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ÉDITORIAL / FOREWORD

Avec près de 1000 collaborateurs et 15 plateformes expérimentales et numériques, le LITEN développe les nouveaux concepts scientifiques dans les
domaines de l’efficacité énergétique, de l’efficacité matière, et des énergies
renouvelables à faible empreinte carbone, qui constitueront les innovations technologiques de demain au service de la compétitivité industrielle
française.
Entre Juillet 2016 et Juin 2017 le LITEN a publié 230 brevets et 160 articles
dans des journaux de rang A. 28 thèses ont été soutenues et 34 nouvelles
ont été engagées. 3 nouvelles Habilitations à Diriger les Recherches ont été
obtenues portant à 28 le nombre de nos chercheurs HDR.
Un florilège des meilleurs résultats obtenus avec nos partenaires académiques et industriels vous est présenté dans ce rapport scientifique 20162017 qui vous donnera je l’espère l’envie de mieux nous connaitre et de
collaborer avec nous.

The LITEN Institute nurtures scientific and
technological excellence for supporting the energy
transition
With almost 1000 collaborators and 15 experimental and numerical platforms, LITEN develops new scientific concepts related to energy efficiency,
material sobriety and low carbon footprint renewable energies. Our activities pave the way for the next technological innovations liable to strengthen
French industrial competitiveness.
Between July 2016 and June 2017, 230 patent applications and 160 publications in top-tier journals have been written by LITEN. 28 PhD dissertations
have been successfully defended and 34 new PhD have been started. 3 new
Habilitations to Supervise Research (Habilitations à Diriger les Recherches)
have been obtained bringing the total number of habilitated researchers in
LITEN up to 28.
In this Scientific Report 2016-2017, we present a selection of the best results
obtained with our academic and industrial partners which I hope, will inspire you for meeting us and working with us.

Florence Lambert,
Director, Liten
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Le LITEN, acteur de l’innovation
pour la transition énergétique
L’institut LITEN, créé en 2004 au CEA-Grenoble, conduit
des travaux de recherche et développement résolument
tournés vers la mise en œuvre de la transition énergétique. Ils couvrent l’ensemble de la chaine de valeur, allant de la synthèse des matériaux par des procédés
respectueux de l’environnement à leur intégration dans
des composants pour l’énergie ; intégrant également la
conception et le dimensionnement de systèmes énergétiques jusqu’à l’échelle prototype. Enfin, la modélisation
multi-échelle et multi-physique permet au LITEN d’établir un lien entre compréhension fine des phénomènes à
l’échelle microscopique et pilotage des systèmes à la
dimension macroscopique (véhicules, smart grids…).
Trois grandes orientations structurent l’activité du
LITEN :
• la sobriété matière,
• la production et le stockage d’énergies renouvelables
à faible empreinte carbone,
• l’efficacité énergétique. Les développements technologiques du LITEN sont de plus accompagnés par des
analyses technico-économiques, du cycle de vie ou
d’écoconception afin de les légitimer. Ces différents
thèmes sont successivement abordés dans les 4 chapitres qui composent ce rapport scientifique.
L’une des forces du LITEN réside dans sa capacité à maitriser le développement complet de composants ou de
systèmes et à les caractériser en détail pour répondre
aux enjeux de performance et d’efficacité. L’usage de
techniques de caractérisation avancées, et de plus en
mode operando à l’aide des grands instruments constitue un atout majeur pour suivre les évolutions structurales en fonctionnement et analyser les mécanismes
réactionnels. Cette approche, conduite en partenariat
étroit avec la Direction des Recherches Fondamentales

L’émergence de nouveaux usages autour de l’énergie
conduit à repenser l’utilisation et l’intégration des matériaux. Dans ce rapport nous vous proposons de découvrir plus en détail nos travaux sur les matériaux
carbonés et leurs remarquables propriétés de conduction électrique et thermique (page 14), sur les matériaux
photovoltaïques organiques et leurs atouts de mise en
œuvre (page 26), et sur les prochaines générations de
matériaux de batteries (page 42). Avec une approche
systémique, nous vous présentons également nos travaux relatifs aux nouveaux réseaux électriques (page
56) et à l’exploitation des bio-ressources (page 34).
Ces focus sont accompagnés d’une trentaine de communiqués scientifiques qui vous permettront de découvrir
la richesse des activités du LITEN.
Pour conduire ses recherches, le LITEN s’intègre pleinement dans l’écosystème de recherche, de développement et d’innovation régional, national et européen.
Ainsi, au plan local, il est engagé avec dix laboratoires
académiques dans une troisième labellisation Carnot
« Énergies du futur » et est associé à l’institut d’excellence « Université Grenoble Alpes » (IDEX UGA). Au plan
national il s’implique également dans plusieurs réseaux
(GDR) et associations telles que l’IBPSA-France (International Building Performance Simulation Association)
dont il assure la présidence. Au niveau Européen le
LITEN contribue activement à plusieurs associations
telles que l’EMIRI (Energy Materials Industrial Research
Initiative) ainsi qu’à des entreprises communes (Joint
Undertaking) telles que le FCH JU (Fuel Cell and Hydrogen). Enfin, le LITEN engage des partenariats avec les
grands centres de recherches appliquées internationaux dans le domaine de l’énergie comme par exemple
l’ITRI (Industrial Technology Research Institute) à Taiwan.
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du CEA fait l’objet d’un paragraphe dédié en tout début
de rapport (page 6).
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and 6 international experts in 2017

Matter & materials

LITEN, key innovator
for the energy transition
Created in 2004 at CEA-Grenoble, the LITEN institute
conducts research and development activities turned
towards implementing the energy transition. These activities cover the entire value chain, from material synthesis with environmentally friendly processes to their
integration into energy components; they also include
designing and dimensioning of energy systems up to
prototype scale. Finally, multiscale and multi-physics
modelling allows LITEN to link the fine understanding
of phenomena on a microscopic scale to the control of
systems at a full scale dimension (vehicles, smart grids,
etc.). R&D activities are structured along three main
lines:

The emergence of new energy uses invites to reconsider
the way materials are integrated. In this report, we offer you to discover in more details our activities on carbon materials and their remarkable electrical and
thermal conduction properties (page 14), on organic
photovoltaic materials and their easy processing (page
26), and on the next generations of battery materials
(page 42). Based on a systemic approach, our work on
smart grids is also presented (page 56) together with
the perspectives of bio-resources conversion (page 34).
These focus are accompanied by some thirty scientific
highlights illustrating the diversity and richness of
LITEN's activities.

To conduct its research, LITEN is fully integrated into
the regional, national and European research, development and innovation ecosystem. At the local level, it
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mentioning, that allows monitoring structural changes
Energy efficiency
Matter & materials
upon operation and analyzing local reaction mechanisms. This approach, conducted in close partnership
with the CEA's Fundamental Research Division, is illustrated in a dedicated section at the very beginning of
the report (page 6).
• material sobriety,
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High performance energy components:
the major progresses allowed by large facilities
and advanced characterisation
A. Benayad, A. Boulineau, J. F. Colin, E. de Vito, G. Gebel,
L. Guetaz, M. Hubert*, J. Laurencin, F. Lefebvre-Joud,
S. Lyonnard**, A. Morin, T. Priem, S. Tardif**
* LITEN PhD
** Colleagues from CEA/DRF/INAC

forts have been devoted to the development of
high-performance Li-ion battery and other post Li-ion
secondary batteries. Material size tuning from micrometer to nanometer level, electrode/electrolyte interfaces design, electrolyte stability windows adjustment,
etc., are the most developed
strategies to improve the performances of Li-ion such as capacity
retention and safe operating
conditions. Several characterization technics have reached a mature figure of merit to apprehend
the redox process and solid electrolyte interfaces (SEI) formation,
occurring during electrochemical
cells operating. Characterization
technics, such as TEM, SEM, NMR,
PES, AES, SIMS, AFM, etc., have
brought valuable information on
the structure and morpholog y
change, ion transport, charge transfer, chemical composition and surface modifications of cathode and
anode materials as well as elecFrom left to right: Top: Arnaud Morin, Laure Guetaz, Jérôme Laurencin, Gérard Gebel,
trode/electrolyte interfaces change.
Nicolas Martinez*. Bottom: Eric de Vito, Sylvie Escribano, Sandrine Lyonnard*,
Anass Benayad.
Within this framework, we highlight
* Colleagues from CEA/DRF/INAC
through two examples, the input of
the coupling between ex-situ and
operando physico-chemical and electrochemical characterization.

1. INTRODUCTION

New energy generation and storage systems including
Fuel cells (FCs) and lithium batteries (LiB) are composed of many different components as electrodes,
electrolyte and current collectors that should be individually optimized to improve both the performance
and lifetime. Upon operating conditions, these components strongly interact since the basic mechanisms are
highly coupled. It follows that for a better understanding these systems must be studied operando. Many
different nano-characterization techniques were used
operando such as NMR, Raman, XPS and high resolution scanning and transmission microscopy. Neutron
and X-ray scattering techniques appear as very powerful tools because of their penetration depth that allows both the use of transparent cells with state-of-art
performance and exceptional spatial and time resolutions.

2. UNDERSTANDING BATTERIES MATERIALS
AND COMPONENTS EVOLUTION UPON
OPERATION
Beside the industrial challenges to enhance the material efficiency for energy storage, great research ef-
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Degradation of Li Rich batteries
Among Li-ion cathode materials, classical LiMO2 oxides
that have been commonly used present quite limited
capacities ranging from 150 to 200 mAh.g-1 depending
on the chemical nature of the transition metal, M.
As alternative materials, “Li-rich layered oxides” with
the following formula Li1+x M1-xO2 (M=Ni, Mn…) are of
great interest as cathode materials for Li-ion batteries
as they offer the highest rechargeable capacity up to
250 mAh.g-1 [1]. However, upon operation, they suffer

FIGURE 1:

High Resolution STEM images with associated elemental mappings
(EELS) revealing structural and chemical evolutions within the
layered oxides before and after electrochemical cycling on the left
and the right respectively [3].

FIGURE 2:

Charge transfer mechanism in Chevrel phase Mo6S8 during first
cycle evidenced by XPS [4].

from complex evolutions inducing a high first cycle irreversible capacity loss, degasing, or voltage decay
upon extending cycling. These processes constitute
key issues preventing their commercialization and
need to be understood [2].
In this work, we used the latest generation of TEM (Titan Ultimate FEI) for studying structural and chemical
evolutions occurring in the Li-rich layered oxides
thanks to the recording of High Resolution images
(STEM) and spectroscopy analyses (EDX, EELS) before
and after electrochemical cycling. As presented in Figure 1, such experiments allowed, on one hand, the observation of the formation of a secondary spinel
structure phase at the surface of the particle, responsible for the capacity loss. On the second hand,
chemical mappings revealed a progressive cationic migration of manganese toward the bulk of the particles
that could be linked to the continuous voltage decay.
Based on these results, a model along which the material is evolving has been proposed for explaining the
electrochemical behaviour observed upon cycling [3].
Advanced battery characterisation
In this work we re-examined the charge transfer
mechanism into the Chevrel phase Mo6S 8 during Mg

FIGURE 3:

intercalation in Mg-ion battery. We demonstrated a non-conventional twostep reversible electronic charge transfer
process during the first discharge, involving successively axial sulfurs and Mo 6
cluster redox center (Figure 2) [4]. We
evidenced two insertion sites having
different polarizations. The partial
charge transfer and the capacity to delocalize the charge inside Mo6 cluster is
an answer to the capacity of Mo6S 8 to
insert/de-insert reversibly Mg 2+ ions.
To widen our picture on the mechanisms involved during the SEI formation in Li-ion batteries, we have
developed in-lab operando XPS. We
studied the impact of Vinylene Carbonate (VC) on the wettability of ionic liquid based electrolyte at open-circuit
voltage and the interface chemical
structure charge in relation to double-layer capacitance and electrical series resistance change (Figure 3)
[5]. These results pave the way toward new understanding of electrolyte/electrode interface.
Operando study of Li-ion battery using large facilities
The research on new and efficient components for Liion batteries is greatly helped by operando studies by
X-ray diffraction to follow the lithium insertion within
electrode materials, X-ray reflectivity to follow the Solid Electrolyte Interphase (SEI) formation on model surfaces depending on the nature of the electrolyte and by
X-ray and neutron small-angle scattering to follow
Lithium insertion within Silicon nanoparticles. The
constraints generated on the Silicon structure during
insertion and deinsertion were evidenced operando
along charge/discharge (Figure 4) and confirmed by
operando Raman spectroscopy [6].
Multiscale characterization of Li-ion electrode materials by using surface analysis facilities
One of the most critical issues in relation with electrode

FIGURE 4:

(a) Cell potential, (b) intensity of the Si nanoparticles (SiNPs) Bragg
reflections and (c) strain in the SiNP over the first two partial
lithiation/delithiation cycles, as well as (d) a schematic view of the
proposed lithiation/delithiation process in the SiNPs. [6].
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Schematic picture of VC doped ionic liquid electrolyte organization at porous graphite surface driven from a coupled XPS/
impendence spectroscopy characterization [5].
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FIGURE 5:

Left: ToF-SIMS mapping showing lithium trapping in graphite
particles and excessive SEI generation – right: XPS spectroscopy

ageing is the solid interface generated from the degradation of the electrolyte at the surface of the electrode material: the Solid Electrolyte Interphase (SEI).
The determination of its chemical nature is thus crucial. X-ray Photoelectron Spectroscopy (XPS) and Auger
Electron Spectroscopy (AES) are in that case useful
characterization methods [7,8]. Combined with other
powerful techniques such as Nuclear Magnetic Resonance (NMR) or Scanning Transmission Electron Spectrocopy-Electron Energy Loss Spectroscopy (STEM-EELS),
a multiscale characterization of the SEI formed on an
electrode material can be achieved leading to new fundamental information about its nature and localization,
as a function of electrolyte composition or cycling
conditions. This has been successfully applied for the
study of silicon electrodes in a full cell configuration
[9]: it has been shown that Li trapping in parasitic reactions was the main cause of lithium shortage in the
cell.
New approaches using Time of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) are now being considered [10,11]. Recently, the combination of ToF-SIMS (SEI
mapping over the electrode depth), NMR (Li chemical
environment), and XPS (SEI chemical structure) has
been achieved on graphite electrodes cycled in different potential ranges (Figure 5) [12]. The results allowed
confirming, in the case of extended potential range (0100 % state of charge), Li trapping in graphite particles,
in relation with an excessive generation of SEI, leading
to the disconnexion of graphite particles from the percolating network. Such detrimental effects were not
observed in the case of limited potential range cycling
(10-90 % state of charge).

3. INFLUENCE OF OPERATION CONDITIONS ON
HIGH TEMPERATURE SOLID OXIDE CELLS
DEGRADATION MECHANISMS: ILLUSTRATION
ON THE Ni AGGLOMERATION IN THE H2
ELECTRODE
Solid Oxide Cell main limitation
Solid Oxide Cells (SOCs), for either fuel cell (SOFC) or
electrolysis (SOEC) operation, are being given a pro-
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confirming SEI thicknesses and chemical nature as a function of
cycling conditions [12]

nounced interest as they can offer high conversion efficiency due to their high operating temperature. Their
electrodes, made of ceramic and metallic materials,
exhibit an intricate and fine microstructure that plays
a key role on the cell performances. However, the electrode microstructures exhibit a still insufficient stability limiting the SOCs durability. Therefore, materials
three-dimensional changes need to be finely characterized to better understand the degradation mechanisms. In this frame, tomographic methods have been
used for quantitatively investigating the morphology
of the complex electrode microstructures and its evolution upon ageing.
X-ray nanotomography
The synchrotron X-ray nano-holotomography method
has been adapted to the highly absorbent ceramic materials of SOCs [13-15]. This technique allows obtaining
relevant reconstructions with a high field of view and a
high spatial resolution. Both of these features of the
3D volumes are crucial to descibe accuratly the SOC microstructure. In this frame, a new sample preparation
using a specific Xe+ Plasma Focused Ion Beam (PFIB)
equipment has been developed [16]. Thanks to the high
precision and throughput of the equipment, specimens
have been prepared with a section as large as 50μm. As
shown in Figure 6a, the sample geometry presents a
controlled axisymmetric shape which is especially well
adapted for tomographic measurements. The experiments have been performed at the new Nano-Imaging
beamline ID16A-NI at the European Synchrotron Radiation Facility (ESRF). This new beamline has been designed to obtain three-dimensional reconstructions
from large field of view (volumes of ≈51×252×π μm3)
while maintaining a high spatial resolution. (Figure 6b)
[16,17]. The spatial resolution was increased to approx. 50
nm in order to accurately describe the electrodes fine microstructure [16].
Study of Ni coarsening upon ageing in fuel cell and
electrolysis modes
The method has been used to study the Ni phase
coarsening within the H2 electrode made of Ni and Yttria Stabilized Zirconia (Ni-YSZ) [18]. Reconstructions

FIGURE 6:

(a) Sample prepared with a Xe+ PFIB for the tomographic experiments
[16] b) 3D rendering volumes for the reconstructions of a H2 electrode
made of Ni and Yttria Stabilized Zirconia (Ni-YSZ) [17,18] and (c)
a)

b)

have been obtained before and after durability tests.
The evolution of all the electrode microstructure features, such as the mean phase diameters, the phase
specific surface areas or the triple phase boudary length have been quantified on reconstructed 3D volumes.
Electrode microstructure evolutions were found to be
similar after 1000h operation in fuel cell or electrolysis
conditions. In addition, the Ni particle network was
found to be similarily affected upon ageing whatever
the operating current density and the inlet steam partial pressure. On the contrary, a clear increase of the Ni
particle diameter over the time has been detected: the
higher the operating temperature, the higher the Ni agglomeration (Figure 6c). These results allow relating

FIGURE 7:

a) HAADF/STEM image of Pt-Co nanoparticle atomic structure. b) and
c) EDS Pt (red) and Co (green) elemental map and chemical line

experimental evolution of Ni particle diameter measured on the 3D
reconstruction and fitted by a power-law sintering model [18].
c)

the Ni phase coarsening upon operation to a sintering
process thermally activated. It has been also measured that the Ni particle coarsening was correlated
with a strong decrease of the Ni/gas specific surface
area (from 0.48 µm-1 in the fresh cell to 0.17 µm-1 after
2000 h operation at 850 °C), whereas the one between
Ni and YSZ was not changed upon operation. This result indicates that the ceramic backbone limits the rate
of Ni sintering in the cermet preventing any massive Ni
agglomeration to occur at SOC operating temperature.
Finally, this Ni coarsening was calculated to be associated to a significant loss of electroactive sites liable
to explain between 20 to 30 % of the cell performances
degradation [18].

profile through Pt-Co nanoparticles of respectively fresh and aged
cathodes [19].

b)

a)
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c)
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FIGURE 8:

a) HRTEM images of ionomer surrounding graphitized carbon
black Pt support. b) 3D view of the ionomer layer (in blue)
surrounding the CB (in light grey) obtained from electron
tomography experiment. c) Fluorine (pink) EDS elemental map
acquired through electrodes providing ionomer distribution
image [21].
a)

b)

c)

4. PEMFC WATER MANAGEMENT STUDY FROM
ACTIVE LAYER TO STACK SCALE
Advanced TEM techniques for electrode characterisation
Investigation of PEMFC membrane/electrode assembly
(MEA) microstructure has become an essential step to
optimize the MEA components and manufacturing processes or to study the MEA degradation. For these investigations, transmission electron microscopy (TEM)
is a tool of choice.
High resolution TEM or HAADF/STEM (High-angle annular dark field / scanning TEM) techniques are largely
used for analysing catalyst nanoparticles as they provide atomic scale images (Figure 7a). More recently,
aberration corrected TEM coupled with electron energy loss spectroscopy (EELS) or X-Ray energy dispersive
spectroscopy (EDS) have played a key role in the development of Pt alloy nanocatalysts such as Pt-Co alloys.
They are the only characterization techniques able to
reveal at the atomic scale the distribution of Pt and Co
within the nanoparticles. These analyses have driven
the developers of catalysts to synthetize new optimized Pt-Co nanoparticles with a thin Pt shell (2-3 atomic layers -0.6 nm- thick) surrounding a Pt-Co core in
order to prevent the Co dissolution (Figure 7b). On the
other hand, observations of aged cathode Pt-Co catalysts have revealed that after fuel cell operation the
thickness of Pt shells increased (Figure 7c) due to Co
dissolution process but also due to the electrochemical Ostwald ripening process leading to Pt re-deposition on the larger nanoparticles [19].
The other catalyst layer component that plays a crucial
role in the fuel cell performance is the ionomer network
that must ensure both the ionic contact with a maximum number of Pt nanoparticles and the connection
of the ionic conduction paths to the membrane without
inhibiting the gas diffusivity. It is difficult to observe
the ionomer network because it mainly forms an ultrathin layer surrounding the carbon support that has the
same contrast (Figure 8a). However, using electron tomography technique on Cs+ stained ionomer, the 3D
morphology of the ionomer layer surrounding the carbon particles was successfully imaged and provided
information on its degree of carbon coverage and on
its thickness (around 7 nm) (Figure 8 c) [20]. On the
other hand, the recent developments of high performance EDS detectors have provided new possibilities
for imaging this ionomer network through the electrodes : fluorine being one of the main elements of the
ionomer, ionomer distribution can now be visualized
by acquiring fluorine EDS elemental map through thin
ultramicrotomed MEA samples [21]. Hence it is now
possible to assess the homogeneity of the ionomer
distribution and to study the ionomer degradation or
contamination during fuel cell operation.
Operando characterisation using large facilities
The physical-chemical and degradation mechanisms
which govern the performance and the durability of
PEMFC are highly dependent on the water content in the
different components of the Membrane Electrode Assembly (MEA). However, water distribution is highly heterogeneous both in and through the plane leading to
heterogeneous operation and degradation of the MEA.
Especially, the water content in the polymer electrolyte
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FIGURE 9:

Water content in the membrane (blue) and total in the cell (red).
(Left) Evolution between Air inlet and outlet in front of rib for current
collection (solid symbols) and channel for gas distribution (open
symbols). (Right) Evolution between the middle of a channel to the

middle of the next, close to Air inlet. Small Angle Neutron
Scattering measurements on D22 beamline of ILL. 18μm thick last
generation membrane. 80 ° C-H2 / Air-1.5 bars, 50 % RH-st. 1.5 / 2.
Counter-flow. 0.61V @ 1 A / cm² [22].

