Theme: Materials for Energy & Light

For this research area a number of research themes have been considered to be included in the SIM
2012+ Research Programme. The following themes have been studied:

- Photovoltaic Materials

- Fuel cells

- Batteries

- Solid State Lighting

- Photocatalysis

- Thermo-electrics

- Hydrogen Storage

It was decided not to focus on Solid State Lighting. Main reason is that the current advances in
international research would make it difficult for Flanders research groups to gain a competitive
position with a critical mass, without too large an effort.

Photocatalysis has been discarded as a potential theme, but wide industry opportunities are
considered to be too far away.

Hydrogen storage is closely related to fuel cells, but the experts in the Working Group did not give this
theme a high priority.

Thermo-electrics is seen as an area for ‘Energy Harvesting’ in which breakthroughs could be expected
between 5 and 10 years from now. It was decided to prepare a feasibility study on this theme.

The research themes Harvesting of Energy with Photovoltaics, Energy Conversion with Fuel Cells, and
Energy Storage with Batteries remain to have the highest interest of both industry and academia in

Flanders.

The following figure elucidates this:

Harvesting of
(solar) energy:

Harvesting of
(thermal) energy:
thermo-electrics

SIM ‘Energy’

Figure 2: Relationships between Energy-themes
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The themes that have been selected are fully in line with global megatrends such as green and
renewable energy. Materials research in these fields will be key to future evolutions. The Flemish
scientific community has the basis knowledge and competences in the research fields of importance
for materials research in this area of applications. Flanders also has several large companies and
SME’s that are active in this domain. These elements all make that Flanders can become a world
player in energy-materials research.

1.1) Harvesting of Energy with Photovoltaics
This theme has been separated into

1.1.1) Inorganic Thin Film PV cells
1.1.2) Organic/Polymer Solar cells

1.1.1) Inorganic Thin Film PV cells

Energy harvesting / Photovoltaic’s: Inorganic Thin Film PV cells

A. Introduction

Today PV is too expensive to compete effectively with primary fossil fuel for power generation
without some form of subsidies. For the PV industry this is not a sustainable position. The EU strategic
roadmap for PV, clearly identifies the direction that research in PV must follow in order that Europe
has access to cost effective clean energy from an EU based industry. A commonly quoted target to
reach “grid parity” and so a sustainable industry is 1 Euro / Watt peak.

A second significant longer term concern is the availability of scarce materials for TFPV.

Consequently, fundamental and applied research needs to be performed to help industry meet these
challenges. Flanders can play a significant role by targeting certain specific aspects to meet the
materials’ science challenges.

B. State-of-the-Art

Current state of the art of PV devices is:

1. Thick wafer crystalline Si (Reliable, mature manufacturing technology, high efficiency (14-
18%), complex manufacturing process with limitations on ultimate cost reduction goals.
2. Amorphous silicon / micromorph silicon (limited efficiency 6-9% / high Capex)

Cd Te (Low cost, Perceived risk of heavy metal, long term Tellurium availability)

4. CIGS / CIS (Good theoretical efficiency in the lab (circa 20%) but could be better in
production (12-14%), low cost potential but long term concern about In, Ga, Se
availability)

5. Organic (incl. hybrids such as DSCC) TFPV (Excellent cost reduction potential, low
efficiency and limited life; the latter two aspects pose significant materials science
challenges)

w
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It is assumed that the future market requirements will create several continuous segments for the
different PV technologies available in terms of the trade-off between Cost & Performance (unit area

efficiency in real lighting conditions).

It is believed however that TFPV will have the best chance to meet the absolute cost targets and
probably CIGS and CdTe cells will be able to meet the performance criteria. For the reasons
mentioned above, in the field of inorganic TFPV, CIGS would seem to be the more environmentally

sustainable technology to support.

There are world-wide, many start-up
companies in the CIGS and CdTe fields.
Whereas a-Si TFPV is typically produced
with standardized turn-key manufacturing
systems, CIGS in particular has many
manufacturing process variants and leaves
the most opportunity for improvements via
materials design and engineering.

Glass or foil substrate

Image source ZSW

Figure 3: a typical CIGS cell

The core of a CIGS cell is the CIGS active layer (in red). This is where the most effort is required to
meet the targets, followed by the top and bottom contact electrodes.

C. Roadmap

The schematic roadmap in Figure 4 below summarises the evolution of developmental work that is

necessary to develop a sustainable PV industry:
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D. S&T challenges

A schematic layout of a programme within the framework of SIM can be summarised in the following
diagram which indicates the required competencies:

Materials dev’t Design of
Glass, Mo, Active layer, Buffer, materials
Transparent electrode....

|

‘ Cell architecture dev’t }

‘ Layer formation dev't }

Layer interface optimisation — materials have to
be integrated effectively into a device (probably
needs to be done in external partnership)

T

| Enabling skills

Legend

The following table summarizes Science and technology themes and scientific domains:

S&T challenges Science themes
1. Materials development | 1. Enhance spectral absorption * Band gap engineering
efficiency of current CIGS ¢ Semiconductor physics
systems ¢ Nanoparticle metallurgy
2. Alternative materials for CIGS | e Dispersion technology (stability,
3. Ink and past formulation composition
development
2. Layer formation 4. Development of fast and low | e Semiconductor technology
cost deposition technology in | e Deposition technology
vacuum and non-vacuum ¢ Interface chemistry & physics

(e.g. evaporation, sputtering,
printing (inkjet, screen, ...)

