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Materials advanced for better Li(Na) ion batteries 
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______________________________________________________________ 
Batteries, Energy, Li-insertion, Electrodes, Oxides, Polyanions  
 
 
Rechargeable lithium ion batteries, because of their high energy density, have conquered most of today’s 

portable electronics and they stand as serious contenders for EV’s and grid applications. Therefore, for this to 
happen, materials with higher energy densities while being sustainable, scalable, reliable and low cost must be 
developed. The  challenges for chemists are enormous and this calls for new materials, new processes and 
new concepts. These different aspects will be addressed through this presentation.  

Firstly, the strategy towards the design of novel high voltage polyanionic compounds will be described [1].  
Turning to new concepts, we will show how discovery, of a reversible Li-driven anionic redox process among 
Li-rich layered oxides [3-4] represents a transformational approach for creating advanced electrode materials 
[5]. Lasty, concerning sustainability our new findings regarding Na-ion chemistry which enlists novel materials 
design (4) will be shared as well.  

 
1) G. Rousse, J.M. Tarascon, Chemistry of Materials, 26(1), 394, 2014. 
2) M. Sathiya, G. Rousse, K.  Ramesha, C.P. Laisa...and J.M. Tarascon J-M, Nature Materials, 12, 827, 2013.   
3)            M. Sathiya,  A.M. Abakumov,  D. Foix, G. Rousse… and J.M. Tarascon, Nature Materials 14, 230–238 (2015) 
4) P.Rozier, S. Mariyappan A. Paulraj, D. Foix, T. Desaunay, PL Taberna, P. Simon, J-M. Tarascon,    Electrochemistry 

Communications  Vol 53, (2015) 
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Progress in moving scientific discovery into battery technologies: The risk 
and the opportunity. 

Jeffrey P. Chamberlaina

a Argonne National Laboratory (Argonne, IL USA) 

jchamberlain@anl.gov 

In the energy storage research field, we have seen a blossoming of research both in materials 
discovery and materials and device engineering. In recent years this growth in research is 
complemented by rapid hunger for and progress in manufacturing quality and quantity of new 
battery technologies for the growing needs of commercial applications.  This massive growth 
in commerce represents both great risk and enormous opportunity for research teams across 
the globe.  The speaker will address the historical perspective of the kind of world-changing 
research and technology development that the battery field represents, and apply lessons 
learned for how research in lithium ion and beyond-lithium-ion batteries can best be balanced 
to ensure success for individual researchers and corporations alike. 
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AN OVERWIEW OF THE BEHAVIOR OVERLITHIATED 
Li(Li,Mn,Co,Ni)O 2 LAYERED OXIDES IN LITHIUM-ION BATTERIES 

C. Delmas1, H. Koga1, 2, L. Croguennec1, M. Ménétrier1, S. Belin3, C. Genevois4 and F. 
Weill 1 

1 ICMCB-CNRS, Université de Bordeaux, IPB-ENSCBP, 87 avenue Schweitzer, 33608 
Pessac cedex, France  

2 TOYOTA MOTOR EUROPE NV/SA, Hoge Wei 33, B-1930 Zaventem, Belgium 
3Synchrotron Soleil - L’orme des Merisiers Saint Aubin, Gif-sur-Yvette, F-91192, France 

4 GPM, Université de Rouen, avenue de l’Université, BP12, 76801 Saint Etienne du 
Rouvray

Contact author : C. Delmas   delmas@icmcb.cnrs.fr 

The materials belonging to the (1-x)LiMO2.xLi2MnO3 system (M = Ni, Mn, Co) exhibit the 
largest capacity among all other layered oxides. These materials are overlithiated layered 
oxides (Li1.(Li yMn1-y-u-tCouNitO2) with a significant amount of lithium in the transition 
metal site. Depending on the starting composition, Mn ions can be tri- or tetravalent while 
Ni ions can be di- or trivalent. In the literature there is a strong debate about the existence 
of a solid solution or the presence of a composite structure.  

A very general study of the synthesis and of the electrochemical characterization of the 
Li 1.20Mn0.54Co0.13Ni0.13O2 phase has been undertaken for several years in our lab. During the 
first charge, when all cations are oxidized to the tetravalent state, an overcharge of the cell 
leads to a structural modification that can be schematically described as a Li2O extraction 
occurs that cannot explain alone the oxidation process. Either oxidation of cations to a 
higher oxidation state or of oxygen is required. All experiments to detect cation oxidation 
state higher than four failed, so the oxidation of oxygen has been considered. 

The contribution of oxygen to the redox activity in this material family is considered from 
several years. It was suggested in 2009 by Koyama et al. from first principle calculation in 
Li 2MnO3 [1], and more recently by Ito et al. from an XAS study on the 
Li 1.20Mn0.56Co0.07Ni0.17O2 phase [2]. In our lab we have clearly shown its occurrence in the 
case of the electrochemical (or chemical) cycling of the Li1.20Mn0.54Co0.13Ni0.13O2 phase 
[3-4]. Sathiya et al. [5] also confirmed it in the case of the Li2Ru1-ySnyO3 system. 

From all characterization we performed on can conclude that during the high voltage 
plateau in the first cycle, there is a partial densification on the external part of the particles 
followed by an oxygen oxidation in the bulk of the lattice without oxygen migration. This 
redox process is completely reversible in discharge. The contribution of nickel and cobalt 
and oxygen reduction leads to the huge specific capacity of this material family. 

A general overview of all reactions mechanisms will be presented. 

References: 
[1] Y. Koyama, I. Tanaka, M. Nagao, R. Kanno, J. Power Sources, 189 (2009) 798. 
[2] A. Ito, Y. Sato, T. Sanada, M. Hatano, H. Horie, Y. Ohsawa, J. Power Sources, 196 (2011) 6828. 
[3] H. Koga , L. Croguennec, M. Ménétrier, P. Mannessiez, K. Douhil, S. Belin, L. Bourgeois, E. Suard F. Weill, C. 

Delmas; J. Electrochem Soc., 160(6) A786-A792 (2013) 
[4] H. Koga, L. Croguennec, M. Ménétrier, P. Mannessiez, F. Weill and C. Delmas ; J. P. Sources, 236, 250-258 (2013) 
[5] M. Sathiya, G. Rousse, K. Ramesha, C.P. Laisa, H. Vezin, M.T. Sougrati , M.-L. Douiblet, D. Foix, D. Gonbeau, W. 

Walker, A.S. Prakash, M. Ben Hassine, L. Dupont and J.M. Tarascon, Nature Mat. July 2013. 
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TEMPERATURE-DRIVEN ORDER-DISORDER TRANSITIONS IN  
Na3V2(PO4)2F3 AND Na3V2(PO4)3 POSITIVE ELECTRODES 

 
C. Masquelier1, M. Bianchini1,2,3, F. Lalère1, J.N. Chotard1, R. David1, O. Mentré4,  
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Both Na3V2(PO4)3 and Na3V2(PO4)2F3 compositions represent very attractive positive 
electrode materials for Na-based high power-density applications. Although being close 
in chemical formulas, their crystal structures have nothing in common, besides being 
phosphate-based frameworks within which Na+ ions are distributed in a more or less 
ordered fashion. Given the critical impact of Na+ distribution schemes on ion transport 
properties and on response to high charge-discharge currents, we undertook precise 
temperature-controlled structural studies  
 
Until very recently the crystal structure of Na3V2(PO4)2F3 was described in the 
tetragonal space group P42/mnm. We revealed, thanks to very high angular resolution 
synchrotron radiation diffraction, that a small orthorhombic distortion exists [1], 
described in the Amam space group: the structural framework is preserved but a 
different arrangement of the sodium ions was evidenced. Upon increasing slightly the 
temperature to ~130°C, Na+ are fully disordered and give rise to a more symmetrical 
structural form (space group I4/mmm). 
 
The crystal structure of the NASICON Na3V2(PO4)3 phase (NVP) has been investigated 
as a function of T, combining laboratory and synchrotron X-ray powder diffraction as 
well as single crystal X-ray diffraction. The existence of four polymorphs from -30°C to 
225°C was demonstrated. While the high temperature γ-NVP crystallizes in the classical 
rhombohedral cell (R-3c, 200°C), the low temperature α-NVP undergoes a monoclinic 
distortion (S.G. C2/c, -10°C) together with a complete ordering of the Na+ ions [2]. 
Additionally, partial substitution of Al for V results in a significant increase of the 
energy density of this electrode by activating the V4+/V5+ couple at 3.95 V vs. Na+/Na 
[3]. Na3V2(PO4)3 was used to build all solid state symmetrical cells operating at 200°C 
together with NASICON Na3Zr2Si2PO12 as the Na+ solid electrolyte. The battery 
operates at 1.8 V with 85 % of the theoretical capacity attained at C/10 with satisfactory 
capacity retention [4].  
         
References 
 
[1] M. Bianchini et al., Chem. Mater., 26(14), 4238-4247 (2014) 
[2] J.N. Chotard et al., Chem Mater., 27(17), 5982-5987 (2015) 
[3] F. Lalère et al., J. Mater. Chem. A, 3, 16198-16205 (2015) 
[4] F. Lalère et al., J. Power Sources, 247(1), 975-980 (2014) 
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MECHANISTIC INSIGHTS INTO FAST ION CONDUCTION IN SOLID 
ELECTROLYTE AND CATHODE MATERIALS 

 
Saiful Islam  

Department of Chemistry, University of Bath, Bath BA2 7AY, UK 
 

email address: m.s.islam@bath.ac.uk 
 

Major advances in rechargeable lithium (or sodium) batteries require the discovery and 
characterisation of new materials. It is clear that a complete understanding of the properties of 
electrode and electrolyte materials for both Li- and Na-ion batteries requires fundamental 
knowledge of their underlying structural, ion diffusion and surface properties on the atomic- 
and nano-scales. In this context, advanced materials modelling [1] combined with structural 
and electrochemical techniques are now powerful tools for investigating these properties. This 
talk will highlight recent studies [2-4] in the following areas: (i) structural and mechanistic 
insights into fast lithium-ion conduction in Li4SiO4-Li3PO4 solid electrolytes; (ii) ion diffusion 
pathways in polyanionic cathode materials such as Li-sulfates (e.g. LiFeSO4OH) and Na-
phosphates (e.g. Na2FePO4F, Na4M3(PO4)2P2O7). The presentation will aim to demonstrate how 
the strong synergy of computer modelling and experiment has helped us to shed new light on 
the structure-property relationships of battery materials. 
 
References 
[1] M.S. Islam; C.A.J. Fisher, Chem. Soc. Rev., 43, (2014) 185.  
[2] Y. Deng et al., J. Amer. Chem. Soc., 137 (2015) 9136. 
[3] S.M. Wood et al., J. Phys. Chem. C., 119 (2015) 15935. 
[4] C. Eames et al., Chem. Mater., 26 (2014) 3672. 
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Interfacial Engineering for Advanced Lithium-Ion Batteries 
 

Khalil Amine and Zonghai Chen 
Chemical Sciences and Engineering Division, Argonne National Laboratory 

9700 South Cass Avenue, Argonne, IL 60439, USA  
 

Presenting author: amine@anl.gov 
 

     High energy-density lithium-ion batteries have been long pursued worldwide to 
significantly improve the mobility of modern portable electronics. This global R&D effort 
was also driven by the emerging application of high energy-density lithium-ion batteries to 
electrify the transportation system so that a significant reduction on both the consumption of 
non-renewable fossil fuels and the emission of greenhouse gas can be achieved. From the 
perspective of engineering optimization, the energy-density of lithium-ion batteries can be 
improved from proper engineering designs to reasonably reduce the volumetric and 
gravimetric contribution the supporting components like current collectors and cell packaging 
materials. Optimization of the morphology of active materials is also reported as an effective 
approach to improve the packing efficiency of the active material for an improved volumetric 
energy-density. On the chemistry side, advanced non-aqueous electrolytes with better 
electrochemical/chemical compatibility with the electrode materials have been developed to 
extend the capacity/energy retention of lithium-ion cells so that small cells/packs can be 
designed to meet the end-of-life electrochemical requirements for targeted applications. 
 
 It is believed here that the continuous parasitic reactions between the active materials 
and non-aqueous electrolytes at the interface hold the major contribution to the performance 
degradation of lithium-ion batteries.  It has been our major R&D focus to stabilize the solid-
electrolyte interface for high-performance lithium-ion batteries.  The first approach to achieve 
our goal is to develop functionalized electrolyte additives that can provide a more stable 
artificial SEI layer to protect active materials from reacting with the electrolyte [1,2]. An 
alternative approach is to develop functional coating layer on active materials [3,4].  In this 
talk, the latest advance on both areas will be discussed. 
 
Reference:  
[1] K. Amine, Z.H. Chen, Z. Zhang, J. Liu, W.Q. Lu, L. Curtis, Y.-K. Sun, J. Mater. Chem., 21: 17754-17759 
(2011). 
[2] Z.H. Chen, Y. Ren, A. N. Jansen, C.K. Lin, W. Weng, and K. Amine, Nature Commun., 4: 1513 (2013). 
[3] Z.H. Chen, Y. Qin, K. Amine, Y.-K. Sun, J. Mater. Chem., 20:7606-7612 (2010) 
[4] Y.-K. Sun, S. T. Myung, M. H. Kim, J. Prakash, and K. Amine, J. Am. Chem. Soc., 27 (38): 13411-13418 
(2005). 
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GETTING BEYOND LIB FOR AUTOMOTIVE – 
COMMERCIALIZATION REALITIES 

  
Renata Arsenault, Kent Snyder 

Ford Research and Innovation Center 
2101 Village Rd. Dearborn, 48121 

Michigan, USA 
 

rarsena4@ford.com 
 

R&D scientists and engineers continue to develop new chemistries and materials claimed as 
potential replacements for today’s LIB technology. However, many of these discoveries may 
have an uncertainfuture in automotive beyond the technical journal circuit due to practical 
barriers to commercialization that are not well understood early in the design process. Early 
identification of challenges and issues that must be overcome for manufacturing and 
commercialization successcan prevent avoidable expenditure of research dollars, or redirect 
focus to more fertile avenues.  
 
It is accepted that battery cost reduction is the key to enabling meaningful market penetration 
of electrified vehicles, and competitive battery costs cannot be achieved without state of the 
art mass production. The unique manufacturing and processing challenges associated with 
several commonly proposed replacements for today’s LIB technology will be considered and 
contrasted with traditional LIB manufacturing processes. To support this comparison, an 
overview of incumbent high-volume battery manufacturing processes will be provided, and 
the ‘new’ steps required as next-gen technology enablers will be evaluated for promise and 
implementation potential.  Some of the critical keys to successful battery technology 
transition from lab to pilot scale to market will be highlighted, with a focus on automotive 
applications for vehicle electrification. 
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SUSTAINABILITY OF BATTERY SEGMENT AND RECYCLING OF 
STRATEGIC METALS  

 
 

Farouk TEDJAR a, b 
RECUPYL SAS and LABEX CEMAM  

  
a RECUPYL SAS Rue métallurgie 38420 Domène France  

b CEMAM Rue de la Piscine 38400 St Martin d’Heres France 
farouk.tedjar@recupyl.com 

 
 
Energy issues and climate changes are now asking urgent solution and one of the solutions is 
large growing of renewable energy part in the consumption models. However, major part of 
renewable energy equipment’s contains strategic metals while they could be potential sources 
of negative environment impact when recycled with non-appropriate processes. Within this 
problematic we will present 2 segments related to Lithium ion and Ni-MH batteries. 
 
Since its introduction 15 years before, lithium ion battery (LIB) become today the most 
largely adopted for portable electronic devices. Recently the new chemistry of both cathodes 
and anodes allow the LIB system to be among the best system candidate for in EV and HEV 
segment. However the composition of those batteries imposes a particular consideration of 
their end of life management due to the environment impact and valuable resource 
conservation for materials. Several processes were proposed for recycling LIB while in the 
meantime composition of li-ion batteries is strongly moving from lithium cobalt oxides / 
carbon portable segment to several kinds of cathodes materials, electrolytes and anodes 
materials. This means that we are in the need of new flexible processes. The sustainable way 
to recycle LIB must take account on next challenges:  
 Lowest  energy consumption  
 CO2 emission (from organic solvents and carbon)  
 Fluorine control (from anion of lithium salts and PVDF). 
 Loss of valuable resources such as graphite lost as CO2, Mn and Li trapped into slag. 

 
Nickel metal hydride batteries are also now more and more substituting the Ni-Cad system. 
Until now at industrial level the main efforts were devoted to recycling Nickel and the rare 
earths (RE) were generally lost in slag if metallurgical way is used. 
The position of RE in critical metals classification imposes to consider the Ni-MH as high 
source of RE.  
 
Geopolitical aspect will be presented for the main strategic metals of LIB and Ni-MH 
batteries 
 
To achieve high recycling rate and low environment impact new processes obtained during 
involvement in several clusters and Networks1 will be presented. Remaining challenges for 
recovery other valuable materials from advanced batteries will be discussed. 

                                                 
1 1-National French Network Project (IRISBUS, FIAT, CEA, IFP, MICHELIN, RATP, EDF)  
2- 7th FP European Cluster (Renault, Volvo, Solvay, Continental, University of Munster, University of Grenoble, University 
of Kiev, Cegasa Batteries, lithium balance)  
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BATTERY MATERIALS: INDUSTRIAL EVOLUTION FOR Li-ION 
AND POST Li-ION TECHNOLOGIES 

 
Anne de Guibert, Cécile Tessier 
SAFT Direction de la Recherche 

111 Bd Alfred Daney – 33074 Bordeaux Cedex (France) 
anne.de-guibert@saftbatteries.com 

 
Our objective is to show the evolution of materials used in lithium-ion batteries in parallel 
with the development of new applications and market demands. From a unique initial system 
(graphitized carbon/LiCoO2) introduced in 1991, more than ten are now available. They have 
been developed to fulfil the market requirements of portable applications exclusively in a first 
period and also for industrial applications from the 2000’. 
 
Evolution is driven by demands of specific and volumetric energy increase (longer autonomy 
of portable devices or vehicles), safety, and cost decrease. Industrial applications have more 
stringent additional requirements: long or very long life cycling and/or calendar, high power, 
operation in extreme temperatures.  
 
Manufacturers have a set of basic materials and play on blends, core/shell, surface layers, 
voltage range or additives to optimize for their application. Basic positive active materials are 
lithiated lamellar oxides, manganese spinel or olivine structures. The principal negative active 
material remains graphite but lithium titanate occupies e few niche markets. 
 