FIGURE 10:

membrane is a critical parameter. Indeed, the membrane,
which consists in a nanostructured ionomer, plays a
crucial role in PEMFC. It acts as gas separator, controls
the water and proton transport, and it is also the major
cause of fatal failure, whereas all its properties are
highly dependent on its water content. Thus, the
knowledge of local operating conditions by non-intrusive methods is essential for the understanding of degradation mechanisms and for optimizing the operation
of PEMFC.
CEA has been developing small angles scattering techniques using large scale facilities, for several years,
in order to determine simultaneously, the water distribution in-situ and operando and the membrane nanostructure. We recently reported that we were able to
probe in the same time the water content in the cell
and the hydration state of the membrane at the scale

of flow field for gas distribution (< 1 mm) using neutron
(Figure 9) [22]. Thanks to improvement of the experimental set-up, of the instruments and of the data
treatment, we now achieve a resolution of 100 µm using
neutrons on D22 beamline at Laue Langevin Institute
(ILL). We emphasize the large heterogeneity of the water distribution at such small scale.
The water content can also be followed during transients after load changes and we have shown that at
the local scale there is a direct correlation between water content in the membrane and outside the membrane
(Figure 10) [23]. The membrane hydration reacts very
quickly to local change in relative humidity and water
content.
We have also studied the water distribution within a
five cells stack using through-plane neutron radiography on BT-2 beamline of Neutron Research Center of

SCIENTIFIC HIGHLIGHTS 2016 / 2017

Transient behavior study of a single flow serpentine Fuel cell (left)
by neutron scattering subjected to different density loads and
the evolution of the total and membrane water content (right) [23].
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FIGURE 11:

(Left) Five cells stack installed on the BT-2 beamline of the Center for
Neutron Research. (Right) Comparison between computed and

National Institute of Standards and Technology (NIST)
(Figure 11). The water distribution calculated using a
multi-scales and multi-physics home-made model is in
good agreement with the experimental data demonstrating that we are able to predict where water is located in the cell [24].

5. CONCLUSION
Combining advanced characterisation and large facilities including in situ and operando experiments,
allowed to improve our understanding of evolution and
ageing of electrochemical systems such as batteries or
fuel cells. Thanks to these results, LITEN research
teams are able to improve modelling and simulation
tolls as well as to explore new innovative ways to develop higher energy components.
Of course this approach is not limited to electrochemical systems and the future research works will be focused how to use the same methodology and
characterisation tools for other energy systems developed in LITEN labs.
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Carbon materials promises
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1. INTRODUCTION
Historically carbon nanotubes (CNTs) have been first
considered as promising additive for composites materials thanks to their unique thermal and electrical
conductive properties in addition to a light weight and a
high toughness and tensile modulus. They were shown
to advantageously replace carbon black as additive in
polymer carbon composite due to the low impact of the
CNTs on the other properties of the matrix. However,
their production cost appeared as an industrial issue.
More elaborate materials based on pure CNTs generate
the second generation of CNT based products for more
valuable applications and are mainly developed by
American companies. Carpets of CNTs based on Vertically Aligned CNTs (VACNTs) grown on different substrates are higher in the value chain and are now
considered as the third generation of CNTs. These materials are safe by design due to the adhesion of the CNTs
on the substrates. The R&D conducted at LITEN started
in the 2000s and is now focused in this field, it is considered at the state-of-art on both academic and industrial point of view.

catalyst nano-droplets. The droplet density, thus the
tube density, is not arbitrary due to the conservation of
the amount of catalyst on the surface. Smaller catalyst
droplets mean smaller and denser tubes (Figure 1) and are
mainly controlled by adapting gas composition during
the temperature ramp up. VACNT materials with
thickness ranging from few microns up to 1mm and a
density typically around 1012CNT cm-2 are obtained. They
are macroscopically conductive and form a highly porous film exhibiting a very high specific area (between
400 and 600m2 g-1). It was then shown that VACNT carpets can be grown on substrates of interest presenting
various shapes and composition (Figure 2).

FIGURE 1:

Multiscale structure of a typical VACNT developed at LITEN.
Top: Top of a VACNT carpet. The visible structures are CNT bundles
(composed of about 10 CNTs) Bottom: Typical structure of the
CNTs inside the carpets: It is triple wall tube with a 4.5nm diameter.

2. CVD GROWTH PROCESS OF VACNT CARPET
CNTs are grown by chemical vapour deposition (CVD)
using a catalyst deposited on the substrate to decompose the feedstock gas, a mixture of hydrocarbon with
hydrogen and some gas carrier such as Argon or Helium.
Usual temperatures for the CNT growth range from 600 °C
to 1000 °C. To fulfil integration needs, we have developed a low temperature CVD process namely below 600 °C
[1] by using a dedicated hot filaments process (HFCVD) at
low pressure leading to a tube length up to 1mm. A low
temperature process allows the growth of CNTs on new
substrates of industrial interest such as aluminium [2]
either films or foils. The control of the catalyst dispersion on the support and consequently the diameter and
density of VACNTs is a key feature of the LITEN knowhow. During the ramp up of temperature the catalyst
film dewets the substrate thanks to the under layer
which must be a low surface energy material typically
an oxide. Thus nanometre size catalyst particles are formed that will be the germ of the CNTs. An empirical rule
is that the CNT diameter is equal to 5 times that of the
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3. EXAMPLE OF DEVICES FOR ENERGY USING
CNTs
3.1. CNT electrodes for batteries
Elemental sulfur is a promising positive electrode material for lithium batteries due to its high theoretical specific capacity of about 1675 mAh g-1, much greater than the
250 mAh g-1 achievable with the conventional lithium-ion
positive electrode materials. These electrodes must have
a high surface area and stable morphology during cycling. VACNT electrodes on Al foils with a tube height up
to 180µm and 560 m2 g-1 as specific surface measured by
BET have been developed [3] thanks to our low temperature process (Figure 3). A full cell using Li metal as negative electrode was optimized [4] in order to improve the
discharge capacity (sulfur utilization), the energy stored
within the cell, the rate capability and cycle life. More
than 4 mAhcm-2 with less than 0.1 % capacity loss was
obtained for 50 cycles. Another application of VACNT for
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batteries is the possibility to confine the ionic liquid in 1D
structures [5] to make highly anisotropic separators.
These developments are made in collaboration with the
LLB at CEA Saclay (refer to the highlight in this report).
3.2. CNT wiring
CNT based macroscopic wires can be prepared in order to
replace usual copper ones because copper has a high density, poor mechanical properties and is limited in resources. The promises of such cables are very high [6] for
space and aeronautic applications thanks to their weight.
Such cables will also allow to design lighter motors with
very low inertia. They are very interesting for high frequency applications and for thermal control [7]. They can be
the 21th century revolution in usual electro technique.
The challenges are to transfer the exceptional performances measured on individual tubes to macroscopic objects comprising around 1014 to 1015 nano objects per cm3
and to develop an efficient process to massively assemble
these objects. The state of the art for CNT wires is already
impressive with a record resistivity of 1.5 10-7 Ohm m [8]
which is just one decade above copper metal. Doping CNTs
can significantly improve their specific conductivity and

FIGURE 3:

LiS battery cell using VACNT as 3D positive electrode. Top Left
principle of the cell Top right VACNT on Al foil. Bottom left:
Stability over 50 cycles provided by the CNT electrode. Bottom
right demonstration of a capacity of 1100 mahg-1.

better performances than copper can be obtained taking
into account the expected extremely low density of the
wires close to 0.7 gcm-3. [9] The mechanical strength of
these cables is extremely good and moreover they are immune to vibration fatigue and chemical aggression due to
the structure of the cable and the non-metallic material.
However the best performances were obtained by using
not eco-friendly wet aggressive super acid chemistry.
At Liten we are using our know-how on VACNT carpet to
design a material that is spinable. This spinability means
that from the VACNT carpet it is possible to draw a continuous film (Figure 4a) and to spin it in order to realize
cables by using a simple dry textile technology. The cables
made by this process (Figure 4 b, c) have significantly lower
electrical performances (in the range of 10-5 ohm m) than
the cables made by the wet process.
These macroscopic objects (Figure 4c) are complex due to
the multiscale aspect of the assembly (CNT, bundles of
CNTs, yarns) and their electrical behaviour has still to be
understood. The electrical transport is related to a competition between the tube qualities (the synthesis process),
the contacts between tubes in the cable and the density of
the cable (porosity related to the elaboration process). In
order to disentangle all these contributions and so forth
improve the performances, both experimental studies and
transport modelling of the low temperature behaviour of
the cable resistivity have been performed in collaboration
with CEA INAC (Figure 4d).
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FIGURE 2:

Example of VACNT grown on material of interest for energy
devices. Top: VACNT grown on both sides of a Copper foil.
Bottom: VACNT grown on carbon fibbers.

FIGURE 4:

CNT cables made at LITEN by dry spinning technique.
b)

c) CNT cable made from a
spinable VACNT carpet. The
cable diameter is 10µm

d) Variation of the CNT cable
resistivity versus the temperature between 3K and 350K
SCIENTIFIC HIGHLIGHTS 2016 / 2017
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3.3. Graphene material
Graphene is the emblematic 2D material envisioned for
many promising applications in the domains of energy,
microelectronics and health. Single layer graphene is a
unique semi metal material with an atomic thickness
(0.35nm). It presents a very high carrier mobility, a very
high strength and can be impermeable to almost all the
gas molecules including Helium. Due to its atomic
thickness, the material is optically transparent with an
almost flat response in the visible range, which makes it
interesting for flexible transparent thin films applications. Graphene can be prepared by chemical or electrochemical exfoliation of graphite. For microelectronic
applications, graphene should be directly synthesized by
CVD at the wafer level on a flat support and transferred.
Most of the research developments as well as the commercially available materials consist of samples grown
on copper foils, which is hardly compatible with an integrated process due to graphene and chamber contamination. Our original approach was to grow graphene on
platinum. Platinum was chosen due to the extremely low
solubility of carbon in platinum, its high melting temperature and the possibility to transfer the graphene by
using electrochemistry. An original HFCVD process has
been developed which lead to a remarkable recrystallization of the sp2 structure with grain size growing from few
nm to µm [10] (Figure 5). We have also developed a CVD
process in industrial chamber.
The conductivity of graphene is too low for many applications because of its low carrier density. This drawback
can be circumvented by adding a specific doping process.
Unlike in bulk semiconductors doped by atom substitution, the doping of graphene is often obtained by charge
transfer from species deposited on the surface. A new

FIGURE 5:

recrystallization of graphene grown with HFCVD on platinum.
a) Raman spectra versus the process time, b) statistic of grain size
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patented P-doping system based on a platinum salt has
been developed, which demonstrated a high doping efficiency with high thermal and temporal stabilities, unlike
the usual doping process that permits dopant diffusion
on the graphene surface due to a weak bounding. Finally
we have demonstrated a sheet resistance of 135 Ω/cm2
stable over more than 100 days with 1 MonoLayer (ML) of
graphene. Combining with the layer by layer stacking
technique, we achieved 87 Ω/cm2 with 2ML (Figure 6) in
the range of the state-of-art performances.

4. PERSPECTIVES
The development of new allotropic forms of carbon [11] or
highly porous 3D carbon structures strengthens the
science of carbon nanomaterials [12]. However major applications for these materials have not yet been found.
CNT research focuses on new dedicated growth and
“doping” processes, particularly to enhance the content in
metallic forms and so forth the electrical conductivity
which appears as one of the key point for the CNT cables.
For energy devices, the CNT performances and the integration tools are already available and promising development are currently explored especially to overcome some
technological issues. We got already very interesting results by introducing CNTs on gas diffusion layer for fuel
cells (Figure 7a). We can imagine to develop ultralight and
efficient battery electrodes fully made of carbon or to
solve the cooling issues of nomad electronic devices where
carbon will be a contender thanks to its ultra-high thermal
conductivity in sp2 carbon planes. Low cost carbon material with diamond-like thermal performances can be the
future. Mixing CNT structures (Figure 7b) with phase change

versus time c,d,e) false-coloured Dark Field images of monolayer
graphene samples synthesized in 2, 3 and 5 h of process.
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FIGURE 6:

Doping of Monolayer and double layer graphene.
a) TEM imaging of graphene surface doped with PtCl4. A 2D
amorphous network containing Pt and Cl dopants. (Courtesy H.
Okuno)

FIGURE 7:

CNT structures developed to screen Hot spots in chips. The CNT
structures are impregnated with a Phase Change Material in order
to damp thermal transients.

material also appears as an interesting concept to screen
hot spots on microelectronic chips [13].
Graphene technology is less mature and the potential
benefits are still under evaluation in a huge international competition. Nevertheless very interesting results
are obtained at the level of Van Der Wall epitaxy that
allows to grow stress free materials and to transfer
them on other substrates. Original and potential disruptive new applications in the field of the membrane filtration are explored. By using the possibility to prepare
self-supported atomic layer films with controlled nanometre size holes significant energy gain is expected.
Such challenging technology is crucially needed for efficient hydrogen purification.
These are just some examples that show the great potentials of these materials.
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Examples of results opening new perspectives Left: Performances
improvement (20 %) of a 25 cm2 fuel cell by adding CNTs at the level of
the Gas Diffusion Layer. The black curve is the state of the art Right:

b) Left: Doping stability with time of the doped system as
compared with HAuCl4 dopant for 1ML. right: stability of doped
double layer graphene.
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Enhanced ionic liquid mobility induced
by confinement in 1D CNT membrane
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The improved security of lithium battery operation requires to use a separator to avoid short circuits and to
replace the organic solvents in the electrolyte by more
secure systems such as ionic liquids [Nat. Chem. 7, 19
(2015)]. Up-to now, the separators were inactive porous
materials poorly compatible with ionic liquids (ILs).

APPROACH
A new concept of active separator was developed to minimize its intrinsic ionic transfer resistance by boosting the
ion diffusion. This can in principle be achieved by 1D nanometric confinement of IL in highly aligned carbon nanotube (CNT) arrays embedded in a polymer. A multiscale
approach was implemented to probe ion dynamics and
transport from the molecular to the macroscopic scale in
CNT-based separator [1].

monstrate a noticeable enhancement of IL electrolyte
transport properties. A patent and proposals to build high
power IL-based batteries with CNT separator were filed.
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RESULTS
Highly aligned, unobstructed CNT arrays (2 or 3 walls CNT
with 4 nm internal diameter) were synthesized at CEALITEN by catalytic chemical vapor deposition [2]. They were
transformed into nanoporous membranes by filling the
intertube volume with polymer and opening the tubes by
mechanical abrasion (Figure 1) so that the interior of the
CNT can be filled by capillarity with IL (OmimBF4).
The IL self-diffusion coefficient Ds was probed along the
CNT axis by pulsed field gradient nuclear magnetic resonance at the micrometer scale. Figure 2 evidences an increase of Ds by a factor 2-3 when the IL is confined in a 4 nm
CNT, in agreement with macroscale impedance spectroscopy measurement of the confined IL ionic conductivity.
This result is interpreted as a frustration of the IL nano-segregation. However, no modification of the local ion dynamics under confinement was observed by quasi elastic
neutron scattering at the molecular scale measured at the
Laboratoire Léon Brillouin (Saclay, France). This suggests
that IL confinement in smaller CNT would lead to even larger IL mobility enhancement [Sci. Rep. 7, 2241 (2017)].

CONCLUSIONS AND PERSPECTIVES
Aligned CNT based membranes (i.e. model system of 1D
nanoporous structure) were developed and used to de18

Figure 1: Schematic representation of (a) the initial CNT forest and
(b) the final CNT membrane with opened CNT on both sides. SEM
images of (c) the CNT forest and (d) the CNT membrane. Membrane
thickness can be tuned from 10 to 200 μm.

Figure 2: 19F NMR signal decay of bulk OmimBF4 (green) and OmimBF4 confined in the VA-CNT membrane (blue) as a function of the
gradient field (19F PFG-NMR measurements, 25 °C). The faster NMR
signal decay of the confi ned IL shows an increase of the selfdiffusion coefficient DS (along the CNT axis).
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Colloidal photolithography: a versatile
process to functionalize surfaces

CEA-LITEN develops a dynamic fluid flow process at liquid interface to manipulate, assemble and connect micro- or nano-particles of various materials, sizes, shapes
and functions [1]. With this technique, Monolayer Colloidal Photonic Crystals (MCCs) constituted of silica microspheres can be readily produced and deposited
continuously on small or large (>>m²) planar (2D) or
non-planar (3D) surfaces [2]. MCCs are then used to
pattern surfaces using colloidal photolithography processes to extend surface functionalities and improve
component efficiencies [3].

APPROACH
Colloidal photolithography has several advantages, the
most important one being its ability to periodic nanostructuring of surfaces. The method uses silica spheres
(diameter from 0.1 to 10µm) arranged in a regular grid to
focus light into a photosensitive material previously deposited on the substrate in a thin layer [4]. It is based on a 2D
hexagonal self-arrangement of the microspheres in a monolayer. The concentration of the optical field underneath
the microspheres called photonic nanojet allows illuminating the photosensitive layer locally, leading to a latent
image according to the arrangement of the microspheres,
which is then chemically developed. Association of the colloidal photolithography with functional materials such as
TiO2 leads to innovative components that could be used
for example in attractive environmental applications as
well as in the domain of solar and photovoltaic energy.