5. Development of rapid
thermal processes (sintering)

3. Cell architecture 6. Multi-junction cells: e Semiconductor physics
compatibility and synergetic | e Light absorption phenomena
effects, doping effects, e Incidence of light
junction technology ¢ Mirror development

7. Concentrator technology e Lenses technology
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E. Overview of needed competences

The fundamental challenge is to be able to harmonise a multi-geometry approach to ultimately
achieve a high efficiency cost effective device using materials that are benign and readily available.
Some of the tasks can be listed as follows:

Identifying the fundamental causal effect mechanism of heterogeneities and defects on the
behaviour of current devices
Developing modelling techniques that can reliably predict behaviour of current and future
materials systems
Hi throughput screening systems that can help accelerate materials development
programmes
Developing effective layer analysis techniques that can be used to reliably predict “quality” of
the layer in a finished device
Developing new process routes for the synthesis of new materials
Developing new low cost deposition and activation processes that do not generate
undesirable defects
Device construction and layer interfacing / integration
Analysis of CIGS-materials in a device configuration:
o Possibilities to realize the rear side contact either by printing, evaporation or
sputtering
o Possibilities to print the active layers and to anneal these layers in an environment
which allows tight control over temperature (and temperature-time profiles) and
ambient
o Possibilities to realize the hetero-emitter, either by liquid processing (e.g. CdS) or, if
better interface control is aimed at, by atomic layer deposition (e.g. In,S;)
o Possibilities to make transparent contacts, either by sputtering (e.g. ZnO) or Chemical
Vapor Deposition (e.g. LPCVD of ZnO) or printing (e.g. ZnO nanoparticles, carbon
nanotubes, ...)

F. Overview of cross-cutting themes

These research domains will also be relevant in first instance to other programs in the Energy & Light
and the Nano-themes.

PwNPE

Modelling

Hi throughput screening

Low cost deposition processes

Fine particle synthesis and ink/paste formulation.
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1.1.2) Energy harvesting / Photovoltaic’s: Organic/Polymer Solar cells
A. Introduction

Within the field of Plastic Electronics in which organic or polymeric semiconductors are used as active
materials, specifically Organic or Polymer Solar Cells constitute a disruptive PV technology on the level
of module cost effectiveness. The major advantages relate to the low active material content as very
thin film systems are used which can in principle be produced with role-to-role processing techniques.
Furthermore such process can be compatible with creating patterns using printing techniques. This
combination holds the promise of substantial cost reduction compared to existing technologies. An
important issue however relates to a fundamental improvement of stability and lifetime of said
devices. Also concerning efficiency, a fundamental improvement of the efficiency of said devices is
critical for developing a economically viable solar cell technology.

Evaporated methal anode (Al, Ca, Au)

LiF

Active Layer (donor/acceptor blend)
PEDOT-PSS
Cathode (ITO)

Substrate (Glass) 4-‘

IS
n-type > f?,\»

Bilayer heterojunction Bulk heterojunction

Figure 5: Layout of an organic/polymer solar cell
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B. State-of-the-art analysis

Research on Organic/Polymer Solar Cells shows increasing activity since beginning 2000 and resulted
in a continuous progress mainly due to material development in combination with device
engineering. This combined efforts resulted in single cell efficiencies of more then 6% for several
different donor materials in combination with PCBM-Cg; or PCBM-C;; as acceptor material. The record
value certified by NREL is at this moment 8.3%. It is to be expected that in near future efficiencies of
10% come into reach. For tandem solar cells, an efficiency slightly higher than 6% has been
demonstrated. Recent theoretical models have given rise to design rules toward potential high
performance materials and lead to consistent predictions of maximal single cell efficiencies between
10 and 15%. The stability problem is tightly linked to the stability of the nano-structured morphology
of the active layer, which is mostly mere the result of a kinetically frozen phase separation process of
donor and acceptor materials. Use of crystallization of one phase or use of high Tg materials to
increase stability and lifetime have been demonstrated and lead to a lifetime of such devices of about
1000 hours at 65°C and 1 sun illumination.

C. Roadmap for Applications

Two main application areas are envisaged; indoor (consumer) and outdoor (energy harvesting)
applications. Specific is the fact that they are interlinked with each other, technological developments
for the one clear the path for the development of the other. Critical steps in the development of
organic solar cells toward improved stability and efficiency can be identified as follows:

e Development of organic solar cells for consumer applications used as a vehicle to
develop, starting from an efficiency of 5%, cell designs and process technology. At that
point a dedicated effort is needed toward improved active layer stability and toward
development of a cell encapsulation technology compatible with inline processing. Quite
important deliveries relate to achieving reproducible and upscalable material quality, an
efficient production process based on film casting and/or printing process technology
and device performance with an expected lifetime of at least five years (20010-2013).

e Subsequent development of test applications for specific niche markets (2011-2015).

e Disclosing new structures for highly efficient donor and acceptor materials using high
level molecular and physical modelling, synthesis of new materials according to device
specifications toward engineering and stability issues enabling efficiencies close to 10%
and stability beyond 10 years (2010-2016).

e Development of cell design and technology for multijunction and/or tandem solar cells to
create conditions for high efficient solar cell devices with an overall efficiency beyond
10% (2011-2016).

e Development of donor, acceptor electrode materials designed toward prerequisites of
multijunction and/or tandem solar cells (2011-2016).

e Developing technology for outdoor module design and adapted encapsulation
technology (2013-2019).

e Improving on efficiency of subcells till overall efficiency of 15% and stability of the device
beyond 15 years (2014-2025).

As a consequence of the fact that organic/polymer solar cell development shows all characteristics of
a disruptive technology, realizing the critical steps mentioned above is only possible by progress in the
development of materials and material systems. In the extreme, one can state that the engineering
and processing developments toward the solar cell device or module are merely a derivative of
material development. As such a major challenge for Flanders can be identified as to develop and
strengthen the scientific and applied technological expertise in focused areas of material systems for
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organic/polymer solar cells for future generation thin film PV. More specific, mentioned expertise
relates to material systems for the active layer, barrier layers and alternative electrode systems. At
the same time the expertise developed will enable Flanders to develop a strong position in the field of

material systems for Plastic Electronics in general, see figure 6.

Figure 6:
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D. S&T challenges

2020

1. Achieving a fundamental understanding in the relation between the nano-structured
morphology, molecular structure of donor and acceptor materials and the electro-optical
characteristics of the active layer in terms of exciton dissociation, intermediate states, and

charge transport/charge carrier mobility.