Processing science is essential draw the best of materials. A few examples will be shown 
concerning porosity of electrodes or surface treatment of separator or the need of large 
voltage stability windows electrolytes. 
 
After many years of continuous improvements, the need of a breakthrough in specific energy 
leads researchers to investigate systems such as lithium-sulfur or lithium-air, promising for 
low power applications. 
 
Reference:  
[1] Ch. Pillot , Future trends in the rechargeable battery market, ICBR 2015, Montreux, 23-25 sept. 2015.  
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ENERGY STORAGE AND THE METAL ELECTRODE 
 

Michel Armanda,b,c,  
a CIC Energigune, C/Albert Einstein 48 Ed. Miñano, Alava 01510 (Spain)   

b LRCS, CNRS UMR 7314, Université de Picardie Jules Verne,  
33 rue Saint Leu, 80039, Amiens (France) 

c Institute for Frontier Materials Deakin University, Victoria (Australia) 
 

email address: michel.armand@gmail.com 
 

Lithium had been identified already in the 50’s as an electrode leading to high capacities and 
voltages, but this was in primary primary cells and the positive electrodes (e.g. AgCl) were 
working on a phase change reaction, far from reversible. 
  
The change came in the early 70’s with the ushering of the concept of intercalation, giving in 
principle an immortal electrode without new phase nucleation [1].  In the same decade, the 
Li°/TiS2 battery consecrated the principle [2]. However, this metallic lithium electrode system 
with liquid electrolytes was a dangerous failure, so was the subsequent Li°/MoS2 batteries 
rapidly withdrawn from market. Thus, the “rocking chair” concept whose name evolved into 
“lithium-ion”, known since 1978, was very well received by the community, then swept the 
market rapidly after 1992. Yet, the Li° electrode is still unsurpassed in energy density, not 
only for its intrinsic capacity, but as it can act as its own current collector, without the need 
for heavy and depletable copper. 
 
From the early beginning [3], polymer electrolytes would show good chemical compatibility 
with lithium and provided that remnant crystallinity sources of current inhomogeneities are 
absent and the lithium interface is made with a friendly SEI. A > 1000 cycle life was recently 
confirmed by spectacular in operando observation of a functioning cell [4]. Indeed, there are > 
5000 EVs equipped with Li°/LFP batteries and the batteries are expected to last 10 years. 
 
This utilization of lithium metal has been obtained with electrolytes that reach useful 
conductivities in the 60°- 80°C range, which limits the market to large systems. Though it is 
at a very early stage, a first family of polymers different from PEO have been recently shown 
to operate, though at low C/ rate, at room temperature [5]. 
 
Lithium is not the only element considered for future storage systems. Na as a 
electrochemical vector must certainly play a role due to the gigantic demand for load-levelling 
of renewable energies, and Na°, though little information is presently known on its interface 
with electrolytes, is a candidate. The two other elements under consideration, Mg and Al, in 
contrast to the alkali metal have known electrolytes that can plate the metals in fine-grained, 
dendrite-free deposits, but both lack high capacity reversible positive electrodes. All these 
options will be discussed. 
 
[1] B.C.H. Steele, in: Fast Ion transport in Solids, ed. W. Van Gool, North-Holland, Amsterdam, 1973 p. 103; 
M.B. Armand, ibidem, p. 665.  
[2] M. S. Whittingham, Science, 192 (4244), 1976, pp. 1126-1127 
[3] M. Armand, J.M. Chabagno, M. Duclot, Fast Ion Transport in Solids, P. Vashishta ed., North Holland 
New-York, 1979 p. 131. 
[4] P. Hovington, M. Lagacé, A. Guerfi, P. Bouchard, A. Mauger, C. M. Julien, M. Armand, and K. Zaghib, 
Nano Lett., , 15 (4), 2015, pp 2671–2678 
[5] J Mindemark, B. Sun, Erik Törmä, D. Brandell, J. of Power Sources 298, 2015, 166 -170 
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The Lithium Metal Polymer battery and its applications 
 

Marc Deschamps  
 

BlueSolutions 
Odet - Ergué Gabéric 

CS15005 
29556 QUIMPER cedex 9 

 
marc.deschamps@blue-solutions.fr 

 
 

Building on its industrial expertise, over twenty years of research and development, and two 
billion euros of investment, the Bolloré Group developed LMP batteries. These batteries 
standout in terms of power, high energy density and safety of use.  
 
Metallic lithium is used as negative electrode. Lithium iron phosphate is the active material of 
the positive electrode. Between these two electrodes a polymeric film based on polyether 
served as separator and electrolyte. All these very thin films are dry which lead to a “solid-
state” batteries, conferring numerous advantages, notably in safety terms. Another common 
point of all these films is that they are created using extrusion techniques. Compared to 
coating, extrusion is a process that uses no organic solvent which confers advantages in term 
of price and/or at ecological level. 
 
History  
Started in the early nineties, R & D program at outlet on a first plant in 2001. The Bolloré 
Group launched manufacturing with the construction of this plant at its Pen-Carn site, located 
in Ergué-Gabéric, near Quimper. In 2009, with the viability of the technology proven, two 
production lines were deployed this site. 
 
Applications 
 
Mobility 
The Bolloré Group develops, manufactures and markets a series of electric vehicles using 
LMP batteries: a range of electric cars – Bluecars – a bus and even a boat currently at the 
prototype stage. 
The bluecars are used in Autolib’ which is the first public service plan with electric vehicles 
to be developed in a large European metropolis. Since 2011 and the launch of the service, 
autolib’ it’s more than12 millions of rentals and more than 120 million of kilometers.  
 
Stationary 
The LMP batteries are used in different stationary application: Blue Zone, Bluehouse and 
Bluestorage. 
Bluestorage is developing a series of energy storage solutions, ranging from several kWh to 
multiple MWh of stored energy and aimed at different end customers: electricity consumers 
(individuals, companies, etc.) and stakeholders in electricity networks.  Bluestorage allows 
consumption cut-off but also to make long-lasting the energy produced by the renewable 
energy. 
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Tribute to Michel Armand : From Solid Polymer Electrolyte to Carbon  
Nanopainting LiFePO4. 

K. Zaghib 

1Institut de Recherche d'Hydro-Québec (IREQ), 1800 Bd Lionel Boulet, Varennes, QC, 
Canada J3X 1S1 

Michel Armand is a pioneer in the development of polymer electrolytes for battery 
applications.  When John Goodenough discovered that olivine LiFePO4 is a viable 
cathode for Li-ion batteries, Michel immediately recognized it had a redox energy well-
matched to a polymer electrolyte. He used his experience in carbon coating 
(nanopainting) to increase the capacity and rate capability of LiFePO4. Research on 
lithium metal combined with polymer electrolytes in lithium rechargeable batteries 
started in 1979. Since that time, battery research has expanded worldwide. Several new 
polymers, solid electrolytes and ionic liquids with improved conductivity were identified. 
These advances resulted from a better understanding of the major parameters controlling 
ion migration, such as favorable polymer structure, phase diagram between solvating 
polymer and lithium salt, and the development of new lithium counter-anions.  In spite of 
the progress so far, a highly conductive dry polymer  is still not available for use at room 
temperature. However, effort is continuing, and developers of all-lithium polymer 
batteries (LPB) presently face a decision if the polymer electrolyte should be heated to 
enable high-power performance, as required for electric vehicle and energy storage. LPB 
developers have explored both the high-temperature and low-temperature options.  
 

This presentation discusses the challenges and opportunities in developing lithium ion 
and thin lithium metal with stable SEI as negative electrodes for three battery 
technologies:  

1. Li-ion batteries containing dry polymer and ionic liquid-polymer electrolytes  
2. All solid-state Li-sulfur batteries  

      3.  Li-air batteries. 
In addition, we will discuss the safety implications of lithium ion, lithium metal, dendrite 
mechanism, interface phenomena, side reactions, protection of lithium metal, and lithium 
alloys. 
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RECENT PROGRESSES ON LITHIUM SALTS OF PERFLUORINATED 
SULFONIMIDE ANIONS FOR RECHARGEABLE LI AND LI-ION 

BATTERY  
 

Heng Zhang, Liping Zheng, Qiang Ma, Pengfei Cheng, Wenfang Feng, Jin Nie, Zhibin Zhou*   
Key laboratory of Material Chemistry for Energy Conversion and Storage (Ministry of 

Education), School of Chemistry and Chemical Engineering, Huazhong University of Science 
and Technology, 1037 Luoyu Road, Wuhan 430074, China 

 
zb-zhou@mail.hust.edu.cn 

 
In the present work, we report recent progresses on lithium salts based on various kinds of 
perfluorinated sulfonimide anions (see Figure 1) as conducting salt for Li and/or Li-ion 
batteries. We will cover a wide range of electrolytes of these new anions from non-aqueous 
liquid (including conventional carbonate solutions, ionic liquids, and molten salts) to solid 
polymer electrolytes (including classic lithium salt/PEO, and single Li-ion conducting 
polymer based on polyanions).  
 

        
 

Figure 1.  Structures of various kinds of perfluorinated sulfonimide anions. 
 
In liquid carbonate electrolytes, both LiFSI and LiFNFSI as conducting salt or additive for 
improving the high-temperature performances of Li-ion cells will be discussed. In both ionic 
liquid and molten salt electrolytes, the electrochemical performances of natural 
graphite/LiFePO4 Li-ion cells will be detailed. In solid polymer electrolytes, the 
electrochemical performances of Li/LiFePO4 cells will be described. The mechanisms behind 
the improvements of electrochemical performances of Li and Li-ion cells by using these 
lithium salts will be discussed, in terms of various chemical, electrochemical and surface 
analyses. 
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Electrolytes enabling Li and Na metal devices – from polymer electrolytes 
to ionic liquids. 
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School of Chemistry, Monash University, 3800 Victoria, Australia2
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The holy grail of energy storage is battery technology based on Lithium metal anodes, with 
Sodium metal being a close second contender electropositive metals, both Li and Na provide 
possibilities for reversible, high energy density devices for use from electric vehicles to grid 
storage.  These may include in conventional devices where an intercalating cathode is used, or 
in Li/Na-sulphur or Li/Na-air configurations.   

A significant problem with both metals is the ability to cycle the electrode without creating 
dendritic morphology, which can cause poor cycling efficiency, dangerous short circuits and 
failures in a battery.  Polymer electrolytes, and more recently ionic liquid based systems, have 
shown great promise for stable cycling of Li and Na.  This talk will span the trajectory of 
polymer and ionic liquid electrolytes, from the early, traditional polyethylene oxide based 
electrolytes through to novel single ion conducting ionomers and finally the highly 
concentrated mixed ionic liquid electrolytes that appear to produce a stable interphase layer, 
so that, despite somewhat lower ionic conductivities than the traditional organic solvent 
electrolytes, excellent device performance is achievable.   
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Today the environment is a major society concern and the polluting fossil energy 

consumption, more and more expensive, is a drag on our economy, thereby the development of 
alternative transportation such as electric or hybrid vehicles, has become a key need for a sustainable 
long term development1. The increase of energy density necessary to promote this future revolution 
imposes to develop “new” chemistries for both the active electrode materials and electrolyte 2 , 3 . 
However, for high scale applications a safety issue comes from the liquid electrolytes as they 
embedded organic solvents that can likely leak or generate flammable reactions. The use of a solid 
polymer electrolyte (SPE) could solve most of the safety issues encounter with liquid electrolyte. 
However, the development of SPE has been hampered by two hurdles i/ the inability to design a SPE 
that has both a high ionic conductivity and good mechanical properties3 and ii/ the motions of lithium 
ions carry only a small fraction of the overall ionic current which leads during battery operation to the 
formation of strong concentration gradient with highly noxious effects like favored dendritic growth4 
and limited energy density, especially when power increases. In this context, we are developing 
nanostructured multifunctional block copolymer electrolytes (BCE), B-A-B comprising a central A 
block based on poly(ethylene oxide) (PEO) that brings ionic conductivity and a B block that brings 
other functionalities like mechanical properties, electrochemical stability, increase of transport number 
etc. We will present our approach in improving the performances of BCEs starting from neutral BCEs 
like PS-POE-PS5,6 laden with a lithium salt to the single-ion BCEs (SIEL) comprising grafted lithium 
trifluoromethanesulfonylimide (TFSILi)7. Especially, we analyse the impact of the BCEs composition 
(ie proportion of PEO) and the effect of molecular weigh on the physical properties such as the 
morphology, the thermodynamic transitions, the mechanic stability and the ion transport. At last, for a 
complete analysis, the results obtained with several prototypes of batteries will be presented.  

 
 

1 J. Tollefson, Nature, 456, 2008, 436-440 
2 F. Cheng, J. Liang, Z. Tao, J. Chen, Advanced Materials, 23, 2011, 1695-1715 
3 M. Armand, J-M Tarascon, Nature, 451, 2008, 652-657 
4 J-N Chazalviel, Physical Review A, 42, 1990, 7355-7367 
5 E. Beaudoin,

 
T. N. T. Phan,

 
M. Robinet et al., Langmuir 2013, 29, 10874−10880 

6 R. Bouchet, T. N. T. Phan, E. Beaudoin et al., Macromolecules 2014, 47, PP2659-2665 
7 R. Bouchet, A. Aboulaich, S. Maria et al. Nature Materials, 12, 2013, 452–457. 
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During about 3 years out of 6 we were focused on the use of electrochemical quartz-crystal 
microbalance (EQCM) for in-situ dynamic tracking of ions adsorption into nanoporous 
carbons during their charging. [1-5] Here EQCM served as a gravimetric probe of the 
compositional changes in the nanoporous carbon (resonance width was almost constant). A 
number of gravimetric problems related to charging mechanisms in nanoporous carbons 
(hardly assessed by other techniques) were solved: partial ions desolvation during adsorption, 
perm-selective behavior of carbons at high charge density, and its failure near the potential of 
zero charge, full gravimetric modeling of ions adsorption with incorporation of Gouy-
Chapman-Stern model, the origin of selective ions adsorption, and many others.   

However, we realized very soon that in case of a typical Li-ion battery electrode such as 
LiFePO4 olivine, the change in the resonance peak width was comparable with the change of 
the resonance frequency, implying strong periodic, intercalation-induced deformation of the 
composite electrode [6,7]. The arising electrode deformation modifies solid-liquid 
interactions in the boundary hydrodynamic layer between the porous/rough electrode and the 
solution.  When solid porous electrode is completely rigid, these interactions are fully tracked 
by the potential-dependent shifts of the resonance frequency and resonance peak width 
described in terms of the hydrodynamic admittance model which quantifies the electrode 
deformations. [7,8] Using this method a strong dependence of the deformation of Ti3C2Tx 
MXene electrode on the ion’s charge-to-size ratio has been found, contributing to the 
understanding of the “capacitive paradox” of this unique one-dimensional electroactive 
material. [8] We also extended this methodology to identification of the effect of mechanical 
properties of the polymeric binders on the intercalation-induced expansion/contraction of the 
intercalation particles, and thereby, the entire deformation of the composite electrode (non-
invasive in-situ dynamic monitoring of elastic properties of composite battery electrodes by 
EQCM-D). [9] This unique non-destructive technique has a potential to serve for early 
diagnostics of cycling life durability of batteries and supercapacitors. 

References:  
1. M.D. Levi, G. Salitra, N. Levy, D. Aurbach, J. Maier, Nature Materials, 8 (2009) 872-875. 
2. M.D. Levi, N. Levy, S. Sigalov, G. Salitra, D. Aurbach, J. Maier, J. Amer. Chem. Soc. 132 (2010) 13220-

13222. 
3. M.D. Levi, S. Sigalov, G. Salitra, R. Elazari, D. Aurbach, J. Phys. Chem. Lett., 2 (2011) 120-124. 
4. M.D. Levi, S. Sigalov, G. Salitra, D. Aurbach, J. Maier, Chem. Phys. Chem (2011), 12, 854-862. 
5. M.D. Levi, S. Sigalov, D. Aurbach, L. Daikhin, J. Phys. Chem. C, 117 (2013) 14876-14889. 
6. M.D. Levi, S. Sigalov, G. Salitra, R. Elazari, D. Aurbach, L. Daikhin, V. Presser, J. Phys. Chem. C, 117 

(2013) 1247-1256. 
7. M.D. Levi, S. Sigalov, G. Salitra, P. Nayak, D. Aurbach, L. Daikhin, E. Perre, V. Presser,  J. Phys. Chem. C, 

117 (2013) 15505-15514. 
8. M.D. Levi, M.R. Lukatskaya , S. Sigalov, M. Beidaghi, N. Shpigel, L. Daikhin, D. Aurbach, M.W.  Barsoum, 

Y. Gogotsi, Adv. Energy Mater. 2014, 1400815. 
9. N. Shpigel, M.D. Levi,  S. Sigalov, O. Girshevitz, D. Aurbach, L. Daikhin, N. Jäckel, V. Presser, 

Angewandte Chemie, (2015), 54, 12353 –12356. 
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The Li-ion technology still needs improvements to fulfil the requirements for electric 

mobility, especially in terms of energy density. LiNi0.5Mn1.5O4 (LNMO) is a promising 
cathode material thanks to its high potential during cycling and thus its high energy density 
[1]. However, it suffers from stability problems in long-term applications, especially in full-
cell configuration against a graphite electrode. The understanding of the main and side 
reaction mechanisms is crucial to develop this cathode further and to this, operando 
techniques are the most suitable ones to follow the structural and/or surface changes occurring 
during the lithiation/delithiation processes. 

For the structural changes and especially to follow the lithium, a cylindrical cell for 
neutron powder diffraction measurements was developed. A representative result from such 
operando diffraction experiments is shown in Figure 1, left. During cycling, LNMO 
undergoes a solid-solution reaction from pristine to half-delithiated states followed by a two-
phase reaction occurring from half to fully delithiated states with a total shrinkage of the 
lattice parameter of ca. 6 %. Similar results were obtained from our in house operando XRD 
measurements. 

The near-surface region of the LNMO was investigated using operando Raman 
spectroscopy (Figure 1, right). The assignment of the peaks and their intensities were 
confirmed by first principle calculations. Finally, online electrochemical mass spectrometry 
(OEMS) was used to follow the gas evolution from LNMO during cycling. All these results, 
combining information from bulk and surface, will be discussed, to demonstrate that LNMO 
could be a cathode of choice for future of Li-ion batteries. 