CONCLUSIONS AND PERSPECTIVES
The technique of colloidal photo-lithography is a versatile
route to create original nano-structures on 2D or 3D surfaces. Future work will focus on periodically structured
surfaces with embedded nanoparticles for catalysis.
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Figure 1: Simulation mapping
of the electric field (365nm)
considering silica spheres
(∅=1µm) on TiO2 thin film
(thickness: 700 nm).
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Figure 2: SEM of TiO2 nanopillar with aspect ratio of 2.2
(height/width).

Combining colloidal photo-lithography and direct photo-patternable sol-gel TiO2 material leads to a unique and
powerful technology allowing to perform microstructuring
in only one technological step, without etching process.
For instance, numerical and experimental optimization
leaded to nano-pillars with high aspect ratio (=2.2) compared to the commonly achieved (≤1) in the state of the art
(Figure 1 and 2). Very high nano-pillars have interesting
properties for instance with regards to hydrophobicity.
A second optimization of the form of the nanojets allows
to result in wider than usual nanopillars, increasing the
line/space ratio (size of the pillar/period of the grating).
This was achieved by applying a tilt to the incident wave
focused into the TiO2 material. Wide nano-pillars can for
example increase the absorption of light in the UV region
and can lead to useful photo-catalysis phenomena for
clearance as well as higher efficiency in solar cells.

Figure 3: SEM images of the TiO2 pattern of periodic hexagonal
structures on BK7 using different conditions of illumination, a) two
opposite beams of angle 20° leading to a bow-tie structure, b) four
beams of angle 20° leading to clover leaf structure.
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Highly conductive polymers through
structure and dopant engineering

CONTEXT

MATTER & MATERIALS

Poly (3,4-ethylenedioxythiophene) (PEDOT) is certainly
the most known and most used conductive polymer
since it is commercially available and shows great potential for organic electronic, photovoltaic and thermoelectric applications. Studies dedicated to PEDOT
films have led to high conductivity enhancements.
However, an exhaustive understanding of the mechanisms governing such enhancement is still lacking,
hindered by the semi-crystalline nature of the material
itself.

APPROACH
Since the electrical conductivity of conductive polymers is
governed by the charge carrier mobility and the numbers
of charge carriers, we developed an approach using iron(III)
trifluoromethanesulfonate as oxidant, N-methyl pyrrolidone as polymerization rate controller and sulfuric acid
as dopant: i) to control the crystallization of PEDOT to favor the charge transport, ii) and to subsequently increase
its oxidation state. XRD, HRTEM, XPS, synchrotron GIWAXS
analyses and conductivity measurements down to 3 K
have been used to unravel the organization, doping and
transport mechanism of these highly conductive PEDOT
materials.

CONCLUSIONS AND PERSPECTIVES
The structure and dopant engineering conducted in this
study lead to a total conductivity enhancement from 1200
to 5400 S cm-1, which is, to the best of our knowledge, the
highest conductivity ever reported for PEDOT films. These
polymers show great promise for room temperature thermoelectric applications or ITO alternative for transparent
electrodes.
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RESULTS
iron(III) trifluoromethanesulfonate allows the efficient
polymerization of 3,4-ethylenedioxythiophene (EDOT).
[1] When added to the reaction mixture, N-methyl pyrrolidone promotes larger crystallites and structure enhancement during polymerization (Figure1). PEDOT:OTf obtained
with this method reaches electrical conductivities up to
3600 S.cm-1. A sulfuric acid treatment allows the replacement of triflate anions by hydrogenosulfate and increases
the charge carrier concentration as demonstrated by XPS.
The polymer formed, namely PEDOT:Sulf, exhibits conductivities up to 5400 S cm-1. Low temperature electrical
conductivities have been performed to fully understand
these unprecedented results (Figure 2).
We proposed a charge transport model that fully corroborates our experimental observations from 3 to 300K and
demonstrated a metallic behaviour in these materials.

Figure 1: Out-of plane synchrotron GIWAXS diffractograms of PEDOT:
PSS, PEDOT:OTf, PEDOT:OTf-NMP and PEDOT:Sulf-NMP.

Figure 2: Temperature dependence of electrical conductivity (symbols) and heterogeneous model of conduction (solid lines) of
PEDOT materials
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Revealing the dominant phonon scatterers
in half-Heusler ZrNiSn and cubic SiC
CONTEXT

We developed an ab-initio approach to compute the effect
of defects on thermal conductivity of materials. The approach is based on Green's function formalism [2] and,
as discussed in next section, proves out its predictive behavior. Furthermore, this approach also reveals that each
defect has different impact on the thermal transport in a
material, which is not captured by simplified models.
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The authors acknowledge the support from ANR (Carnot
SIEVE), the Air Force Office of Scientific Research, USAF
(FA9550615-1-0187DEF), and the European Union's Horizon
2020 Research and Innovation Programme (645776 ALMA).

REFERENCES

[1] Li et al., Comp. Phys. Comm., 185, 1747 (2014).
[2] Mingo et al., Phys. Rev. B., 81, 045801 (2010).
[3] Katre et al., J. Mat. Chem. A., 4, 15940 (2016).
[4] Katre et al., Phys. Rev. Lett., 119, 075902 (2017).

RESULTS

CONCLUSIONS AND PERSPECTIVES
The results for boron doped in SiC point that lattice distortions
in a material induced by defects can lead to strong effect on its

Figure 1: Calculated thermal conductivity of defective ZrNiSn versus
temperature. Symbols represent experiments.
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Figure 2: Thermal conductivity of cubic SiC versus temperature calculated for pure and nitrogen and boron doped samples. Symbols
represent experiments.
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Half-Heusler ZrNiSn: ZrNiSn has two kinds of native defect:
Ni/vacancy antisites and Sn/Zr antisites, seen in top left
figure. These defects occur inherently in ZrNiSn during
synthesis. Experiments show that the thermal conductivity of ZrNiSn reduces with each of these defects, however
they are inconclusive about which antisite has stronger
effect. With our ab-initio approach, we find that Ni/Vacancy
antisites are the dominant defects in ZrNiSn with ~10 times
larger effect than Sn/Zr antisites [3]. Furthermore, the calculations for defective ZrNiSn samples using experimental
defect concentrations show very good agreement with experiments, as seen in Figure 1.
Cubic SiC: SiC is an interesting material for power electronics, partly owing to its high thermal conductivity. However, its simplest polytype -cubic SiC- is reported to have
lower thermal conductivity (320W/m/K at 300K) than its
other complex hexagonal polytype (490W/m/K). The question here is whether it is an intrinsic property of cubic SiC
or the role of defects? We reveal that undefective cubic SiC
has much higher thermal conductivity of 552W/m/K at
300K [4]. Including further the effect of defects shows a
good agreement with experiments over a large temperature range, as seen in Figure 2. Moreover, out of different
substitutional defects, boron shows largest impact on
thermal conductivity reduction, as seen in Figure 3. We reveal
that its origin is boron's asymmetric relaxation in SiC (top
right figure) leading to resonant scattering. The effect vanishes if relaxation is symmetrized (see BC sym in Figure 3).

MATTER & MATERIALS

APPROACH

thermal conductivity. Furthermore, good agreement with experiments point that these calculations can be helpful in
quantifying defect concentrations in materials.
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Figure 3: Calculated variation of cubic SiC thermal conductivity
with different defects as a function of defect concentrations.
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Nanomaterials used in technological applications such
as nanoelectronics, thermoelectrics, photovoltaics
mostly contain defects. Some defects are unintentional,
however some are doped deliberately to tune the properties of materials. These defects also affect thermal
transport in a material, which is an important property
responsible for device heating. There has been considerable progress in understanding the thermal transport in
defect-free materials from the quantum mechanical
perspectives [1], however, to date, the role of defects was
studied using only simplified models.
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Microstructure investigations and thermoelectric
properties of an N-type half-Heusler alloy
sintered by spark plasma sintering

MATTER & MATERIALS

CONTEXT
A large amount of thermoelectric research has focused
on half-Heusler alloys, because of their high efficiency,
their good thermal stability and mechanical properties.
This remarkable class of material has a general composition of XYZ, where X and Y are transition metals,
and Z is a main group element (Figure1). The Zr0.25Hf0
Ti NiSn0.994Sb0.006 N-type half-Heusler composition ex25 0.5
hibits among the best thermoelectric performances
with a ZT value of 1.5 at 673 K (J Alloys comp 2005, 86082105). However this value has never been reproduced
by any other group, even if ZT higher than 1 were often
reported.

APPROACH
In order to improve and control the ZT value, it is important to understand the link between the thermoelectric
properties and the microstructure [1]. A Zr 0.25Hf 0.
Ti NiSn0.994Sb0.006 composition has been synthetized
25 0.5
by induction melting, ball milling and SPS (spark plasma
sintering) at different temperatures. Then microstructure and thermoelectric properties of the pellets have
been characterized. Results have been compared for
different sintering temperatures.

precipitates are observed in the sintered sample, as shown
in Figure 2. The bright precipitates were observed on the
three samples and were characterised as an Hf1-x Zr xO2
(0>x>0.2) crystalline phase, whereas the dark precipitates
were only observed for the sample sintered at 1140 °C.
They are attributed to a Ti-rich phase. Hf1-x Zr xO2 precipitates are larger and allow to increase the spectrum of affected phonons lowering the thermal diffusivity and
consequently the thermal conductivity. With a 10 nm
diameter, these Ti-rich phases are very efficient to perturb
lattice vibrations, explaining the evolution of the thermal
conductivity with the sintering temperature.
Additionally Ti, Hf and Zr elements are not homogeneously
distributed forming a mixture of various half-heusler composition. This phase separation may not significantly influence the electrical conductivity, especially in the case
of semi-coherent interfaces, but it reduces the thermal
properties thanks to an additional phonon scattering.

CONCLUSIONS AND PERSPECTIVES
The origin of the intrinsic low thermal conductivity is likely
linked to the phase decomposition and the high concentration of nanometer-sized hafnium-based oxide and
Ti-rich precipitates dispersed in the sintered sample. This
better understanding is the first step to improve halfHeusler materials performances [2].
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RESULTS
990 °C, 1050 °C and 1140 °C were selected as sintering temperatures. For all samples X-ray diffraction patterns
confirm a half-Heusler phase, with a C1b structure (216,
F43m). A polycrystalline structure with numerous precipitates mainly located at the grain boundaries was observed. The relative density of the samples grows from 95 %
to 98 % and the grain and precipitate sizes increase, from
3.1 μm to 3.8 μm and from 30 nm to 100 nm, respectively,
increasing the sintering temperature. Because residual
pores and grain boundaries are obstacles for main carriers
motion (trapping effect), the highest electrical conductivity is obtained for the pellet sintered at 1140 °C, varies
from 180,000 S.m-1 at 100 °C to 150,000 S.m-1 at 600 °C.
However, an opposite effect of the sintering temperature
is observed on the thermal conductivity.
Using the STEM/HAADF mode, two types of crystallised

Figure 1: Periodic table of the elements with the half-Heusler possible combinations.

Figure 2: STEM picture from the matrix and the white and black
precipitates of sample sintered at 1140 °C.
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Spark plasma sintering of soft magnetic
materials passive components
CONCLUSIONS AND PERSPECTIVES
Based on the results of the Carnot projects (MATGAN and
ECOFRIT), two densification routes have been developed.
The thermomechanical model will be extended to other
materials.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS

CONTEXT
Power electronic devices operating at high frequency
require low loss magnetic materials. A better control of the
microstructure of polycrystalline soft materials is promising especially if the grain size can be maintained, after
sintering, at the dimension of a single magnetic domain
(1 to 2 µm).

This work was carried out in the frame of the CARNOT
program “Energies du futur” (ECOFRIT).
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APPROACH
It has been established that the spinel ferrite phases (Ni,Zn)
Fe2O4 are among the best candidates. Their performances
are closely linked to their compositions and microstructures, consequently to the processes of synthesis and manufacturing. Powder metallurgy processes have the
advantages of using easily available and cheap raw materials. It is also simple to vary the composition. However, the
consolidation of powders to produce dense parts while
maintaining a fine microstructure is difficult to achieve by
conventional sintering methods. Therefore, Spark Plasma
Sintering (SPS), where a uniaxial load combined with an
electric current is applied to the powder, can be an alternative solution. This method allows rapid heating (up to 600 °C
/min) and a short hold time. The mechanisms responsible
for grain growth do not have time to develop.

RESULTS
Figure 1: Correlation of densification with sintering conditions and
microstructure

Figure 2: Thermomechanical simulation of the process cooling step
(COMSOL® Multiphysics)
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For this study, a powder of Ni0.31Zn0.47Co0.02Cu0.20Fe1.86O4-y was
synthesized by a solid state reactive method [1] (synthesis
process resulting from the Carnot-MATGAN project). These
powders were successfully densified by SPS over a wide
range of temperature and pressure (from 825 to 1000 °C and
50 to 75 MPa,) in order to analyze a wide range of microstructural characteristics (Figure 1). At 955 °C, densification is
achieved without grain growth paving the way for low coreloss microstructures (magnetization at 7 T is about 5 % higher compared to the results after natural sintering).
The study also included the description of the SPS process
through a thermomechanical simulation of the cooling
step (Figure 2). The aim was to provide a solution to design
complex geometry parts close to the final dimensions
(near net-shape). Transient calculations were carried out
under COMSOL® by varying the dimensions of the multi-layer structure and the nature of the materials. This approach allowed us to have access to temperature maps
and mechanical stresses at any times.
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H2 enhanced fatigue in Cr-Mo Steel
hydrogen tanks. Design for safe life

MATTER & MATERIALS

CONTEXT
Hydrogen infrastructure components such as refueling
station buffers are subjected to high pressure hydrogen
gas (up to 1000 bar) as well as to a large number of pressure cycles. Hydrogen enhanced fatigue can reduce
component service life by favoring crack initiation and
growth. However, this is so far sparsely taken into account in the international design codes of such components. In this context, a European project MATHRYCE has
been funded by the FCH-JU to provide an "easy to implement” methodology based on lab-scale tests to assess
the service life of a real scale component under high
pressure hydrogen gas.

APPROACH
To improve our understanding of hydrogen enhanced fatigue, tests have been undertaken on different kinds of
laboratory specimens and on real vessels designed for
hydrogen service at maximum 45 MPa pressure. These
tests included cyclic pressure testing of artificially
notched vessels both in hydrogen and inert environment.

defects, has been proposed. Depending on cylinder design
and manufacturing conditions, such methodology can
lead to very conservative results. Therefore future study
should be addressed to reduce conservatism and improve
cylinder lifetime. Recommendations to improve existing
standards have been developed and proposed to ISO and
CEN members. Some of them will be included in the next
up-date of the dedicated ISO code.
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RESULTS
Both fatigue crack initiation and fatigue crack growth
have been addressed using Single Edge Notch Specimen, Smooth Specimen with a hole and disc tests. The
effect of hydrogen gas on the number of cycles to crack
initiation is presented in Figure 1, showing a clear decrease. Here, crack initiation has been defined for a
crack length of 0.1 mm.
To analyse a possible scale effect from lab-scale to a
real component, several cylinders have been tested under cyclic hydrogen pressure at the Joint Research Center facility. Before testing, calibrated internal notches
have been machined in these cylinders. The results are
presented in Figure 2 where the effect of H2 can be
quantified.
The analysis of all the lab-scale and full scale results,
together with the current understanding of hydrogen
embrittlement, allowed to provide recommendations
for the design of hydrogen pressure vessels.

CONCLUSIONS AND PERSPECTIVES
A safe fatigue assessment methodology based on fracture
mechanics, and assuming pre-existing detectable linear
24

Figure 1: Crack initiation, SENT specimen in air and H2

Figure 2: Comparison of life cycles in hydraulic and hydrogen tests
for C –type cylinders
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The alternative way
of organic photovoltaics
of light. Then, the combination of the
unique properties of OPV modules
(curvature radius below 5 cm, weight
below 0.5 kg/m2, customizable design
and colors, low carbon foot print and
Energy Payback Time [4]) with better
power generation under certain
conditions open new markets for PV
thanks to the emergence of new applications requiring energy (Smart
house, Internet of Things, Urban Furniture, Building Integrated PV, etc.).
Nowadays, Europe is leading the
From left to right, top to bottom : Noella Lemaitre, Florence Ardiaca, Muriel Matheron,
emerging organic photovoltaic InNathalie Nguyen, Stephane Cros, Marc-Antoine Llobel (ARMOR), Matthieu Manceau, Lionel
dustry with 4 companies [Armor (Fr),
Flandin (Université de Savoie, LEPMI), Vincent Broha, Emilie Planes (Université de Savoie,
LEPMI), Solenn Berson.
Eight19 (UK), Heliatek (D), OPVIUS (D)]
Missing : Manuel Hidalgo (ARKEMA), Dominique Thil (ARKEMA), Sacha Juillard.
allowing the creation of hundreds of
jobs in Europe. At least 2 companies
(Armor and Heliatek) already claimed the commercialization of product integrating OPV energy harvesting systems
1. A FRENCH AND EUROPEAN INDUSTRY
in 2018, for various applications including BIPV [5] and urTOWARDS LOW CARBON, SEMI-TRANSPARENT,
ban furniture [6]. These new market opportunities also atFLEXIBLE, LIGHTWEIGHT, AND EASE-OF
tract new partners like Dracula Technologies in France
INTEGRATION PV
which just started a new collaboration with CEA to produce
design-on-demand OPV.
Photovoltaics based on organic semiconductors (OPV)
have emerged as promising low-cost alternatives for
electricity generation that rely on sunlight and artificial
illumination. In particular, organic photovoltaics are
2. DEVELOPMENT OF MATERIALS AND
about to revolutionize building-integrated photovolPROCESSES FOR THE ELABORATION OF OPV
taics and energy harvesting of various grid-off applicaDEVICES
tions. Organic photovoltaics based on π-conjugated
polymers and small molecules have received increasing
The goal of the printed PV platform in CEA at INES (LMPO
interest in recent years as an alternative to inorganic
laboratory) is the elaboration of more efficient and
photovoltaics because they offer a suite of promising
stable OPV cells (small surfaces), the upscaling module
production on pre-industrialized printing processes
(ink-jet [7], roll to roll), the encapsulation of flexible
modules, the elaboration of new encapsulation routes
and materials, and the study of the ageing mechanisms (ageing chambers, roof platforms). For this purpose, different collaborations with industrial partners
like Armor and Arkema or academic partners like the
Laboratoire d’Electrochimie et de Physicochimie des
FIGURE 1:

OPV module

properties. These include favorable electronic properties and component versatility, as well as low production and installation costs because they promise to be
light-weight, industrial solution suitable for large area
and flexible devices (Figure 1).
Currently OPV modules exhibit lower efficiencies under 1
sun than inorganic PV technologies (c-Si or thin film) with a
lab scale efficiency record at 13.2 % [2]. However, the power
generation could be better than other PV technologies for
indoor applications [3] thanks to a broader operating range
regarding illumination intensity and the possibility to
choose organic absorbers tailored to the artificial sources
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FIGURE 2:

J(V) curve of lab record OPV cell in LMPO

FIGURE 3:

This suggests that the strong performance loss is not
due to active layer degradation but rather to charge collection issues. This assumption has been confirmed by
peeling tests that have shown that two interfaces within
the OPV stack are particularly weak, which could hamper charge transport from the active layer to the electrodes. Devices with improved cohesion showed a much
less dramatic efficiency loss and series resistance increase after the same encapsulation process.
Within the collaboration with Arkema, a focus is made
on the elaboration of new encapsulation materials. Indeed, important challenges relate to the development
of high gas barrier materials which could prevent the
oxygen/water ingress and preserve flexibility of the encapsulated device. For this purpose, LMPO and Arkema
develop new generation adhesives to seal the high gas
barrier film used to protect the flexible OPV modules.
These transparent adhesives can reduce the side-permeation (from the edge). They also preserve flexibility
of the encapsulated module and prevent the use of
anesthetic opaque edge sealing materials. The development of these new classes of adhesives is supported by
a modified version of the optical calcium test which is
classically used to characterize the water gas barrier
properties (the strong reaction of metallic calcium with
water can be optically followed and allows the quantification of water ingress in the packaging). The modified
calcium test we developed uses a sample geometry that
closely mimics an encapsulated OPV and can evaluate
both flexible barrier films and adhesives at the same
time. This version of the optical calcium test [13] also
allows for the estimation of the relative importance of
three different water permeation pathways, including
the adhesive-to-barrier film interface, thus allowing for
the identification of any weak points in the encapsulation scheme (Figure 4). The ability to mimic a device also
allowed this test to demonstrate the effects of encapsulation design including adhesive thickness.