2. Development of adequate molecular and physical theoretical models to link the device behavior

with material characteristics.

3. Development of donor-acceptor material systems that allow for a controllable and stable nano-
structured morphology by immobilization of the active layer kinetically or thermodynamically.

4. Development of alternative electrode systems compatible with linear production processes.

SIM Programme 2012+



5. Development of suitable and innovative encapsulation techniques to improve lifetime of the
solar cell towards strain by light and air/moisture.

6. Development of materials, electrodes and systems toward tandem or multi-stack, multijunction
solar cells.

7. Development of donor/acceptor materials or hybrid systems with quantum dots or metallic
nano-particles which allow for a broadened absorption window and improved absorption
coefficient.

E. Overview of needed competences

1. Synthesis and production techniques for electrode materials, donor and acceptors materials and
multifunctional material systems.

2. Analysis capability on nano-ordered/structured morphologies: Microscopy techniques and
electro-optical techniques which can be performed preferentially localized and/or in situ.

3. Thermodynamic and kinetic aspects of aggregation, crystallinity and phase separation of
organic/polymer systems.

4. Modeling toward design rules for materials and systems; device modeling
5. Material and device physics and characterization

6. Development of chemical building blocks and technology for controlling stability of formulations,
growth & morphology of self-organized systems and incorporation in polymer matrices of
metallic nano-particles.

7. Structure/performance relationship for nano-hybrid inorganic systems incorporated in polymers.

8. Structure / performance relationship for nano-hybrid inorganic systems for creating high barrier
performance.

F. Overview of cross-cutting themes:

1. Analysis capability on nano-ordered/structured morphologies: Microscopy techniques and
electro-optical techniques which can be performed preferentially localized and/or in situ.

2. Development of chemical building blocks and technology for supra-molecular or self-organized
systems and defined nano-structures for thin-film systems.

3. Development of molecular and physical theoretical models for material systems

4. High throughput screening and development techniques toward new materials
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1.2) Energy Conversion with Fuel Cells
A. General theme description

Hydrogen is considered an energy carrier that, as an alternative to fossil fuels, can help to cope with
the challenge of climate change and environment. It is a.o0. present in water, from which it can be
produced by so-called electrolysis. Its combustion is non-polluting as it only produces water and heat,
and no green house gases. Fuel cells convert chemical power to electrical energy with efficiencies of
over 60%. It is the combination of both hydrogen as a fuel and fuel cells for conversion of chemical
energy to electrical, that is highly appealing: on the one hand, the conversion efficiency of fuel cells
outperforms that of electricity generation from fossil fuels, on average as low as 34%; on the other
hand, conversion of the chemical energy present in hydrogen to electricity, adds the environmental
benefit that the emission is free of pollutants and greenhouse gases. Consequently, the Energy
subtheme Fuel Cells of the Strategic Initiative Materials will more specifically involve R&D in the
application areas of fuel cells and hydrogen production® as the two key priority areas.

Fuel cells and electrolysers are considered key enabling technologies for achieving the so-called "20-
20-20’-target set by the European Commission (ref. ‘Energy for a changing World - An energy policy
for Europe’, communicated by the European commission). In the document ‘Hydrogen Energy and
Fuel Cells — A vision of our Future’, by the Hydrogen and Fuel Cell High Level Group, it is proposed to
substantially accelerate the development and market introduction of FC and related hydrogen
technologies. In 2008 the Joint Technology on Fuel Cells & Hydrogen has been established by the EU,
aiming to be kept in line with development and demonstrations in Japan, Canada and USA: for the
period 2009 — 2013 the EU earmarked a budget of 470 million euro for demonstrations on this topic.
In addition, the emergence of photovoltaic and wind as alternative for the production of electricity is
considered to act as an enabler for the hydrogen production technology e.g. electrolysers.

The aim of the Strategic Initiative Materials (SIM) theme Fuel Cells, as a part of the theme ‘Energy’ is
to execute a program of R&D-activities in the field of fuel cells and hydrogen technologies. As such,
the program involves stakeholders from industry, research centres and universities.

¥ Innovative materials R&D for transport and storage of hydrogen will be considered in a later stage of
SIM.

Flemish initiatives in the area of Fuel Cells and H,-production
1. VSWB (‘Vlaams Samenwerkingsverband voor Waterstof en Brandstofcellen’ vzw)

The Flemish Collaboration for Hydrogen and Fuel Cells (‘VSWB’, see: www.vswb.be) was founded in
2003 as a non-profit initiative with the mission to promote and support the introduction and
application of fuel cell and hydrogen technologies in various application areas. The VSWB vzw is
financially supported by the Flemish government in the framework of the IWT-project ‘Stimulation of
Thematic Innovation’ (TIS). At this moment, over 30 companies and institutes are a member of VSWB.
In a white book®, the VSWB has outlined the current status, prospects and ambitions of hydrogen and
fuel cell technologies in Flanders. This white book has been the base for a ‘master plan’ in which
Flanders and the Southern part of The Netherlands are cooperating on hydrogen in order to become
a top region on hydrogen in Europe.
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Flanders and the southern part of the Netherlands have developed a long term program with the
ambition to realise a so-called ‘Hydrogen region’. This demonstration program has been developed by
a large number of multinationals, SME’s, research and educational (academic) institutes that are
active in the field of hydrogen and fuel cells in both regions. In addition to producers and distributors
of hydrogen, also technology developers, suppliers, energy companies and researchers are involved in
the project.

The master plan encompasses three major parts: the first part takes care of the execution and scale
enlargement of the hydrogen program. Further it foresees the limited set-up of a hydrogen
infrastructure and about 10 demonstration projects. The 3™ part holds the development of
educational programs lab-facilities. The programme had been approved by the Flemish governemt,
the Dutch government and the Interreg-program office, getting a total budget of 14,1 million euro
(incl. 3,8 million euro industrial funding).