 

 
Figure 1: Contour plot obtained from operando (left) neutron diffraction measurement of (222) 

LNMO peak; (right) Raman spectroscopy measurement of LNMO. 
 
[1] A. Manthiram, K. Chemelewski, E.S. Lee, Energy Environ. Sci. 7(2014) 1339-1350. 
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Batterie electrodes, and in particular Lithium based batteries, have a complex microstructure.
They  are  composed  of  different  solid  functional  constituents  (C,  Si,  LFC,  conductive
binders, ...etc) irrigated by a network of interconnected pores. During operation, the pores are
filled with liquid electrolyte allowing ionic reactions and transport.

The microstructure  of  these complex structures  should  be analyzed at  different  important
length scales.  The morphology of  the  initial  pristine  electrodes  is  first  a  key information
allowing  to  understand  and  then  optimize  the  electrode  behavior.  The  changes  in  this
microstructure is then another important indicator of the degradation of the performance of
the battery in service.

This microstructure and its evolution being complex in nature and the connectivity of the
phases being of utmost importance for electrical transport, 3D imaging techniques could be
interesting tools to use.

For all these reasons, analyzing the microstructure of the electrodes has been carried out in the
present  study using non destructive X Ray Tomography (XRT) at  different  scales and  in
operando.  Because the resolution in  XRT is sometimes not good enough for the smallest
scales in these electrodes, FIB-SEM destructive tomography has also been used to analyze the
microstruture and its evolution.
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To monitor dynamic volume changes of electrode materials during electrochemical 

lithium storage and removal process is of utmost importance for developing high performance 
lithium storage materials. Small angle X-ray scattering (SAXS) is one of the most useful 
analytical techniques to investigate properties of nano materials since the SAXS technique 
works very well in characterizing unique nanostructures of materials with the probing range 
of 1 – 100 nm. In order to further gain insights on the nanostructural changes of materials 
during cycling, it is highly required to develop a new analytical technique with in operando 
capability to monitor physical changes of mesopores in the electrode material. We herein 
report an in operando probing of mesoscopic structural changes in ordered mesoporous 
electrode materials during cycling with synchrotron-based small angel X-ray scattering 
technique. In operando SAXS studies combined with electrochemical and other physical 
characterizations straightforwardly show how porous electrode materials underwent volume 
changes during the whole process of charge and discharge, with respect to their own reaction 
mechanism with lithium. Moreover, the changes of mesoscopic cell volumes upon lithiation 
and delithiation also can be exactly measured, from which we can get direct evidence that 
proves the role of mesopores in the active materials to effectively accommodate the volume 
expansion of crystalline frameworks by the reaction with lithium. Such a precise in operando 
probing technique for pore dynamics of ordered porous materials can be also utilized to study 
nanostructural changes of the electrode materials in other electrochemical systems adopting 
porous materials, such as electrode of the fuel cells, supercapacitor and metal-air battery 
systems. We also believe that in operando investigation of dynamic changes in the mesoscale 
order will help us to deeply understand physical behaviors of lithium storage materials, 
thereby providing valuable guidance for designing innovative nanostructured materials for 
next generation energy storage system. 
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The use of Si alloy negative electrodes in practical high energy density Li-ion cells has now 
been well-established [1].  Their successful implementation requires combining materials, 
binder, coating, electrolyte and cell design.  This presentation will focus on recent advances in 
Si alloy materials. 
 
Optimization of Si alloys requires a detailed understanding of the interaction of Si with other 
active and inactive phases.  We have found that internal stresses can develop between active Si 
and an inert inactive phase can be as high as 2 GPa during lithiation, and can shift the voltage 
curve of Si by hundreds of mV [2], as shown in Figure 1 below.  This voltage shift can result 
in the Li15Si4 formation peak, which usually resides at about 50 mV [3], to be shifted below 0 
V, thus inhibiting Li15Si4 formation.  Moreover, the stress induced voltage shift can cause a 
significant portion of the Si lithiation voltage curve to be shifted below zero volts, resulting in 
capacity reduction [2].  Different inactive phases were found to shift the Si voltage curve by 
different amounts, implying that the interaction between Si and inactive phases can vary 
substantially, depending on composition [4].  Such results have important implications 
regarding the design of new alloy materials. 
 
 

 
Figure 1  (a) The voltage curves and (b) the average lithiation and delithiation voltages of NixSi1-x 

alloys as a function of composition.  Reproduced with permission from Reference 2. 
 
 
References 
[1] M.N. Obrovac and V.L. Chevrier, Chem. Rev., 114 (2014) 11444-11502. 
[2] Zhijia Du, T.D. Hatchard, R.A. Dunlap, M.N. Obrovac, J. Electrochem. Soc., 162 (2015), A1858-A1863. 
[3] M.N. Obrovac and L.J. Krause, J. Electrochem. Soc., 154 (2007) A103-A108. 
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The high gravimetric capacity of lithiated silicon (Si) has motivated research as a potential 
anode for lithium ion batteries; however, major challenges remain for the implementation of 
Si in commercial devices. The large irreversibility associated with the formative cycles of Si 
anodes is primarily due to mechanical pulverization and chemical instability. The mechanical 
pulverization of the Si active material has largely been improved by adopting nanostructures 
and thin films which can accommodate the strain of full lithiation.1-2 Conversely, the chemical 
instability due to the consumption of Li ions as the electrolyte is reduced to inactive side 
products,4 forms the solid electrolyte interphase (SEI) leading to poor capacity retention and 
Coulombic efficiency. Therefore, a direct investigation of the SEI morphology and 
composition to improve Si electrodes has been carried out. 
We have improved the performance of Si anode by optimizing electrode fabrication, 
incorporating electrolyte additives, and coating for Si nanoparticles. The optimized 
parameters improved the initial Coulombic efficiency to 88.8 % without the use of additives 
or coatings. A series of advanced characterization techniques was used to investigate the 
material and interface properties. Using atomic resolution scanning transmission electron 
microscopy and electron energy loss spectroscopy (EELS) demonstrates that a uniform dense 
SEI consisting of primarily inorganic compounds improves longterm cycling performace 
(Figure 1(a)). Anoxic X-ray photoelectron spectroscopy and time-of-flight secondary ion 
mass spectrometry depth profiling techniques were used to accurately characterize effect 
fluoroethylene carbonate (FEC) on amprphous Si thin films (Figure b,c)), giving evidence to 
fast reduction kinetics of FEC, leading to the improving silicon’s conductivity via silicon 
native oxide etching and improved Li-ion transport through the SEI via a shuttling 
mechanism. The use of conformal coating to form an artificial SEI through molecular layer 
deposition can further improve both the mechanical and chemical instability of Si electrodes. 
The understanding of the SEI morphology and chemical composition will shed light on the 
design of future Si electrodes. 

 
Figure 1(a) EELS spectra Li-K edge of cycled Si composite electrode (b) Specific capacity versus 

cycling of a-Si thin films at C/2 rate and (c) relative SEI composition after cycling. 
[1] Xu, C.; Lindgren, F.; Philippe, B.; Gorgoi, M.; Björefors, F.; Edstrom, K.; Gustafsson, T. Chem. Mater. 
27 (2015) 2591-2599. 

[2] Liu, N.; Wu, H.; McDowell, M. T.; Yao, Y.; Wang, C.; Cui, Y. Nano Lett. 12 (2012) 3315–3321. 

[3]  Verma, P.; Maire, P.; Novák, P. Electrochim. Acta  55 (2010) 6332–6341. 
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Over the past years, lithium-ion battery became one of the most promising energy storage 

technology addressing a large range of applications, from hybrid electric vehicles, electric 

vehicles to Plug-in Hybrid Electric Vehicles, which are essential to reduce the fossil oil 

dependency. In order to meet requirements of these automotive applications, it is necessary to 

find both higher capacity and higher capacity retention electrode materials for Li-ion batteries. 

Providing new materials for the negative electrode of Li-ion cells has therefore been the 

subject of many investigations for more than a decade. Among the candidates for negative 

electrode, silicon appears as an attractive alternative to graphite due to its natural abundance, 

high specific gravimetric capacity (3579 mAh.g-1 vs. 372mAh.g-1 for graphite) and a large 

volumetric capacity (2081 mAh.cm-3 vs. 779 mAh.cm-3). Silicon based electrodes however 

suffer from poor cyclability due to the large volumetric expansion of Si particles upon cycling 

as well as an unstable solid electrolyte interphase (SEI) caused by a continuous liquid 

electrolyte degradation at the surface of the Si phase leading to the increase of the amount of 

electrolyte-degradation products. Although the interface between Si particles and the 

electrolyte is playing a major role in the electrochemical performance, it has rarely been 

characterized in depth and the failure mechanism of silicon-based electrodes has been studied 

only in a half-cell configuration. In the present work, a combination of analytical techniques, 
7Li, 19F MAS NMR, XPS, TOF-SIMS and STEM-EELS, provides an in-depth 

characterization of the SEI forming on the surface of silicon particles as well as its evolution 

upon cycling in a full Li-ion cell configuration with LiNi1/3Mn1/3Co1/3O2 as the positive 

electrode. 
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The introduction of silicon as an anode active material with high volumetric capacity and low 
charge/discharge potential will enable cell manufacturers to increase the energy density of 
lithium-ion batteries up to 40% depending on cathode chemistry and cell design [1]. 
Besides technical challenges resulting from the volume change during (de-)lithiation, several 
prerequisites like scalability, reproducibility and economic attractiveness of the active 
material have to be met to allow introduction into a broad range of applications. 
Up to now, three major challenges resulting from the extreme volume change of silicon 
(~300%) during de-/lithiation hamper the use of silicon-based anode active materials. These 
are: (i) loss of electrical contact by electrochemical milling, (ii) loss of electrical contact by 
insufficient electrode stability and (iii) loss of capacity by initial and continuous irreversible 
lithium-ion loss due to SEI effects.  
Different approaches to solve these problems are currently under investigation [2,3]. First of 
all, the use of nano-sized or nano-structured silicon should reduce the mechanical stress 
leading to the fracture of silicon. Furthermore, an optimized binder and/or a matrix 
incorporating the active material should allow for compensating the silicon volume change. 
Finally and most challenging, industrial feasible concepts have to be developed in order to 
reduce the initial as well as continuous capacity loss by SEI (re-)formation. Material concepts 
avoiding or minimizing the contact between the nano-silicon as well as electrolytes for a 
stable SEI on the silicon surface are viable attempts to solve this problem. 
In agreement with literature [4] our findings show that nanosized Si particles with a diameter 
< 200 nm and carbon composites incorporating these particles proved to be stable during 
cyclization. In contrast to carboxymethyl cellulose, an in-house developed binder [5] enables 
high cycle stabilities at application-relevant area loadings (~2 mAh/cm2). By optimized 
electrolytes the capacity loss can be considerably reduced. Evidently, even after 300 full 
cycles silicon significantly contributes to the anode capacity. Combinations of advanced Si-
based electrodes with an optimized electrolyte enable to reduce the initial capacity loss to a 
level comparable to graphite. Several hundred cycles with 80% capacity retention depending 
on the cathode material (e.g. NMC-111, NCA) have been achieved in full cells with industry-
relevant area loading and balancing.  
Despite significant progress, the investigated material concepts are still under development 
and need to be fully implemented in order to achieve the performance required for market 
introduction (at least 500 cycles at 80 % capacity retention). 
 
[1] M. N. Obrovac, V. L. Chevrier, Chem. Rev. 2014, 114, 11444. 
[2] A. J. Appleby et al., J. Power Sources 2007, 163, 1003. 
[3] R. Marom et al., J. Mater. Chem. 2011, 21, 9938. 
[4] X. H. Liu et al., ACS Nano 2012, 6, 1522. 
[5] DE102014203750 A1. 
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In LixFePO4, the ground state phase separation and metastable solid solution are energetically 
competitive, and the solid solution phase is induced in a non-equilibrium electrochemical 
reaction. However, until now, there has been no discussion or experimental report of the 
crystal structure, optical and transport properties of the metastable solid solution phase due to 
the following extreme technical difficulties. First, the solid solution phase LixFePO4 is 
metastable during electrochemical process and disappears within a few seconds after 
relaxation. We overcame this limitation by quenching LixFePO4 (x = 2/3) at 350 °C to room 
temperature. This quenched phase remained stable for a couple of weeks, which enabled 
sufficient time to measure the several intrinsic properties. Second, conductive carbon may 
form during sintering at high temperature from possible carbon sources such as polyolefin 
worn from jars, organic solvent used in milling and carbon-containing precursors (e.g., 
oxalate FeC2O4!2H2O). Finally, impurities such as Li3PO4, Li4P2O7 and FexP resulting from 
off-stoichiometric mixing or the carbon reduction effect above 800 °C will largely increase 
the apparent optical absorption and conductivity of LixFePO4 by several orders of magnitude. 
The scattering of the conductivity data resulting from the above extrinsic effects has troubled 
and confused scientists for a long time. In our present study, pure carbon-free LiFePO4 and 
FePO4 were prepared using carbon-free precursors and controlling sintering parameters, and 
the intrinsic superstructure [1], optical properties [2], and conductivity [3] of quenched single 
phase LixFePO4 (x = 2/3) was evaluated. 
 

!
Figure 1 Nyquist plots for thermodynamically stable FePO4, LiFePO4, and the isolated intermediate solid solution Li0.6FePO4. The non-
equilibrium solid solution Li0.6FePO4 shows approximately two orders of magnitude lower resistance than the equilibrium end members 
FePO4 and LiFePO4. 
 
[1] S. Nishimura, R. Natsui, A. Yamada, Angew. Chem. Int. Ed. 54 (2015) 8939–8942.  
[2] S. Furutsuki, S. C. Chung, S. Nishimura, Y. Kudo, K. Yamashita, A. Yamada, J. Phys. Chem. C, 116 (2012) 
15259-15264 
[3] J. Lu, G. Oyamad, S. Nishimura, A. Yamada, submitted, (2015) 

Discharged state 
LiFePO4�

Charged state 
FePO4�

Intermediate solid-solution 
Li0.6FePO4�
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Lithium- and manganese-rich layered oxides Li1+x(Mn1‐y‐zNiyCoz)1‐xO2 (LMR-NMC) are able 
to reach reversible capacities higher than 250 mAh.g-1, much more than conventional positive 
electrode materials. To achieve such capacities, they need an electrochemical activation by 
increasing the upper voltage limit of the first cycle (up to 4.8 V vs. Li+/Li). Further cycling 
also requires rather high potentials to take full advantage of the great capacities of these 
materials. However, usual liquid electrolytes (organic carbonate solvents mixtures) undergo 
oxidative reactions at the electrode surface at high potentials (~ 4.5V vs. Li+/Li). To prevent 
such reactions, one solution is to use electrolyte additives that are able to form a passivating 
film at the positive electrode/electrolyte interface. 
In this presentation, I will discuss the effect of three additives. Two organic: Vinylene 
Carbonate (VC), Succinic Anhydride (SA), and one inorganic: Tris(2,2,2-trifluoroethyl) 
phosphite (TTFP). Electrochemical characterisation revealed the beneficial effect of such 
additives. X-ray Photoelectron Spectroscopy (XPS) investigation of surface/interface 
mechanisms has shown that these additives not only improve the anodic stability of the 
electrolytes in contact with the positive electrode surface, but also act on the LMR-NMC 
material itself. Especially, it was shown that the presence of the additive improves the 
efficiency of the electrochemical activation step on the material. 

 
XPS O 1s spectra of LMR-NMC electrodes before cycling, and after 1 cycle and 165 cycles, in half 

cells with EC/PC/EMC/DMC + 1M LiPF6 + 5 wt. % TTFP electrolyte 

O 1s
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species

Material
Oxygen

1. 
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2.
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3. 
165 cycles

 

538 536 534 532 530 528 526

Binding energy (eV)
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Highly concentrated electrolytes have many unique properties,1-4 such as Li+-intercalation into 
graphite anode without EC,1,3 suppression of S8

2- ion dissolution in Li-S batteries, etc., and is 
attracting much attention of many researchers.  In highly concentrated electrolytes, all solvent 
molecules are strongly coordinated with Li+ ions, and hence the stability of the electrolytes 
against oxidation is improved significantly.  Yoshida et al. reported that LiCoO2, which is a 4-
V cathode, can be charged and discharged in a LiTFSI/triglyme (1:1) electrolyte with good 
cycleability,3 though triglyme is an ether compound and usually cannot be used as solvent.   
5-V cathodes, e.g. LiNi0.5Mn1.5O4 and LiCoPO4, are promising for the next-generation LIBs 
with high energy densities.  Unfortunately no electrolyte systems that tolerate the highly 
oxidative 5 V cathode have been reported so far.  In the present study, we investigated the 
effect of concentration on the stability of highly concentrated electrolytes, LiPF6/PC and 
LiBF4/PC, against a 5-V cathode, LiNi0.5Mn1.5O4 to realize 5-V LIBs with high energy 
densities. 
 
Figure 1 compares charge/discharge curves of a 5-V spinel LiNi0.5Mn1.5O4 in standard (0.83 
mol kg-1, 1 M, Li/PC = 11.8) and highly concentrated (4.9 mol kg-1, Li/PC = 2) LiBF4/PC at 
30C.  The charge/discharge rate of C/10 was employed to emphasize electrolyte 
decomposition.  Thought the LiNi0.5Mn1.5O4 can be charged and discharged in both 
electrolytes, the irreversible capacity (Qirr) in 1 M LiBF4/PC was high (76 mAh g-1) because 
of vigorous electrolyte decomposition.  In contrast, Qirr was significantly reduced in the 
concentrated electrolyte, which indicated that stability against oxidation was improved in the 
highly concentrated electrolyte.  Similar tendency was also observed in highly concentrated 
LiPF6/PC electrolytes, though polarization on 
charging and discharging were much higher. 
 
A fresh half-cell was fully charged to 5.0 V, 
and kept at 60C for 3 days in LiPF6/PC 
electrolytes.  The amount of Mn deposited on 
lithium counter electrode was evaluated by ICP 
as a measure of dissolved Mn ions.  The 
amount of dissolved Mn ions decreased with 
increasing Li/PC ratio, which indicated that the 
use of highly concentrated electrolytes is also 
effective for suppressing Mn ion dissolution. 
 
This work was supported by a Kyoto Area Super Cluster 
Program, Japan Science and Technology Agent (JST), 
Japan. 
 