PL(a) and LBIC(b) images of a OPV cell before and after encapsulation (Sacha Juillard
PhD thesis in collaboration with LEPMI, APS funding)
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Matériaux et des Interfaces (LEPMI, Université de Savoie) are on-going. In addition, numerous national and
European projects [8],[9],[10],[11],[12] also support the activity. Nowadays, in LMPO, we have reached a power
conversion efficiency of 9 % (under 1 sun) with a lifetime
up to 3000 h at 85 °C/85 %RH for flexible OPV (Figure 2).
For example, within the collaboration with ARMOR, a focus is made on roll-to-roll compatible stacks and processes, regarding altogether device elaboration, their
encapsulation and ageing. The study of stacks partially
printed by ARMOR and finished by reference layers in
LMPO allows identifying which are the layers or interfaces responsible for degradation. Module degradation
may occur at different stages: during processing, handling, or ageing. Moreover, degradation is strongly dependent on the module environment: type of climate
(tropical, rich in UV, extreme temperatures…), indoor
lighting, mechanical solicitations...
The influence of encapsulation on device efficiency, the
study of degradation along ageing (intrinsic or extrinsic
degradation) as well as the influence of specific mechanical solicitations of the device are studied by complementary techniques in order to identify degradation
mechanisms. The characterization tools, developed in
collaboration with the LEPMI, give access to the following properties:
• Electrical behavior of the devices: spatially resolved IV
curves (LBIC: Laser Beam Induced Current), IV curves
under various illumination conditions (LED-VIM)
• Opto-electronic properties: spectrally as well as spatially resolved photo and electro-luminescence (respectively PL and EL)
• Mechanical properties: peeling force of interfaces
comprising the OPV stack and encapsulation.
The example below illustrates the use of such combined
characterization tools to elucidate degradation mechanisms. Even though the PL remains rather unaffected
after encapsulation (Figure 3-a), the LBIC image becomes darker and strongly heterogeneous (Figure 3-b).
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FIGURE 4:

Modified calcium test developed in CEA for the measurement
of the orthogonal permeation and the side-permeation

RENEWABLE ENERGY

3. INDOOR APPLICATIONS: SPECIFIC FOCUS ON
LOWLIGHT PERFORMANCES OF OPV
Artificial light covers a large variety of sources, each of
them featuring different spectral properties. Today
there is no standard defining a method for solar cells
characterization under indoor environment. However, a
consensus exists in the literature, according to which
artificial indoor light sources fall into three relevant
categories [14]. Based on this work, we have developed
a characterization bench (Figure 5) including these three
types of sources: light emitting diodes (LED), neon tubes
and fluorescent lamps. Prior to any measurement, the
source has been warmed up for 1 hour for a constant illuminance to be reached. The source and the PV cell to
characterize are placed in a dark chamber while the
electrical properties (IV curve) of the PV cell are recorded by a Source Measure Unit (Keithley). The distance

FIGURE 5:

sources and the sample holders in the dark closet
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between the source and the PV cell is at least 50 cm, to
guarantee a homogeneous illumination on the device’s
surface [15].
We have compared different technologies of solar cells
in different indoor environments. For example, the performances (power output and open-circuit voltage, VOC)
of different flexible and rigid PV have been measured
under a neon lamp at 220 lux (Figure 6). The power output of flexible OPV is among the best, comparable to
that of amorphous silicon panel on glass, specifically
optimized for in-door conditions. In addition, the VOC is
maintained for low illumination, which is particularly
important for the good working of complete systems in
in-door environment.

ÉNERGIES RENOUVELABLES

FIGURE 6:

Power output and Open-circuit voltage of various PV technologies
under 220 lux illumination (neon tube)

FIGURE 7:

Example of a demonstrator (switch) fully covered by an OPV module
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In the future, we will focus on the transfer of the technology to our industrial partners and the better understanding
of the critical issues regarding photo-electric behavior,
processing and stability of OPV. The complementary work
about encapsulation processes and materials will concern
more specifically the achievement of lower cost solutions
as the cost-share of encapsulation is particularly important for OPV and atmosphere-sensitive PV in general. We
have also started new development in collaboration with
DOIC lab in CEA Tech in order to demonstrate the operability of OPV energy harvesting in a real-life context (complete systems), particularly in the field of in-door and
smart-house applications.
The LMPO printed PV platform also develops a new printed
PV technology named “Perovskites”. In the world, PCE up to
22 % have been demonstrated under 1 sun (cells <1 cm2)
with Perovskites absorbers. The record achieved in the
LMPO is 18 % for cells and 12 % for 5*5 cm2 modules. The
LMPO also demonstrated fully laser structured modules
(5*5 cm2, geometrical fill factor>80 %) with PCE of 10 %. For
indoor applications, power output of 17.7 mW/cm² and Voc
of 616 mV have been measured under 220 lux (fluo or neon
lamps)!
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Towards recycling of silicon particles from
diamond-wire cutting of crystalline silicon
CONCLUSIONS AND PERSPECTIVES

RENEWABLE ENERGY

CONTEXT
When cutting silicon ingots into wafers for photovoltaic
(PV) cell production, more than 50 % of the valuable Si
material is lost even when using diamond wires (DW).
However, in this new cutting process the kerf-loss is
mainly composed of fine Si particles unlike in the slurry
based cutting processes. The particles are only wetted
by a water based cutting fluid and can be selectively separated from the few diamond grains that may be present. So, the recycling of the Si powder resulting from
the DW kerf loss shows both significant and achievable
economic and environmental benefits. Currently, the
purification processes of these Si powders are based on
chemical etchings to remove the silicon oxide and the
metallic impurities. These processes may lead to significant health and environment risks in addition to their
significant cost.
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APPROACH
Combined XPS1 and ATR-FTIR 2 spectral analyses were
applied to kerf-loss Si powders reclaimed from DW cutting using different fluids. Thus the chemical analysis is
extended from the usual measurement of the element
concentration level to the identification of the chemical
bonds involved in the contamination of the kerf-loss Si
powders. This knowledge will help in finding the routes
for the recycling of the Si powders without heavy chemical treatments.

RESULTS
These techniques performed in suitable configurations
for the analysis of particles, yield detailed insights on
the surface chemical properties of the powders. The detailed XPS study provides an abundant information from
the XPS survey spectra, the core-level energy range of
the main chemical components such as carbon (Figure 1)
and the valence band spectra. The ATR configuration
used for the FTIR analysis allows to describe more deeply the chemical environments of the carbon and oxygen species (Figure 2).
This study demonstrates the key role of the cutting fluid
type on the surface chemical properties of the particles.
In particular the surfactant addition induces an enhanced carbon and oxygen contamination in the form of
grafted oxy-carbonated species at the surface of the
particles [1].
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The present work paves the way to a controlled process to
reclaim the kerf-loss powders and their recycling through
a purification process based only on a thermal treatment
to remove the grafted species reducing the carbon and
oxygen based contaminations.

Figure 1: XPS spectra of C 1s core level for silicon powders from kerf
loss using different cutting fluids: (Pref) reference Si powder; (PDI)
deionized water and (PCW) city water without surfactant; (PDIS) and
(PCWS) same with surfactant.

Figure 2: ATR-FTIR spectra for the same Si powders of Figure 1 on
the spectral range showing the oxy-carbonated species.
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Thermal History Index as a bulk quality indicator
for Czochralski solar wafers

APPROACH
Cz-Si contains large amounts of oxygen due to the dissolution of the silica crucible into the Si melt. Depending on
how slowly the Si ingot cools down after crystallization
(called “thermal history”), a large range of oxygen-related defects can be formed. It is for instance the case of
a family of donor defects referred to as “thermal donors”
(TD), whose formation depends intimately on [Oi] (in addition to the thermal history). TD can thus be seen as a relic
of the ingot thermal history.
Starting from the latter observation, we propose an indirect yet elegant way to determine the thermal history
and define the THI from the TD concentration ([TD]), “normalized” by [Oi] (the driving force for TD formation [1]).
In order to study THI variations along full ingots and to
investigate its effect on the solar cell efficiency, n-type
Cz wafers were regularly sampled from the seed to the
tail of 2 full commercial ingots. For each position, an OxyMap tool [2], co-developed by CEA and AET Technologies
(Meylan, 38), was used to measure [Oi] and [TD] at each
position (Figure 1). Industrial-like n-type PERT (passivated emitter, rear totally-diffused) and rear emitter heterojunction (amorphous Si – crystalline Si) solar cells
were then processed at CEA-LITEN at each position, and
were analyzed in the light of THI and [Oi] data.

It was thereby concluded that the couple [Oi]-THI can
constitute an indicator of relevance of the bulk quality,
which is of direct interest for Cz solar cell manufacturers.
Current work is focusing on extending these tests to larger statistical batches and to other solar cell processes,
in order to strengthen these preliminary findings.
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Figure 1: An OxyMap tool (here the R&D version), co-developed by
CEA and AET Technologies (Meylan), was used for the thermal history index and oxygen measurements.

RESULTS
It was observed that high [Oi] conjugated with a high THI
were associated to significantly lowered efficiencies.
This occurrence could for instance lead to extensive formation of oxide precipitates in the form of rings in affected solar cells (Figure 2). In the meantime, and
contrary to general belief, we demonstrated that high
[Oi] or high THI alone were not synonym of poor bulk
quality.

RENEWABLE ENERGY

A significant fraction of Czochralski (Cz) Silicon (Si)
wafers suffers from oxygen-related defects in the Si
matrix. The detection of such wafers during incoming
inspection has become a major topic of attention as higher solar cell efficiencies are targeted. In this work,
we tentatively introduce a material quality indicator referred to as “Thermal History Index” (THI) and investigate
its ability to allow a better identification of low bulk quality wafers, in conjunction with the oxygen content ([Oi]).

CONCLUSIONS AND PERSPECTIVES

Figure 2: PERT solar cell made at CEA-LITEN from a wafer featuring
a high Thermal History Index (THI) and a large oxygen concentration ([Oi]), showing ring-like oxide precipitation (LBIC measurement) leading to a large drop in conversion efficiency.
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Effect of strontium incorporation on the p-type
conductivity of Cu2O thin films deposited
by metal−organic chemical vapor deposition

RENEWABLE ENERGY

CONTEXT
Owing to its non-toxicity, abundance of its constituents,
its low production costs, and its direct band gap, copper
oxide (Cu2O) and related compounds are considered as
promising p-type semiconductors for various applications such as solar cells, transparent electronics, etc
(I. Minami et al, Appl. Phys. Express 2015; Nature 1997).
However, Cu2O suffers from optical and electrical limitations. Improvements of both transparency and conductivity may consist in copper substitution by large size
cation doping such as strontium (Sr).

APPROACH
Polycrystalline Cu2O:Sr films were grown by metal-organic chemical vapor deposition on glass substrate with
various Sr contents. Resistivity and temperature dependent Hall effect measurements were used to investigate the effects of Sr incorporation on the films
electrical properties [1].

about 15 cm2·V−1·s−1 at room temperature. Modeling indicates an electrical transport in the studied layers mainly
associated to a deep acceptor level. It highlights a doping
mechanism assisted by Sr incorporation, highly promising
to achieve highly conductive p-type Cu2O material for a
wide variety of applications.
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RESULTS
Arrhenius plot of the free carrier (hole) densities p(T),
obtained by Hall effect, are presented on Figure 1, before
and after annealing for Cu2O layers with a Sr content in
the range 1.7−16.1 % as determined from chemical composition. For all samples, a p-type conductivity is observed
with free hole densities in the range of 1015 - 1017 cm−3 at
room temperature depending on the Sr content and on
the post deposition annealing. Modeling of temperature
dependence based on the electronic neutrality equation
suggests a deep acceptor level located around 278 ± 21
meV above the top of the valence band that could be attributed to simple copper vacancies, drastically increased
with the Sr content. Moreover, Sr incorporation also leads
to the emergence of a coexisting shallow acceptor level,
tentatively assigned to large size impurity−vacancy complexes, with an ionization energy at 133 ± 15 meV. The dopant concentrations are reported in Figure 2, as a function
of the Sr content.

CONCLUSIONS AND PERSPECTIVES
We found that Sr incorporation induces a significant improvement of Cu2O:Sr thin films electrical properties, with
resistivities down to 1.2 Ω·cm and free carrier mobilities
32

Figure 1: Arrhenius plot of the Hall carrier density for Cu2O:Sr thin
films before (filled symbols) and after (open symbols) annealing.

Figure 2: Dopant concentration as a function of strontium content
(%at.) before (filled symbols) and after annealing (open symbols).
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Quality control method based on
photoluminescence imaging for the performance
prediction of c-Si/a-Si:H heterojunction solar
cells in industrial production lines
CONCLUSIONS AND PERSPECTIVES
The method developed can be used for in-line quality
control of silicon heterojunction solar cells. It was successfully applied to identify and eliminate detrimental defects, which enabled an efficiency increase by 1 % abs. of
the cells produced on the pilot line.

Inline quality controls are of great importance to optimize and ensure stability of a silicon solar cell production line. Photoluminescence (PL) imaging has been
demonstrated to be a very powerful technique for the
inline monitoring of solar cell fabrication steps.

APPROACH
A PL based method is developed for the quantification
of defective areas in the case of a-Si:H/c-Si heterojunction solar cells produced in an industrial pilot line [1, 2].
Finally, we focus on some defective regions using high
resolution characterization tools to identify detrimental defects.
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CONTEXT

RESULTS
Figure 1: Measured efficiency plotted against the efficiency predicted using the method described in [2] for all the solar cells used in
this study.

Figure 2: (a) PL image of a solar cell showing various defects.
(b) and (c) Micro-PL images taken at the location of one of the
defects. (d) SEM image showing the dark spots often observed in
pyramids formed at the location of the defects.
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A “defectivity parameter” Gd, which quantifies the impact
of defective areas on the average PL signal obtained for a
given sample, is determined from advanced image analysis. This parameter Gd shows good correlation with calculated fill factor losses of the tested solar cells. These
losses are mainly attributed to Shockley-Read-Hall (SRH)
recombination in the space-charge region (J02 recombination currents type). Thanks to this method, we are able to
predict the cells efficiency from the PL images. We show
that the efficiency of non-metallized cells produced in a
silicon heterojunction solar cells pilot line can be predicted with absolute deviations lower than 0.2 % (Figure 1),
the predicted values being compared to the standard current density–voltage data.
High resolution characterization tools such as SEM and
µ-PL helped to identify some of the detrimental defects:
almost all of them emanate from wafer surface texture alterations. We find that the presence of “valleys” in textured wafers does not impact the local PL response while
only a fraction of the small pyramid clusters does. In this
latter case, the presence of dark spots on top of the small
pyramids forming the clusters is commonly observed in
the corresponding SEM images. When this happens, the local
PL response of the device is almost suppressed (Figure 2).
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Study of complex energy systems:
means and challenges
Lessons learned from biomass process evaluation
The implications for our societies must prompt us to
question economics and the use of indicators, as well as
the possible contribution of the social sciences.

2. BIOMASS STUDIES IN CEA

RENEWABLE ENERGY

From left to right: Pierre-Alexandre Setier, Geert Haarlemmer,
Guillaume Boissonnet.

1. INTRODUCTION
What is a complex energy system? How to study it?
With which tools? We will address these issues hereafter by reflecting on the means and the challenges of
these systems evaluation. The knowhow gained in the
studies carried out within the CEA over fifteen years of
experience, on the energy transformations of biomass,
is an interesting prism by which to address these issues.
But working with an objective of technical outcome is
not the only way of thinking about energy assessment.

FIGURE 1:

Biomass, energy
and chemical uses
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In the field of energy, biomass is defined in EC Directive
2003/30 as the "biodegradable fraction of products, waste
and residues from agriculture..., Forestry and related industries, as well as the biodegradable fraction of industrial and municipal waste ". This definition is broad enough
to encompass virtually all known resources and makes the
use of the term "bio-resources" unnecessary. Biomass covers a wide range of characteristics: moisture ranging from
20 to 95 % on total mass, variable composition in carbon,
hydrogen and oxygen, as well as in ash, and a moderate
energy density (LHV1 of dry material of 18 to 20 MJ/kg
against about 40 MJ/kg for oil). Biomass is also related to a
seasonal production and higher costs of collection, storage and transport, compared to those of fossil energy resources.
Figure 1 shows a diagram of the main biomass conversion
pathways for most of the energy uses. The symbols 1G, 2G
and 3G refer to the three generations of biofuels as defined in the 2000s. The four columns correspond to raw
material feedstocks (green colour), conversion processes
(blue colour), product (red colour) and energy vector
(various colours). This diagram shows also the complexity
of a system in which very different types of biomass,
transformations and applications coexist. The concept of
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In terms of modelling and simulation, it is possible to
match the development levels of a “biomass to fuel” chain3
to the scales of study. This makes it possible to link together the base of the analysis, the tools development and
the applications. The studies were therefore organized in 4
stages, from the particle to the chain, depending on the
level of scientific study and depending on development
level:
• Studies and modelling of physical and chemical phenomena at the particle scale involve thermodynamics,
transfer and transport phenomena, and chemical kinetics. They form the basis of the design studies.
• Technological development refers to studies at the reactor scale or unit operation. The simulation of the reactors
takes place with the development of units at the scale of
kg / h to the tens of kg / h. It is directly linked to the reactor sizing.
• The development of processes or process chains corresponds to the process simulation, leading up to the balance of mass and energy, as well as energy integration
and optimizations towards multiple objectives.
• The building of biomass energy chains integrates systemic aspects, which include the economic, environmental
and sometimes societal components. This corresponds
to the study of economic and environmental balances
and multi-objective optimization.
It is important to understand that process evaluation is
the art of compromise. According to the French Association of Engineers and Technicians of Estimation and Planning (AFITEP) and AFNOR, ‘The estimation consists, from
insufficient and often more or less false data, in giving the
most probable value and duration of a task (service or
supply) carried out by third parties over which there is no
possibility of action at a later undetermined time. These
values must be accompanied by a confidence level’ (AFITEP
2000). We can summarize the situation: an estimate is

4. APPLICATION TO BtL: AN EXAMPLE
The multi-objective optimization of “Biomass to Liquid4”
systems was carried out in collaboration with the
IPESE 5 laboratory of the École Poly technique Fédérale de Lausanne. During the Emanuela Peduzzi’s thesis
(Peduzzi 2015), the CEA Biomass team brought its specific
knowledge about processes and EPFL its competency in
optimization tools, especially developed in the OSMOSE
platform. Specific developments were made in collaboration on this subject.
We have to keep in mind that this tool makes it possible to
calculate and to optimize the performances of a large number of process sequences from an object called ‘superstructure’ which contains a set of options of several
unit process operations, which will be evaluated (see Figure 2). The tool allows the generation of the process
chains, their simulation, the energy integration and the
multi-objective optimization, according to criteria of yield
(mass and energy), economics or environmental impact. In
order to be able to produce reliable results, the tool must
rely on a complete and verified database, in terms of unit
operations (and therefore of associated models, developed in the laboratory), of economics and of emissions.
Thanks to this kind of approach and to this type of tool,
the systemic analysis and the multi-objective optimization
of such a complex systems are carried out.
Figure 2 shows, in the case of a BtL process, the possible
parallel options at each process stage (preparation, gasification, gas cleaning and fuel synthesis) and how the
choices determine a particular sequence in which performances will be calculated and optimized. Three families of
processes can be distinguished. Family 1 (green) is rather
‘low temperature’, based on fluidized bed gasification.
Family 2 (blue) is ‘rather high temperature’, based on gasification in a fluidized bed reactor or entrained flow reactor,
the energy required for the system being supplied by the
biomass. Family 3 (red) represent the ‘electrolysis option’,
the energy required by the system is brought from the
outside, in the form of an injection of hydrogen generated by electrolysis (in the latter case, CO2 emissions
related to the electricity requirement are considered
according to the European electricity mix). This representation shows the internal relationships existing in
such systems and also the interactions with the outside
of the system (in this case energy injection).

