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Motivation 
 

Energy storage is an essential component of a sustainable energy infrastructure based on 

intermittent renewable sources, such as photovoltaics or windmills. Among storage technologies, 

lithium-ion batteries are possibly the main current option for private electric vehicles. Replacing oil 

combustion vehicles by electric ones (ideally based on renewable sources) can reduce energy 

consumption by 20KWh/(day*person) in a country like the UK.1 The adoption of electric vehicles, 

however, will be greatly facilitated if one can solve important challenges of the current generation-3 

Li-ion batteries: insufficient energy density and recharge speed, aging, and safety issues. The 

upcoming generation-4, based on Li-metal anodes and solid-state (SS) electrolytes, is expected to 

solve many of these issues: Li-metal SS batteries’ theoretical energy densities approach those of oil2; 

solid electrolytes can be made very thin to further reduce battery size, and have been shown to 

improve safety by decreasing dendrite formation (which is a main cause for thermal runaway); 

addition of nanoparticles has been found to improve ion mobility in the electrolyte, enhancing 

recharge speeds. However, the physical mechanisms responsible for the solid-electrolyte/Li-metal 

system’s advantageous qualities (i.e. nanoparticle-enhanced mobility, and dendrite inhibition) are 

still very poorly understood at the atomic level. To make generation-4 batteries a reality, it is 

essential to elucidate and quantify these mechanisms. Predictive atomistic simulations, as proposed 

in this Ph.D. thesis project, may play a big role in this respect. 

 

 

 

 



Research plan 
 

The overall goals of this thesis are to theoretically elucidate the currently unknown transport 

mechanisms of Li in hybrid polymer/ceramic electrolytes, and  quantitatively predict performance 

and aging properties related to these mechanisms.  

State of the art 
 Hybrid solid electrolytes. The state of the art of hybrid 

polymer/ceramic electrolytes  lacks in theoretical insights, 

especially at the atomistic level. Embedded nanoparticles 

have been shown to enhance experimental ionic mobility3–

5, but the mechanism responsible for this enhancement is 

unresolved5. No atomic level modeling, nor multiscale ab 

initio modeling has yet been undertaken for these 

systems. Experimental evidence suggests that Li flow is 

mediated by the interface between the matrix and the 

nanoparticles, favoring the hypothesis depicted on the right 

hand side of figure 1, over the alternative possibility 

schematized on the left hand side. 

But many unknowns still remain: Do the ions penetrate in the interior of the nanoparticles to some 

extent? Is the mobility enhancement due to chemical, or rather structural modifications? What is the 

typical thickness of the higher-mobility interphase? How is the Li-flow density distributed around the 

particles? What is the effect of the chemical (composition) and physical (size and shape) nature of 

the matrix and filler materials?  

Our project aims at answering these questions via atomistic simulations, keeping close contact with 

experimental work that will be developed in parallel thesis projects. Both parameterized (effective) 

force fields and ab initio-trained machine-learning interatomic potentials will be implemented, in 

order to elucidate and predict the Li diffusion currents upon changing chemical and physical 

conditions of the electrolyte (see “implementation” below.) 

Electrolyte/Li-metal interface. Current experimental know-how suggests that dendrite growth is 

largely inhibited in solid electrolyte/Li-metal systems6,7. Although continuum models have been used 

to simulate dendrite growth, such models remain highly semi-empirical, and are of limited use to 

estimate the likelihood and character of dendrite formation in systems with novel compositions. To 

be predictive, simulations must consider that “dendrite growth is a non-deterministic stochastic 

process”8, such as those described by diffusion limited aggregation (DLA) models. However, to the 

best of our knowledge, only one such atomistic study exists for Li dendrites8. In the final part of the 

thesis project, we will therefore perform DLA simulations based on ab-initio obtained parameters, to 

understand and quantify dendrite formation as a function of temperature, isotopic mass, and 

electrolyte composition. 

Implementation 
We will start by employing empirical interatomic potentials to study Li-ion diffusion in PEO polymer 

matrix, with embedded SiO2, Al-LLZO, and (Li2S)x(P2S5)1-x nanoparticles, . This will allow the student to 

get familiar with the simulation and statistical analysis methods of Molecular Dynamics. We expect 

to qualitatively elucidate the diffusion paths around or even through (if this happens) the 

 
 
Fig. 1: Various hypothetical scenarios of 
mobility enhancement in hybrid 
electrolytes, from Zaman et al., J. Mat. 
Chem. A, 7, 23914 (2019). 



nanoparticles, and the role played by the structural modifications induced by the introduction of the 

latter. This will be performed by using the LAMMPS massively parallel simulation code. 

In order to be predictive, we will train multi-element machine-learning potentials to replace the 

empirical force-fields used in the first stage of the thesis. We will employ the neural network 

approach previously developed in our group9,10, together with the moment tensor potentials 

developed by the group of A. Shapeev11,12. 

During the third year, we plan to address the growth of dendrites, by implementing an atomistic 

diffusion-limited aggregation stochastic model. The different hopping probabilities for the bulk and 

Li-metal surface ionic diffusivity mechanisms, and the sticking coefficients onto the nucleating 

dendrite structures or electrolyte sections, will be obtained from MD simulations using our trained 

machine learning potentials. 

Milestones 

 12 months: study of Li transport in electrolyte using empirical potentials completed. 

 24 months: study of Li transport in electrolyte using ab-initio-trained machine learning 
potentials completed. 