References: [1] S.-K. Jeong et al., J. Power Sources, 175, 540 (2008).; [2] K. Dokko, et al., J. Electrochem. Soc., 
160, A1304 (2013).; [3] K. Yoshida, et al., J. Am. Chem. Soc., 133,13121 (2011).; [4] Y. Yamada, et al., ACS 
Appl. Mater. Interfaces, 6, 10892 (2014). 

Fig. 1 Charge and discharge curves of 
LiNi0.5Mn1.5O4 in 0.83 mol kg-1 (1 M) and 4.9 
mol kg-1 LiBF4/PC at 30C.  Charge and 
discharge rate: C/10. 
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Transition metal (TM) fluorides have been investigated in the search of new chemistries for 
lithium ion rechargeable batteries. In spite of the characteristic insulating behavior of these 
typical ionic compounds they are highly interesting. Fluorine ligands tend to raise 
intercalation potential opening new possibilities to find high energy electrode materials. 
However, the increment of intercalation potential with respect to similar oxides may drive the 
operating window out of the electrochemical stability window of the commonly used liquid 
electrolytes. A controlled effect on potential increase may be reached through the partial 
substitution of oxygen by fluorine.  Thus proper oxygen by fluorine substitution may produce 
an increase of the intercalation potential but keeping it below the high voltage stability limit 
of the electrolyte. An important drawback is that stoichiometric control is not easily achieved 
and the chemistry of oxyfluorides is not as well-known as the chemistry of oxides. Academy 
has to make an effort to develop basic knowledge on these interesting materials and in 
particular reliable, reproducible and safer (HF free) synthesis methods. Note that due to 
crystal chemistry differences between oxygen and fluorine, crystalline structures with 
different features for insertion reaction may exist.  
In this connection we have been working in the past few years on cryolites Li3MF6 (M=Fe 
and V) and in the partial substitution of F by O which it proved to be difficult. However, we 
contribute now to the research on oxyfluorides by presenting a new oxyfluoride VO2F for 
which non previous evidences of its existence had been reported. It fills the gap in the MO2F 
compounds of Group 5 elements: V, Nb and Ta. Intercalation of lithium into NbO2F has been 
reported, but vanadium is much more interesting owing to its lightness.  
The synthesis procedure consists in simultaneous high temperature and high pressure 
treatment of V2O5 and VF3 mixture at 4 GPa and 1073K. Vanadium dioxyfluoride is 
isostructural with TiO2F exhibiting a hexagonal structure related to the ReO3 structure.  
A complete chemical and microstructural study has been undertaken to fully characterize the 
new oxyfluoride. Regarding its electrochemical behavior, it is characterized by a long 
discharge from 4 to 1.5 V that develops ca. 450 mAh/g. However, the voltage-composition 
curve during the whole first discharge – charge cycle and further cycling (reversible capacity 
of 350mAh/g) indicate that VO2F transforms irreversibly, similarly to the case of NbO2F. In 
the high voltage region a kinetically limited intercalation reaction takes place. Mechanical 
milling enables intercalation and thus a reversible capacity of 250 mAh/g has been observed 
in the 4-2.25 V range. Nevertheless cycleability has been found to be limited in the high 
voltage region. Changes of vanadium oxidation state upon intercalation are presently being 
investigated by XAS to shed light in the intercalation reaction mechanism.      
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Na-ion batteries are attracting much 
more interests as lithium-free high-voltage 
batteries because lithium resource is not 
abundant in the Earth’s crust.  Indeed, we 
found many papers on Na batteries reported 
even in the last IMLB. When we look back on 
the history of Na-ion batteries in Figure 1,
there have appeared to be a few pioneering 
reports to demonstrate Na-ion full cells by 
Shacklette, Doeff, Alcántala, and Barker’s 
groups in 1988, 1993, 2001, and 2003, 
respectively [1].  We note that the sodium-ion
battery of Pb-polyphenylene//P2-NaxCoO2
developed by Japanese and U.S. companies 
demonstrates good cycle-life according to 
their patents submitted in 1987-1988. In 
2009, we succeeded in high performance Na-
ion batteries by the development of sodium insertion shuttle-cock battery with adequate 
electrolyte [2].  Our present motivation is to achieve highly energetic Na-ion made from abundant 
materials free from toxicity.
 Layered transition metal oxides are promising candidates as positive electrode materials 
for Na-ion batteries because of the relatively high capacity, good cycle stability, and acceptable 
voltage range.  Considering a difference in the standard potential between Li and Na, high 
operating voltage is required for positive electrodes to realize high energy Na-ion batteries.  By 
studying on composition and structure of layered oxides, P2-Na2/3Ni11/36Mn23/36Al1/18O2 shows 
ca. 150 mAh/g of reversible capacity 
with relatively high operating voltage 
of more than 3.5 V vs. Na as shown in 
Figure 2.  Furthermore, calculated 
energy density (Wh/kg) of the Na-ion 
batteries of hard-carbon//P2-
Na2/3Ni11/36Mn23/36Al1/18O2 is 
approaching about 90% of the 
conventional Li-ion graphite//LiCoO2.
We will present and discuss our recent 
progress and perspective in the layered 
oxides for positive electrodes of Na-
ion batteries. 
References 

[1] N. Yabuuchi, S. Komaba, et al., 
Chem. Rev., 114 (2014), 11636. 
[2] S. Komaba et al, ECS Meeting, 
Abst. #684, Vienna, Austria (2009). 

Figure 1   Yearly number of papers on sodium batteries. Data 
are based on Web of Knowledge in Oct. 2015 and summarized 
by our MS students, Mr. Hashimoto, Asari, Hashimoto and 
Hironaka.  Conferences on Na are also inserted.

Figure 2   Average voltage (Vave) and energy density (Wh/kg) versus 
gravimetric capacity (mAh/g) for selected positive electrode materials 
for Na-ion batteries. Energy density was calculated with the hard 
carbon (reversible capacity of 300 mAh/g with Vave = 0.3 V vs Na 
metal) as negative electrode materials.
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LiVPO4F and Na3V2(PO4)2F3 are respectively positive electrode materials for Li-ion and Na-
ion batteries, which are attracting strong interest due to their high capacity, rate capability 
and long-term cycling stability.1,2  
 
We will show how challenging is the control of oxygen over fluorine stoichiometry in these 
fluorophosphates. Existence of characteristic lithium defect environments has been for 
instance recently revealed using solid-state 7Li nuclear magnetic resonance in well-
crystallized Tavorite LiVPO4F,3 despite they were not seen by high resolution X-ray and 
neutron diffraction as well as scanning transmission electron microscopy. The nature of these 
defects will be discussed, considering different possible sources of aging of LiVPO4F. 
 
We already showed a complex phase diagram as a function of the charge state for 
Na3V2(PO4)2F3, on the contrary to the straightforward solid solution described in the 
literature.4 From structural determination based on high resolution X-ray powder 
synchrotron data and bond valence sum analysis we proposed for instance in NaV2(PO4)2F3 
two vanadium environments, V3+ and V5+, instead of a single one (i.e. V4+). We will report 
on the operando investigation of the redox processes involved during sodium deintercalation 
and on the charge compensation mechanism on the V site, considering X-ray absorption near 
edge structure measurements collected at the V k-edge. 
 
Acknowledgements: 
This research is performed in the frame of the French network RS2E (http://www.energie-
rs2e.com) and of the European network ALISTORE-ERI (http://www.alistore.eu). This 
project is partly funded by the French National Research Agency ANR (Descartes project 
SODIUM and Progelec project HIPOLITE) and by the H2020 European Program (Project 
NAIADES). 
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[2] Ponrouch et al. Energy & Environmental Science 6(8), 2361-2369 (2013) 
[3] Messinger et al. Chem. Mater. 27(15) (2015) 
[4] Bianchini et al. Chem. Mater. 27(8), 3009 (2015) 

International Battery Association (IBA 2016) Nantes, France - 20-25 March, 2016 INV15



NON-AQUEOUS K-ION BATTERIES  
 

Christoph Vaalmaa,b, Daniel Buchholza,b and Stefano Passerinia,b 

a Helmholtz Institute Ulm (HIU), Electrochemistry I, Helmholtzstrasse 11, 89081 Ulm, 
Germany 

b Karlsruhe Institute of Technology (KIT), P.O. Box 3640, 76021 Karlsruhe, Germany  

 
stefano.passerini@kit.edu 

 
Mobile electronics and increasing interest in electromobility have substantially pushed battery 
research in recent years. Since the 1970s, lithium- and sodium-based materials 
forrechargeable batteries have been studied in parallel. The commercialization of the first 
lithium-ion battery (LIB) in 1991 shifted the focus of the research community solely towards 
this battery technology. However, the use of LIBs for large-scale applications leads to 
concerns about the availability and price stability of lithium and other materials (e.g. cobalt), 
which are commonly used in LIBs. As a result of these concerns, room temperature sodium-
ion batteries are facin great interest as the specific materials needed for the sodium based 
batteries are generally cheaper and less toxic in contrast to lithium based systems [1]. 
Unfortunately, to date, Na-ion cathodes still show a tendency to deliver lower potentials than 
comparable Li-ion compounds. 
 
This recently shifted researchers’ attention to the investigation of potassium-ion battery (KIB) 
materials, which could possibly combine the higher potential of Li-ion cathodes and the 
feasibility of graphite as anode typical of lithium-ion batteries (LIBs) and the lower cost of 
sodium-ion battery (SIB) materials materials. In fact, the higher ionic radius and mass of K+ 
might result in negligible decrease of the gravimetric capacity but could also give access to 
new advantageous material properties. By that, KIBs could show similar cell performance to 
LIBs at the lower costs of SIBs. 
 
So far, reported K-ion cells were still using K metal as counter electrode. Since the use of K 
metal as electrode material is related to severe safety concerns, which are even higher than for 
the use of Na metal, we will present an organic electrolyte based full cell without the use of K 
metal and give an outlook on possible perspectives in this new field of battery related 
chemistry. 
 
 [1] M.D. Slater, D. Kim, E. Lee, C.S. Johnson, Advanced Functional Materials. 23 (2013) 947–958. 
doi:10.1002/adfm.201200691. 
[2] S. Komaba, T. Hasegawa, M. Dahbi, K. Kubota, Electrochemistry Communications. 60 (2015) 172–175. 
doi:10.1016/j.elecom.2015.09.002..  
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Lithium iron silicates (Li2FeSiO4) offer many benefits as novel cathode materials in Li-ion 
batteries. By using abundant elements, like iron and silicon, they offer an economic 
alternative to the Co based system currently employed in most commercial batteries. Another 
driving factor in battery development is associated with their safety and the Si–O bond 
provides stability similar to the P–O bond in LiFePO4 compounds [1].

Another advantage of the iron silicates, is the theoretical possibility to remove two Li ions 
from Li2FeSiO4, by utilizing the Fe+2/Fe+3 and the Fe+3/Fe+4 redox couples, thus, producing a 
higher capacity than 166 mAh/g for one Li ion. Although capacities greater than 200 mAh/g
have been reported by several groups [2-4] it has yet to be clarified whether it was due to Fe+4

  

formation or electrolyte degradation [1]. Pouch cells were made to study the XANES and 
EXAFS of the Fe K-edge of Li2FeSiO4-based batteries cycled between 3.5 and 4.8 V, so as to 
show the eventual suggested Fe+3/Fe+4 redox couples or wether the additional capacity 
originates from electrolyte degradation [5]. In addition, the pre-edge features of the XANES 
signal will be used in that regard.  

XANES spectra of the Fe K-edge for Li2FeSiO4, cycled between 3.5 and 4.8V and measured at various state of charge. 

[1] M.S. Islam, R. Dominko, C. Masquelier, C. Sirisopanaporn, A.R. Armstrong, P.G. Bruce, J. of Mat.
Chem. 2011, 21, 9811 
[2] D. Lv, J. Bai, P. Zhang, S. Wu, Y. Li, W. Wen, Z. Jiang, J. Mi, Z. Zhu, Y. Yang, Chem. of Mater., 2013,
25, 2014 
[3] A. Kokalj, R. Dominko, G. Mali, A. Meden, M. Gaberscek, J. Jamnik, Chem. of Mater., 2007, 19, 3633 
[4] D. Lv, W. Wen, X. Huang, J. Bai, J. Mi, S. Wu, Y. Yang, J. of Mater. Chem., 2011, 21, 9506 
[5] A. Brownrigg, G. Mountjoy, A.V. Chadwick, M. Alfredsson, W. Bras, J. Billaud, A.R. Armstrong, P.G. 
Bruce, R. Dominko and E.M. Kelder, J. of Mat. Chem. A, 2015, 3, 7314 
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ABSTRACT

Li-ion and related battery technologies will be important for years to come. However, 
society needs energy storage that exceeds the capacity of Li-ion batteries. We must explore 
alternatives to Li-ion if we are to have any hope of meeting the long-term needs for energy 
storage. One such alternative is the Li-air (O2) battery; its theoretical specific energy exceeds 
that of Li-ion, but many hurdles face its realization.[1-5]One spin-off of the recent interest in 
rechargeable Li-O2 batteries, based on aprotic electrolytes is that it has highlighted the 
importance of understanding the fundamental electrochemistry at the positive electrode 
within the battery.[6-15]

The challenges of obtaining efficient, reversible charge and discharge are well-documented in 
the field.  Here, we describe how our recent studies into the electrochemical mechanism of 
O2 reduction to form Li2O2 at the positive electrode might allow us to design new strategies 
to overcome these limitations;[16]

For example, exploiting the effect of 
solvent donor number, Fig. 1. We 
will describe our resent results using 
redox mediators[17] to facilitate the 
electrochemistry along with the 
implications of the results for the 
future of rechargeable Li-O2
batteries.
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Mg batteries are currently considered as one of the possible next generation electrical energy 
storage devices since they have high theoretical energy density and Mg is also highly 
abundant and relatively cheap when compared to Li. Highly passivating nature of magnesium 
metal surface requires special attention to the electrolyte development which should go along 
with a development of active cathode materials. Recently a major progress has been made in 
the field of non-nucleophilic electrolytes with high oxidative stability.1,2 This opened the 
possibility to employ these types of electrolytes with organic materials where weak 
intermolecular forces enable the reversible electrochemical interaction of Mg cations coupled 
with fast diffusion.3,4 
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In this contribution we demonstrate use of several different anthraquinone based polymers as 
an active cathode material which presents a robust approach towards sustainable Mg batteries 
with high power and good cycling properties. Redox active quinone groups in the polymer 
matrix together with Mg powder anode separated by non-nucleophilic electrolytes show 
excellent electrochemical activity and stability during cycling. All electrochemical tests were 
performed in the two electrode modified Swagelok laboratory cells. Capacities between 150 
and 200 mAh/g at a voltage from 1.5 – 2.0 V with stability over 100 cycles are realistically 
obtainable in the system used in our work. The present results pave the way for the use of 
other organic active materials and the further development of electrolyte systems. In 
particular, by broadening the range of organic solvents used, we expect that even better 
stability and higher capacity of organic materials can be achieved. 
 
Reference to a journal publication:  
[1] S. Kim, T. S. Arthur, G. D. Allred, J. Zajicek, J. G. Newman, A. E. Rodnyansky, A. G. Oliver, W. C. 
Boggess, J. Muldoon, Nat. Commun. 2011, 2, 427–431. 
[2] R. E. Doe, R. Han, J. Hwang, A. J. Gmitter, I. Shterenberg, H. D. Yoo, N. Pour, D. Aurbach, Chem. 
Commun. 2014, 50, 243–245. 
[3] J. Bitenc, K. Pirnat, T. Bančič, M. Gaberšček, B. Genorio, A. R. Vitanova, R. Dominko, submitted 2015 
[4] M. Yao, K. Kuratani, T. Kojima, N. Takeichi, H. Senoh, T. Kiyobayashi, Sci. Rep. 4 (2014) 3650. 
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In the quest for new rechargeable battery technology to overcome Li-ion batteries, multivalent 
batteries are one of the possible options. Indeed in multivalent systems, the ions transport 
more than one charge such as 2 in the case of divalent Mg2+ or Ca2+ ions and even 3 in the 
case of trivalent Al3+. [1, 2] For magnesium, proof-of-concept has been achieved with 
complex electrolyte compositions enabling electrodeposition (plating) coupled to covalent 
host cathodes to diminish columbic interactions. [3, 4] Recently Mg-type battery has known a 
regain of interest with especially the development of several new classes of electrolytes. [5] 
The latest one is based on a halogen free electrolyte which presents the advantage to diminish 
strongly the corrosion of current collector and/or battery casing. [6] On the other hand, the 
possibility of developing a secondary battery based on calcium has been much less 
investigated since a previous study concludes about the impossibility to electrodeposit 
calcium. [7] Being the 5th most abundant element on earth and having the second most 
electronegative theoretical potential after Li+/Li, we decide to revisit the possibility to use Ca 
metal as an anode in rechargeable system. In this report, we will demonstrate the possibility to 
plate and strip calcium in conventional alkyl carbonate electrolytes at moderate temperature. 
Finally, the prospects of developing a new calcium based rechargeable battery technology 
will be discussed. [8] 
 
 
References:  
[1] J. Muldoon, C. B. Bucur, T. Gregory, Chem. Rev. 114, 11683-11720 (2014). 
[2] G.G. Amatucci, F. Badway, A. Singhal, B. Beaudoin, G. Skandan, T. Bowmer, I. Plitz, N. Pereira, T. 
Chapman, R. Jaworski, J. Electrochem. Soc. 148, A940-A950 (2001). 
[3] D. Aurbach, Z. Lu, A. Schechter, Y. Gofer, H. Gizbar, R. Turgeman, Y. Cohen, M. Moshkovich, E. Levi, 
Nature, 407, 724-727 (2000). 
[4] H.D. Yoo, I. Shterenberg, Y. Gofer, G. Gershinsky, N. Pour, D. Aurbach, Energy Environ. Sci. 6, 2265-2279 
(2013). 
[5] J. Muldoon, C.B. Bucur,  A.G. Oliver, T. Sugimoto, M. Matsui, H.S. Kim, G.D. Allred, J. Zajicek, Y. Kotani, 
Energy Environ. Sci. 5, 5941-5950 (2012).  
[6] O. Tutusaus, R. Mohtadi, T. S. Arthur, F. Mizuno, E. G. Nelson, Y. V. Sevryugina, Angewandte Chem. Intl. 
Ed., (2015), DOI: 10.1002/anie.201412202 
[7] D. Aurbach, R. Skaletsky, Y. Gofer, J. Electrochem. Soc. 138, 3536-3545, (1991). 
[8] A. Ponrouch, C. Frontera, F. Bardé, M.R. Palacín, Nat. Mater., (2015), DOI: 10.1038/nmat4462 
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    To further develop high-energy density Li/Na ion batteries, a feasible strategy is to develop 
cathode materials is able to work at high-voltage. For example, the upper limit voltage of 
commercial LiCoO2 has been extended to 4.4 or 4.45(vs. Li). In order to achieve this target, highly 
stable electrode/electrolyte materials are necessary. In this talk, we will present some results about 
understanding how to keep high stability of electrode/electrolyte at high voltage with alivolent 
doping and electrolyte additives.  

