel reactions and discuss their structure-activity
relationships. Topics cover both alloys and oxides and will touch upon water splitting and
oxygen evolution, oxidation of organics as well as the electroreduction of CO,,.
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Fundamental Understanding of Photocatalysis and

Photoelectrocatalysis for Solar Fuel Production
Can Li

State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, Dalian National Laboratory for Clean Energy, Dalian 116023, CHINA
http://www.canli.dicp.ac.cn

This lecture presents the research progress on solar fuel productions from photocatalysis and
photoelectrocatalysis (PEC) processes with the emphasis on the fundamental understanding.
Extensive efforts have been made in developing the efficient photocatalytic and
photoelectrochemical systems, including semiconductor based photocatalysts, molecular
photocatalysts and hybrid of nature and artificial photosynthesis systems. This lecture will
mainly address the inorganic semiconductor-based photocatalytic and photoelectrocatalytic
nanotechnology for solar fuel production.

The great challenge of energy conversion photocatalysis lies in its complicated processes
including light absorption (harvesting), charge separation and migration, and redox reactions. In
order to gain high photon energy conversion efficiency, a photocatalyst or photocatalytic system
must harmonically guarantee high efficiencies of all these three processes instead one of them.
Efficient charge separation is the crucial factor for improving the photocatalytic activity.
Semiconductors with appropriate junctions have been demonstrated to be efficient approach for
achieving efficient charge separation [1]. Cocatalysts play important roles in the assembly of
efficient semiconductor photocatalyst. It has been conceptually demonstrated Pt-PdS/CdS dual
cocatalyst system can achieve 93% H, evolution activity in the presence of sacrificial reagents
under visible light irradiation (1>420 nm) [2,3]. Loading of reduction and oxidation dual
cocatalysts synergetically solved both the reduction and oxidation problems, leading to efficient
charge separation and utilization, hence enhancing the overall photocatalytic activity. And
recently, it has been also demonstrated that electrons and holes may be spatially separated on
the {010} and {110} facets of BiVO, crystal [4]. It has been demonstrated that the intrinsic nature
of charge separation between different facets of BiVO, together with the synergetic effect of
dual-cocatalysts plays key role in photocatalytic activity enhancement [5]. This finding opens up
a new avenue for the assembly of semiconductor crystal based artificial photosynthesis system
by selectively loading of dual cocatalysts on the different facets.
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Towards Artificial Photosynthesis: Catalysts for
(photo)Electrochemical Reduction of CO,

Marc Fontecave'
" Laboratoire de Chimie des Processus Biologiques, UMR 8229 CDF/CNRS/UPMC, Collége de
France, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05,
marc.fontecave@college-de-france.fr

The development of renewable energies, such as solar energy in particular, requests new
efficient technologies for storing them in the form of energy-dense chemicals. One example is
hydrogen, derived from water, which can be used as an energy vector. Another example is
carbon-based compounds, such as carbon monoxide, formic acid, methanol and hydrocarbons,
derived from reduction of CO,. To achieve this goal one needs to optimize cheap and stable
metal-based catalysts for electro-reduction of CO, and also to combine them with
photosensitizers/semiconductors to achieve photoreduction of CO,. This field has recently been
revivified with the objective to generate artificial photosynthetic devices. During this
presentation, an overview of the best and most recent electrocatalysts and photocatalysts will
be presented. We also discuss various strategies developped in our laboratory to achieve this
goal based on: (i) homogeneous Co- and Ni- complexes; (ii) bioinspired molecular W- and
Mo-based complexes (iii) heterogenous Cu- based materials; (iv) supramolecular
Metal-Organic-Frameworks.

Financial support by French National Research Agency (ANR, Carbiored
ANR-12-BS07-0024-03; Labex program ARCANE, ANR-11-LABX-0003-01 and DYNAMO,
ANR-11-LABX-0011) and from Fondation de I'Orangerie for individual Philanthropy and its
donors is gratefully acknowledged.
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Direct Electrochemical Conversion of CO, into Valuable Products

M. Fleischer and G. Schmid
Siemens AG, Corporate Technology, New Technology Fields

Solar energy is abundant and can be economically harvested as electricity with todays
photovoltaic technology. However the electrical energy supply is volatile at various time scales
and no economic seasonal storage of electrical energy is visible up to date. This limits the
usability of renewable electricity and incessantly opens the way for new useful and economically
valuable utilization of this electricity. An expected electricity surplus of 4-40 TWh in less than 10
years in Germany will find its way into the most valuable usage.

We propose to use this solar electricity for a direct electrochemical conversion of CO, into
energy containing and chemical useful carbon based products. The classical electrolysis set-up
provides an inherent separation of the products at the reduction and the oxidation site, thus
avoiding reverse reactions as often encountered in direct photo conversion. The separation
allows for a separate study and optimization of the oxidation and reduction electron transfer
catalyst. At a later stage this can be transferred onto a nanostructured photo catalytical grain. All
conversions are done in a water based solution where the water oxidation provides O, as
byproduct as well as the H* for the protonisation of the CO,. Comparative studies made clear
that directly CO, and not a charged carbonate species is reduced.

Overcapacity of CO, from fossil-fired
Renewable Electricity
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A known system for the conversion of CO, into CO is based on silver as catalyst for the anode.
It is known that in aqueous CO, solutions the overpotentials and reaction kinetics favor the CO,
reduction compared to the H,O reduction. To get these things technically feasible and establish
sufficient turnover densities, three phase boundaries (so-called gas diffusion electrodes: Ag,
H,O(l), CO,(g) ) need to be created and highly conducting electrolytes need to be chosen. This
yields faradic conversion selectivities of 95% and experiments without electrode degradation
over months. Ethylene formation requires the transfer of 12 electrons onto 2 CO, molecules.
Surprisingly, this is observed on copper based electrodes. Faradaic efficiencies of gas-diffusion
electrodes based on in-situ deposited nano-structured copper/cuprous oxid upto 57 % at
current densities of 170 mA/cm? will be presented.
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Importance and Role of Storage in Future Energy Systems
S. Oberholzer
Swiss Federal Office of Energy, Bern, Switzerland

An energy transition is needed to avoid large amounts of energy related greenhouse gas
emissions in order to face the significant threats of global climate. According to a 2015 report by
the International Energy Agency the growth rates of clean energy technologies have slowed
significantly and the deployment of clean energy technologies is no longer on track to meet the
target of a maximum temperature raise of two degree Celsius at the end of the century. In
Switzerland the Federal Council has developed a long-term energy policy with the goal to
drastically reduce energy consumption and energy related CO, emissions. Beside increased
energy efficiency, one key element is the growth of renewable power production (PV, biomass,
wind) to compensate for the foreseen phase out of nuclear power. Volatile power production
such as PV and wind demands for much higher flexibility in the overall energy system. Here,
energy storage may play a more important role in the future. New concepts such as
power-to-gas will enable the integration of renewable energy generation into other sectors than
the electricity market helping to decarbonize transportation and industry. Finally, in this
presentation a couple of ongoing developments for storage technologies in Switzerland will be
highlighted.
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