1) The LHV, Lower Heating Value (MJ / kg) is an energy density
linked to the energy released by combustion.
2) Gasification Equipment for New Energy dedicated to a Platform
of Innovation.
3) Here, is presented the approach as built for the BtL chains, due
to the initial historical context at the CEA. Of course, it applies
more widely to different transformation pathways of different
biomass types or to other energy systems.
4) Production of fuel from Fischer-Tropsch synthesis by high
temperature gasification of biomass.
5) Industrial Process and Energy Systems Engineering.

RENEWABLE ENERGY

3. WHICH TOOLS FOR A MULTI-SCALE
AND MULTICRITERIA APPROACH?

always false! But we can rarely proceed without it! And
those who do without, on the pretext that it does not give
them absolute certainty are more often mistaken than the
others. The evaluator's job is therefore to give the best
probable result on the performance of a system, while
keeping a critical view, essential to the relevant interpretation of the results.
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bio-refinery was created to take this multiple reality into
account.
In over 15 years of development, the CEA Grenoble Biomass Group has been concerned with carrying out experimental studies from lab scale (mg) to pilot scale (100 kg),
modelling and simulation of processes and evaluation of
biomass transformation chains. This experience gave us a
special expertise and position in the biomass research
field. Today, our team addresses preindustrial challenges
thanks to large facilities such as the experimental platform
GENEPI2 (CEA 2017) which includes a biomass pre-treatment device, a 150 kg/h torrefaction reactor and a 50 kg/h
entrained flow reactor.
Process and process-chain assessments have become,
over the years, a particular competence, on which the
CEA can rely on, to define its strategy about biomass process development and more generally in terms of energy
systems evaluation. The evaluation component is based
on laboratory-specific numerical tools. Process simulation makes it also possible to calculate balances at the
scale of a plant. Lastly, biomass chains can now be
addressed in their complexity thanks to the use of specific calculation tools, enabling us to work both on energy
integration and process optimization, in terms of both
energy and economics.
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FIGURE 2:
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Superstructure and three process chain families (Peduzzi 2015)
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The following indicators are used for the study of these
systems (the list is not exhaustive):
• Chemical efficiency, proportional to material yield
(ηchem).
• Equivalent energy yield taking into account all process
production and consumption (ηeq).
• Total power consumption (negative if consumed).
• Investment cost for a plant.
• Production cost (P*).
• CO2 emissions (the European electric mix was considered
in the calculations).
It may be mentioned that the equivalent energy yield is
one of the objectives of the optimization (it must be increased as much as possible). The chemical efficiency is a
result of the optimization, but it is not defined as an objective of the optimization. The results are partially presented
here to illustrate the way of interpreting them. They are
presented for an industrial unit of 50 t / h of dry biomass,
i.e. 400 kt / year corresponding to a thermal power of
about 250 MWth.
Optimization can be used to calculate the performance of
a large number of configurations within a family of processes. These results are presented in Figure 3, in the form
of a Pareto front6. Considering two indicators, the front is
the limit according to which, when one objective is improved, the other one is worsened. Multi-objective optimization consists in approaching a goal as close as possible
for each indicator (maximizing, minimizing or reaching a
value), by finding the best compromise. One can easily
understand that there are concordant indicators or antagonistic ones.
The results are most often presented by displaying two
indicators, as in the case presented above with the chemical efficiency on the x-axis and the investment on the
y-axis. The green cross is the objective to be achieved for
each of the indicators and it can be seen in this case that
these two indicators are antagonistic (improving one,

degrading the other). The figure shows that the processes
with the best material efficiency are also those which require the greatest investment. The other results (not
presented here) also show that the processes with lower
material yield are the most efficient ones and also the
cheapest and least CO2 emitting processes. The study
shows that energy efficiency, power consumption, CO2
emissions, investment and cost of production are
consistent indicators, and that the material yield is antagonistic to them. The interest of multicriteria is here to offer several options according to the preferred criterion. If
maximizing biogenic carbon conversion is a major objective, it will be beneficial to privilege families 2 and 3 (see
Figure 3). If the preferred criterion is energy efficiency, family processes 1 will be chosen.
Considering only the economic criteria, the basic conclusion to be drawn from these studies is that BtL processes
are highly capital-intensive and that, compared to ex-fossil diesel, the production cost is in a ratio of 2 to 4 higher.
If a production cost ratio 4 can be judged high, a ratio of 2
to 3 may still be acceptable if a CO2 compensating systems
is considered. The economic results make it possible to
position the values in relation to a literature review carried
out by our team in 2012 and 2014 using data from many
processes under development or in operation (Haarlemmer et al. 2012), (Haarlemmer et al. 2014). The results of our
work are consistent with the literature data, which also
allows a critical view on our own results (Boissonnet 2017).

6) The Pareto front is a front that is established during optimization
when the simultaneous maximization of several contradictory
indicators is attempted.
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FIGURE 3:

5. CONCLUSION
term objective. To be useful for decision-making and action, results must always be questioned and related to the
reality of experiments or industrial achievements. Because
the energy systems are linked to concrete realities and
their intelligence depends on people’s intelligence.
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The study of complex energy systems is a matter of great
importance because it conditions the future energy situation of country or continents. Using a set of tools and methods will enable us to build reliable evaluations. The
value of evaluations relies on the precision in the assumptions and in the interpretation of the results, as well as in
the calculation tools.
A systemic, integrated and complex approach can be useful for studying an energy system. A systematic approach
can be applied at different scales, ranging from a small
process to a territory. Taking complexity into account is
essential and very effective if one considers a system,
its parts and the relationships between them. A range of
scales and different kind of criteria must also be taken into
account. Having reliable tools based on proven models
and verified databases is essential. It should also be kept
in mind that the tools and their results are of little use
without the experience and the critical view of the researcher, whose role remains to build and use the appropriate
models, to question the hypotheses, and to keep as much
as possible the link with the experimental or the industrial
feedback.
Indeed, with the available numeric tools, it may be easy to
come up with tortuous solutions, which on paper seem to
meet a goal, even if not appropriate. It should be kept in
mind that the objective is the construction of energy effective systems and that one must be able to move from
paper to realization.
If one wishes to make the best use of process evaluations
and techno economic calculations for the development of
new components and systems for energy conversion, it is
essential to see beyond a merely commercial and short
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Investment and chemical efficiency (Peduzzi 2015)
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Woody and agricultural biomass diversity
in torrefaction: an extensive study of solid
conversion and condensable species formation
CONTEXT

RENEWABLE ENERGY

Biomass is a highly diverse and largely unused resource,
including coniferous and deciduous woods, agricultural
by-products and herbaceous crops. This resource can be
notably recovered through thermochemical processes like
torrefaction. Torrefaction consists in a mild thermal treatment (200-300 °C) which gives rise, under inert atmosphere, to a solid product with optimized energy and
mechanical properties, and to some gas and condensable
species. Torrefaction upscaling to industrial units requires
therefore modelling of both solid conversion and gases
released versus feedstock type. However, only a small number of biomasses has been compared in torrefaction
studies under identical conditions and few works have
been focused on characterizing both solid and condensable species during torrefaction versus feedstock type.

OBJECTIVES AND APPROACH
The study aims at filling this gap through an experimental study of both solid conversion and condensable species formation on a large range of biomass feedstocks.
Ten raw materials representative of European diversity
were selected for this study. For each biomass, a simultaneous study of solid degradation and of volatiles release was carried out through non-isothermal torrefaction
tests. The experimental set-up was composed of a thermogravimetric analyser (TGA) coupled with a gas chromatography mass spectrometer (GC/MS). An original
system of 16 heated loops enables to sample volatile
species at different temperatures and then to store
them before analysis in GCMS. Kinetics of condensable
species formation could be therefore derived through
one single experiment, together with kinetics of mass
loss. Specific attention was paid to perform tests in chemical regime.

RESULTS
Different kinetic profiles of solid degradation (Figure 1)
and volatile species release (Figure 2) could be observed
among biomasses, in relation with their composition in
sugars and lignin. Volatile species yields could also be
correlated with macromolecular composition. For instance, furans were produced in higher amount by biomasses richer in hemicelluloses and cellulose (Figure 2),
while phenols production was favoured by biomasses richer in lignin. In a process viewpoint, these results imply
that torrefaction operating conditions as well as volatiles
cleaning or recovery steps must be feedstock specific.

rences observed among biomass types, in relation with
their macromolecular composition. Based on the experimental results obtained, an original torrefaction model
taking into account biomass diversity is under development.
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Figure 1: Kinetic profile of solid degradation in biomass torrefaction in TGA-GC/MS.

Figure 2: 3-furaldehyde production in biomass torrefaction in TGAGC/MS

CONCLUSIONS AND PERSPECTIVES
The experimental study performed on various biomass
feedstocks has given insight on the origin of the diffe38
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Inputs of solid-state NMR to investigate
the transformations of wood constitutive
polymers after torrefaction

250°C

the gas compositions tested here impact the results.
The presence of H2O promotes hemicellulose de-acetylation and to a lesser extent lignin demethoxylation.
Above 290 °C, the presence of oxygen promotes cellulose degradation.

280°C

CONCLUSIONS AND PERSPECTIVES
300°C
230°C

Solid-state 13C NMR is a valuable technique to investigate
transformations caused by torrefaction. Such results will
help in modelling the thermal degradation of wood. Furthermore, NMR can be a relevant tool to optimize the
conditions of the treatment.

CONTEXT
Torrefaction is a mild thermal treatment of biomass,
operated in the temperature range 200-300 °C, under
neutral conditions. It results in a solid with attractive
features as a bioenergy carrier. Furthermore, pelletized
torrefied biomass has properties close to those of coal
and is thus envisaged as a renewable substitute of this
latter in existing industrial units (Nunes et al., 2014.
Renewable and Sustainable Energy Reviews).
Besides the development of industrial projects, scientific investigations are still required for better description of the transformations that occur during this
particular treatment.

This work was performed in collaboration with INAC NMR
team.
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APPROACH
Figure 1: NMR spectra of untreated and torrefied samples of pine
wood. untreated wood (A), wood torrefied at 200 °C (B), 230 °C (C),
250 °C (D), 270 °C (E), and 300 °C (F).
Lignins
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The evolution of NMR spectra with torrefaction temperature is plotted in Figure 1 for pine wood. The respective reactivities of beech and pine woods are compared:
beech wood is found to be more reactive (see Figure 2).
This is mainly attributed to differences in the compositions of their lignin and hemicellulose fractions.
Gaseous atmosphere into industrial reactors contains
various amounts of H2O and O2. To evaluate their respective impact on torrefaction, tests have been carried out
in the presence of these species at realistic concentrations (H2O: 20%v - O2: 3%v), and under inert atmosphere.It is found that below 270 °C, no differences are
observed whatever the gas composition. Above 280 °C,
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Figure 2: Comparative Overview of the Transformations in Hardand Softwood Constitutive Polymers with the Temperature of Torrefaction, As Deduced from NMR Inputs.

• TEAM: Thierry Melkior, Michel Bardet (INAC),
• CONTACT: thierry.melkior@cea.fr

SCIENTIFIC HIGHLIGHTS 2016 / 2017

Investigations by high-resolution solid-state 13C NMR of
torrefied wood samples are carried out to highlight the
structural changes caused by the thermal treatment,
at the molecular scale [1].
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CO2 as a substitute of steam in a fluidised bed
for biomass gasification
adjustment step could then be avoided. However, considering an H2/CO ratio adjustment by addition of external
H2 instead of water–gas shift, the substitution of steam
by CO2 was shown to have a positive influence on the
biofuel yield and to decrease the CO2 net emission for
the global process.

CONCLUSIONS AND PERSPECTIVES

RENEWABLE ENERGY

CONTEXT
The use of gaseous or liquid biofuels synthesized from
biomass syngas is a way to globally decrease greenhouse
gas – namely CO2 – emission. However, as CO2 is one of the
by-products of biomass gasification which must be removed before the synthesis step (Figure 1), its release
could be even reduced by converting it, using alternative
process options. The present study was performed in the
frame of the ‘‘RECO2” project, which aims to investigate
the recycling of CO2 in a biomass to SNG (Synthetic Natural Gas) or liquid fuel process, biomass gasification being
performed in a dual fluidized bed reactor.
In the gasifier part of the dual reactor (Figure 1), pure
steam is generally fed as the fluidising gas. Its oxidation
role is necessary in tar reforming reactions leading to
oxygenated permanent gas species – CO and CO2 – and
char gasification. However, CO2, which is also an oxidant,
could totally or partly replace steam.

These results should now be confirmed with more detailed
process and CO2 emission evaluations.
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APPROACH
Woody biomass gasification experiments were performed in an electrically heated bubbling fluidized bed
(850 °C, 1.5 bar), representative of the gasifier of a dual
fluidized bed. The influence of CO2 totally or partly replacing H2O in the fluidized bed was investigated. Some
implications for the biomass to fuel process were derived from the experimental results.

Figure 1: Scheme of the biomass to liquid or gaseous fuel process
with CO2 recycling

RESULTS
For constant biomass and H2O + CO2 inputs, the substitution of steam by CO2 – from 0 % to 100 % – led to modification of the gas composition (Figure 2) mainly in
relation with the Water-Gas Shift (WGS) reaction:
CO + H2O ↔ CO2 + H2 (1)
The hydrocarbon and tar yields were not significantly
influenced by this substitution. The net conversion of
input carbon into gas, and the cold gas efficiency (CGE ratio of the energy in the product gas to the energy in
the entering biomass) were neither influenced by the
replacement of steam by CO2. The H2/CO volume ratio
decreased from 1.8 with 100 % steam to 0.5 with 100 %
CO2 (Figure 3).
These results show that substitution of steam by CO2
does not have any interest in a standard biomass to fuel
process, except from a direct adjustment of H2/CO ratio
for a synthesis in which a low ratio is required, such as
the Dimethyl ether (DME) synthesis. The gas composition
40

Figure 2: H2, CO, CO2 and CH4 yields for different CO2/(CO2 + H2O)
volume ratios

Figure 3: Net carbon conversion in gas, H2/CO ratio and CGE for different CO2/(CO2 + H2O) volume ratios
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Towards Post-Li-ion batteries
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1. INTRODUCTION
The Li-ion batteries market is currently strongly dominated by Asian key-players (Japan, Korea and China),
which alone account for more than 98 % of the market
shares in the field. These markets cover all uses of
large volumes, such as consumer electronics and automotive. The three main manufacturers (Panasonic, LG
and Samsung) concentrate more than 50 % of sales
share. In addition, to meet the needs of manufacturers,
material suppliers, sometimes European, have settled
in Asia. Volumetric and gravimetric energy densities
achieved by Li-ion technology are respectively 265Wh.
kg-1 and 730Wh.L-1 at cell level. The energy density increase is still possible but limited: it is estimated that
the maximum realistic energy densities (keeping safety
and appropriate lifespan) will be 280 to 300Wh.kg-1 and
800Wh.L-1 with the most efficient materials.
In view of these prospects, CEA-LITEN is working on
partial or even complete innovative technologies to in-

FIGURE 1:

Schematic illustration of the correlation distances d1, d2, and d3
related to the observed reflections using SAXS results, exemplified
for the p(CnVIm-TFSI) poly(ILs) with n = 2 (left panel, in red) and
n = 10 (right panel, in green). In the middle panel, the correlation
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crease performance: these technologies are called "post-lithium-ion"
and can be associated along two
exploratory ways: the first way
aims to increase the energy density by developing All-Solid State
Li-ion batteries. Most of works are
dedicated to development of new
solid electrolytes (polymers, ceramics and glasses). The second is
focused on reducing long-term
costs by opening the scope to more
sustainable materials (new nonLithium-ion rechargeable systems
such as Li-S, organic batteries,
Mg-ion, and hybrid potassium-ion
supercapacitors).

2. A COMPREHENSIVE INVESTIGATION
OF THE STRUCTURE-TO-TRANSPORT INTERPLAY
Polymerized ionic liquids (poly(ILs)) are considered highly
promising for the realization of high-performance and intrinsically safer electrolytes for rechargeable batteries
due to their high charge density. However to date little is
known about the ion conduction mechanism for this class
of solid polymer electrolytes (SPEs). Herein, we performed an in-depth characterization of a homologous series
of 1-alkyl-3-vinylimidazolium bis-(trifluoromethane) sulfonimide-derived homopolymers, i.e., p(CnVIm-TSI) with
n = 2, 4, 6, 8, and 10, serving as a model compound family
[1]. A particular focus was set on the interplay of the physicochemical properties, nanostructure, and ionic
conductivity. The results reveal that the nanostructure of
these self-assembling poly(ILs) plays a decisive role for
the ion conduction mechanism, allowing for a (partial)
decoupling of charge transport and segmental relaxation
of the polymer backbone (Figure 1). Based on these in-

distance d1 is plotted as a function of the alkyl chain length in
comparison with the theoretical length of the pendant alkyl chain
multiplied by a factor of 2, thus providing evidence whether the
alkyl chains are or are not interdigitated.