    In the first example[1], suberonitrile (SUN) and LiBOB were investigated as binary additives 
for Li-ion batteries that used LiCoO2 as a cathode, cycled at high cutoff potentials and utilized 
LiPF6-based electrolyte. In the electrolyte with binary additives, the electrochemical performance 
of LiCoO2 was enhanced significantly, and the initial coulombic efficiency increased to 94% 
compared with 90% in reference electrolyte. The cell also exhibited capacity retention of 62% 
after 500 cycles, a strong contrast with the 25% measured in reference electrolyte. EIS, SEM, 
TEM and XPS analyses indicated that the combination of the two additives had a unique influence 
on the structure and composition of the cathode-electrolyte interface on LiCoO2. Ex situ XRD 
confirmed that structural change of the LiCoO2 material was not the main reason causing poor 
cycling performance when charging to the 4.5 V cutoff potential. In addition, some new progress[2] 
in the controlling cycling stability of P2-type Na0.66Ni0.33Mn0.67O2 with Zn2+-doping and its 
working mechanism will be also presented. 

 
Figure 1.Comparison of (a) the initial voltage profiles at 14 mAg−1, (b) the cycling performance and 

coulombic efficiencies of LiCoO2/Li half cells at140 mAg−1. 
Reference: 
[1] Y. Ji, S. Li, G. Zhong, Z. Zhang, Y. Li, M. J. McDonald, Y. Yang Journal of The Electrochemical Society. 
162 (2015) A7015-A7023. 
[2]  a) X.H.Wu, J.H.Guo, et al, J Power Sources, 281(2015), 18-23; b) X.H.Wu, G.M.Zhong et al; to be 
submitted 
 

International Battery Association (IBA 2016) Nantes, France - 20-25 March, 2016 INV19



Advanced  Materials for Electrodes in Na-ion batteries. 
  

 

Professor Teófilo ROJO 
1 Departamento de Química Inorgánica. Facultad de Ciencia y Tecnología. UPV/EHU, P.O. Box 
644, 48080, Bilbao, Spain. e-mail teo.rojo@ehu.es 
2 CIC energiGUNE, Parque Tecnológico de Álava, Albert Einstein 48, 01510, Miñano, Spain. 
 e-mail: trojo@cicenergigune.com 
 
Energy storage possesses an important role in order to rationalize the use of both fossil 
and renewable energy sources. Scientists are looking for inexpensive and green 
energy storage systems. At CIC-Energigune we are working on electrochemical energy 
storage: batteries and supercapacitors. A brief description of the activity developed at 
CIC-Energigune and fundamentally on sodium-ion batteries will be presented. 

The development of sodium ion batteries is moving at a much faster rate and its use in 
the market is expected to be in near future. Very promising results have been reported 
in the recent past showing the performances of the sodium ion batteries very 
competitive for stationary energy storage [1, 2].  

Energy density values of 210 Wh/kg can be obtained by using some specific electrode 
materials with an average cell potential of 3.3 V. A great range of compounds is being 
studied as possible cathode materials for Na-ion batteries, from oxides 
Nax[Fe1/2Mn1/2]O2 to phosphates NaFePO4, fluorophosphates Na3V2O2x(PO4)2F3-2x 
(where 0≤x≤1). Regarding the negative electrode, unlike the lithium ion batteries, the 
inability of sodium to insert into graphite is promoting the use of hard carbons, titanates 
and sodium alloys composites as anode materials. 

In this talk we will present a general overview of the most interesting materials 
for electrodes in Na-ion batteries and the relationship between the structure and the 
electrochemical properties of these compounds. 

 

References: 

[1] V. Palomares, P. Serras, I. Villaluenga, K. B. Hueso, J. Carretero-González, T. Rojo. Na-ion 
batteries, recent advances and present challenges to become low cost energy storage systems. 
Energy Environ. Sci. 2012, 5, 5884-5901.  

 [2]  V. Palomares, M. Casas-Cabanas, E. Castillo-Martinez, Man H. Han, T. Rojo. Update on Na-
Based Battery Materials. A Growing Research Path.  Energy Environ. Sci.  6,2312-2337(2013) 
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Room temperature sodium-ion batteries (NIBs) are expected to play a significant role in 
the future as an alternate battery technology to lithium-ion batteries, especially in 
applications where the weight and size of a battery are not crucial parameters. In this 
context, implementation of NIBs as large scale electrical energy storage (EES) devices 
for handling the intermittent nature of power generation from power plants running on 
renewable sources such as solar and wind will be especially attractive. Factors such as 
globally abundant sodium reserves and the identification of some newly discovered high 
energy density NIB cathodes[1] could make NIBs feasible for future EES. However, such
high performance NIB cathodes would need an equally capable anode. In this talk, we 
will present our results on the sodium storage characteristics and performance of some 
phases within the sodium titanate family operating as low voltage NIB anodes. In 
particular, we will discuss three separate NIB anodes from this family which have 
individually attractive features for different EES applications.  

The first such anode, Na2Ti6O13, demonstrates an ultra-long cycle life of 5,000 cycles 
with a fast response time of 30 C (2 min).[2] We will discuss the cause of this excellent
performance through structural studies. Its capacity close to 50 mAh/g at an average 
voltage of 0.85 V vs Na/Na+ may be attractive for regulating the minute-by-minute
fluctuations of power generated from solar/wind farms, where a fast response time is 
most important rather than storage capacity. The second such NIB anode involves the 
two mole sodium storage per mole of the Na2Ti3O7 phase. This Na2Ti3O7 ⇋ Na4Ti3O7 
sodium storage pathway has an attractively high capacity of 178 mAh/g with a very low 
charge plateau at 0.4 V vs Na/Na+.[3] We will discuss our attempts at stabilizing its
cycling performance through electrochemical and synthesis-related approaches. The 
third NIB anode discussed will be the recently discovered Na2Ti3O7 ⇋ Na3-xTi3O7 
pathway (x ≤ 1) which exhibits a moderate-high capacity of 89 mAh/g with the lowest 
voltage redox activity for any non-carbon based NIB anode at 0.2 V vs Na/Na+.[4] We
will discuss its sodium storage mechanism and show its excellent performance 
punctuated with a response up to 80 C (45 s) with a decent cycle life till 1,500 cycles. 
Furthermore, we will discuss our analyses on the unreliability of sodium metal acting as 
a counter electrode with special considerations to the possibility of erroneous data 
interpretations in sodium half cells[5] with some specific examples.

References 
[1] D. Kundu, E. Talaie, V. Duffort, L.F. Nazar, Angew. Chem. 54 (2015) 3431-3448. 
[2] A. Rudola, K. Saravanan, S. Devaraj, H. Gong, P. Balaya, Chem. Commun. 49 (2013)  7451-7453. 
[3] A. Rudola, K. Saravanan, C.W. Mason, P. Balaya, J. Mater. Chem. A 1 (2013)  2653-2662. 
[4] A. Rudola, N. Sharma, P. Balaya, Electrochem. Commun. 61 (2015)  10-13. 
[5] A. Rudola, D. Aurbach, P. Balaya, Electrochem. Commun. 46 (2014)  56-59. 
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Sodium metal anodes are widely used as counter (or also reference) electrodes in the so 
termed half cell tests, performed mostly at laboratory scale to assess the electrochemical 
performance of a given compound avoiding the assembly of full cells in which electrode 
balancing can severely affect performance. The reliability of extrapolating such half cell 
testing results to potential performance in full cells relies on the stability of the Solid 
Electrolyte Interphase (SEI) formed on the surface of sodium metal anodes as a result of 
electrolyte degradation reactions. 

A comparative study of the composition, morphology and stability of the SEI formed on 
lithium and sodium metal anodes with state-of-the art electrolytes using a range of techniques 
will be presented. The impact of the use of metal anodes (Li or Na) in half cell configuration 
on the impedance of a standard carbonaceous negative electrode (hard carbon, HC hereafter) 
was also discussed. Our results clearly point at the existence of significant differences which 
cast some doubts on the representativity of half-cell tests and call to exercise care in the 
interpretation or extrapolation of their results.1

Figure 1. Impedance of hard carbon measured on the 500 kHz to 10 Hz frequency range in 3 
electrodes configuration with reference and counter electrodes of metal M, at different times of storage 
in open circuit. In (a): M = Li, electrolyte is LP30; in (b): M = Na, electrolyte is 1M NaPF6 in
EC0.45PC0.45DMC0.1.

References: 

 [1] D. Iermakova, A. Ponrouch, R. Dugas, M.R. Palacín. J. Electrochem. Soc. doi: 10.1149/2.0091513jes 
J. Electrochem. Soc. 162 (2015) A7060-A7066.  
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Although Li-ion batteries have been successful in various applications, their shortcomings 
with regard to high cost and global maldistribution of raw materials, as well as safety 
concerns have stimulated alternative rechargeable batteries based on other carrier ions 
represented by sodium and magnesium ions, targeting grid-scale energy storage systems 
(ESSs). However, many electrode materials in these emerging systems often suffer from 
sluggish kinetics due to the larger size or bivalency of carrier ions, limiting electrochemical 
performance particular in specific capacity and operation voltage. In this talk, I will introduce 
a new approach of engaging crystal water in layered cathode materials. The crystal water 
improves the performance of the given materials substantially by shielding electrostatic 
interactions or maintaining the crystal frameworks over repeated cycles. Detailed effects of 
crystal water will also be described [1,2], along with promising potentials towards aqueous 
operations. Electron microscopy characterization for in-depth understanding of these 
materials will also be introduced [3].  
  
 [1] K. W. Nam, S. Kim, E. Yang, Y. Jung, E. Levi, D. Aurbach, J. W. Choi, Chem. Mater. 27 (2015) 3721-
3725.  
[2] K. W. Nam, S. Kim, S. Lee, M. Salama, I. Shterenberg, Y. Gofer, J.-S. Kim, E. Yang, C. S. Park, J.-S. Kim, 
S.-S. Lee, W.-S. Chang, S.-G. Doo, Y. N. Jo, Y. Jung,  D. Aurbach, J. W. Choi, Nano Lett. 15 (2015) 4071-
4079.  
[3] S. Kim, K. W. Nam, S. Lee†, W. Cho, J.-S. Kim, B. G. Kim, Y. Oshima, J.-S. Kim, S.-G. Doo, H. Chang, D. 
Aurbach, J. W. Choi, Angew. Chem. Int. Ed. online published.  
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LiPF6 based non-aqueous organic carbonate solvent based electrolytes solutions are the state-of-
the-art in lithium ion batteries. With the help of various, to most part novel analytical techniques, 
qualitative and quantitative information of the electrolyte degradation products could be gathered 
and eventually resulted in the proposal of mechanisms for related electrolyte aging reactions 
outside and inside the cell [1-3]. Furthermore, reducing the flammability and reactivity of the 
organic solvents, improving overcharge protection and developing more protective 
electrode/electrolytes interfaces plays a key role for the intrinsic (= passive) safety of the battery 
[4]. New electrolyte additives were investigated in terms of their flame retardant abilities and 
their influence on electrochemical performance. The electrolyte was analyzed as a whole system, 
as well as in view of its single constituting components. Novel safety/abuse tests and analytical 
methods were developed to better understand the effect of individual electrolyte components [5]. 
In this presentation, we will discuss the role of liquid organic solvent based electrolytes for safety 
and for cycle and calendar life of lithium ion batteries and how to conduct experiments 
elucidating this role. For instance, experiments to determine the self-extinguishing time of the 
electrolyte as well as nail penetration tests and heat-wait-search tests in an adiabatic reaction 
calorimeter (ARC-HWS) were carried out at different states of health to prove the functionality 
of specific electrolyte additives after long term cycling experiments.  

Refs.: 
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(2015) 201-209. 
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Battery reliability and safety are crucial for market acceptance for battery applications. Yet, 
these two important issues are difficult to manage, due to the lack of quantification methods 
to address them. Here we attempted to define the problem and search for better solutions to 
quantify reliability for battery functionality and performance. By establishing this practice, we 
are confident that battery reliability issues could be addressed more definitively and clearly 
for the goal of battery management. Once the reliability quantification was established, the 
safety issues and criteria for maintaining safety operation of the battery systems could be 
addressed with proper context. 
 
The problems of internal short and thermal runaway in a battery are two severe safety issues 
that need better solutions to handle these potential hazards. Current solutions are more or less 
based on empirical solutions with a two-prong approach: from bottom up, by choosing better 
materials for cell design; and, from the top down, by using tests to regulate the requirements 
for prevention and protection. However, as often a battery may age differently in degree due 
to different duty schedules, user habits, and operating environments, the condition of a battery 
and its state might not be well defined. Thus, the effectiveness in prevention of internal short 
and thermal runaway cannot be assessed confidently. To address the severity of internal short 
and potential for thermal runaway, we began with detailed considerations of thermal balance 
in a cell. We believe that understanding and controlling the heat generation in a cell is the first 
step to deal with these safety hazards. The sources of heat, from Joule heating and chemical 
reactions, should be identifiable and quantifiable before we can design a safer cell for thermal 
management.  
 
In this presentation, we shall begin with the discussion on how to define the state of a battery 
system and to quantify battery state in the system [1-3], followed by the subject on how to 
determine the amount of heat generation from each attributes and model the thermal balance 
in the battery system according to the cell chemistry [4] and design. At the end, a mechanical 
hypothesis on how thermal runaway proceeds in a battery cell would be provided for further 
discussion on how to quantify thermal behavior of a battery in the practice of commercial 
product development. 

 
References:  
[1] M. Dubarry, C. Truchot, A. Devie, B.Y. Liaw, J. Electrochem. Soc. 162 (2015) A877–A884. 
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[4] J. Huang, Z. Li, B.Y. Liaw, S. Song, N. Wu, and J. Zhang, J. Electrochem. Soc. 162 (2015) A2367–A2371. 
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Hybridization of organic and inorganic materials is a way to produce polymeric 
compounds having enhanced mechanical and thermal properties. Solvay proprietary 
functionalized PVDF is able to be linked to silica through i.e. sol-gel reaction. This 
approach has been selected, in combination with the use of several liquid electrolyte, 
notably ionic liquids and organic carbonates, to produce a safe gel polymer separator for 
lithium ion and lithium metal batteries.  
The Ionobrid membrane, obtained combining N-Propyl-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide (Pyr13TFSI), LiTFSI, tetraethyl orthosilicate  and 
Solef® functionalized PVDF, exhibits homogeneous surface with no defects (Fig.1), 
while high ionic conductivity (Fig.2), high flexibility and good mechanical strength can 
be obtained and tuned by adjusting the formulation. The Ionobrid has been successfully 
tested in lithium batteries and results will be presented.  
A comparative study with carbonate based films will be done, focusing on the 
similarities and differences in term of cyclability and physico-chemical properties of the 
hybrid networks. 

   
 

Fig.1: SEM image of Ionobrid membrane 
(magnification 4.0k) 

Figure 2. Ionic conductivities of different 
Ionobrid membrane compositions. 

 
[1] Guyomard-Lack, A., Abusleme, J., Soudan, P., Lestriez, B., Guyomard, D., Le Bideau, J. Adv. Energy 
Mater., 4 (2014) 1301570. 
[2] Kalhoff J., Eshetu GG., Bresser D., Passerini S., ChemSusChem 13 (2015) 2154-75. 
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Silicon containing anodes employed in Li-ion cells are known to drastically boost the 

energy density of a full LIB battery by providing a high intrinsic capacity via LixSi 

intermetallic alloy formation/utilization compared to capacity-limited graphite anodes.  

However because a  >300% volume change occurs between (de)lithiated LixSi states, a 

irreversible trapping of cyclable Li in the full cell negatively impacts performance, 

potentially by lowering cycle life.  In this new approach, we enable new high-energy Si-

containing Li-ion full cell systems with NMC cathodes by supplementing the lithium 

content in the cell from the cathode side via co-blending NMC powder with the anti-

fluorite compound, Li5FeO4 (LFO) that contains a tremendously high gravimetric 

capacity. For example, in a Li/LFO half cell, we observe a huge gravimetric capacity on 

the first charge (Figure 1 and Ref. 1).  The LFO can release upwards of 750 mAh/g 

usuable capacity on this sacrificial first charge.  Note the LFO on discharge is 

electrochemically inactive above 3.0 V (vs Li
o
), and thus will not contribute reversible 

capacity in a typical Si▪C/NMC(LFO) cell cycled in a voltage range above about 2.5 V.   

The Li in LFO also provides small aliquots of Li during long-term cycling in Si cells 

that spares NMC from overcharge.  This presentation will highlight the features of LFO, 

an effective lithium-source additive material. 

 

 

 
Figure 1.  First charge and discharge 

voltage profile of Li/Li5FeO4 cell 

between 4.7 and 1.0 V; C rate is C/40;  

black curve:  standard LFO material, and 

cyan curve: optimized LFO material. 

  

 

 

 [1] C.  S. Johnson et al. Chem. Mater., 22, 1263-1270 (2010)  
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matthieu.dubarry@gmail.com 
 

The Hawai‘i Natural Energy Institute (HNEI) is leading a teamengaged in the research, 
development, deployment, and analysis ofgrid-scale battery energy storage systems (BESS) 
that are designedfor system control and power quality support at the generation,transmission, 
and distribution levels. The program aims to identifyhigh value BESS applications at various 
system levels, developcontrol algorithms that maximize the benefit to the grid/customerand 
the lifetime of the BESS, and evaluate and optimize thosealgorithms under real world 
operating conditions. 
 
Overcharge tolerance has often been studied from a safety standpoint (e.g. thermal runaway), 
but rarely from a durability standpoint.A quantitative battery diagnosis was developed to 
analyse an overcharge event in a commercial Li4Ti5O12 || LiNi1/3Mn1/3Co1/3O2lithium-ion 
pouch cell and the subsequent cycle aging behaviour [1].  
 