The program is coordinated by WaterstofNet vzw (Turnhout) and runs from June 2009 — May 2012.
First results:

e Development, construction of 1 MW (1,7 MW peak) PEM fuel cell test facility, running on
by-product hydrogen, at Solvay in the port of Antwerp; this plant, being the largest in the
world, comprises more than 12.000 cells, divided on 168 fuel cell stacks, to be put in
operation in 2011

e Construction of 2 re-locatable hydrogen fuelling stations with on-site hydrogen
generation with electrolysers: characteristics output fuelling station 30 Nm3/h, 350 bar,
storage capacity 50 kg hydrogen, to be put in operation in 2011

e 3 vessels on hydrogen, to be put in operation in 2012

o 2 fork lifts on hydrogen, to be put in operation in 2012

1 small truck on hydrogen, to be put in operation in 2012

Scope of the SIM-theme

The systems considered within the scope of the SIM — Energy theme are:

Fuel cell Electrolyser

Electricity production

H, -production

PEM* X X
DMFC X -
Alkaline X X

From the above table, it is clear that materials R&D for Molten Carbonate (MCFC), Solid Oxide (SOFC),
Phosphoric Acid (PAFC) and microbial fuel cells are not considered for SIM.

5 ‘Waterstof- en brandstofcel technologie in Vlaanderen’, white book by the VSWB,version of June
2008. (http://www.vswb.be/assets/Witboek/witboek versie december 2008.pdf)

*The definition of IEA applies: PEM = polymer electrolyte membrane.
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B. Roadmap

The schematic roadmap below summarises the evolution of scientific and development work that is
necessary to develop sustainable hydrogen and fuel cell industries. Developed in 2009, the roadmap
is still valid.

Flanders has from a technological point of view industry on hydrogen production and fuel cells that is
already leading, or that can be leading in the near future:

Hydrogenics:
Water electrolysers, exporting complete systems to leading areas on the
introduction of hydrogen as California and Germany

Solvay:
Development of membranes for PEM-fuel cells and PEM-electrolysers
Owner of largest PEM-fuel cell test facility in the world, working on byproduct
hydrogen, to be installed in Antwerp

Umicore:
Development of catalysts for PEM-fuel cells and PEM-electrolysers

SolviCore (D):
Joint venture between Solvay and Umicore to deliver MEA (membrane
electrode assemblies) to industry (fuel cell stack, electrolysers, automotive
industry); supplying most of the materials for the test facility at Solvay in
Antwerp

Bekaert:
Development of gas diffusion layers for PEM electrolysers

Borit:
Development and manufacturing of bipolar plates for PEM-fuel cells and
PEM-electrolysers

Van Hool:
Production of fuel cell hybrid buses on hydrogen: 16 buses deliverd to USA,
about 20 buses to be delivered in Europe (Oslo, Italy, Flanders)

WaterstofNet
Owner of hydrogen fuel station with on-site hydrogen production
(electrolyser), that can be used as a test platform for new hydrogen generation
technology

In September 2011 a 1 MW PEM fuel cell test facility (1,7 MW peak), with more than 12.600
individual PEM-cells will be operational at Solvay in port of Antwerp on by-product hydrogen; The
plant uses MEA’s from SolviCore (Solvay and Umicore) and can be used partially for testing by
WaterstofNet. The test-facility can be the backbone of future R&D activities that aim at improved fuel
cell components.
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Further, WaterstofNet bought a hydrogen station that uses an alkaline electrolyser with capacity of
30 Nm3/h. This will be in operation in September 2011; this alkaline electrolyser can be used for

testing equipment, of course if agreed by partners

Figure 7: Roadmap for Flanders Fuel Cell and H2 production

Schematic Roadmap
SIM ‘Energy’ FC & H,,

/ Ambition: \

To establish, by 2015,
Flanders as a pole of
excellence for focused

2009

C. Fuel cells

C.1 System and problem description

Development, preparation reas of scientific and
(incl. characterization) and . .
integration of novel MEA- applied technological
materials in MEA-structures expertise in the field of
Selection of materials, " (HT*-)PEM and alkaline MEA-materials for
ao upscalability HC ali] GllGIeEETS - M*-, and alkaline FC
n Definition of specs for Up-scalable fabrication d electrolysers.
— novel MEA-materials method for MEA-assembly
(] for use in (HT#*-)PEM lintegration of functions
f = and alkaline FC and into multilayer structures
c 2 EC incl. bi-functional Upscalable fabrication
S z electrode ,materials methods for MEA- Production of electricity
— components, eg roll-to- hydrogen, oxygen,
Fundamental roll processing combined heat power
8 understanding & = (CHP)
et survey of current Upscalable fabricatio Commercialisatio
[S) itme aml methods for novel of IP
GC.) performance limiting MEAmEETE
— material {odeling of matenals MEA s — FC and
(] characteristics o mdonaters
a .1-‘ (catalysis, ionomers..) electrolyser stacks
and of MEA s
E Development of
o ] adapted high MEA- -\0(\
O throughput screening components A ‘5'5‘\
= AFC materia
g Materials for
L State-of-the-art PEM* * |[EA-definition applies: PEM = Polymer Electrolyte Membrang
and alkaline FC and # HT = high temperature (120 — 150°C)
electrolysers

2015

In general, the main system components of a FC are the electrolyte (e.g. as a membrane, gel or

liquid), the electrodes (anode and cathode) a

The general principle of operation is outlined

nd the bipolar plates.

below using the PEMFC (Polymer Electrolyte Membrane

Fuel Cell) as an example. The general set-up and principle of operation of a PEM-fuel cell is outlined in

the figure below. A PEM-FC stack is shown in
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Figure 8: a PEM Fuel Cell
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The PEM fuel cell reactions and electrode voltages"\S are:

Anode: H,A 2H'+2e (E, = 0V)

Cathode: % O,+2e +2H"A H,0 (E._= 1,23V)

Overall: H,OA H,+1/20, (Ecen =1,23V)

For DMFC:

Anode: CH;OH + H,0 A 6H" +6e + CO, (E,= -0,02V)
Cathode: 3/20,+6e +6H"A 3H,0 (E.=_1,23V)
Overall: CH3;0H +3/20,A 2H,0 + CO, (Ecen=1,21V)
And for AFC:

Anode:  2H,+40H A 4H,0+4e  (E, = 0,83V)
Cathode: 0,+2H,0 +4e” A 40H (E._= 0,40V)
Overall:  2H,+0,A 2H,0 (Ecr= 1,23V)

All voltages are versus SHE (Standard Hydrogen Electrode) at 1 bar and at 298,15K.