3. MULTISCALE CHARACTERIZATION
OF A LITHIUM/SULFUR BATTERY BY COUPLING
OPERANDO X-RAY TOMOGRAPHY AND SPATIALLY
RESOLVED DIFFRACTION
Due to its high theoretical specific capacity, the lithium/
sulfur battery is one of the most promising candidates
for replacing current lithium-ion batteries. We investi-

FIGURE 2:

(a) Integration over a plane of the 3D tomographic reconstruction
showing median pixel values within each vertical layer during the
two first cycles. (b) Corresponding time evolution of the XRD pattern
in the 200 μm slice, corresponding to the top of the NwC.

gate both chemical and morphological changes in the
electrodes during cycling, by coupling operando spatially resolved X-ray diffraction and absorption tomography to characterize Li/S cells under real working
conditions [2].
By combining these tools (Figure 2), the state of the active
material in the entire cell was correlated with its electrochemical behavior, leading to a deeper understanding of
the performance limiting degradation phenomena in Li/S
batteries. This unique combination of techniques enables the correlation of the structural and morphological state of the components with electrochemical
behavior, allowing the identification of key phenomena
in the battery. With X-ray diffraction, the temporal and
spatial distribution of lithium, sulfur and Li2S can be followed within the cell, while with tomography, the evolving morphology of the cell components is observed. An
important observation explaining the functional behavior of these cells concerns “breathing” of the lithium
plating/striping. The highly heterogeneous behavior of
the lithium plating explains the poorly reversible
consumption and deposition on the negative electrode
while cycling, and is key to understand the whole system cycleability in these technologies. In this experiment, redeposited lithium was porous and the interface
between lithium and electrolyte was found to be quite

(c) Horizontal slice in the carbon binder – sulfur domain, in the
initial state and zoom of the 400 μm2 indicated. (d) Horizontal slice
in the carbon binder – sulfur domain, at the end of first charge and
zoom of the 400 μm2 square indicated.
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sights into the structure-to-transport interplay, the effect of incorporating a lithium salt like LiTFSI was
studied, and once more, the obtained results reveal a
great impact of the nanostructure on the ion conduction mechanism. While, on the one hand, these results
show that ion transport in poly(ILs) is determined by a
complex interplay of physicochemical properties,
charge carrier concentration, and nanostructure, they
may, on the other hand, pave the way for successfully
decoupling charge transport and segmental motion in
polymer electrolyte systems. We may thus anticipate
that the herein reported results will help to understand
also the charge transport in related self-assembling ionic (cross-linked) polymers and, eventually, allow for the
realization of safer electrolytes with enhanced ionic
conductivities at ambient temperature.
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heterogeneous, which may be related to the lack of
pressure applied to the cell. In any case, these results
point out the poor lithium metal reversibility in liquid-based electrolyte, and the need to address this
issue. In this context, the characterization tools which
have been described here seem to be highly relevant.
Additional experiments are currently ongoing with an
optimized cell design (pressure controlled) that will
provide spatial resolution of the chemical composition
in the entire cell. On the positive electrode, the quantity
of sulfur decreases linearly with time until 25 % SOD,
then regrows in the β-form. This β-sulfur grows in smaller particles more sparsely distributed in the carbon
nanowires (NwC) with respect to the initial sulfur, as well
as preferentially being deposited on the surface of the
NwC electrode. As a continuation of this work, sulfur active material and counterparts will be monitored into
the electrode depth during cycling, which can allow for
designing improved cathode structures. Finally, the
combination of electrochemistry, absorption tomography and XRD gives a clear and detailed view of electrochemical cell components, allowing the correlation of
macroscopic and microscopic phenomena in whole batteries under true operando conditions. By combining
these tools, we can map the complex state of active materials in the entire cell, and correlate the physical state
with electrochemical behavior. In particular, this allows
us to demonstrate notably that the negative lithium
electrode remains one of the main challenges of such
technology. We believe that this coupled approach will
permit to get a deeper understanding of the performance limiting degradation phenomena that occur in
batteries in general.

4. FROM AN ENHANCED UNDERSTANDING TO
COMMERCIALLY VIABLE ELECTRODES: THE CASE
OF PTCLI4 AS SUSTAINABLE ORGANIC LITHIUM
ION ANODE MATERIAL
Organic active materials are currently considered to be
the most promising technology for the realization of fully
sustainable secondary batteries. However, the understanding of the underlying reaction mechanisms is still at
its beginning. An in-depth investigation of tetra-lithium
perylene-3,4,9,10-tetracarboxylate (PTCLi4) as a lithiumion anode model compound has been performed,

FIGURE 3:

Galvanostatic cycling of these PTCLi4-based electrodes at C/10. c)
The corresponding charge (black) and discharge (red) potential
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which can be easily synthesized from commercially
available 3,4,9,10-perylene-tetracarboxylic-dianhydride.
The results reveal that the lithium uptake is limited to
two lithium ions per molecule along a two-phase equilibrium potential within an operational voltage range
down to 0.1 V [3]. Below the corresponding potential plateau at 1.1 V the origin of the extra capacity is solely related to the presence of large amounts of conductive
carbon. Based on these findings, optimized electrode
composites with increased active material ratios of up
to 95 wt % and a total active material mass loading of
about 12.0 mg cm-2, that is, remarkably augmented areal
capacities (≈1.2 mAh cm-2), using percolating carbon
nanotubes as electron conductor and environmentfriendly, fluorine-free aqueous binders, are developed.
In addition to the more than tenfold increase in areal
capacity, these optimized electrode compositions show
enhanced first cycle coulombic efficiencies, thus providing a great leap forward toward their commercial exploitation. We may thus anticipate that the herein
presented results do not only contribute to a better understanding of organic active materials in general but
moreover provide a great step forward regarding their
commercial application and, by this, the realization of
fully sustainable secondary batteries in near future.

5. CHARGE TRANSFER MECHANISM INTO
THE CHEVREL PHASE MO6S8 DURING MG
INTERCALATION
For a few years, Mg batteries have gained attention due
to the abundancy of magnesium (eighth most available
element in the Earth’s crust), its divalent character,
its eco-friendliness, and its higher volumetric capacity
compared to lithium (3833 versus 2061 mAh·cm −3).
The cost of input materials, 1000 dollars/ton in 2016 for
MgCO3 versus 13 000 dollars/ton in 2015 for Li2CO3 ,
contributes significantly to explore new alkali based
storage materials. However, Mg-ion batteries show
some major limitations such as electrolyte instability
toward metallic magnesium and current collectors (typically aluminum or copper), as well as slow insertion
kinetics in the common host materials. We have used
XPS to study the electronic structure change of the Mo6S8
Chevrel phase upon galvanostatic magnesiation [1].
We evidenced an insertion mechanism of Mg-ions based

profiles and the capacity (and coulombic efficiency)
versus cycle number plot for 200 cycles.
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FIGURE 4:

on a two-step reversible charge transfer process involving successively axial sulfurs and Mo6 cluster redox
centers. The Mg 2p core peak and Mg KLL Auger transition evolution evidenced the presence of two magnesium insertion sites, inner and outer rings, having
different polarizations. The S 2p and Mo 3d core level
evolutions confirmed that the Mg insertion is a two-step
process. During the first galvanostatic plateau, the electronic charge is redistributed toward axial sulfurs whereas the Mo6 cluster remains inactive. During the second
plateau, the charge transfer involves Mo6 cluster redox
center to stabilize the electron deficient Mo6S8 structure. The reversibility of the charge transfer process was
evidenced through XPS core level analysis at the end of
the charge. Our result reconfirms that Chevrel structure
displays a reversible redox process even if it provides
insufficient energy densities for commercial applications. This partial charge transfer inside the anionic
framework and the capacity to delocalized charges inside the Mo6 cluster is an answer to the capacity of the
Chevrel phase to insert/deinsert rapidly and reversibly
divalent ions such as Mg 2+.
Hybrid supercapacitors, combining capacitive carbonbased positive electrode with a Li-ion battery-type negative electrode have been developed in the pursuit of
increasing the energy density of conventional supercapacitor without impacting the power density. However,
lithium-ion capacitors yet hardly meet the specifications of automotive sector. Herein we report for the first

time the development of new hybrid potassium-ion capacitor (KIC) technology. Compared to lithium-ion capacitor (LIC) all strategic materials (lithium and copper)
have been replaced. Excellent electrochemical performance have been achieved at a pouch cell scale, with
cycleability superior to 55 000 cycles at high charge/
discharge regime. For the same cell scale, the energy
density is doubled compared to conventional supercapacitor up to high power regime (>1.5 kW kg-1). Finally,
the technology was successfully scaled up to 18650 format leading to very promising prospects for transportation applications [5].

6. REFERENCES
[1] V. Delhorbe, D. Bresser, H. Mendil-Jakani, P. Rannou, L. Bernard,
T. Gutel, S. Lyonnard, L. Picard Macromolecules, 50 (2017),
4309−4321, DOI: 10.1021/acs.macromol.7b00197.
[2] G. Tonin, G. Vaughan, R. Bouchet, F. Alloin, M. Di Michiel,
L. Boutafa, J.-F. Colin, C. Barchasz, Scientific Reports, 7 (2017),
2755-2762, DOI:10.1038/s41598-017-03004-4.
[3] A. Iordache, D. Bresser, S. Solan, M. Retegan, M. Bardet,
J. Skrzypski, L. Picard, L. Dubois, T. Gutel, Advanced Sustainable
Systems, 1 (2017), 1600032 – 1600041, DOI: 10.1002/
adsu.201600032.
[4] J. Richard, A. Benayad, J.-F. Colin, S. Martinet J. Phys. Chem.
C, 121 (2017), 17096−17103, DOI: 10.1021/acs.jpcc.7b03979.
[5 ] A. Le Comte, Y. Reynier, C. Vincens, C. Leys, P. Azaïs, Journal of Power
Sources 363 (2017), 34-43, DOI : 10.1016/j.jpowsour.2017.07.005.

ENERGY STORAGE AND CONVERSION

SEM images of as-synthesized Mo6S8 powder (left), insertion of Mg ion
in Chevrel phase and its structures vs electrochemical behavior (right).
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FIGURE 5:

Ragone plots expressed
as a function of (left) the
mass and (right) the
volume comparing hybrid
KIC with several
commercial energy
storage technologies:
EDLC (black), Li-ion
capacitor (red), high
power Li-ion batteries
(green) and LTO-based
Li-ion batteries (blue).
Data are been recorded at
25 C and are expressed
per kg of full cell. The
performance of hybrid KIC
pouch cell expressed per
gram and L of electrochemical core are also
indicated.
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Thin-plate lead-carbon hybrid
battery-supercaps
the cell increases considerably the lifetime of the positive
electrode, allowing to exceed 3000 equivalent cycles in
micro-cycling test mode [2].

CONCLUSIONS AND PERSPECTIVES

The lead-acid battery remains attractive energy storage
system for many applications due to its low cost and high
safety. However in some recent applications like hybrid
electric vehicles and frequency regulation of electric
grids, which require operation in partial state of charge
under high charge and discharge rates, the classic leadacid batteries fail rapidly. The main failure modes in such
applications are an irreversible (“hard”) sulfation of the
negative electrodes due to poor charge acceptance and
corrosion of the positive current collectors.

APPROACH
The lead-acid battery performance in applications requiring high specific power and operation in partial state of
charge can be improved by a substitution of the classic
negative active material (porous metallic lead) with activated carbon, a decrease of the thickness of the electrodes and the use of titanium as corrosion resistant positive
current collector. The carbon-based negative electrode
operates as electric double layer capacitor ensuring the
high charge acceptance. The decrease of the thickness of
the electrodes enhances the operation of the PbO2/PbSO4
positive electrode throughout lower internal resistance.
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CONTEXT

The thin-plate lead-carbon hybrid battery - supercapacitors are a viable alternative of the classic lead-acid battery
technology in applications requiring longer cycle life and
high charge acceptance at the same costs and high safety.
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Lab-scale thin plate electrodes has been prepared using
current collectors comprised graphite foil electroplated
with lead and expanded titanium mesh coated with SnO2
[1]. The studies have been focused on the electrochemistry
of negative plates composed of activated carbon and
lead/carbon mixtures. The results obtained from charge/
discharge cycling (Figure 1a, 1b), cyclic voltammetry (Figure
2), and electrochemical impedance spectroscopy showed
that the preferred mechanism of energy storage at the negative electrodes is based on the reversible storage of adsorbed atomic hydrogen inside the pores of the activated
carbon. The energy storage capability of the latter exceeds
several times the electrostatic storage related to the
charge/discharge of the electric double layer.
The long-term cycling and micro-cycling experiments
showed that the life-time of the new thin-plate batteries is
limited by the degradation of the positive active material.
The optimisation of the electrolyte and the ratio between
the quantity of the positive and negative active material in
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Figure 1: Evolution of the parameters of a cell employing pure carbon negative electrode during charge and discharge at different
C-rates.
15	
  

cycle_1	
  
cycle_9	
  

10	
  
Current	
  density	
  /	
  mA.cm-‐2	
  

RESULTS

Cell	
  voltage	
  /	
  V	
  

8C

1

1,9	
  

5	
  
0	
  
-‐5	
  
-‐10	
  
-‐15	
  
-‐20	
  
-‐25	
  

lead-‐carbon	
  nega6ve	
  plate	
  
0,3	
  

0,1	
  

-‐0,1	
  

-‐0,3	
  
-‐0,5	
  
-‐0,7	
  
-‐0,9	
  
Nega6ve	
  plate	
  poten6al	
  /	
  V	
  

-‐1,1	
  

-‐1,3	
  

Figure 2: Cyclic voltammetry of lead-carbon negative electrode
completely saturated with adsorbed hydrogen in the beginning of
first cycle.
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Rational analysis of layered oxide power
performance limitations in lithium
battery application
CONTEXT
Major advances in Li-ion battery rely on the structuration
of active materials to overcome the severe kinetics limitations of new chemistries. How the electrochemical process is affected by geometrical parameters of materials
– porosities, surface areas or form factors of crystallites
– is ambiguous, while determining key parameters is fundamental for materials design and development.

APPROACH

RESULTS
Intuitions based on the exhaustive microstructural characterization are first confronted with the study, by cyclic
voltammetry, of the rate-limiting step of the electrochemical process. Depending on the microstructure, we observe
diffusion controlled electrochemical behaviour which is
expected in Li-ion battery, but also charge-transfer limitation even at extremely high scan rates. This second behaviour surprisingly occurs for high-BET surface area
materials. Possible electronic limitations in these materials are explored using broadband dielectric spectroscopy (BDS). This unique technique shows that flake-shaped,
highly anisotropic, crystallites facilitate electronic motion
at all scale levels compared to cuboidal crystallites
(Figure 2). Charge-transfer limitations are not electronic,
but come from the material interface contribution to the
electrochemical process. Numerical simulations allow
quantifying the actual electroactive surface area. Between
15 and 30 % of the BET surface area, corresponding to the
thickness of the crystallites, are actually active.
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We propose to rationalize material geometry contribution on the electrochemical performances of four model
LiNi1/3Mn1/3Co1/3O2 materials. We established a methodology [1] combining exhaustive microstructural characterizations and a careful study of each component of the
electrochemical process to discuss the limiting factors of
power performances (Figure 1).

Figure 1: Specific discharge capacities obtained at 30C for flakeshaped materials (left) and materials made of cuboidal crystallites (right). For flake-shaped ones, no clear difference in power
performances are measured, despite the changes in porosity and
surface area. For cuboidal materials, any increase of porosity and
surface area increases the power performance drastically.

To our knowledge, it is the first time that electroactive surface areas are quantified. It corresponds to the thickness
of the crystallites, which increases with the calcination
temperature. Following our work, optimum values for BET
surface area can be targeted in design of experiments. It is
of high importance since any surface area useless for the
electrochemical process will definitely still be detrimental
for long-term cyclability. Maybe more importantly than insights on our materials, we hope that our study can serve
as a case example of the use of electroanalytical techniques, microstructural analysis, and electrochemical modelling to study Li-insertion materials.

Figure 2: a) Electronic conductivities of flake-shaped and cuboidal
crystallites measured by broadband dielectric spectroscopy at the
different relaxation frequencies. b) Schematics of electronic paths
in fl ake-shaped and cuboidal crystallites. In the latter case,
electrons have to go through grain boundaries, decreasing the
conductivity.
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Core-shell amorphous silicon-carbon
nanoparticles as high performance anodes
for lithium ion batteries
silicon and the protective effect of the carbon coating
against the severe passive oxidation. From the application
point of view, the decrease of the specific surface area in
an agglomeration step is the goal of ongoing optimization
studies in order to improve the first coulombic efficiency.

CONTEXT

ENERGY STORAGE AND CONVERSION

Core-shell silicon-carbon nanoparticles are attractive
candidates as active material to increase the capacity of
Li-ion batteries while mitigating the detrimental effects
of volume expansion upon lithiation.
However crystalline silicon suffers from amorphization
upon the first charge/discharge cycle and improved stability is expected in starting with amorphous silicon.
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APPROACH
Amorphous silicon nanoparticles coated with a carbon
shell (a-Si@C) have been synthetized in a single step process via a two stage laser pyrolysis where decomposition
of silane and ethylene are conducted in two successive
reaction zones. Control of experimental conditions mitigates silicon core crystallization as well as formation of
silicon carbide. Electrochemical characterizations are
then performed to demonstrate the advantages of coreshell amorphous silicon-carbon nanoparticles as anode
materials for Li-ion batteries.

Figure 1: Capacity and coulombic efficiency for long cycling experiments with a-Si@C at C/5.

RESULTS
Auger electron spectroscopy and scanning transmission
electron microscopy show a carbon shell about 1 nm thick,
which prevents detrimental oxidation of the a-Si cores.
Cyclic voltammetry demonstrates that the core-shell composite reaches its maximal lithiation during the first
sweep, thanks to its amorphous core. After 500 charge/
discharge cycles, it retains a capacity of 1250 mAh.g-1 at a
C/5 rate, with an outstanding coulombic efficiency of 99.91 %
(Figure 1).
Moreover, post-mortem observations show an expansion
of the electrode volume less than 20 % and preservation of
the nanostructuration (Figure 2). Such expansion is due to
the formation of degradation products (Solid-Electrolyte
Interphase) and is particularly limited; it confirms the
beneficial effect of the nanometric amorphous siliconcarbon shell morphology.

CONCLUSIONS AND PERSPECTIVES
Amorphous nanoparticles of silicon coated with a ~1 nm
carbon layer have been successfully synthetized.
a-Si@C shows outstanding electrochemical performances. These results clearly confirm the interest of
starting from amorphous silicon instead of crystalline
48

Figure 2: SEM pictures of a-Si@C electrode before (a) and after (b)
long cycling experiment.
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Segregration of Li-Rich layered oxides
into nanoscaled domains revealed
by solid-state NMR study
CONCLUSIONS AND PERSPECTIVES
Our pristine-based analysis has been confirmed by following lithium extraction and reinsertion. The developed methodology is generic and will be applied to
other cathode materials and compositions.

Li-rich layered oxides (general formula Li1+xM1-xO2, M =
transition metal) are one of the most promising cathode
materials for Li-ion batteries. However their crystal
structure is still in discussion: do they present a single
solid solution phase or are they composed of two phases
(yLi2MnO3 (1-y)LiMO2)? Our group has studied the material
Li[Li0.2Mn0.61Ni0.18Mg0.01]O2 via several technics such as XRD,
XAS, HRTEM [1,2,3] but a more local investigation was required to close the debate.
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APPROACH
In order to go deeper into the analysis and try to answer
this question, a 7Li MAS NMR (Magic Angle Spinning Nuclear
Magnetic Resonance) study was carried out before (pristine material) and during the first cycle of charge/discharge
of this layered oxide produced in LITEN [4]. To analyze our
results, colleagues from INAC developed a Fortran code
based on a 18 cations local model (first and second
spheres). The aim was to identify very precise cationic
configurations compatible with all NMR data while satisfying local electroneutrality constraints (the key ingredient of this theoretical approach). Thanks to this
approach we were able to both identify the different domains composing our material and their ratio and to follow the delithiation kinetics in these different components.

ENERGY STORAGE AND CONVERSION

CONTEXT

Figure 1: 7Li MAS NMR spectra for pristine Li1.2Mn0.61Ni0.18Mg0.01O2
measured at MAS spinning speeds of 38 kHz and results of experimental spectra deconvolution.

Our results strongly suggest that the material presents
two types of coexisting nanoscale domains (Figure 1). The
first type is highly ordered and consists of pure Li2MnO3,
while the second more disordered type concentrates
most of the Ni and is labeled LiMO2-like with M = Mn1/2Ni1/2.
Finally, at the interphase of these two Ni-free and Ni-rich
domains, there are slightly Ni-contaminated Li2MnO3-like
regions, most probably surrounding the Li2MnO3 domains
and thus labeled “Ni-poor boundaries” (volume ~21 %).
This partition is confirmed by the behavior of the NMR
signals during the first electrochemical cycle (Figure 2). At
the initial state of charge (≤4.3 V), Li-ion extraction occurs
mainly from the (Ni-rich) Li1−xMO2-like domains via Ni2+ oxidation. At higher states of charge (≥4.5 V), the Li2MnO3 domains become highly involved via oxygen-based (ir-)
reversible oxidation processes, leading to significant
structural changes.