Using an electrochemical inference technique and the degradationemulation ‘alawa toolbox 
[2-4], quantitative diagnoses of two cells enduring the same cycle aging conditions, with or 
without the overchargeevent, were performed. From this analysis, ahypothesis of localized 
blockage of the ionic conduction pathway due to gas accumulation was proposed as the 
mechanism drivingthe degradation [1], Figure 1. This hypothesis was then validated using X-
ray computerized tomography (CT scan) and half-cell experiments. 
 

 
Figure 1: Proposed overcharge degradation mechanism. 

 
 
[1]A. Devie,M. Dubarry, and B. Y. Liaw,J. Electrochem. Soc., 162 (6) (2015) A1033. 
[2] M. Dubarry, C. Truchot and B.Y. Liaw,J. Power Sources 219 (2012) 204. 
[3] https://www.soest.hawaii.edu/HNEI/alawa/ 
[4] M. Dubarry, A. Devie, and B. Y. Liaw, J. Energy Power Sources, 1, (2014) 242. 
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CHEMISTRY FOR LI-S BATTERIES 

 
Nae-Lih Wu  

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan 
 

NLW001@ntu.edu.tw 
 

S lithiation during the operation of Li-S battery is a multi-step electrochemical process that 
involves different lithium polysulfide (PS) intermediates. Some of the PSs are highly soluble 
in the aprotic organic electrolyte, leading to PS dissolution from the electrode. PS dissolution 
has been a major issue in the research of Li-S battery. It has been considered as an 
unfavorable process that is directly linked to the deterioration of several key performance 
indexes, such as cycle life, self-discharge and coulombic efficiency, of the battery. However, 
as revealed in this presentation, the PS dissolution process could have a profound effect on the 
rate capability of the Li-S battery. With properly designed electrode architecture, the rate 
capability of a Li-S battery can in fact be substantially enhanced by taking advantage of PS 
dissolution. 
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lithium sulfur batteries 

 
Ilias Belharouaka, Marine Cuisiniera, Ali Abouimranea, and Yang-Kook Sunb 

 
a Qatar Environment and Energy Research Institute, Hamad Bin Khalifa University, Qatar 

Foundation, P.O. Box 2558, Doha, Qatar 
 

b Department of Energy Engineering, Hanyang University 17 Haengdang-dong,  
Seongdong-gu, Seoul, 133-791, Korea 

 
ibelharouak@qf.org.qa 

 
 

In this paper, we will present the electrochemical performance of an electrode consisting of 
sulfur confined within hollow-mesoporous TiO2 (HMT) spheres that are interconnected via 
multi-wall carbon nanotubes (MWCNTs), designated hereafter as HMT@CNT. We 
successfully synthesized and characterized (i) a S-HMT@CNT sulfur cathode comprised of 
hollow, spherical, nanostructured TiO2 and carbon nanotubes and (ii) DF-PCW interlayer 
comprised of highly porous carbon spheres and carbon nanotubes. We use a highly porous 
carbonaceous interlayer to improve the wettability with the electrolyte and hence to further 
improve the rate capability. We selected the chitosan binder in our electrode formulations in 
order to reduce the electrode volume expansion and loss of active material caused by 
dissolved lithium polysulfides. Moreover, the pores of TiO2 allowed for high sulfur loadings 
and accommodation of the volume expansion at the electrode level. The CNT component 
provided an overlapping network that improved both the electronic conductivity and 
mechanical strength of the S-HMT@CNT and DF-PCW. The pores in the carbon interlayer 
played the role of a medium that scavenged the dissolved lithium polysulfides, while 
improving Li-ion and electron transports. Owing to our cathode characteristics and cell 
design, the lithium-sulfur cell fabricated demonstrated good cycle life, high efficiency, and 
high rate capability. Of significance, the excellent cycling realized at the 2C and 5C rates is 
appealing for utilizing the lithium-sulfur batteries in high power applications (Fig. 1). 
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Figure 6. Voltage profiles of the S-HMT@CNT electrode in a cell constructed with  
DF-PCW interlayer and cycled between 1.9 and 2.8 V under increasing rates 
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There is a great interest in developing alternative low cost, high energy solutions for EV and 
grid storage. This presentation will review progresses on the fundamental understanding of 
full battery reactions mechanisms and materials issues in non-lithium battery systems. 
Examples may include Na-ion, Li-S and Zn batteries. In Na-ion batteries we will discuss high 
capacity electrode materials, but will highlight the properties and influence of SEI layers in 
full battery cells. In Li-S batteries we will focusses on the electrochemical properties with 
high S loading and low electrolyte amount for high energy density considerations. Several key 
factors will be discussed: (1) electrode architecture, (2) surface modification of the electrode 
materials, (3) solubility of the polysulfides and their control, and (4) role of dual function 
binders.  In Zinc batteries we will discuss a highly reversible aqueous system and the reaction 
mechanisms in the cathodes, anodes and electrolytes.   
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POLYSULFIDES? 

 
Adam S. Besta, Anand I. Bhattb, Rachael Carusoc, Marzi Barghamadib,d, Anthony F. 

Hollenkampb, Mustafa Musameha, Peter Mahond, Thomas Rütherb, Neeraj Sharmae, Hao 
Weib,c 

a CSIRO Manufacturing, Private Bag 10, Clayton South 3168 Victoria Australia 
 b CSIRO Energy, Private Bag 10, Clayton South 3168 Victoria Australia 

c Particulate Fluids Processing Centre, School of Chemistry, The University of Melbourne, 
Victoria, 3010, Australia 

d FSET, Swinburne University of Technology, Hawthorn, Vic 3122, Australia 
e School of Chemistry, University of New South Wales, Sydney NSW 2052 Australia 

 
email address of the presenting author: adam.best@csiro.au 

 
The drive to identify high energy batteries remains an on-going challenge. Whilst companies 
and researchers continue to pursue intercalation materials that can operate high voltages (5 V 
vs Li|Li+ ), these materials and devices don’t offer the step change in energy density that a 
battery hungry world requires. 
 
Although a 10 fold increase in specific energy is possible with recent advances in Li-Sulfur 
(2567 Wh per kg) technologies, there are several challenges in the development of these 
devices. The most vexing of these challenges is the generation of lithium polysulfides which 
are highly prone to irreversibly move into the electrolyte media. These can have deleterious 
effects on the performance of the device such as reduced capacity and cycle-life. To overcome 
this problem, numerous different approaches have been trialled to “lock” S within a 
conductive structure / matrix whilst still making it available to lithium ions from the 
electrolyte to form the required lithium polysulfides that deliver the high capacity of the 
device.  
 
At CSIRO, we have been looking at a range of different methodologies to understand the 
formation of polysulfides both in the electrolyte and the cathode and then examine various 
methods to keep them electrically connected within the cathode. In this presentation, we will 
highlight our work in various cathode structures, both organic and inorganic based, methods 
to prevent polysulfide dissolution, changes to the electrolyte and the effect on cycling and in-
situ studies at the Australian Synchrotron. 
 
Reference to a journal publication:  
[1] M. Barghamadi, A. S. Best, A. I. Bhatt, A. F. Hollenkamp, M. Musameh, R. J. Rees and 
T. Rüther, Energy Environ. Sci., 2014, 7, 3902 
[2] R. Chen, T. Zhao, Feng Wu, Chem. Commun., 2015, 51, 18 
[3] M. Barghamadi, A. S. Best, A. I. Bhatt, A. F. Hollenkamp, P. J. Mahon, M. Musameh, T. 
Rüther, Electrochimica Acta 180 (2015) 636–644 
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ORIGINS OF HCMRTM CATHODES DEGRADATION  
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High capacity manganese rich (HCMR™) materials are promising candidates for commercial 
Li-ion battery positive electrodes for applications in electric and plug-in hybrid electric 
vehicles.1 These oxides, also denoted as xLiMO2 - (1-x)LiMnO3 (M = Co, Mn, Ni), deliver a 
high discharge capacity (>240 mAh/g) at operating voltages exceeding 3.5 V vs. Li/Li+.2 
However, these materials have significant limitations and suffer from high first cycle 
irreversible capacity loss, impedance rise and voltage fade during cycling.2-4  
This study provides an overview about possible scenarios which could lead to the DC 
resistance rise observed within a cycle and with cycle life in high capacity manganese rich 
positive electrode materials (HCMRTM). The structure and possible structural changes of the 
pristine and aged HCMRTM material are discussed. Preliminary evaluations of the material 
suggest a single phase, aperiodic crystal consisting of monoclinic domains. In situ Raman 
spectroscopy, Fourier transform infrared spectroscopy (FTIR) and potentiostatic intermittent 
titration technique (PITT) are discussed providing information about structural changes of the 
surface, surface layer formation and Li+ diffusivity. Raman spectroscopy suggests 
transformation to a spinel like structure after aging and FTIR spectroscopy indicates dynamic 
formation of a surface film, growing with cycle number. The Li+ diffusivity in HCMRTM 
varies as a function of potential and correlates strongly with DC-R behavior. Changes in 
impedance as well as in cell parameters during and with cycling show morphology and 
topology changes of the HCMRTM material. The electrode composite and the material itself 
contribute to the long term impedance rise with prolonged cycling. 
Acknowledgements 
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The performance of Li(Ni,Co)O2 materials as positive material has been studied by many 
authors. For example, we have reported the fading mechanism of lithium ion batteries with  
LiNi0.8Co0.15Al0.05O2[1-3], and pointed out that the reaction and diffusion resistances of 
positive electrode drastically increased during durability test at high temperatures. It was 
revealed that the microstructural change of positive material played a important role for 
resistance increase. In this presentation, the microstructural change of LiNi0.8Co0.15Al0.05O2 
material investigated by various methods, such as electrochemical techniques, STEM, EELS, 
and XAFS. The cylindrical cells (18650-type) of LiNi0.8Co0.15Al0.05O2 and artificial graphite 
with carbonate electrolyte were used for durability tests at high temperatures. The electrodes 
taken out of the cells before and after durability tests were evaluated by using various 
methods. The LiNi0.8Co0.15Al0.05O2 materials before and after 1 cycle were also evaluated by 
STEM-EELS to compare with the materials after long durability test. The importance of non-
uniform reaction, especially at low temperature will be discussed. 
 
[1] Y. Itou et al, J. Power sources, 146 (2005) 39. 
[2] T. Nonaka et al, J. Electrochem. Soc., 154 (2007) A353.  
[3] T. Sasaki et al, J. Electrochem. Soc., 154 (2007) A289. 
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Lithium- and manganese-rich cathode materials have been extensively studied for the past 

decade or more. Due to the promise of substantial capacity and energy gains this class of 

cathodes still commands interest despite the possibly, insurmountable challenges that remain. 

One reason for continued interest is the fact that there are very few alternatives within the 

space of conventional lithium-ion that have the potential to meet the demands of next-

generation technologies; namely, transportation applications. In 2012 the U.S. Department of 

Energy commissioned a “Deep Dive” study into the now well-known phenomenon of voltage 

fade associated with this class of cathodes
1
. This presentation will give an overview of the 

insights gained from that recently-concluded, ~3-year study and discuss a few, as-of-yet, 

unanswered questions. A current strategy moving forward will be presented and state-of-the-

art comparisons will be made. 

 

 
[1] J.R. Croy, M. Balasubramanian, K.G. Gallagher, and A.K. Burrell, Acc. Chem. Res. 48 (2015) 2813-2821. 
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As far as we know, composite cathode with LiF was first reported by Kim [1]. 

According to his report, LiFeF3 was obtained by the mixing of LiF and FeF3 as follows; 
LiF + FeF2 !  FeF3 + Li+ + e- ! LiFeF3 

Here, we tried similar technique to obtain LiFeOF as follows;  
LiF + FeO !  FeOF + Li+ + e- ! LiFeOF 

Because it is also difficult to synthesize the LiFeOF single phase as well as LiFeF3 [2]. 
 As the substitute cathode for rocksalt-type LiFeOF,  LiF and FeO composite was 
prepared by the dry ball-milling method under ambient pressure. The reversible capacity 
was 274 mAh/g with an average voltage of 2.6 V. As shown in Table 1, the energy 
density was over 712 mWh/g and it means that the composite cathode has the highest 
energy density among iron-based insertion-type cathode active materials. The 
electrochemical activity was also confirmed by the charge and discharge reactions in the 
full cell with LiFeOF cathode and Li4Ti5O12 anode. In this presentation, the other 
examples of iron-based composite cathode will be introduced such as and LiSO4-FeSO4 
and LiF-Fe [3]. 
 
 

 
 
 
 
 
 
 

Fig. 1 Charge/discharge profiles of LiFePO4 and LiF-FeO composite cathode vs. Li. 
 

Table 1 Comparison of the cathode properties between LiFePO4  
and LiF-FeO composite cathode. 
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[2] A. Kitajou, H. Komatsu, R. Nagano, and S. Okada, J. Power Sources, 243 (2013) 494. 
[3] H. Hori and S. Okada, Electrochemistry, 83 (2015) 909. 

Cathode Discharge capacity Discharge voltage Energy density 
LiFePO4 150 mAh/g 3.3 V 495 mAh/g 

LiFeOF(LiF + FeO) 290 mAh/g 2.5 V 725 mAh/g 
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Na-based storage systems working at ambient temperature have lately regained interest. 
Recent research on Na-ion systems was focused on the development of negative electrode 
materials, firstly based on the insertion of Na into hard carbon structures able to develop a 
capacity as high as ~300 mAh/g, but limited volumetric energy density.[1]The large ionic 
radius of Na with respect to Li leads to a higher volume expansion upon cycling, which is 
expected to strongly affect insertion as well as alloying or conversion reactions. Surprisingly, 
p-element-based electrodes have shown to be viable alternatives to hard carbon, providing 
very interesting performances with reversible capacities largely exceeding 400 mAh/g.[2-
3]We have investigated several phases containing P, Sb, Pb and/or Sn as electrode materials 
for Na batteries. The thorough investigation of both mechanism (through in situ XRD and
Mössbauer spectrometry) and performances of Sband Pb will be presented (Figure 1).
The good electrochemical performances of such electrode materials arevery surprising if one 
take into account the huge volume expansion expected from the reaction with Na (200-
400 %). An XPS analysis will be presented to compare the solid electrolyte interphase (SEI) 
formed in the Sb based battery versus Li and Na.[4]

Fig. 1: a) XRD insitu of Pb/Na and b) capacity as function of number of cycles for various electrode 
formulations and coulombic efficiency.

[1]  M. Dahbi, N. Yabuuchi, K. Kubota, K. Tokiwa, S. Komaba, Phys. Chem. Chem. Phys., 16 (2014), 29, 
15007-28. 
[2] A. Darwiche, C. Marino, M.T. Sougrati, B. Fraisse, L. Stievano, L. Monconduit, J. Am. Chem. Soc., 134 
(2012) 20805. 
[3] A.Darwiche,R.Dugas,B.Fraisse,L.MonconduitJ. Pow. Sources, (2016).
[4] L. Bodenes, A. Darwiche, L. Monconduit, H. Martinez, J. Pow. Sources, 273, 1, (2015) 14–24. 
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Sodium-ion batteries are widely seen as an alternative to Li-ion batteries. In this 
scenario, the development of sodium batteries relies on discovery and optimization of 
oxide/ polyaionic insertion materials. Guided by the inductive effect principle, the redox 
potential of polyanionic cathodes can be altered with the electronegativity of constituent 
anions. Here, electronegative SO4-based materials can deliver the highest redox 
potential vis-à-vis other polyanionic materials. In this spirit, alluaudite framework  
Na2Fe2(SO4)3 cathode has been recently reported offering ~100 mAh/g capacity with 
high rate kinetics and cycling reversibility [Nature Communications, 5, 4358, 2014]. It 
marks the highest Fe3+/Fe2+ redox potential (ca. 3.8 V vs. Na/Na+). We have pursued 
this high-voltage Na-M-S-O quaternary alluaudite insertion family using low 
temperature solvothermal synthesis (Tr < 300°C) like (i) ionothermal method, (ii) spray 
drying route and (iii) Pechini synthesis. Using these green synthesis routes, we have 
explored other 3d metal homologues in Na-M-S-O quaternary system. Using 
experimental and DFT calculations, we will summarise the crystal structure, magnetic 
properties and electrochemical performance of high-voltage alluaudite framework 
cathode materials for sodium batteries. 
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Simulated amorphisation recrystallization methods, are now routinely used to generate models 
of various nano-architectures for metal oxides with complex microstructural details [1,2]. In 
the current studies the approach is used to generate nanostructures of manganese dioxides, and 
those associated with the Li2MnO3 and spinel LiMn2O4 for Li-ion battery application. Firstly, 
lithium transport and mechanical properties of pure and lithiated nanorods and nanoporous 
MnO2 are discussed and compared with the bulk structure. In particular, stresses related to 
lithium insertion and how these impact on electrochemical properties are outlined. Secondly, a 
nanosphere of the ternary Li2MnO3 was synthesised and molecular dynamics (MD) simulations 
of its charging reveal that the reason nanocrystalline-Li2MnO3 is electrochemically active, in 
contrast to the parent bulk-Li2MnO3, is because in the nanomaterial the tunnels, in which the Li 
ions reside, are held apart by Mn ions, which act as a pseudo ‘point defect scaffold’. Lastly, 
nano-architectures, i.e. nano- sphere, sheet, porous and bulk, associated with the Li-Mn-O 
ternary were synthesised from amorphous spinel nanosphere. The resulting crystallised 
nanostructures are characterised from visual images, radial distribution functions, XRDs and 
simulated microstructures. A preliminary analysis reveals the presence of the layered Li2MnO3 
and spinel LiMn2O4 together with a wide variety of defects, including grain boundaries and ion 
vacancies.   
      
References: 
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Recently, many methods for preparing materials for lithium-ion batteries have been 
explored. High-energy solid-state mechanical activation (MA) is one of the modern and 
promising synthetic methods to prepare different nanostructured functional materials 
[1]. This is due to the potential application of mechanochemical reactions in technology, 
in particular, for the development of so-called dry processes, which are more 
environmentally friendly and cost-efficient than the currently adopted technologies. MA 
provides better contacts between the reagents as a result of mixing, decreasing particle 
size, generating fresh surface for the contacts, and also by inducing melting and 
sublimation of reagents. MA affects solid-state reactions by improving diffusion, 
generating strain, structural, electronic and ionic defects, as well as by creating pulses of 
pressure and temperature. A peculiar feature of mechanochemical reactions is that the 
products can be formed in a metastable state, similar to what happens during fast 
crystallization, when there is no time for an equilibrium structure to be formed. This can 
bring to novel materials with new structures and new electrochemical properties. When 
MA is combined with other techniques, its advantages can be more fully displayed.  