 36 months: study of Li-metal/electrolyte interface completed.  
 

Main objectives 

 Full understanding of mobility enhancement in hybrid solid-state electrolytes.  

 New methods to optimize the enhancement.  

 Quantitative prediction of the conditions for dendrite growth.  

 New strategies to prevent dendrites in Li-metal/hybrid-electrolyte systems. 
 
 

Relation to other “FOCUS” theses submitted in this call: 

 Etude de la dynamique du lithium dans des électrolytes « tout-solide ». E. De Vito, T. Gutel, M. 
Bardet: Experimental measurement of the diffusion paths, via Focused Ion Beam tomography 
(FIB) with Li isotope tracking. 

 Simulation à l'échelle atomique d'hétérostructures pour des batteries solides. Alain Chartier, 
Paul Fossati: use and validation of our machine learning potentials to simulate other types of 
solid electrolyte. 

 Characterisation operando de la microstructure et les interfaces … S. Tardif, S. Lyonnard: 
Experimental information on the local, nanoscale and microscale morphology/structure of 

hybrid electrolyte/Li-metal system.  
 

 

Potential impacts 

 By optimizing the size, concentration, and composition of the particles embedded in the 
polymer matrix, our project may elucidate the relevant channels of Li mobility in hybrid 
electrolytes, without the need for lengthy trial and error experiments, with an impact on 
their efficiency. 

 It will also explore novel strategies to prevent dendrite formation in generation-4 systems, 
thus impacting aging and safety aspects. 

 These hybrid electrolytes are part of the know-how of LITEN. By elucidating the mechanisms, 
and being able to predict ionic mobilities in a quantitative manner, this project can lead to 



improve LITEN’s current protocols for electrolyte synthesis, and possibly lead to patents and 
applications on Li-metal/hybrid electrolyte generation-4 batteries. 

 

 

References 
 

(1)  MacKay, D. Sustainable Energy - without the Hot Air; UIT Cambridge, 2008. 
https://doi.org/http://www.dspace.cam.ac.uk/handle/1810/217849. 

(2)  Lin, D.; Liu, Y.; Cui, Y. Reviving the Lithium Metal Anode for High-Energy Batteries. Nat. 
Nanotechnol. 2017, 12 (3), 194–206. https://doi.org/10.1038/nnano.2017.16. 

(3)  Scrosati, B. New Approaches to Developing Lithium Polymer Batteries. Chem. Rec. 2001, 1 (2), 
173–181. https://doi.org/10.1002/tcr.7. 

(4)  Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nanocomposite Polymer Electrolytes for 
Lithium Batteries. Nature 1998, 394 (6692), 456–458. https://doi.org/10.1038/28818. 

(5)  Zaman, W.; Hortance, N.; B. Dixit, M.; Andrade, V. D.; B. Hatzell, K. Visualizing Percolation and 
Ion Transport in Hybrid Solid Electrolytes for Li–Metal Batteries. J. Mater. Chem. A 2019, 7 (41), 
23914–23921. https://doi.org/10.1039/C9TA05118J. 

(6)  Monroe, C.; Newman, J. The Impact of Elastic Deformation on Deposition Kinetics at 
Lithium/Polymer Interfaces. J. Electrochem. Soc. 2005, 152 (2), A396–A404. 
https://doi.org/10.1149/1.1850854. 

(7)  Ren, Y.; Shen, Y.; Lin, Y.; Nan, C.-W. Direct Observation of Lithium Dendrites inside Garnet-Type 
Lithium-Ion Solid Electrolyte. Electrochem. Commun. 2015, 57, 27–30. 
https://doi.org/10.1016/j.elecom.2015.05.001. 

(8)  Aryanfar, A.; Brooks, D. J.; Colussi, A. J.; Merinov, B. V.; Iii, W. A. G.; Hoffmann, M. R. Thermal 
Relaxation of Lithium Dendrites. Phys. Chem. Chem. Phys. 2015, 17 (12), 8000–8005. 
https://doi.org/10.1039/C4CP05786D. 

(9)  Bochkarev, A. S.; Roekeghem, A. van; Mossa, S.; Mingo, N. Anharmonic Thermodynamics of 
Vacancies Using a Neural Network Potential. Phys. Rev. Mater. 2019, 3 (9), 093803. 
https://doi.org/10.1103/PhysRevMaterials.3.093803. 

(10)  Carrete, J.; López-Suárez, M.; Raya-Moreno, M.; Bochkarev, A. S.; Royo, M.; Madsen, G. K. H.; 
Cartoixà, X.; Mingo, N.; Rurali, R. Phonon Transport across Crystal-Phase Interfaces and Twin 
Boundaries in Semiconducting Nanowires. Nanoscale 2019, 11 (34), 16007–16016. 
https://doi.org/10.1039/C9NR05274G. 

(11)  Shapeev, A. V. Moment Tensor Potentials: A Class of Systematically Improvable Interatomic 
Potentials. Multiscale Model. Simul. 2016, 14 (3), 1153–1173. 
https://doi.org/10.1137/15M1054183. 

(12)  Nyshadham, C.; Rupp, M.; Bekker, B.; Shapeev, A. V.; Mueller, T.; Rosenbrock, C. W.; Csányi, G.; 
Wingate, D. W.; Hart, G. L. W. General Machine-Learning Surrogate Models for Materials 
Prediction. ArXiv180909203 Cond-Mat Physicsphysics 2018. 

 

 

 

 