Figure 2: 7Li MAS NMR spectra for pristine Li1.2Mn0.61Ni0.18Mg0.01O2 and
for charged/discharged samples with different cutoff voltages,
obtained at 38 kHz spinning speed by using rotor-synchronized
echo pulse sequence.
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Single-Ion Li+ conductive ionic liquid crystals as
electrolytes for all solid-state Li-ion batteries
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Lithium-ion batteries are considered as a key enabling
energy storage technology for the successful electrification of modern society’s mobility needs. Higher energy
and power must be provided with largely improved
safety. Disruptive innovations are therefore required to
replace the easily flammable and unstable liquid electrolytes. The development of all solid-state batteries based
on next generation polymeric electrolytes is considered
as one of the most promising approach to provide safer
and higher performance energy storage solution.
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Radically shifting from the established paradigm of
chain-assisted conductivity (e.g. ion transport is driven
by the segmental motion of poly (ethylene oxide)),
we have explored the possibility of achieving effective
Li+ ion conduction through a hopping mechanism (similarly to ceramics electrolyte) in self-assembled soft materials. To achieve this very ambitious goal, we have
designed, synthetized and characterized Single-Ion Li+
conductive Thermotropic Ionic Liquid Crystals (SITILCs).

Intensity (u.a.)
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chemical structures, columnar or lamellar mesophases
have been obtained, leading to quasi-1D or 2D pathways
for ion conduction.
As determined by EIS, the ionic conductivity of SITILCs
(Figure 2) showed an Arrhenius behavior, proving that the
Li+ conduction mechanism is independent of the segmental motion within their (macro)molecular structures,
hence demonstrating that Lithium ions are moving
through a hopping mechanism. The lithium stripping/plating experiment moreover proved a reversible deposition of lithium, a Li transport number close to unity
and an electrochemical stability on the metallic Lithium
We have demonstrated that the conduction of Li+ by hopping is possible in soft materials, paving the way towards
more efficient polymer electrolytes.
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Figure 1: SAXS Pattern of ionic liquid crystal model compound.

RESULTS
Several libraries of molecules and polymers with well-defined structures have been synthesized and chemically
characterized. Our key starting substrate is the commercially available 4-Amino-1-naphthalenesulfonic acid (ANSA).
ANSA can be easily transformed into a Lithium salt (sulfonate or sulphonamide) and the amine is used to obtain a
polymer chain, a sulphonamide linkage, a tertiary amine
or an ammonium salt. The most critical feature of this
substrate is the presence of a naphthalene group which
acts as a structure directing agent and leads to liquid crystalline behaviour for all compounds synthesized to date.
The thermotropic liquid crystalline behaviour of SITILCs
was confirmed by combining thermal and structural analyses (DSC, POM, SAXS: Figure 1). Phase transition temperatures and self-assembled morphologies were established
for all SITILCs. Depending on smart variations of their
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Figure 2: Temperature dependence of the conductivity of two selected ionic liquid crystals.
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Post-mortem analyses of Lithium-Ion batteries
without altering the samples

APPROACH
In CEA-Liten, we have defined adequate electrode sample
preparation protocol by setting up an original employment of Electrochemical Impedance Spectroscopy (EIS)
analyses in symmetric cells. This approach allows to evaluate each electrode without the effect of the counter
electrode.The principle is described in the Figure 1 :
• Disassembling of lithium-ion cells in glove box
• Recovering of the electrodes by using various rinsing/
drying protocols
• Coupling in pair electrodes of each polarity to build
symmetric coin-cells.
• Comparison of the impedance spectra of the lithium-ion
cell and the symmetric coin-cells after data treatment.
This type of measurement can also be used to characterize the bulk and interfacial electrochemical properties
evolution of electrodes from cycled cells.

RESULTS
After a data treatment consisting of:
• an ohmic-resistance correction
• a normalization of the spectra according to the electrode surface,
the experimental signal of the complete cell and the signal mathematically reconstructed from the EIS data of
symmetric coin-cells were compared. The most appropriate protocol was thus chosen considering the best superposition of the impedance curves (Figure 2) [4].

CONCLUSIONS AND PERSPECTIVES
This work evidenced that is possible to mimic the resistive
contributions of a functioning Li-ion cell from the impedances of symmetric cells during post-mortem testing,
when adequate signal analysis and electrode sample preparation protocol are applied. According to the type of
post-mortem electrode characterization, the proper
sample preparation protocol is now known, guaranteeing
to obtain unaltered results.

This work was carried out in the frame of MAT4BAT European project (FP7-2013-GC-Materials).
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Figure 1: EIS characterization of Li-Ion cell by using symmetric
coin-cells
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Post-mortem analyses [1] can bring important information
to assess causes of battery performance loss [2] or to feed
and validate mathematical models devoted to lifetime
predictions [3]. This approach can be applied to current
(Li-Ion) or future technologies (as Li-S, Li-air, Na-based,
etc.). Unfortunately, during sample recovery, the sample
preparation protocol (rinsing, drying) may induce modifications, leading to biased results. The key issue is to preserve the physicochemical characteristics of the electrodes
as before cell disassembling.
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Figure 2: Nyquist plots of the negative and positive electrodes
obtained in symmetric coin cells after a type of sample preparation protocol. In the complete cell curve, the Li-ion pouch cell
true impedances are shown in grey squares; the reconstructed
impedances (Zcomplete-cell) are shown in bold line. Ohmicresistance-correction is applied in all cases.

• TEAM: Lise Daniel, Sylvie Geniès
• CONTACTS: lise.daniel@cea.fr, sylvie.genies@cea.fr

SCIENTIFIC HIGHLIGHTS 2016 / 2017

CONTEXT

51

Reducing the noble metal content
in high performance PEM water electrolyzers

ENERGY STORAGE AND CONVERSION

CONTEXT
Proton exchange membrane water electrolysis (PEMWE) is
considered as one of the key technologies that can be
used for large-scale production of hydrogen by renewable
energy sources. However, the acidity of the perfluorinated
membrane materials used by PEM water electrolyzers limits the choice of catalyst materials to few expensive
noble-metals from the platinum-group metals (PGM) [1].
In addition, high noble-metal loadings (1.5 to 4 mgPGM.cm−2)
are required as lower amounts of catalyst lead to a significant reduction of both performance and durability.

APPROACH
To reduce the capital cost of the PEMWE and reliance on
PGM, we have deeply investigated the influence of the
anode catalyst (IrO2) loading on the performance and the
durability of PEMWE.

RESULTS
First, we have considered anodic catalyst layers only
composed of IrO2 nanoparticles. The objective was to investigate in detail the influence of the catalyst loading on
the overall performance of PEMWE cells, and to optimize
the structure of catalytic layers [2]. It appears that only a
small part of the catalyst layer is useful for the catalytic
activity and a simple model is proposed to explain that
behavior. In addition, below a catalyst loading of 0.5 mgIrO2.cm−2, the performance decreases dramatically (see
Figure 1). The percolation threshold of individual iridium oxide particles is not reached anymore and electrochemical performance degrades rapidly. These results
demonstrate the need to use conductive support to improve the electrical conductivity inside the active layer
and keep all catalytic sites electrochemically active.
In the light of these findings, we proposed to mix micro-sized titanium particles and IrO2 nanoparticles into
the catalyst layer [3]. It was then possible to maintain
high levels of performance for catalyst loadings as low as
0.1 mgIrO2.cm-2. Accelerated ageing tests confirm the benefit of adding these micro-sized titanium particles.
Performances of these (very) low catalyst loading cells
were kept very stable for more than 1500 h (see Figure 2).

CONCLUSIONS AND PERSPECTIVES
The addition of micro-sized titanium particles to the anodic catalyst layer appears to be a very simple, cost52

effective and efficient way to significantly reduce noble
metals loadings in PEMWE cells (one order of magnitude)
while maintaining a high level of performance and an
extended durability. However, further work is still required
to optimize titanium particles size, and to maximize the
electrochemical benefit that can be gained from this additive, since the micrometric particles size strongly depends
on the porous transport layer structure. In addition ageing
mechanisms under aggressive stress conditions [4] have to
be considered.
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Figure 1: Evolution of the PEMWE efficiency (left) and catalyst layer
thickness vs. IrO2 loading [2].

Figure 2: Comparison of the efficiency evolution of PEMWE cells
made of pure IrO2 and IrO2/Ti during accelerated ageing tests.
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Estimation of PEMFC lifetime
by in-silico approach

The estimation and increase of the lifetime of Polymer
Electrolyte Fuel Cell (PEFC) under dynamic conditions is
one of a major challenge about PEFC. To validate some new
strategies for lifetime and also the durability of new material, experimental tests must be coupled with modeling
and numerical simulations. A multi-physics and multi-scale
modeling platform called MUSES platform (MUlti-scale
Simulation of Electrochemical System) is developed. The
objectives are to provide a multi-scale modeling framework
for fuel cells lifetime estimation and to validate the approach on durability experimental tests.

APPROACH
The methodology is based on a bottom-up approach to
calculate the loss of active surface area based on the
Ostwald ripening mechanism model developed at the micro-scale with an electrochemical double layer model
(called EDMOND model). By a direct coupling, the Ostwald
module is incorporated into the 2D+0D dynamic fuel cell
stack model (MePHYSTO-FC model [1]). Moreover, an original methodology is applied to extrapolate from the experimental durability tests the equivalent active surface
area (ECSA) loss taking into account both catalyst dissolution and oxidation (irreversible and reversible mechanisms). Figure 1 shows the ECSA obtained experimentally
by CV measurement and by inverse modeling approach
[2-3] with the Ostwald module results.

to calculate the global fuel cell lifetime and the evolution
by ageing of the distribution of the local conditions along
the surface of the cell.
In perspective, the irreversible degradation mechanism of
the catalyst (dissolution/redeposition) will be decoupled
of the platinum oxidation (reversible mechanism) and integrated in MePHYSTO_FC model.
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RESULTS

CONCLUSIONS AND PERSPECTIVES
The implementation by direct coupling of the Ostwald
ripening mechanisms into MePHYSTO_FC model, permits

Figure 1: ECSA loss obtained experimentally by CV measurements
and numerically by the inverse modelling approach (βi coefficients) with the corresponding computed profiles after fitting the
Pt particle size distribution of the Ostwald module.

Figure 2: comparison of the experimental average cell during the
2000 hours durability test and the voltage evolution computed by
the model: i/ top curve is the simulated test with the Ostwald module fitted on experimental CV; ii/ red curve is the simulated test
with the Ostwald module fitted on the loss of ECSA profile estimated by the model inverse method.
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Based on two 2000-h durability tests (two stacks equipped
with 30 large-area cells, operated during 2000-h with
steady operating conditions and dynamic operating conditions and with different electrochemical characterizations
realized every 200 hours (polarization curves, EIS, CV)) the
model has been validated. In particular, the cell voltage
evolution is well predicted by the simulation (Figure 2) with
the Ostwald model. The parametrization of the Ostwald
module is obtained by an inverse model approach based
on the calculation of an effective loss of ECSA from the
loss of performance measured by polarization. Moreover,
the simulations predict well also the evolution of current
density distribution evolution (validation by experimental
measurement).
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Understanding the degradation mechanisms
of the O2 electrode in Solid Oxide Cells
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CONTEXT
Ceramic high-temperature fuel cell and electrolyser are
efficient energy-conversion systems for electrical power
generation and hydrogen production. This type of electrochemical device is constituted by a stack of elementary
Solid Oxide Cells (SOCs), each one being composed of a
dense electrolyte sandwiched between two porous electrodes. The SOCs durability is nowadays one of the main
issues of the technology. In this frame, the destabilization of the O2 electrode made of Lanthanum Strontium
Cobalt Ferrite (LSCF) is recognised as one of the prevalent
mechanisms involved in the SOC performance degradation. However, the underlying mechanisms of LSCF demixing are still not precisely understood.

APPROACH
In order to study the degradation, a series of long-term
tests (1000≤t(h)≤9000) have been carried out in fuel cell
and electrolysis modes on typical SOCs [1,2]. As LSCF
reactivity with the electrolyte in Yttria Stabilized Zirconia
(YSZ) reflects the overall materials destabilization, a special attention has been paid to characterize the secondary phases after ageing. For this purpose, [i] Scanning
Electron Microscopy (SEM), [ii] Transmission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray
(EDX) analyses, and [iii] a specifically adapted method
based on synchrotron X-ray µfluorescence and µdiffraction tomography [3] have been employed. The experimental results have been interpreted in the frame of an
in-house multi-scale model [4,5].

RESULTS
In similar testing conditions, the degradation rates measured on the durability curves were found to be three
times higher in electrolysis than in fuel cell operation [1, 2].
The µfluorescence analyses have revealed that Sr diffusion
across the electrolyte interface occurs mainly during electrolysis operation; whereas the process is very limited in
fuel cell mode (Figure 1). This result was found consistent
with SEM observations of a secondary Sr-rich phase after
electrolysis operation. TEM-EDX and the X-ray µdiffraction
reconstructions (Figure 2) have allowed identifying this secondary phase as SrZrO3. Based on these characterizations, the cell polarization curves and the local quantities
(concentration of vacancies, adsorbates, etc.) within the O2
electrode have been computed in both operating modes.
The simulations have shown that the electrolysis operation leads to a strong depletion of oxygen vacancies in
54

LSCF material. It has been proposed that the depletion in
oxygen vacancies under electrolysis polarization could
drive the Sr release from the structure, and in turn, could
explain the experimental results. A new mechanism of
LSCF destabilization and SrZrO3 formation has then been
detailed [6].

CONCLUSIONS AND PERSPECTIVES
This study has shown that the LSCF destabilization and the
subsequent Sr reactivity with the electrolyte could explain
the higher degradation rate in electrolysis mode. To fully
demonstrate this proposition, the real impact of LSCF demixing on the SOC degradation should be quantified by
coupling specific electrochemical and post-test characterisations with modelling.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
Collaboration with Dr. D. Ferreira Sanchez (PSI), Dr. A. Morata
(IREC) and Dr. E. Siebert (LEPMI). Supported by the European Union's FCH-JU Programme (Sophia, Endurance).

REFERENCES

[1] M. Hubert, PhD Thesis, Grenoble University, 2017.
[2] M. Hubert et al., ECS Trans., 2017.
[3] D. Ferreira Sanchez et al., Int. J. Hydrogen Energy, 42 (2017)
1203-1211.
[4] J. Laurencin, et al., Electrochimica Acta, 174 (2015) 1299-1316.
[5] J. Laurencin et al., J. Power Sources, 196 (2011) 2080–2093.
[6] J. Laurencin et al., Electrochimica Acta, 241 (2017) 459-476.

Figure 1: Chemical-elemental profiles of Ni and Sr for SOEC (electrolysis) and SOFC (fuel cell) aged samples. The distributions have
been obtained by integrating the µfluorescence Kα and Kβ emission intensity peaks along the line scans parallel to the cell interface [6].

Figure 2: Crystallographic characterizations of the SOEC aged cell:
reconstructed slice by synchrotron X-ray µdiffraction tomography
for the SrZrO3, La0.6Sr0.4Co0.2Fe0.8O3 and Ce0.9Gd0.1O1.95 crystalline
structures [6].
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From Microgrids to Smartgrids

From left to right: Gabin Koucoi, Elvira Amicarelli, Quoc Tuan Tran,
Hélène Clemot, Eiko Kruger.
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1. SMARTGRID AND MICROGRIDS
The growing world population is driving an even greater
increase in the demand for electricity. Moreover governments around the world are focusing on reducing carbon dioxide (CO2) emissions by increasing the share of
renewable energy sources in the energy mix, as well as
providing a stable and sustainable supply of electricity.
These complex challenges are driving the evolution of
smart grid technologies.
The European Technology Platform for SmartGrids defines SmartGrids as “electricity networks that can intelligently integrate the behavior and actions of all users
connected to it - generators, consumers and those that
do both – in order to efficiently deliver sustainable, economic and secure electricity supplies”

FIGURE 1:

Microgrids defined by PARADISE Project [P3].

A microgrid concept is a good solution in order to integrate renewable energy sources (RES) in the electrical
grid. A microgrid is a group of interconnected loads and
distributed energy resources (DER) within clearly defined electrical boundaries that acts as a single controllable entity with respect to the grid. It can operate in
both grid-connected or island mode. The integration of
RES into a microgrid can cause challenges and impacts
on microgrid operation. This is why it is necessary to
develop new strategies of control and management for
microgrids. A scheme of the microgrids defined in the
PARADISE project is shown in Figure 1 [P3].
Because of their intermittent characteristics the integration of RES into grids or microgrids can raise a certain number of technical problems, such as the overshoot of the
thermal limits of conductors, the voltage problem, the
power fluctuation, the stability and protection problem
(frequency, voltage) and the problem of inertia reduction
provided by power electronic interface. A better knowledge
of the induced constraints becomes necessary to determine the RES penetration level, to assess impacts of RES
generation on distribution network, to find solutions to
reduce these impacts, and to assess technical opportunities provided by RES generation.
Microgrids, as a fundamental “building block of smart grid”
are probably the most promising novel structure of grids.

2. SEVERAL RESULTS
2.1. Developed stochastic tool to assess impacts
To assess impacts, technical and economic opportunities
provided by PV generation, it is necessary to develop a
tool to determine the RES penetration level. Probabilistic
three-phase load flow based on Monte Carlo simulation,
which takes into account random variables of load and PV
generation is proposed. Figure 2 presents PV production,
voltage variations and the distribution of overvoltage.
2.2. Voltage control in microgrid
The connection of PV systems to the grid or microgrid can
provide voltage variation of the network. With P/Q classic
control (reactive powers equal to zero) there are overvoltages in case of strong irradiation and light load and undervoltages in case of heavy load and no sun. PV systems
can be disconnected in these cases by protections
(Figure 3). In order to reduce this impact, an auto-adaptive voltage control for PV inverters is developed. With
the proposed solution, all PV systems participate to
control locally voltage without communication (Figure 3).

FIGURE 2:

Impact study of PV integration into grid by proposed tool [P9].
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FIGURE 3:

2.3. Frequency control in an island microgrid
The connection of PV systems to the island grid or microgrid can provide frequency variation. An intelligent
control strategies based on fuzzy logic control are developed. In order to evaluate the intelligent control strategies, an island microgrid with 100 % of PV production
associated with battery energy storage systems (BESS) is
used (Figure 4). Face to PV production variation, with the
proposed intelligent control strategies, all BESS in this
microgrid participate to control frequency. After the primary and secondary actions, the frequency is maintained
stable at 50 Hz (Figure 4).

also the state of charge (SOC) of BESS and the operation
states of microgrid.
Dynamic programming is used to find the minimum cost
of fuel considering the emissions by scheduling of distributed energy resources (DERs) in an island microgrid
as well as to minimize the cash flows and the exchanged
power with the main grid in a grid connected mode (Figure 5). These strategies take into account SOC of batteries. The initial state of charge (SOC₀) is given as initial
node without the previous node. Similarly, one sets for
the final state of charge (SOC T). Hence, the Bellman algorithm for the searching SOC is described in Figure 5.

