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Research proposal

Introduction

Portable microbattery supply is critical factor in many developing technologies – miniaturization of microelectronics has far outpaced advances in small scale power supplies. Lack of suitable portable power supplies is stopping development progress in many technology branches, like microelectromechanical devices (MEMS) and biomedical micro machines. An example from MEMS based device is autonomous device that is powered by battery and consists of one or more sensors, computation and communication circuit with dimensions about 1 mm. By using such kind of configuration, problems with existing lithium-ion batteries, which are from nature 2D, are revealing themselves – in so small volumes, it is not possible to achieve sufficient energy densities. This problem can be solved by implementing batteries that are from the nature 3D. Conventional, 2D battery architecture can be represented as a sandwich, that consists of current collector, positive electrode, electrolyte(separator), negative electrode and current collector (Fig. 2). 3D-MB consists of same components, with more complex spatial distribution. Examples of possible 3D-MB architectures are presented on Fig. 1. These are 3D-interdigitated (a), 3D-trench(b), 3D-concentric ( c) and aperiodic (d) architectures.

Our work with 3D microbatteries

Work for optimizing architecture of the Lithium-ion batteries is a part of a EU FP-7 project „Superior Energy and Power Density Li-Ion Microbatteries“, coordinated by Uppsala University. A result of this project should be working 3D microbattery (3D-MB) with energy density and capacity about magnitude larger than of the batteries currently in use. To build working 3D-MB, different microbattery architectures are to be studied and developed; this task can be greatly simplified with theoretical, computer simulations based analyses, that allow:

· Testing different 3D-MB architectures (different electrode geometries and material)

· Optimizing geometry of the electrodes

· Analyzing battery performance during charging/discharging

· Optimizing suitable microbattery architectures

Main goal of the computer simulations is to find the most suitable architecture for 3D microbattery.

Analyses are done by using finite element method (FEM) in macro-scale and molecular dynamics in atomic level. Software used is COMSOL Multiphysics or Elmer for FEM simulations and dl_poly for MD simulations.

Methods used in 3D-MB studies

When using molecular dynamics, Newton laws are used to calculate spatial movement of the atoms. During every time step in simulation, interaction forces between atoms are calculated and therefore also accelerations are found for every atom. Method is applicable for systems consisting from thousands up to tens of thousands of atoms with spatial dimensions up to tens of nanometers and time scale up to hundreds of nanoseconds.

Basic idea of the finite element method is to divide geometrical model of the research object to non overlapping subdomains and approximate mathematical model, that usually consists of a system of partial differential equations, with discrete, piecewise continuous functions, defined in subdomains of the geometrical model. To find values of the unknown function, discrete equations in subdomains are solved simultaneously. Spatial dimensions of the research object may vary from micrometers to meters and time scale from microseconds to hours, sometimes even to days.

Our Previous work

To achieve maximum capacity, maximum material usage and peak current of a 3D-MB, we must utilize surface area of a electrode maximally.  It is automatically achieved in a 2D battery, where electrodes are plates, current distribution in electrodes and electrolyte is homogeneous and does not depend from conductivity. In 3D battery, where shape of the electrodes is complicated, we must carefully engineer shape, conductivity and diffusivity of the electrodes, to achieve situation where electrochemical activity on electrode surface and thus, also current distribution in electrolyte is uniform.

Our previous work with microbattery modelling consists, at firs, of applying methods used to model conventional 2D batteries to 3D-batteries. At second, carrying out analyses, to see what happens in battery, when we are changing it's length and conductivities, with aim to maximize electrocithemically active surface are in battery.

Geometry used in calculations was 3D-trench. By using this geometry, it was possible to reduce geometrical model, in simulations to 2D and extend results to 3D domain. This simplification allowed  to save computer time and memory without any costs in accuracy of results. 

We were using concentration gradient to evaluate electrochemical activity on surface, as it is proportional to current moving through battery and we were looking for a situation, where differences in concentration gradient on electrode surface were minimal. As a result of calculations, where length of electrode was changed, differences of concentration gradient became minimal, when length of electrode became close to zero, thus rendering 3D battery model to 2D battery. Same result, arriving at 2D battery geometry, was achieved, when only thickness of a electrode was changed.

Calculations, where length and thickness of the electrodes was fixed and conductivities were varied, showed that surface area was used optimally, when electrodes had equal conductivities and surface area usage was rather good, when conductivities where differing up to two times. In practice, this situation is hard to achieve, as conductivities of anode and cathode materials are differing about one till two magnitudes. 

Currently, this work is in progress to be consolidated into a paper.

Planned studies

To choose good parameters for  battery architecture (conductivities, dimensions of electrodes etc), it is not enough, to carry out calculations where only effects of changing electrode length, thickness, conductivity, etc. are studied separately. By using that kind of approach, we are getting general information about nature of these changes – decreasing length of the electrode makes differences in electrochemical activity on surface smaller etc. Thus, it is necessary to analyse situation, where we are changing more than one parameter at time, for example, length and thickness of electrode, to find combination of these parameters. Considering previous studies, parameters to use in calculations are length, thickness, conductivities and diffusivities of electrodes. As studying effects of changing four variables leads to nonlinear and very complicated problem, we are dividing planned studies to several tasks:

1. optimizing length and thickness of a alectrode

2. optimizing conductivities of electrodes

3. optimization problem, where points 1-2 are included.

To carry out calculations necessary to optimize architecture of  3D-battery, COMSOL Optimization Lab with COMSOL Multiphysics is used.

For successful computer simulations, it is crucial to have simulations verified with experimental data, so, during my visit to Uppsala University I plan to work in collaboration with dr. Daniel Brandell and prof. Josh Thomas, to bind computer simulations with laboratory experiments and vice versa:

1. Test different simulation simulation based geometries and optimize geometries used in laboratory experiments;

2. Verify results, predicted in simulations (for example, charge-discharge times, predicted capacity);

3. In cooperation with laboratory staff clarify problems that need theoretical and simulation based study.

Also, 3D computer simulations are very computer resource demanding and even though most of my doctoral studies takes place in University of Tartu, a large amount of calculations is done in Uppsala University cluster computers. During my visit I also plan to familiarize myself with available computing techniques.

Timeplan of studies

September

· Preparing geometrical models for 3D-interdigitated and 3D-concentric architectures for simulations in 3D.

· Preparing automatic mesh quality and refinement routines to be used in optimization calculations, to ensure good quality of the mesh

· Preparing optimization algorithms for FEM simulations with respect on optimizing electrode length and diameter or thickness.

October

· Preparing optimization algorithms for FEM simulations with respect on optimizing electrode length and diameter or thickness.

· Carrying out calculations and finding optimal length and diameter for electrodes

November

· Optimization algorithms for simulations with optimizing material parameters – conductivities and diffusion coefficents

December

· Optimization algorithms for simulations with optimizing material parameters – conductivities and diffusion coefficents

January

· Starting to write paper

February

· Finishing paper 

�Fig. � SEQ "Fig." \*Arabic �2�: Difference between 2D and 3D battery





�Fig. � SEQ "Fig." \*Arabic �1�Possible 3D-MB acrhitectures