C.2 State-of-the-art

The hydrogen-fuelled PEMFC is one of the most promising candidates of all FC-types, since it is being
considered for a scale of applications ranging from a few Watts for puFC-systems to several tens of
kWatts for automotive application. PEMFCs show already acceptable performances and powder
densities obtainable with catalysts loadings below 0,2 mg Pt/cm? electrode area. The noble metal
catalyst particles are usually supported on a carbon substrate. Power densities of 720 mW/cm? have
been reported (current density of over 1,4 A/cm at a cell voltage of ~5 V at 75°C with a Nafion’-112
membrane (...Solvays Aquivion membrane) and catalyst loading of 0,12 mg/cm? or 20wt% Pt/C).
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Ultra low catalyst loadings as low as 0,014 mg/cm?” have also been reported using a novel coating
method. However, PEMFCs have a low CO-tolerance and so performances are severely limited when
the hydrogen is supplied from the reforming of fuels.

For Direct Methanol Fuel Cells (DMFCs) with solid polymer, the performance obtained with the direct
oxidation of methanol at the anode, is inferior compared with PEMFC fuelled with pure hydrogen.
This is mainly due to electro-kinetic shortfalls (1. slow anode electro-kinetics, 2. diffusion or electro-
osmosis causing cross-over of methanol, lowering the overall cell voltage and 3. electro-osmosis of
water from the anode to the cathode, creating large cathode overpotentials). Approaches to deal
with these shortfalls are:

- (rather expensive) loads of ~4 mg/cm” noble metal catalysts to maximise methanol oxidation

- raising the operating temperature to over 150°C where electro-kinetics are more easy, but
also the CO-tolerance by catalyst poisoning increases, since Pt(CO), becomes
thermodynamically unstable at these temperatures.

- Mixed-reactants solid polymer DMFC that relies on selective catalysts to separate the
electrochemical oxidation of methanol and the reduction of oxidant, without physical
separation of the fuel and the oxidant

- to use alkaline anion-exchange membranes combining the advantages of the simple all solid-
state construction of PEMFCs, the easy electrokinetics of AFCs and the high energy-density of
the fuel for DMFCs

- Better (and cheaper) membranes to lower the cross-over

C.3. Science and Technology challenges

Since the cell stack is the ‘heart’ of the fuel cell containing the electrochemical process, its materials
deserve the greatest amount of R&D attention. Further, R&D should aim at reducing the costs for
fabrication and improve the performance and durability.

Since the cell stack is the ‘heart’ of the fuel cell containing the electrochemical process, its materials
deserve the greatest amount of R&D attention. Further, R&D should aim at reducing the costs for
fabrication and improve the performance and durability.

It is recognized that electro-catalyst and the carbonaceous catalyst support materials play a crucial
role in the mechanisms that limit the FC’s performance and lifetime. Further the membrane is an
expensive FC-component for which thickness reduction is reported to make cost reduction possible.

A further technological challenge is to overcome poisoning of the Pt-containing catalyst. The solution
is sought in the direction of the development of the high temperature PEMFC, operating at higher
temperatures of >90°C up to 120°C. At higher temperatures the CO-tolerance of the cell by catalyst
poisoning increases, since Pt(CO), becomes thermodynamically less stable at higher temperatures.
Higher temperatures would severely affect the membrane to be used.

Since an FC system not only consists out of MEA's, but involves many more sub-components (e.g. a.o.
water and temperature management systems, sensors, pumps, driver electronics, heat exchangers,
piping,...), that all are important in view of the reliable operation on life, integration is needed that
aims at reliable and long-lasting operation.
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So, project proposals are welcomed that aim at the development of efficient, reliable and economic
PEM-based FC-systems as well as alkaline FC-systems. In combination with the development of
novel electrolyte materials, the development of innovative stable electrode materials, cheap and
selective membranes and of cost-effective electrocatalyst materials is envisaged.

C.4 Competences needed:

* Synthesis and production techniques for electrolyte (membrane) (polymer based membrane
materials, ionic polymer systems, ionic gel or ionic liquid)

* Electrocatalyst R&D, synthesis and production techniques of (electro-) catalysts

* Synthesis of electro material, surface treatment and production technique for electrode
material and bipolar plates.

* Electrochemical characterization, using techniques for integration of subcomponents ao
application of catalyst on electrode, half-cell preparation and characterization; MEA-
development, fabrication and characterisation

e Combinatorial solid state chemistry synthesis and measurement/characterization methods
for fast composition screening (high throughput)

* Materials characterization

*  System integration

* Test facility.

D. Hydrogen production

D.1 System and problem description

Hydrogen can be considered as an important means to store chemical energy. The vast majority of
today’s hydrogen is generated by steam reforming. However, this method is still based on the use of
non-sustainable, conventional natural resources, in this case natural gas. One way to produce
hydrogen in a sustainable way is the electrolysis of water using any renewable source of energy that
produces electricity, such as solar or wind.