2.4. Optimal energy management for Microgrid
An optimal sizing and security, reliability and economic
efficiency operation strategies of a microgrid including
photovoltaic productions (PV), BESS and/or diesels is
proposed. Firstly, the iterative optimization technique is
used to find the optimal sizing of a microgrid. Secondly, a
method to optimize the microgrid energy management in
operation is proposed as shown in Figure 5. And finally,
intelligent voltage and frequency control strategies by
using fuzzy logic are proposed. By this way, the frequency
is expressed not only as the function of active power but

2.5. Island Microgrid management
The aim is to develop energy management approaches
that optimize the power flow dispatch in the hybrid PV/
Diesel systems and to validate the operational capability of their experimental implementation. Two management approaches have been proposed, which are
developed with dynamic programming method. These
approaches were subsequently applied to different
configurations of hybrid PV/Diesel systems. The simulation results obtained from the comparative analysis of
these two management approaches applied to Bilgo,

FIGURE 5:

Optimal energy management for microgrid and Dynamic
Programming for battery’s SOC space [T3].
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FIGURE 4:

Microgrid with PV and storage systems; frequency variation with
proposed control [T3].
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Microgrid with PV systems; Voltage variation without and with
proposed control [P3].
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FIGURE 6:
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Architecture for optimized management (predictive and
corrective) and Experimental PV / Diesel hybrid benchmark at
CEA-INES [T5].

a rural village located in Burkina Faso, showed that the
optimization by dynamic programming considering the
minimization of the daily operation cost as objective
function offers the best results as compared to the approach with rules based strategy and also to standalone diesel generator. A reduction of the amount of fuel
consumed, the daily operating cost, the levelized cost of
energy generated over the system lifetime (LCOE), the
amount of CO2 emitted and a maximizing of solar energy
integration were noticed with the optimized management approach. The experiments using an experimental
hybrid platform with various levels of PV penetration
have shown the operational efficiency of the optimized
approach (Figure 6). This approach that includes a predictive and corrective control (Figure 6) could ensure in
real time a good dispatch of power flows and ensure a
stability of the hybrid system.
2.6. Microgrids management by using Multi-Agent
Systems
The main goals are the conceptualization, development
and implementation of different management strategies for microgrids. The developed algorithms aim to
facilitate the massive integration of renewables and at
the same time lead to an effective and economic operation of the systems. A new architecture of distribution
grids based on cluster of microgrids was proposed
(Figure 7). Each microgrid is composed of a number of
renewable-based and conventional generation systems,
storage systems and consumption. An optimal and distributed energy management strategy was then defined
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FIGURE 7:

Schematics and Interaction of an Aggregator and DSO Service
Market trading process [T6].

and developed. This strategy allows to manage the
short-term energy management and real-time control of
microgrids by using the connected sources in a smart
and cost-efficient way. A multi-agent system and the
mixed integer linear optimization technique were used
for the implementation of this strategy for day ahead
scheduling or intraday scheduling.
2.7. Interoperability of microgrid platforms
The interoperability of micro-grid platforms, particularly
in information and communication layers has been developed. The implementation of Common Information Model (CIM) semantic over OPC Unified Architecture (OPC UA)
protocol, particularly the mapping of CIM semantic to
OPC UA address space, is also considered, to ensure that
the exchanged data is mutually and correctly understood
by all the partners of the network. Some insights about
requirements to deliver OPC-based application via WAN
connection are provided. This combination brings CIM semantic to the OPC UA communication and allows the provision of OPC-based applications via WAN connection.
This contribution enables a seamless and meaningful
communication among partners of the collaboration
network and provides a strong support for interoperability of micro-grid platforms such as PRISME (CEA-LITEN)
and PREDIS (G2elab) (Figure 8).
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FIGURE 8:

Smartgrids and microgrids are a core activity for CEALITEN. Management and control strategies are being developped for any complex electricity system to be
integrated either in an efficient smart grid or a stand
alone device [1]-[7], [T1]-[T6] and [P1]-[P9]. The developed
algorithms are on one side predictive algorithms which
use production and consumption forecasting for energy
management, and on the other side real time system
control algorithms.
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3. CONCLUSION AND PERSPECTIVES
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SCADA and cloud architecture proposed for interoperability
between two platforms – PRISME (CEA-LITEN) and PREDIS (G2elab)
[P8].
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Energy management strategies of hybrid PV/
Diesel for rural and isolated areas
CONTEXT
For a reliable and cost-effective electricity supply to rural and remote areas in sub-Saharan Africa, hybrid PV/
Diesel energy systems are an increasingly attractive solution to conventional system (Diesel generator and PV
standalone). Beyond an optimal sizing, the reliability of
the hybridization of these energy resources is guaranteed only if they can be optimally managed, especially in real operating conditions. The aim of this work
is therefore to develop energy management approaches
that optimize the power flow dispatch in the hybrid PV/
Diesel systems but also to validate the operational capability of their experimental implementation.
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APPROACH
Two management approaches have been proposed: the
first one is a rule based strategy and the second one was
developed with dynamic programming method. These approaches were subsequently applied to different configurations of hybrid PV/Diesel systems (Figure 1) for electricity
supply to Bilgo, a rural area located in Burkina Faso.
.

Fig. 1: hybrid PV/Diesel systems

Figure 1: Hybrid PV/Diesel systems.

	
  

RESULTS

The simulation results obtained from the comparative analysis of both management approaches showed that the optimization by dynamic programming considering the minimization
of the daily operation cost as objective function offers the
best results compared to the approach with a rules based
strategy and also to standalone diesel generator.
A reduction of the amount of fuel consumed, the daily operating cost, the levelized cost of energy (LCOE) generated
over the system lifetime, the amount of emitted CO2 and a
maximizing of solar energy integration were noticed with
the optimized management approach.
The experiments carried with various levels of PV penetration, using the experimental platform setup in CEA-INES (Figure 2), have shown the operational efficiency of the
optimized approach. This approach that includes a predictive and corrective control could ensure in real time a good
dispatch of power flows and ensure a stability of the hybrid
system (Figure 3).

Fig. 2: Experimental PV/Diesel platform

	
  

Figure 2: Experimental PV/Diesel platform.

CONCLUSIONS AND PERSPECTIVES
The simulation and experimental results showed the effectiveness of the optimal management strategy based on
dynamic programming. Hybrid PV/Diesel systems with an
optimal and smart energy management strategy are an interesting solution for more renewable energy integration.
They also lead to energy cost reduction.
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Advanced inspection of photovoltaic
installations by aerial triangulation and terrestrial
georeferencing of thermal/visual imagery
CONTEXT
The growth of PV installations and plants during the last
decade has been undeniably impressive, presenting a
nearly exponential rate. Conventional condition monitoring and fault diagnosis for PV modules, by means of
electrical performance measurements, is a well-established method. However, such method presents limited fault detection ability.

Our work proposes two different techniques for advanced inspection mapping of PV plants: aerial triangulation and terrestrial georeferencing. The former uses
data of aerial thermal/visual imagery of operating PV
modules, obtained by an unmanned aerial vehicle (UAV)
which is presented in Figure 1, to generate static “inspection maps”, in the form of true orthophoto mosaics.
On the other hand, georeferencing is used to associate
terrestrial thermal/visual imagery, obtained at distinct
positions in a PV plant, with geographic data.
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APPROACH

RESULTS
Both mapping techniques were tested in two gridconnected PV systems, of a total installed power of 70.2
KWp. Several defective modules were easily and accurately detected, typically as abnormal temperature profiles, in the infrared (IR) spectrum (Figure 2). In addition,
specific thermal image patterns of operating modules,
were validated and quantified by additional diagnostic
measurements, and were assigned to possible fault
types. On the basis of the experience feedback, the potential of the proposed techniques and their limitations
for further application to PV plants of larger scale are
also discussed.

CONCLUSIONS AND PERSPECTIVES

Figure 1: UAV setup.
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Figure 2: Mapping of PV plant defect.
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The impressive development and increasing popularity of
UAV-based IRT inspections, comprises the first step, in the
direction of “simple” and “fast” diagnosis. At this direction,
the current research team developed and patented recently a novel methodology for PV fault diagnosis and
losses estimations, based only on aerial IRT imaging.
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Experimental testing of a low-temperature
organic Rankine cycle (ORC) coupled with
concentrating PV/thermal collectors
summer, and other explored unsteady conditions
showing satisfying behaviours. Next step could consist
in a detailed technico-economic study of the hybrid
system.
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CONTEXT
The organic Rankine cycle (ORC) technology is the most
promising technology for heat recovery applications at
very low temperature (<100 °C). At such conditions the
efficiency is rather low, usually in the range of 4-6 %, but
still there are cases where it can be cost effective. The
main advantage is the simplicity and low cost. The ORC
has been connected with concentrating PV/thermal collectors, which produce electricity and heat as inputs to
the ORC.

APPROACH

The research leading to these results has received funding from the European Union's Seventh Framework
Programme managed by REA-Research Executive Agency,
under grant agreement n° 315049 [CPV/RANKINE], FP7SME-2012. Part of this work was also supported by ADEME,
and KIC InnoEnergy (PhD Arnaud Landelle). AUA research
teams are also greatly acknowledged.
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The developed ORC engine was designed and installed in
the AUA (Agricultural University of Athens, Greece) laboratory for performance tests under controlled conditions.
The heat input was provided and controlled by an electric
heater. Different hot source temperatures were examined
(65-100 °C) leading to subcritical and transcritical organic
fluid conditions within the ORC engine. A specific attention
was paid on the crucial components: expansion machine
and evaporator. Next, the engine has been moved to
the field and connected with the CPV/T solar collectors
(Figure 1) installed at the AUA campus.

RESULTS

Figure 1: Overview of CPV/T system

A typical result obtained at the solar field is shown in
Figure 2. Since solar irradiation is almost constant during this period, the PV production is constant and equal to
5 kW. The ORC engine production is also stable and
around 2 kW. The ORC engine production is around 36 %
of the PV production, which increases the productivity
of the combined system. The efficiency of the expander
reaches 74 %, corresponding to one of the best point
observed during the laboratory tests. Moreover the evaporator outperforms in terms of heat transferred.

CONCLUSIONS AND PERSPECTIVES
The most important conclusion is that an ORC engine
operating at very low temperature can reach an adequate thermal efficiency, even at low power (few kW).
Additional tests were performed during winter and
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Figure 2: Measurements on CPV/T system
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Performance analysis of thermal energy storage
systems using phase change material
CONTEXT

APPROACH
This paper aims to develop an alternative performance
analysis method based on experimental results using
the thorough instrumentation on the PCM side to assess
the heat transfer performance and to take into account
some specific phenomena such as natural convection [1].
The method investigates the latent TES systems in terms
of energy with the calculation of the storage density,
but also in terms of power with the definition of a characteristic time. A dedicated test loop is used with a
single tube heat exchanger and a transparent shell to
observe the evolution of fusion and solidification [2].
Using the measurements results an evolution of stored
energy in the system is followed and then used to evaluate a dimensionless characteristic time τ* that is dedicated to the comparison of heat exchanger efficiency.
This parameter is based on the time to reach 90 % of the
maximum amount of energy that can be stored, divided
by the theoretical time for storing this maximum energy
with the maximum heat power.

CONCLUSIONS AND PERSPECTIVES
This work presents an experimental method able to compare with one parameter the efficiency of heat transfer to
PCM storage of different industrial geometries.
After this work, other solutions like aluminium fins or
metallic foams were also studied, evaluated in terms of
dimensionless characteristic time and presented in future papers.
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Thermal energy storage (TES) systems is very promising
to manage the energy production in industries, especially when the production of heat is shifted in time or in
space from its use. Latent TES systems implement phase
change materials (PCM) that have the capability to store
thermal energy during their melting and to release it during their solidification. The low conductivity of most
PCM has led to the development of heat transfer improvement methods. The solution selected in this paper is
the increase of heat transfer surface by using finned
tubes in a shell and tubes heat exchanger.

RESULTS

Figure 1: Pictures of the melting fronts during a top charge.

Figure 2: Dimensionless characteristic times calculated for several
top charges with longitudinal (in orange) and transverse fins (in
green).
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Three different heat exchanger geometries are used:
one steel plane tube as reference (a), one steel tube
with longitudinal fins (b) and one copper tube with
transverse fins (c). Shell diameter is 4 cm and length 40 cm.
Figure 1 presents the pictures of state of PCM after the
same dimensionless time with white solid paraffin and
transparent liquid one. It can be observed that with
copper tube charge is nearly finished and that for plane
tube nothing is really apparent seen from outside.
Figure 2 presents the values of the dimensionless characteristic time τ* obtained for different temperature
conditions (cases 1 to 4), with two geometries. It shows
that the dispersion of this parameter is really limited
and that a mean value can be characteristic of the heat
exchanger behavior. The behavior of these two geometries
is very close, especially compared with the reference
value of τ* for a plane tube 13.9, which is largely higher.
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Massive thermochemical heat storage
in the range 300 °C-600 °C

CONTEXT
Thermochemical reactions are potentially a very efficient way to store heat thanks to their high density of
energy storage and the non-degradation of heat from
daily to interseasonal storage.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
This work was carried out during a PhD funded by the Carnot program and in the frame of a FP7 European program
(STORRE) with the additional technical support of CARMEUSE, a lime supplier.

For massive heat storage in the range of 300 °C to 600 °C,
the reaction of lime hydration /dehydration was selected -CaO+H2O ←→ Ca(OH)2 +104 kJ/mol- and a concept of
continuous chemical heat-exchanger reactor based on a
bubbling fluidised bed (BFB) technology offering industrial maturity, up scalability and optimal heat and mass
transfer was developed.
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About 80 tests were performed in a batch bubbling fluidised bed in transient conditions in order to study the
influence of the temperature, partial pressure of water
steam, fluidising gas velocity and lime particle size on
the chemical reaction kinetics.
The experimental results were used to validate a simplified Kunii-Levenspiel reactor model based on two
phases (solid-gas emulsion and gas bubbles). The model highlighted mass transfer limitations when the
reaction had a fast intrinsic kinetics, a single mass
transfer coefficient (Xfactor) could be fitted on the experimental data.
A continuous BFB set-up, similar in size to the batch
one but with an extended range of parameters was afterward designed, manufactured and operated in thermal and hydraulic steady-state conditions, very close
to industrial ones. This continuous BFB set-up confirmed the trends observed on the batch reactor. It allowed to pre-design a 200MWth BFB reactor producing
superheated steam at 130 bars for CSP (concentration
solar plant).
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Figure 1: Experimental (grey) and model-predicted (blue) molar
fractions of H2O(v) (Xmolar) at the outlet during hydration (a-c) and
dehydration (d-f) vs time for different experimental batch tests.
In all cases the Xfactor=1.5. The input molar fraction of H2O(v) (green)
and bed temperature (TBed) (red) are represented as dotted lines for
reference.

CONCLUSIONS AND PERSPECTIVES
These results have proved the concept at TRL4 and will be
continued in the frame of a next H2020 project to bring the
technology to a demonstration size.
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Innovative 3D catalysts support for compact
heat-exchanger reactors

APPROACH
Standard fixed-bed reactors suffer from poor heat transfer performances leading possible deactivation by thermal sintering [2]. Heat transfer can be enhanced either by
using milli-structured fixed-bed reactors [3, 4] or by coating directly the catalyst on a heat transfer surface which
can be a monolith, an open cell foam [5]. In the present
work, we have manufactured metallic structures by 3DFD
(3Dimensional Fiber Deposition), and tested them as
Ni/Al2O3 catalysts supports for CO2 methanation.

RESULTS
In the 3DFD technique, a paste is extruded through a micro-nozzle to build a layer-by-layer structure. The binder is
then removed by calcination. This technique was adapted
for copper, and different sintering temperatures, atmospheres and kinetics were investigated. Low inner porosity
fibres (< 0.1 %) were obtained with a conventional furnace
sintering under H2 atmosphere at 1000 °C during 5 h. Then
structural parameters (fibre thickness, spacing, orientation) were optimized to achieve very high equivalent thermal conductivity (Figure 1) and low pressure drops [6].
Ni/Al2O3 catalysts were synthetized and loaded by dip coating on the 3DFD structures. Methanation tests were then
performed at lab scale at atmospheric pressure (Figure 2)
and at pilot scale up to 1.5 MPa. Productivities of 250
mmol.g-1.h-1 were obtained at 1.5 MPa and 330 °C [7].
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Figure 1: Radial and axial effective thermal conductivity of 1-1
stacking structures, evolution for different macro-porosities.

CONCLUSIONS AND PERSPECTIVES
A manufacturing route for 3D structures was validated and
led to highly conductive catalyst supports. The coated
structures were tested at lab-scale and pilot-scale for CO2
methanation. No hot-spots were detected and a stable
conversion was observed for 80 h Time-on-stream for a
pure H2: CO2 (4:1) reactant mixture. Important perspectives
are the adaptation of the process to aluminium alloys for
cost optimization and the design of graded porosity structures to allow a higher catalyst loading.

ENERGY EFFICIENCY

Power-to-Gas (PtG) and Power-to-Liquid (PtL), are emerging technologies that can support the increasing share
of intermittent renewable sources in the electricity mix.
However, these processes are associated with highly exothermic CO2 hydrogenation reactions and require efficient, modular and cost-effective catalytic reactors [1].

This 3DFD technique can be applied to the design of compact heat-exchanger-reactors dedicated to other highly
exothermic or endothermic reactions like hydrogenations
or reforming.

Figure 2: CO2 conversion rate for H2:CO2 (4:1), WHSV 1500 h-1, evolution with temperature.
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Concrete as a multi-functional material
serving building energy efficiency,
thermal comfort and recyclability
connection, water tightness. The first prototypes have
been successfully tested on a real scale test facility at
INES.

CONCLUSIONS AND PERSPECTIVES
These results underline different ways to evaluate cement
and concrete properties in the energy building performance.

CONTEXT

ENERGY EFFICIENCY

The trend for building components is to become multi-functional. Cement and concrete which have been widely used from a structural point of view for more than
100 years and more recently as an architectural element,
can also bring to buildings in terms of energy efficiency,
comfort to the users and recyclability.
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APPROACH
This work includes the valuation of thermal inertia to
improve thermal comfort both in residential buildings
and in tertiary buildings through the integration of active slabs, and the coupling of PV panels to concrete for
buildings skin components.

[1] Special Session “Concrete as Multi-Functional Material
serving Building Energy Efficiency” at 12th Conference on
Advanced Building Skins, 2-3 oct 2017, Bern, Switzerand.

RESULTS
• Thermal inertia valuation: more than 100 sensors have
been implemented in the construction stage of an experimental house, some of them have been sunk into the
slabs. The objective is to better quantify the impact of
the concrete in the thermal behavior of the house and to
check if the concept of a single family house with a light
envelope and a concrete core is efficient in Mediterranean climate where summer comfort is of prime interest. Concrete slabs coupled to natural night ventilation
is efficient to improve thermal comfort in this house
(Figure 1).
• Active slab development: the presence of concrete in
slabs presents many advantages for thermal storage and
exchange with the ambiance, they have a large thermal
capacity, a large surface of exchange with indoor air and
have good properties such as large thermal diffusivity
and effusivity. Active slabs are used both as an emitter
and as a thermal storage. In this work, the objective is to
find the best compromise between thermal, acoustic,
structural and aesthetic properties to design an efficient
active slab.
• PV building skin components: the concept CONIPHER of a
multi-functional component has been developed. This
solution aims to make in-depth renovation more accessible by developing a “plug ‘n play” panel for easy and
fast in-depth renovation including solar PV. The design of
the first CONIPHER prototypes integrates the following
functionalities: insulation layer, energy production, easy
66

Figure 1: Thermal behavior of the experimental house TRECADBAT.
Impact of thermal night ventilation.

Figure 2: Conipher components integrated on FACT Tools at INES.
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The building energy platform INCAS

A new facility has been built in 2017 on this platform:
FACT is an experimental outdoor facility dedicated to
the development and testing of innovative building envelope components.
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ENERGY EFFICIENCY

The experimental platform INCAS, based at LITEN-INES
(Le Bourget du lac, France), allows to test at real scale
with real outdoor conditions the developments in the
field of energy efficiency in buildings.
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