To optimize the process, the choosing of the appropriate reagents for the fast-
propagating mechanochemical reactions is important. In this study, different 
mechanochemical reactions were used to prepare nanostructured electrode materials for 
lithium-ion batteries, including acid-base reactions, redox reactions, association 
reactions, ‘core’-‘shell’ and composite materials formation [2-4]. 

 
 
[1] E. Avvakumov, M. Senna, N. Kosova, Soft Mechanochemical Synthesis: A Basis for New Chemical 
Technologies, Kluwer Acad. Publ., 2001. 
[2] N.V. Kosova, In: High-energy ball milling: Mechanochemical processing of nanopowders, Ed. M. 
Sopicka-Lizer, Woodhead Publ., 2010.  
[3] N.V. Kosova, E.T. Devyatkina, Russ. J. Electrochem. 48 (2012) 320-329. 
[4] N.V. Kosova, E.T. Devyatkina, Doklady Chemistry 458 (2014) 194-197. 
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A multiyear research and development effort at MIT and 24M Technologies has 
demonstrated a new lithium-ion cell architecture and manufacturing method based on 
semisolid electrodes. Originally studied for flow battery applications, semisolid 
electrodes have been developed with high electronic conductivity (te~1) and lower
tortuosity than conventional calendered electrodes, thereby allowing thick electrodes 
with several times the thickness and area capacity of today’s lithium ion electrodes to 
have transport kinetics useful for all but very high power applications.  Figure 1 
illustrates the area capacity (mAh/cm2) of semisolid Li-ion cells compared to several 
conventional cells as a function of current density, with the diagonal lines indicating
constant C-rate contours.  Cells built on this electrode platform have significantly fewer 
inactive component layers than conventional lithium-ion cells of similar performance, 
and can be produced by a radically simpler process that obviates most of the electrode 
fabrication unit operations in conventional Li-ion, thereby lowering both materials and 
manufacturing cost.  Semisolid Li-ion cells also possess unique physical properties 
including deformability and high abuse tolerance.  Cell test results for LFP/graphite grid 
cells and NCA and NMC based EV cells will be presented.  

24M Conventional

Same scale

Figure 1.  Area capacity vs. current density for semisolid electrodes (shaded band) and 
several conventional Li-ion cells.  Inset shows cross-sections of semisolid cell stack 
compared with conventional cell at the same magnification.
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Various kinds of application-oriented lithium ion batteries (LIBs) are produced in large 

scale. Uniform reaction inside the battery leads to the maximum performance of the battery. It 
is difficult so far, however, to observe phenomena and examine their distribution inside 
operando LIBs. High-energy X-ray from storage ring and neutron beam can penetrate the 
depth of LIB and clarify reactions and their distribution inside LIB even covered with metal 
case. The authors devised some new technology to examine reactions inside LIB using 
SPring-8 beam line[1-3].  

Reaction distribution has a hierarchy; crystallite, primary particle of polycrystalline, 
secondary particle, one dimensional depth distribution of composite electrode, two 
dimensional facial distribution of composite electrode, battery-to-battery in battery pack, and 
module-to-module in battery system. 

We focus on the distribution through the depth of LiCoO2 (LCO), LiNi1/3Mn1/3Co1/3O2 
(NMC), and LiFePO4 (LFP). Space sensitive X-ray absorption spectroscopy and X-ray 
diffraction revealed that the distribution is more remarkable for the composite of low porosity 
than for the one of high porosity[4, 5]. Charge and discharge at high rate causes large reaction 
distribution through the depth of composite electrode.  The distribution is relaxed under 
potential resting or open circuit for the composite electrode for LCO and NMC active 
materials but not for LFP. This different behavior is ascribed to the potential change 
depending on lithium content of the materials. A local cell formed inside the composite 
electrode relaxes the distribution. Very flat potential change with lithium content of LFP gives 
little motive force for relaxation of the distribution. 

 
This work was carried out as a part of Research and Development Initiative for 

Scientific Innovation of New Generation Batteries (RISING project) financially supported by 
New Energy and Industrial Technology Development Organization (NEDO). 
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[3] H. Tanida, Y. Orikasa, H. Arai, Y. Uchimoto, Z. Ogumi et. al., J. Synchrotron Rad., 2014, 21, 268. 
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We have developed a high throughput virtual screening technique, based on 
quantum chemical calculations, to identify potential electrolyte additives for PC-based 
electrolytes. This screening method is cost effective, time saving and can be used for all 
additive applications. Based on high throughput screening, 11 compounds were selected 
as potential lead structures from the first Pareto front and crucial properties were 
examined and compared using DFT calculations. Among these compounds, two 
additives  were selected, synthesized and experimentally tested to illustrate the potential 
of the selected additives and hence the screening technique. The additives were tested 
using 1M LiPF6 /PC and 1M LiPF6 /PC: dimethyl carbonate (DMC) (1:1 v/v). The CV 
of 1 M LiPF6/PC:DMC (1:1) and 1 M LiPF6/PC, with and without, different additive 
concentrations are carried out in this work.The cell without the additive cannot be 
cycled which is consistent with the charge/discharge test. No reduction peak is observed  
in the potential region above 1 V; however, a broad feature starts to appear below 0.8 V, 
in the region where reduction of PC occurs. However, lithium intercalation and 
deintercalation is not observed which can be related to the exfoliation of the MCMB 
electrode. The cells with different additive concentrations all show a peak, due to 
additive reduction, in the potential region between 1.8-1.4 V centered at 1.7 V for 
CMDO and at 1.6 V for BCMDO. This observation is consistent with the calculated 
reduction potential and the charge/discharge profile.  The intensity of the peak increases 
as the additive concentration increases. In the lower potential region (below 0.8 V), the 
broad feature observed for the cells without the additives, correlated with the 
decomposition and cointercalation of PC,  disappears with the addition of the additives. 
This result suggests that the additive can suppress the cointercalation and decomposition 
of PC, while lithium intercalation and deintercalation can be maintained. The 
mesocarbon microbead electrode showed an excellent electrochemical performance in a 
PC based electrolyte with 2% additives. The first cycle coulombic efficiency of the 
proposed additives was >84%, increasing to 99% after the second cycle. When 
compared with previously reported sulfur or halogen containing additives, the 
computationally designed additives resulted in better coulombic efficiency. The MCMB 
electrode’s electrochemical performance improvement is therefore attributed to 
addditive decomposition products.  
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Various metals have been used as battery anodes in electrochemical cells ever since 
the birth of batteries with Volta’s pile and also in the first commercialized primary (Zn/MnO2, 
Leclanché 1866) and secondary (Pb/acid, Planté 1859) batteries. The idea and prospects of 
building a technology based on lithium are much more recent, as it required moving away 
from aqueous electrolytes. However, the first Li-MoS2 cells with specific energy two or three 
times higher than the current Ni/Cd or Pb/acid cells were withdrawn from the market after 
safety difficulties were experienced with overheating on recharge related to dendrites growth. 
As an alternative, secondary Li-ion batteries avoiding the use of lithium metal anodes were 
commercialized by Sony in 1991 [1]. In contrast with Li and Na metal anodes, 
electrodeposition of Mg and Ca does not seem to be plagued with dendrite formation [2,3,4]. 
These metals are thus interesting candidates as metal anodes in rechargeable batteries.  

Despite issues to develop viable anodes, metal (Li, Na, Mg or Ca) electrodes are 
commonly used within the battery community as reference and counter-electrodes to 
investigate the performance of potential electrode materials using the so called half-cell 
configuration. While this protocol has proved to be reliable in Li based cells, the essential 
properties for the use of Na, Mg and Ca pseudo reference electrodes remain to be fully 
assessed. A systematic evaluation of the non-polarizability and stability in the electrolytic 
environment will be presented for these metal electrodes and the effect of several factors 
influencing the electrochemical deposition/stripping process will be discussed.  
 
References: 
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The Li-ion chemistry is thus far the most advanced chemistry employed in battery technology. To 
date, Li-ion batteries dominate the market of the electronics and portables devices. However, in the 
field of electric and hybrid vehicles further improvements are required in terms of performance, safety, 
and cost. Advanced Li-ion batteries and the novel systems (Li-S and Na-ion) utilize less explored 
electroactive materials and thus show new reaction mechanisms during electrochemical cycling, the 
understanding of which requires new characterization tools and techniques.  
Development of a reliable electrochemical cells is thus of a prime importance when studying battery 
materials in operando mode during cycling. This is never an easy task, since the design of such cells 
has to be adequate to the technique of a choice and meet all necessary requirements.  
Herein we present different cell designs developed in our laboratory and used for operando studies. 
Having overcome many obstacles, our operando cells are able to sustain more than 100 cycles and 
simultaneously to perform structural studies such as X-ray and neutron diffraction. For the latter one, 
we also tested and adapted a new set-up called stroboscopic mode. It allows operando study of the 
batteries that are cycling at very high rates (e.g. 10C) with a neutron patterns collected each 1 s along 
200 cycles and more.  

 
Figure 1. Operando neutron powder diffraction measurements using stroboscopic mode (cell cycled at 
roughly 10C rate) performed in a full cell LiFePO4 vs. graphite (the plot shows the evolution of the 
main peak of the graphite (002) along charge and discharge). 
 
Moreover, Li2MnO3 will be given as an example of the material that requires the activation at elevated 
temperature in order to be properly cycled. We modified our X-ray diffraction cell to be able to cycle 
it at temperatures higher than 25°C and thus to study the activation mechanisms of Li2MnO3. Other 
than that examples based on different operando techniques used to characterize Li-ion, Na-ion, and Li-
S batteries will be also presented during the talk. 
 
Acknowledgment: The authors would like to express their gratitude to Dr. Denis Sheptyakov from HRPT, SINQ, 
PSI beamline and fruitful help/discussions regarding neutron experiments. Mr. Hermann Kaiser and Christoph 
Junker are acknowledged for their help in all technical aspects of this study and the development of the cells. 
SAFT, SNF and SCCER Heat and Storage are thanked for financial support. 
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 Structures, electrochemical properties and reaction mechanism of lithium rich layered 
cathode materials were studied for the samples synthesized by high pressure and epitaxial thin 
film synthesis methods.  
 Lithium-rich layered rock-salt type oxides, Li1.2+xM0.8-yO2 (M = Mn/Co/Ni), were 
synthesized using a high-pressure method and the relationship of the phases appeared in the 
ternary system, Li2MO3–LiMO2–Li2MO2, was clarified. The phases were synthesized by 
changing Li/M/O ratios, Mn/Co/Ni ratios, and reaction conditions, and their structures were 
characterized by synchrotron X-ray and neutron diffraction analyses. The amount of excess 
lithium in the transition metal layer increased with increasing lithium content. Furthermore, 
additional Li was detected at the tetrahedral site in the transition metal layer in the structure. 
X-ray absorption near-edge structure spectra confirmed that the oxidation state of the 
transition metals increased with the increase in the amount of excess lithium. The effects of 
the excess lithium and the Mn/Co/Ni ratio to the electrochemical properties were investigated.   
  The reaction mechanism of the lithium excess phases was studied using epitaxial-
films fabricated by pulsed laser deposition method. The initial lithium intercalation-
deintercalation reaction was investigated using surface X-ray diffraction and hard X-ray 
photoelectron spectroscopy. The charge and discharge capacities drastically increased with 
decreasing film thickness for the Li2MnO3 system.  The 12.6 nm thick film showed a high 
capacity of 300 mAh g-1 during over 50 cycles, indicating that the surface region is actively 
reconstructed to generate a high-capacity phase. Surface structural changes at the initial 
cycling have a pronounced effect on the power characteristics and the capacity of lithium-rich 
layered rocksalt type cathodes.  Based on the materials synthesized by high pressure and thin 
film methods, the reaction mechanisms of the lithium excess cathode materials will be 
discussed.   
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Due to their high energy and power density, excellent efficiencies and long life time lithium 
ion batteries have become the dominating energy storage technology for the new generation 
of Plug-in hybrid electric vehicles (PHEV) and full electric vehicles (EV).  However, there is 
still considerable improvement needed to achieve extended driving range and to reduce 
significantly the cost of battery packs. For these reasons, the development of new high 
capacity, safe and lower cost cathode materials is necessary. 
 
Among various cathode materials under development, high voltage LiMn1.5Ni0.5O4 (LMNO) 
with spinel structure is one of the most promising candidates, because of the high operating 
voltage, high rate capability and good thermal stability. Moreover, it is easy to obtain via low 
cost synthesis methods from abundant raw materials.  
 
However, the high voltage can also lead to side reactions with the electrolyte, which cause 
impedance increase and capacity fading during cycling or storage especially in full cells using 
graphite as anode. The long term stability can be significantly improved by adjusting the 
composition, the particle morphology and by surface coating. In this presentation, we discuss 
intensively the effect of composition, particle morphology and surface modification on the 
electrochemical performance, structural and thermal stability of LNMO.  
 
Another approach towards high energy and lower cost is the development of  
Li2-xMn1.5-yMyNi0.5O4  (0≤x≤0.5) materials. These materials combine both the high voltage 
and the high specific capacity approach, reaching reversible capacities up to 280 mAhg-1. 
Morphological features can be easily adjusted to meet industrial needs. These materials show 
high coulombic efficiency, high rate capability and excellent cycling stability. More than 150 
cycles without any capacity loss could be demonstrated for complete cells consisting of 
graphite as anode material. We will report the influence of stoichiometry, structure and 
particle morphology on electrochemical performance, structural stability and ageing behavior.  
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Li[NixCoyMnz]O2 cathode with two-sloped full concentration gradient (TSFCG), 
maximizing the Ni content in the inner part of the particle and the Mn content near the 
particle surface was synthesized via a specially designed batch-type reactor. The cathode 
delivered a discharge capacity of 200 mAh g-1 (4.3 V cutoff) with excellent capacity retention 
of 88% after 1500 cycles in a full-cell configuration. Overall electrochemical performance of 
the TSFCG cathode was benchmarked against conventional cathode (CC) with same 
composition and commercially available Li[Ni0.8Co0.15Al0.05]O2 (NCA). The TSFCG cathode 
exhibited the best cycling stability, rate capability and thermal stability of the three electrodes. 
Transmission electron microscopy analysis of the cycled TSFCG, CC and NCA cathodes 
showed that the TSFCG electrode maintained both its mechanical and structural integrity 
whereas the NCA electrode nearly pulverized due to the strain during cycling. While the 
chemical partitioning of the composition generated the observed high capacity and thermal 
stability, the unique microstructure of the TSFCG secondary particle provided excellent cycle 
stability and rate capability. TEM analysis of the cycled TSFCG, CC and NCA cathodes 
revealed that the TSFCG electrode remained intact with minimal surface deterioration 
whereas the NCA electrode experienced severe damage during cycling, resulting in 
pulverization of the particles. 
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Polymer material, as a rather new member in energy storage family, has attracted much 
attention and efforts because of its special property in many aspects comparing with other 
inorganic electrode material.[1,2] In our recent study, different polymer material has been 
investigated and used for lithium/sodium secondary battery and even all-organic battery. 
Owned to the optimized molecular structure, the polymer with quinone moiety increased from 
about 190mAh/g for previous polyanthraquinone sulfide [3] to more than 250mAh/g for the 
latest poly(1,4-anthraquinone). In addition, the film-forming property of this polymer phase 
endows it with a possible application in membrane battery. Another recent study was focused 
on the application of polymer electrode material in some new energy storage system, such as 
aqueous Li+ battery and magnesium battery.It was found that the aqueous Li+ battery with 
polymer anode showed a greatly improved electrochemical performance than previously 
reported analogues due to its high reaction reversibility, very suitable working voltage, as 
well as its extremely stable polymer framework. Generally, polymer electrode material, with 
diversified structure, has promising prospective in energy storage.  
 
 
Reference: 
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[3] Z. Song, H. Zhan, Y. Zhou, Chem. Commun. 28(2009)448 – 450. 
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Most of traditional batteries are based on the redox chemistry of inorganic species (mainly 
metals), of which some are scarce natural resources, often costly (even toxic) and energy 
greedy at the process level. Alternatively, organic chemistry provides great opportunities for 
finding innovative electrode materials and developing potentially greener electrochemical 
storage systems. Based on the tailoring of naturally abundant chemical elements (e.g., C, H, 
N, O), organics give the true possibility of being prepared from renewable resources and eco-
friendly processes. Additionally, a better recycling management is expected for such batteries 
because organic compounds can thermally be eliminated with possible heat recovery. Last but 
not least, two types of electrochemical mechanisms can be used in practice: n-type structures 
with cations release/uptake and p-type structures with anions uptake/release.  

These last ten years, significant progress has been achieved on redox-active organics 
bringing them positively to the attention of the energy storage community as demonstrated by 
the rapid increase in the number of studies and recent reviews on the topic [1]. However, the 
search for efficient organic electrode materials is still a burgeoning field and one of the most 
challenging tasks remains the fabrication of long lasting and high energy organic batteries. 

For the past few years, we have been revisiting selected n-type organic structures based on 
carbonyl/carboxyl functional groups and identified stable redox-active organic structures able 
to reversibly accommodate lithium. For instance, efficient lithiated positive electrode 
materials have been developed [2]. Beyond this class of organic materials, this contribution 
will be more importantly focused on the development of novel p-type non polymeric 
compounds able to intercalate anions at average operating potentials > 3.2 V vs. Li+/Li giving 
rise to organic electrode materials exhibiting higher energy densities. 