In principal, electrolysis is the reverse reaction of a fuel cell reaction (or an electrolyser is a FC in
reverse operation): electricity is added to split water into its constituting elements resulting in the
production of hydrogen and oxygen:

H,0 A H, + 1/202
However these processes are as yet more expensive compared to reforming technologies.
The picture below shows the principle of water electrolysis compared to the FC principle of operation,

in this example for PEM-technology. So, the system components are similar to those of the fuel cell,
be it that the requirements can be different eg the catalyst loading being higher for electrolysis stacks.
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Figure 9: the principle of water electrolysis based on PEM-fuel cell technology
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D.2 State-of-the-art

Electrolyser technology is well developed and there are a large number of different electrolysers on
the market. Basically there are two electrolyser technologies for producing hydrogen at ambient or
low temperature: PEM-electrolysers, and alkaline electrolysers, using concentrated KOH as
electrolyte. The alkaline stacks can either be monopolar or bipolar, whereas PEM-stacks are bipolar. A
difference worth mentioning is the higher catalyst loading for electrolyser stacks compared to FC-
stacks. For alkaline electrolyser stacks use titanium and nickel in addition to the electrolyte material,
which adds to the cost. Further, reinforcement of membranes and separators is considered an
important issue for materials R&D, as well as the development of protective coatings for bipolar
plates. Although using the same working principle, liquid alkaline and PEM electrolysers seem to be
most promising.

e Liquid alkaline electrolysers are the preferred unit for large-scale producers due to the fact that
the technology is easily scaled up.

e Polymer electrolyte membrane electrolysers are considered to be the longer term option,
currently they are ideal for small to medium scale applications, such as vehicle refuelling or
smaller applications, where a unit might be used to generate hydrogen using renewable energy
such as solar.

For the sake of completeness we mention other electrolyser technologies only very briefly:

e Hydrogen bromide electrolysis splits HBr into H, and Br,. The bromine can be used as a dye or
pesticide.

e Steam electrolysis adds some of the energy needed for splitting water as heat iso electricity,
making the the process more efficient than conventional electrolysis.

e Photo-electrolysis splits water directly into hydrogen and oxygen using sunlight, without the
intermediate conversion from sunlight to electricity.
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D.3 Science and Technology challenges

In order to feed FC-systems with the necessary fuel, the production of hydrogen of ‘fuel cell quality’ is
a prerequisite. The fuel quality is of major importance and related directly to FC-performance.
Typically a CO-concentration below 10ppm (5.0 grade hydrogen) is considered for PEMFC-operation.
Research activities are directed to hydrogen generation using the principle of low temperature
electrolysis, with focus on concepts that promise to be cost-competitive a.o. by limiting the use of
precious metal based electrocatalysts or that use bi-functional electrodes.

Basically, for the scientific and technological challenges in the area of materials R&D, ti can be refered
to paragraph 3.3, where the S&T challenges for FCs have been described.

So, projects are welcomed that aim at breakthroughs in the field of materials R&D for innovative,
cost-competitive, efficient and upscalable PEM- and alkaline electrolysers for the production of
high purity H,.

D.4 Competences needed

» Synthesis and production techniques for electrolyte (membrane) (polymer, gel or liquid) and
(reinforced) separator materials.

* Synthesis and production techniques for (bi-functional) electrode materials; surface
treatment (a.o. of electrode material).

* Electrochemical characterization, using techniques for integration of subcomponents ao
application of catalyst on electrode, half-cell preparation and characterization; MEA-
development, fabrication and characterisation

* Materials characterization (TEM, ...)

*  System integration

* Testing facilities

E. Cross-cutting themes for PEM and alkaline FC and electrolyser materials R&D

It must be recognised that nanotechnology can contribute significantly to R&D in above fields of
application. E.g. reducing the size of the features in the MEA structure, the ratio of surface area to
volume will strongly increase and the density of active TPB or triple phase boundary sites where
exchange reactions between gas, liquid and solid phases takes place, increases considerably. Further
examples where nano-technology could make contributions to PEMFC and low temperature
electrolysis are a.o. development of finely dispersed electrocatalysts, surface treatments of
electrodes, and not to forget materials characterisation at the nano-scale.

Further, for specific components the structural properties are important for the performance of the
device. Such components are e.g. membranes or separator can be either with or without
reinforcement.

So, project proposals that recognize potential contributions from above cross-cutting themes are
strongly encouraged.
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1.3) Energy Storage with Batteries and Supercapacitors

A. General Subtheme description

Batteries increasingly become key-technology for further development of portable electronics, as well
in automotive (hybrid and electrical vehicles). Also new fields of application for batteries such as
systems that support energy generation by e.g. wind power or photovoltaics, will be developed in the
coming years. Large scale stationary batteries will be key enabling technology for a large scale
implementation of these renewable energy technologies.

Within the SIM-context R&D-projects will in first instance focus on the first two types of applications,
namely portable electronics and automotive. Main driver for this choice is the fact that none of
currently existing battery technologies provide sufficient energy density and/or power to allow
further development of these applications. In these fields breakthrough research will be necessary to
develop new material solutions and/or completely new chemistries to meet the requirements of

future applications. The cost, autonomy and safety factors are becoming more important over the
last years.

After re-evaluation of all possible technologies, the initial choice to focus the SIM-Battery Program on

two types of chemistries has been confirmed: advanced Li-ion systems and rechargeable metal-air
systems.

10,000
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All solid-state

a0 batteries
= — Lithium-ion batteries
= National project targets Metal-air
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o P 20
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3 2000 10

Nickel-hydride batteries
0 100 1.000
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Figure 10: Promise of Battery systems (Ref. http://www.greencarcongress.com/2008/07/toyota-
outlines.html)

None of the other alternatives have the same favourable cost/performance/safety characteristics.
These systems are also more generally regarded as the most promising ones for the future, as is
illustrated by the following quote from Toyota:
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Quote:
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focusing on the development of next-generation batteries with greater energy densities than offered

by current lithium-ion systems before ordinary vehicles can become EVs. The company is establishing a

ol GGSNE NB &S toMidderatRR&D.bn khEserh8ayiévolutionary batteriesé ® 9 EofY LI S &
such batteries adduced in the presentation include solid-state lithium, and metal-t A NJ o} G G SN&X S a
(Toyota, June 2008 ¢ Green Car Congress).

Both systems present a variety of scientific challenges to be resolved before any economically feasible
applications can be developed. It is generally accepted that in first instance new advanced Li-ion
systems are to be expected. The time necessary to develop market ready rechargeable metal-air
systems will be much longer.

B. Time frame — Application Roadmap

The following figure, Figure 11, from the Cool Earth Technology Roadmap, presented in March 2008
by the Japanese METI. Japan is today the leading country in battery-development. As such this
roadmap represents the expectations (types of batteries for the different applications, timeframes, ...
), for the development of new battery systems as they are now generally accepted. The activities
within SIM will have to be positioned in this time frame if SIM wants to play a major role in this field.
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The red dots in the figure represent the moment market introduction is to be expected. For both the
advanced Li-ion and the metal-air systems, this time frame nicely fits with the SIM-time horizon.

The following figure, Figure 12 represents the latest available roadmap for Li-ion batteries. In June
2010, the German Fraunhofer Gesellschaft also published a Roadmap for Li-ion battery technology
with a horizon up to 2030 (Fraunhofer - Institut fiir System - und Innovationsforschung ISl). This
roadmap gives the state of the art in Juni 2010. As can be seen the research challenges as described
more in detail in the next chapter are fully in line with this roadmap.
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C. Li-ion batteries

C.1. System description & Problem description
C.1.1. System description

The working principle of the Li-ion battery is demonstrated in Figure 13:

LiCoO;, Carbon
R
Oxvaen ® O ©o
Eas
o O O
POSITIVE Electrolyte NEGATIVE
Separator

A lithium-ion battery comprises a “negative” electrode (the anode, e.g. carbon) and a “positive” electrode
(the cathode, e.g. LiCoO,). Both sides are separated by a thin polymer separator. When the battery is
charged, lithium ions migrate from the cathode through the separator towards the anode. The reverse
process takes place during the discharging process. At the same time electrons (which are “split off” from
the ions) use an external channel to move to the other side, creating electricity along the way.

C.1.2. Problem description:

Li-ion accumulators demonstrated to be essential energy storage devices in portable electronics. In the
coming years an important increase in new applications such as power tools, EV (Electrical Vehicle) and HEV
(Hybrid Electrical Vehicle) is to be expected. These systems require higher energy densities (> 250 Wh/kg)
and/or higher specific power than available today.

The chemistry of these systems is well known, but in order to reach the goals set out, new material
concepts need to be developed no only for active materials, but also for electrolytes, additives, binders,
separators, current collectors ...

C. 2. State of the art

Today’s Li-ion battery systems typically provide 200 - 220 Wh/kg energy. This proves to be the limit of the
current materials and technology. In order to reach significantly higher energy densities, radically new
concepts are needed.

C. 3. Science and Technology challenges
As already mentioned above, there are many possible pathways to increase the energy density of Li-ion

batteries: for all the different components of the system new material concepts will be necessary.

In the SIM — context, projects are welcomed in all these fields. A few examples:
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S&T challenges

Science themes

1. Cathode materials

1. High Voltage materials:
a. Overall target: stable
systems > 5V
b. Industrial target: surface
modification, long life &
high capacity, safety
2. High Energy materials:
Target: 250 mAh/g
3. Low cost: abundant and safe
materials maximally in line
with improvement targets
mentioned above

¢ Development of other
mechanisms than pure
intercalation (ex. oxy-fluorides)

¢ Development of nano
structured, conductive coatings

* Redox organic compounds to
replace inorganic materials

2. Anode materials

1. High capacity combined with
minimum irreversibility &
minimum volume change

2. Maximum stability vs.
electrolyte (stable SEI)

3. Maximum electronic and
ionic conductivity and
mechanical integrity during
cycling (min. 500 cycles)

e Nano-structuration of particles
of active materials with proper
composition and selection of
inert stabilizing components
(metallic, ceramic, polymer,
glasses ...)

e Redox organic compounds to
replace inorganic materials

3.Electrolytes

1. Sufficient electrochemical
stability window (esp. for high
V(>5V) systems

2. Conductivity (ionic) at low
temperatures (below -30°C)

3. Flammability (reduce to
automotive standards

4. Toxicity (maximally reduce
toxicity)

5. Reactivity with anode and
cathode (and with current
collectors) (minimal corrosion
of active materials by
electrolytes

¢ Development of appropriate
new electrolytes , compatible
with the new cathodes and
anodes:
e New Li-salts
e Modification of solvent

(organic)

e Additives
e Redox shuttle

¢ New concepts such as ionic
liquids, conductive solid
electrolytes (polymers)

4. Separators/membranes

. Impedance

. Conductivity

. Porosity

. Structural aspects

. lonic selectivity

. Temperature stability

. Added functionalities (e.g.
safety features)

8. Hybrid materials

NooupbhwNR

o Reactivity with electrolytes
¢ Composites, hybrid membranes
e Structural issues
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NB This list represents the major
issues concerning the
development of
separators/membranes —
guantification not really
possible)

Over the last 3 years, an increased interest is noted around sustainability aspects of these systems. Many
questions around availability of feed stock, recycling, life cycle analysis ... are still to be answered and should
become part of research projects in this domain.

C. 4. Competences needed

1. Ab initio modelling of materials for a. the electrodes b. the electrolyte particularly in the case of low
dopant concentrations and diffusion

2. Physical and chemical limitations to reversibility (also applicable for fuel cell-electrolysis, PV-led) and
rechargeability (e.g. in case of Li-ion: reduce irreversible components at the anode when oxide materials are
used)

3. Impact of nanostructured materials (underestimated importance, strong link to the SIM-nanogroup) (e.g.
to prevent material deterioration during cycling to improve high rate performance)

4. Understanding the parameters that determinate power delivered and total energy content in the
application,

5. Impact of material choices on environmental issues, recyclability, lifetime improvement, toxicity,
automatic disassembly and end of life treatment

6. Development of high performance, high precision structural, chemical, electrical and energetic
characterisation methods

More generally speaking:
Solid state physics
Electrochemistry
Interface chemistry
Organic chemistry

C.5. Overview of cross cutting themes
Advanced (high resolution, in situ, 3-D, ...) imaging and characterisation of bulk and surface/interfaces

Ab initio calculating structure of new intermetallic or composite active materials

Thin layer deposition (PVD, CVD, particle deposition (printing, spraying, ...)