 
 

[1] Y. Liang, Z. Tao, J. Chen, Adv. Energy Mater. 2 (2012) 742–769; T. Janoschka, M.D. Hager, U.S. Schubert, 
Adv. Mater. 24 (2012) 6397–6409; Z. Song, H. Zhou, Energy Environ. Sci. 6 (2013) 2280–2301; B. Häupler, A. 
Wild, U.S. Schubert, Adv. Energy Mater. 5 (2015) 1402034; P. Poizot, F. Dolhem, J. Gaubicher, S. Renault, in: 
A. Chagnes, J. Światowska (Eds.), Perspectives in Lithium Batteries. In Lithium Process Chemistry Resources, 
Extraction, Batteries, and Recycling, Elsevier, 2015, pp 191–233. 
[2] S. Renault, S. Gottis, A.-L. Barrès, M. Courty, O. Chauvet, F. Dolhem, P. Poizot, Energy Environ. Sci. 6 
(2013) 2124–2133; S. Gottis, A.-L. Barrès, F. Dolhem, P. Poizot, ACS Appl. Mater. Interfaces 6 (2014) 
10870−10876. 
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This talk will describe the use of NMR spectroscopy to characterize a series of “beyond-Li” 
electrode materials.  The NMR results are combined with complementary techniques such as 
pair distribution function analysis of (X-ray) scattering data.  In the sodium-ion battery case, 
23Na NMR spectroscopy can be used to follow changes in local structure in a manner very 
similar to that performed on lithium-ion battery materials.  Our work using the method to 
study local structure and Na+ and electronic ordering in positive layered materials and 
intermetallic anodes will be described. 25Mg NMR is more challenging, but the use of DFT 
calculations to predict shift positions and help interpret the spectra speeds up the analysis 
considerably.  This will be illustrated for paramagnetic positive electrode materials.  The use 
of NMR and MRI (magnetic resonance imaging) to link structural changes with electrolyte 
concentrations will be demonstrated for lithium metal anodes.  Finally, new developments in 
the field of lithium-oxygen batteries will be described.  In particular NMR spectroscopy 
allows the different discharge products and many side-reactions to be followed.  For example, 
1H and 7Li NMR spectroscopy can be used to separate Li2O2 from LiOH, allowing batteries 
that cycle via LiOH to be characterized.  Our recent studies with LiI redox mediators and r-
GO electrodes will be described.     
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NOVEL BATTERY CONCEPTS – SAME OLD ELECTROLYTES?  
 

Patrik Johanssonab  

a Applied Physics, Chalmers University of Technology, SE-41296 Gothenburg, Sweden  
b ALISTORE-ERI, 33 Rue Saint-Leu, 80039 Amiens Cedex, France 

 
patrik.johansson@chalmers.se 

 
Li-ion batteries have enjoyed decades of electrolyte development and the basic standard 
electrolyte recipes have more or less converged. On the other hand, the prerequisites on the 
electrolytes for the next generation batteries differ substantially and hence also the 
motivations for the choices needed to be made. But still the salts and solvents to be used are 
much the same – or not? 
 
This presentation will detail out the main new relevant physico-chemical demands on the 
electrolytes from the perspective of the novel battery concepts of Li-metal, Li-S, Li-O2, and 
Na-ion [1-3]. This includes the different electrochemical stability windows (all), the stability 
vs. the superoxide radical anion (Li-O2), the various solubility issues (Li-S), the different 
cation-solvent interaction strengths (Na-ion), etc. 
 
To be concrete a “smorgasbord” consisting of results from i) experiments using very specific 
model systems [4], ii) experiments using special operando set-ups [5], and iii) computations 
based foremost on quantum chemistry (DFT) but also combined with thermodynamics will be 
presented [6]. The information will be used to outline if, why, and how we can/should change 
the basic electrolyte chemistry for each of the novel battery concept – or not. 
 
 
[1] J. Scheers, S. Fantini, P. Johansson, J. Power Sources 255 (2014) 204-218.  
[2] A. Ponrouch, D. Monti, A. Boschin, B. Steen, P. Johansson, M. R. Palacín, J. Mat. Chem. A 3 (2015) 22-42.  
[3] R. Younesi, G. M. Veith, P. Johansson, K. Edström, T. Vegge, En. & Env. Sci. 8 (2015) 1905-1922.  
[4] R. Younesi, M. Hahlin, M. Treskow, J. Scheers, P. Johansson, K. Edström,  
      J. Phys. Chem. C 116 (2012) 18597-18604. 
[5] J. Hannauer, J. Scheers, J. Fullenwarth, B. Fraisse, L. Stievano, P. Johansson,  
      ChemPhysChem 16 (2015) 2755-2759.  
[6] S. Jeschke, P. Johansson, unpublished. 
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Na-Air Batteries: Understanding of Mechanisms and Rechargeability 

Andy (Xueliang) Sun, Hossein Yadegari, Qian Sun 

University of Western Ontario, London, ON N6A 5B8, Canada 
E-mail: xsun@eng.uwo.ca 

Alkali metal-oxygen (Li-O2, Na-O2) batteries have attracted a great deal of attention recently 
due to their high theoretical energy densities, which is comparable to gasoline, making them 
attractive candidates for use in electrical vehicles. However, the limited cycling life and low 
energy efficiency (high charging overpotential) of these cells hinder their commercialization 
[1,2]. Li-O2 battery system has been extensively studied in this regard during the past decade. 
Compared to the numerous reports of Li-O2 batteries, the research on Na-O2 batteries is still in 
its infancy. Although Na-O2 batteries show a number of attractive properties such as low 
charging overpotential and high round-trip energy efficiency, their cycling life is currently 
limited to a few tens of cycles. Lithium and sodium elements share similar chemical properties, 
however, the chemistry and electrochemistry of Li- and Na-O2 batteries are not the same. While 
the discharge product of Li-O2 cells is well-recognized to be lithium peroxide (Li2O2), both 
sodium peroxide (Na2O2) and superoxide (NaO2) have been detected as the discharge product 
of Na-O2 cells in a number of different studies. Therefore, understanding the chemistry behind 
Na-O2 cells is critical towards enhancing their performance and advancing their development.  

Our group applied nanostructured carbon materials as cathodes to investigate various effects 
including surface area of porous carbon black [3], current density on CNTs [4] and functional 
groups on graphene [5], 3D electrodes [6] and humidity on rechargeability [7].  Furthermore, 
the determining kinetics factors for controlling the chemical composition of the discharge 
products in Na-O2 cells will be discussed and the potential research directions toward 
improving Na-O2 cells are proposed. The perspectives will also be discussed.   

References:  
[1] J. Wang, Y. Li and X. Sun*, Nano Energy, 2, 443-467(2013). 
[2] H. Yadegari, Q. Sun and X. Sun*, Na-O2 Batteries-A Review, submitted. 2015 
[3] H. Yadegari, Y. Li, M. Banis, X. Li, B. Wang, Q. Sun, R. Li, T.-K. Sham, X. Cui, X. Sun*,  
     Energy Environ. Sci., 7, 3747(2014). 
[4]. Q. Sun, H. Yadegari, M. N. Banis, J. Liu, B. Xiao, B. Wang, S. Lawes, R. Li and X. Sun*,  
     Nano Energy 12, 698-708(2015). 
[5] Y. Li, H. Yadegari, X. Li, M. Banis, R. Li, X. Sun*, Chem. Commun. 49, 11731- 
      11733(2013). 
[6] H. Yadegari, M. Banis, B.Xiao, Q. Sun, X. Li,† A. Lushington,  B. Wang, R. Li, T-K Sham, 
     X. Cui and X. Sun*, Chemistry of Materials, 27, 3040-3045(2015). 
[7]. Q. Sun, H. Yadegari, J. Liu, B. Xiao, X. Li, C. Langford, R. Li and X. Sun*, J. Phys.  
     Chem. C 119, 13433-13441(2014). 
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Firstly reported in the 80’s, rechargeable lithium/sulfur (Li/S) batteries have received ever-
increasing attention since 10 years. Indeed, elemental sulfur (S8) is a promising positive 
electrode material due to its high theoretical specific capacity of 1675 mAh.g-1. Assuming full 
conversion of S8 to Li2S, complete Li/S cells are expected to reach practical gravimetric 
energy densities from 300 up to 600 Wh.kg-1. Those values, combined with low cost, non-
toxicity and environmentally abundance of sulfur, make Li/S batteries one of the most 
promising candidates for next-generation energy storage systems. A review of the recent 
developments done at CEA-LITEN on the lithium/sulfur cell will be presented, at different 
levels starting from the optimization of coin cell components up to assembly of prototypes. 
 
In parallel, review of last characterization methods that have been applied via in situ and in 
operando methods to the lithium/sulfur (Li/S) battery will be reported, allowing deeper 
understanding of Li/S cell cycling mechanism. 
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High Energy Density Lithium-Sulfur Batteries for Aerospace 
Applications 

Ratnakumar Bugga*, Simon Jones, Jasmina Pasalic, Loraine Torres,  
Jet Propulsion Laboratory, California Institute of Technology,  

4800 Oak Grove Drive, Pasadena, California 91109 
*rvbugga@jpl.nasa.gov 

   NASA’s upcoming missions need energy storage systems with enhanced 
performance, especially higher specific energies and energy densities, beyond the 
capabilities of Li-ion cell.  One such application involves astronaut Extra Vehicular 
Activity (EVA), wherein the astronaut’s Portable Life Support System (PLSS) is 
expected to support 8 hours of EVA. The state of art (lithium-ion) batteries with ~200 
Wh/kg at the cell level can support only four hours of EVA.  To address these needs, we 
are developing high-energy and long-life lithium-sulfur cells, with the following 
performance targets: cell specific energy of 400 Wh/kg ii) cycle life exceeding 200 cycles 
and iii) ability to operate safely over a wide temperature range of -10 to +30 °C.  We 
have been developing improved cell components for Li-S cells, e.g., a protected Li anode, 
a dense sulfur cathode and compatible electrolytes, mainly addressing the key 
technological hurdles of poor utilization at high cathode loadings (necessary for a 
practical high energy cell) and limited cycle life.1-4 We have developed new sulfur 
cathodes with metal sulfide blends that show high specific capacities of ≥800 mAh/g at 
C/3 rates with practical material loadings, ii) a Li anode protected with a polymer 
electrolyte that displays efficient Li cycling and durability in laboratory Li-S cells, and 
iii) Electrolytes and new proprietary coatings serving as polysulfide blocking layers 
which inhibit the deleterious effects of sulfur redistribution and contribute to a good cycle 
life.  In this paper, we will describe some of these material developments and their 
performance in laboratory cells and later in prototype cells.  

1. Y. Yin, S. Xin, Y. Guo and L. Wan, Angew. Chem. Int. Ed. 2013, 52, 13186 (2013). 
2. S. Evers, L. F. Nazar, Acc. Chem. Res., 46, 1135 (2013);  
3. X. Ji, K. T. Lee, L. F. Nazar, Nat. Mater. 8, 500 (2009). 
4. A. Manthiram, S.-H. Chung, C. Zu, Adv. Mater. 27, 1980 (2015). 
5. S. S. Zhang, Front. Energy Res. 1, 1 (2013). 
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DEVELOPMENT OF FREE STANDING ELECTRODES FOR LI-ION 
ANODE STORAGE 
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751 21 Uppsala, Sweden  
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In an attempt to reduce materials that are not directly involved in the electrochemical 
reactions in a lithium-ion battery, such as the current collectors, the Ångström Advanced 
Battery Centre (ÅABC) at Uppsala University is currently working on developing free 
standing flexible electrodes [1,2,3,4]. Our first attempts have been to address the negative 
electrode and the challenge of the large volume expansion experienced when alloying lithium 
with tin and silicon. We show some promising results. 

Size tunable nanocrystals of SnO2 or Si encapsulated in 3d macroporous carbon have been 
synthesized and tested as free-standing negative electrodes for lithium-ion batteries. The 
synthesis of SnO2 is based on a rapid, scalable combustion method by using the biodegradable 
and recyclable polyvinyl alcohol (PVA) foam as the carbon source. The electrostatic forces 
between the copious hydroxyl groups of purified PVA sponge and tin precursor guaranteed 
the uniformly and intimate integration of tin oxide nanocrystals on the carbon matrix. The 
combustion process carbonized the processed PVA molecules into a 3d carbon matrix, which 
not only encapsulated tSnO2 nanocrystals as a way to buffer the volume changes during the 
lithiation/delithiation process, but also served as a way to preserve the interconnected pore 
system for the facile electrolyte percolation. The best performing electrode based on the 
composite with optimized size range of SnO2 NCs and graphitization degree of carbon 
delivered a rate performance up to 8 A g-1 and long term cycleability up to 500 cycles for Li+ 
storage. Silicon nanocrystals were attached to grapheme layers with a sol gel process and then 
freeze dried with PVA before the combustion step. In this case the silicon particles were 
protected from direct contact with the electrolyte. This gave the free-standing electrode a 
cycling stability vs. lithium for more than 1400 cycles but also a stable cycling performance 
in a full cell where the cathode was LiFePO4 also made as a free-standing electrode. The 
results will be discussed based on detailed electrochemical analysis, in-situ technique and 
post-mortem morphological characterizations. We confirmed and quantitatively analyzed the 
contributions from traditional alloying/de-alloying mechanisms and non-diffusion controlled 
pseudocapcitive behavior for high rate Li+ storage.  

 
 
 
 
References  
[1] Y. Ma, C.-W Tai. T. Gustafsson, K. Edström.  Chemsuschem.  (2015)  
[2] Y. Ma, H.D. Asfaw, K. Edström. Chem. Mater. 27 (2015) 3957-3965. 
[3] Y. Ma, H. Desta Asfaw. K. Edström, J. Power Sources 294 (2015) 208-215. 
[4[ Y. Ma, K. Edström, Submitted 
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Development of novel electrolyte additives via ex-situ analysis of electrodes 
Brett L Lucht 

 
Department of Chemistry, University of Rhode Island, Rhode Island 02881, USA 

 

Abstract 

An investigation of the effect of electrolyte on performance of in lithium ion batteries will be 
presented  The electrochemical performance of common electrolyte formulations will be 
discussed along with detailed ex-situ surface analysis of the cycled electrodes.  The ex-situ 
analysis allows the development of an understanding of the role of the electrolyte and common 
additives in the structure of interfacial electrode films on both the anode (solid electrolyte 
interphase, SEI) and on the cathode.  Correlation of the structure of the surface films with the 
performance limiting reactions in lithium ion batteries affords insight into the mechanism of 
interfacial film formation and function. The mechanistic insight is used to systematically develop 
novel additives designed for specific electrode surface modification to afford optimized 
electrochemical performance.  The electrochemical performance and ex-situ surface analysis of 
electrodes cycled with novel Additives for Designed Surface Modification (ADSM) will be 
presented. 
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NEW INSIGHTS INTO SEI FORMATION ON GRAPHITE IN 
ALKYLCARBONATES AND DINITRILES BASED SOLVENTS 
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PCM2E , Université F. Rabelais de Tours, Faculté des Sciences et Techniques, parc de 

Grandmont, 37200 TOURS (France)  

email address of the presenting author: lemordant@univ-tours.fr 

In order to increase the energy density of Li-ion batteries for portable applications the use of
higher cell voltages or larger specific capacities is required. Most anodes material, like 
graphite, silicon or tin are working out of the electrochemical stability range of the commonly 
used electrolytes. Then, stable cycling cannot be achieved without the formation of a stable 
and Li+ conducting solid electrolyte interphase (SEI). Using high voltage cathode (>5V) 
cannot be achieved with alkyl carbonates (AC) as electrolyte solvent as they are not enough 
stable. Alternative solvents which are more resistant to oxidation, like dinitriles (DN), may be 
used instead of AC but the formation of a stable SEI on the negative electrode has to be re-
considered.
The simpler manner to stabilize the anode/electrolyte interface is to use additives such as 
vinyl or fluorinated derivative of ethylene carbonate (EC) which have already identified to be 
efficient for increasing batteries performances and cycle life. 
The mechanism of action of SEI former compounds is not completely understood today. 
Nevertheless some recent works [1-4] are able to provide new insights based on the scheme 
reported below:

where X represents the SEI former additive. When the applied potential is driven to 
sufficiently low value, X is reduced in a multistep process which leads to a polymeric 3D 
network (Rn) and by products (Y, Z). Some of the byproducts have been already identified in
solution or at the electrode/separator surface by mean GC-MS analysis, IR spectrometry and
XPS analysis but nothing is known at this time about the polymer molecular weight.
In this presentation, it will be shown that SEI former additives are often strongly adsorbed at 
the electrode interface before being reduced and this explain why they are efficient even at 
very low concentration and in the presence of various solvents including DN.

[1] F. Ghamouss , D. Lemordant, and L. Monconduit, ECS Transactions, 64 (24) (2015) 1-9.
[2] D. Lemordant et al. in T. Nakajima and H. Groult (Eds.), Advance Fluoride-based materials for Energy  

Conversion, Elsevier, Amsterdam, The Netherlands, 2015, pp. 174-201.
[3] S.-D. Xu, Q.-C. Zhuang, J. Wang, Y.-Q. Xu, Y.-B. Zhu, Int. J. Electrochem. Sci., 8 (2013) 8058 – 8076.

 [4] G. Gachot, P. Ribiere, D. Mathiron, S. Grugeon, M. Armand, J.-B. Leriche, S. Pilard and S. Laruelle, Anal. 
Chem., 83 (2011) 478–485.
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Understanding and controlling the reactivity at the electrode/electrolyte interface (EEI) is one 
of the key issues for the development of high capacity and efficient lithium-ion batteries. The 
heterogeneous and partially catalytic reaction of the electrode with the electrolyte triggers the 
formation of surface films on the electrode surface which can cause degradation of the cell 
performance. Whereas the EEI layer properties are quite well known for negative electrodes 
such as lithium metal and graphite [1,2], the EEI layer on positive electrode materials is still 
puzzling. Especially the interface layers on high voltage and high capacity positive electrodes, 
whose potentials approach the limit of electrolyte stability against oxidation [3], is quite 
unexplored. One of the challenges in understanding the reactions at the surface of the 
electrode is the complicated composition of the positive electrodes, containing not only the 
active material but also conductive agents and polymeric binders, that can modify the EEI 
layers on the electrode. To bypass these ambiguities, there is a need for study model 
electrodes such as thin films or pure active material electrodes, which allow for investigating 
solely the reactivity of the electrolyte at the active material surface. Here, combining X-ray 
Photoelectron Spectroscopy (XPS and X-ray Absorption and Emission Spectroscopy 
(XAS/XES), of model electrodes, we will show how the species formed at the 
electrode/electrolyte interface are affected by change in charging potential and the structure 
and nature of the transition metal in the material. XES and XAS will be used to shed light on 
the change of electronic structure upon delithiation.  

 
Figure 1: O1s XPS spectra photoemission lines for 100% LiCoO2 or LiNi1/3Mn1/3Co1/3O2 electrodes charged at 

4.6 VLi at a rate of C/100 in 1M LiPF6 3:7 EC:EMC.  
 
[1] Peled, E., J. Electrochem. Soc. 126, 2047–2051 (1979). 
[2] Aurbach, D. et al., J. Power Sources 81–82, 95–111 (1999). 
[3] Xu, K. et al., Chem. Rev., 114, 11503-11618 (2014). 
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