Combinatorial solid state chemistry synthesis and measurement/characterization methods for fast
composition screening (high throughput)

Combinatorial thin film deposition and measurement/characterization methods.
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D. Metal-air batteries

D.1. System description & Problem description
D.1.1. System description

_ Cathode: %2 0, + H,0 + 2e- > 2 OH-
.\ Anode: Zn + 20H- 2 ZnO + H20 + 2e
| Overall Reaction: Zn + % 0,2 Zn0

Figure 14: Metal-air battery (Source of the figures: www.poweraircorp.com)

The anodes in these batteries are commonly available metals with high energy density like aluminium or
zinc that release electrons when oxidized. The cathodes or air electrodes are often made of a porous carbon
structure or a metal mesh covered with proper catalysts. The electrolytes are often a good OH- ion
conductor such as KOH. The electrolyte may be in liquid form or a solid polymer membrane saturated with
KOH. The next figure illustrates the energy density of different battery systems.
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Figure 15: Typical energy density of different battery systems (Source of the figures:
WWW.pOWEraircorp.com)

Metal-air batteries have the highest energy density of all batteries. Among them the Li-air in organic
electrolyte-system has theoretically the highest energy density (5000 Wh/kg).They are the most compact
and, potentially, the least expensive batteries available. They are also environmentally benign. The main
disadvantage, however, is that electrical recharging of these batteries is very difficult and inefficient.
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D.1.2. Problem description

While the high energy density and low cost of metal-air batteries may make them ideal for many primary
battery applications, the electrical rechargeability feature of these batteries needs to be developed further
before they can compete with other rechargeable battery technologies.

Surface passivation is another important issue to be solved. Today it accounts for the huge differences that
exist between the theoretical energy density of the system and what is achieved in real applications.

Therefore, within the SIM-Theme on Batteries, focus will be on the development of materials enabling
rechargeable long lasting metal —air systems (Zn, Al, Mg, Na, Li, ...). Again this will require the development
of knowledge and new material systems for the different system components such as the membranes,
electrocatalysts, electrolytes (aqueous, organic, polymer), metal powders, additives, binders, etc.

D.2. State of the art

At present, metal air batteries are in general miniature “primary” batteries. The most prevalent metal-air
battery is the ubiquitous hearing aid Zinc-air cell.

Although many manufacturers offer refuelable units where the consumed metal is mechanically replaced
and processed separately, not many developers offer an electrically rechargeable battery. Rechargeable
metal air batteries that are under development have a life of only a few hundred cycles and efficiency about
50%.

The problem and state of the art descriptions have been reviewed in 2011 and are confirmed.

D.3. Science and Technology challenges
High capacity, fully electrochemical rechargeable systems like Zn-Air, Al-Air, Mg-Air, Li-Air

Challenges in S&T Science themes per Research Area
1 Anode materials 1. Avoiding dendrites at charge | The following Science themes are
by additives in electrolytes, applicable to both anodes and
alloying, surface treatment, cathodes:
charging procedures (pulse, | — Study of surface phenomena
reverse, current) (passivation, depassivation,
2. Avoiding electrolyte/shape interaction with electrolytes, ...)
changes for the negative — Optimisation of electrocatalysts
3. Avoiding passivation — Air, water and temperature
2. Cathode materials 1. Membrane deterioration management
2. Reversibility of catalysts — Conductivity
3. Water management — Reactivity of the electrode
components
— Site/parasite reactions (corrosion,
poisoning, ...)
2. Electrolytes 1. New electrolyte systems, — Non aqueous systems
challenges related to — lonic liquids
reactivity with active — Polymer systems, among others
material, corrosion reactions, by modelling of structures and
H2-build up, ... flow
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D.4. Competences needed

1. Ab initio modelling of materials for a. the electrodes b. the electrolyte particularly in the case of low
dopant concentrations and diffusion

2. Understanding the phenomena that lead to physical and chemical limitations to reversibility and
rechargeability (e.g. shape changes, dendrite formation, ...)

3. Modelling and development of electro-active catalysts

4. Impact of nanostructured materials combined with composite materials (e.g. scaffolding to counter shap
changes))

5. Modelling of concentration gradients, polarization, ...

6. Understanding the parameters that determinate power delivered and total energy content in the
application,

7. Impact of material choices on environmental issues, recyclability, lifetime improvement, toxicity,
automatic disassembly and end of life treatment

8. Development of high performance, high precision structural, chemical, electrical and energetic
characterisation methods

More generally speaking:

- Solid state physics

- Electrochemistry (incl. Electrocatalysis)
- Interface chemistry

- Organic chemistry.

E. Overview of cross cutting themes

1. Advanced (high resolution, in situ, 3-D, ..) imaging and characterisation of bulk and
surface/interfaces

2. Ab initio calculating structure of new intermetallic or composite active materials

3. Combinatorial solid state chemistry synthesis and measurement/characterization methods for
fast composition screening (high throughput)

4. Combinatorial thin film deposition and measurement/characterization methods.

F. SWOT-ANALYSIS Situation in Flanders

Strengths
e Strong industrial materials companies leading in cathode materials and additives (Umicore, Solvay)
e Strong underlying scientific basis and competences at universities and companies, but not
dedicated to this application

Weaknesses
e At universities no focus on this application
¢ Knowledge base is dispersed, no existing collaborations
e No battery producer, integrator nor big car developer in Belgium/Flanders
e Latecomer in the field, in the catching up mode
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Opportunities
e SIM

Threats
e  World business with a lot of players
e Major interest from big companies worldwide

e Proportionally much bigger political support and funding schemes in other countries (e.g.
Germany),

G. Other players in the field in Flanders:

Flanders’ Drive — not focussed on materials but on battery management in cars
Punch: integration

VUB-Van Mierlo: modelling of battery packs

Volvo Ghent: electric cars project

Proeftuin Electrical Vehicles

H. Opportunities for SMEs

PEC (spin off KUL) battery testing and management
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