Mathematical model – from SSI paper

The ionic concentration (c) profile development in the electrolyte is calculated by  equation (3) derived from Nernst –Plank equation, presented in [Danilovs article], using electroneutrality contition:  
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with boundary conditions on all surfaces between electrodes and electrolyte:
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where 
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, D is the diffusion constant of electrolyte, DLi diffusion constant of Li ions in electrolyte, DPF diffuision constant of PF6 ions in electrolyte, ,J is the current density on electrode-electrolyte boundary, calculated by equation (5) and (6) below, F is Faraday’s constant and 
[image: image4.wmf]n

r

the unit normal vector on the electrode/electrolyte boundary.  In equation (3), used for calculating concentration, both diffusion and migration contribution to development of concentration profile are taken into account.

To ensure charge conservation in the battery, Ohm’s law is used. The anode, cathode and electrolyte all have different but uniform conductivity (Table 1). The electrical current enters from current collector at the anode side and exits through the current collector at the cathode side. The current density, during charging, in the battery can then be calculated by:
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where φ is the potential,  V0 is potential on the current collector of the positive electrode and σ is either electronic conductivity of the electrodes or ionic conductivity of the electrolyte. To model discharge, sign of the V0 must be changed.
The equations (3)-(6), derived from the Nernst-Planck equation based model for the electrolyte [23], are basing on a number of assumptions:

1. Diffusion constants and conductivities are kept constant within the electrolyte of the battery. This also results in constant transference numbers.

2. The electrodes are solid and non-porous.

3. The volume of the electrodes is considered constant.

4. Side reactions are neglected in the whole cell.

5. Electroneutrality is assumed within the electrolyte.

6. Charge transfer is described by Ohm’s law, i.e., the current density is proportional to the electric field, and the formation of the Helmholtz double layer on the electrode-electrolyte boundary is neglected to assure continuity of the current moving from electrode to electrolyte. 

7. In electrolyte, ions are transported by diffusion and migration. Transport of ions in electrodes is not described.

The obvious shortcomings of this approach are that it is not taking into account formation of the Helmholtz double-layer, and that it, by lacking a description of ionic transportation inside the electrodes, models a battery with “infinite” capacity. However, the simplified approach to calculate the potential in electrolyte makes it is easy to implement, and therefore having considerably better solution convergence capabilities.

Geometries

Geometries in the simulations have been the interdigitated and interdigitated hexagonal.
Parameters plotted

To characterize ionic transport in the battery average diffusive flux x-,y- and z-components  of diffusive flux are calculated and normalized, so that sum of these normalized average flux values is 3. These quantities are marked further as Jx, Jy, Jz, or shortened as vector J=( Jx, Jy, Jz) To describe ionic transport in the battery, these quantities are used and we are searching a configuration where all these quantities are equal to 1. Then, advantages of 3D geometry are volumetrically used with maximum efficiency. 
To measure, how far away is current geometry from ideal one, we calculate distance between two following vectors Jideal and J. As Jideal=(1,1,1) and J=( Jx, Jy, Jz), resulting quantity is achieved from equation:
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Minimum of this function is giving us the condition of optimality in current simulations.
Simulations
Interdigitated model – electrode height
Simulations are carried out for different electrode heights for 3D interdigitated battery. Heights of the pillars are ranging from 50µm to 1000µm. Simulations are carried out with different electrode conductivity values and diffusion coefficients
Electrode conductivity

Electrode conductivities are 1S/m. Diffusion coefficients of Li and PF6 are 2e-11m/s^2 and 3e-11m/s^2 respectivley.  On figure, red line represents Jx, Blue Jy and R is “reality factor”. It measures minimum concentration in the electolyte and is 1 if minimum concentration becomes smaller or equal to 0. Othervise it is 1. From the results, we can see that ionic transport is dominated by the Jz, leaving other components marginal. To illustrate effects of that, concentration in steady state is presented on Fig 2.
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Figure 1 Original state of the system
On observing concentration distribution of figure 2 it is obvious, that transport is dominated by Jz. It leads quickly to non-uniform depletion/charging of the active material and thus results in poor overall performance. This effect is caused by increased ionic conductivity in the electrolyte.
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Figure 2 Concentration profile in the electrolyte at 1S/m electrode conductivity.
As increase in the ionic conductivity of the electrolyte lead to battery configuration with poor estimated performance, we increase conductivity of the electrodes to balance it out. Increase in conductivity of the electrodes is 1000 times, to 1000S/m. This kind of large increase of electrode conductivity can be viewed as average electrode conductivity of the system, resulting from introduction of current collectors to the pillars. Results are presented on fig. 3
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Figure 3 Conductivity of the electrolyte increased from 1S/m to 1000S/m.
We can see, that now, transport is dominated by Jy, instead of Jz. This is more favorable, as surface area in the Jy direction is much larger than in Jz direction. To illustrate effect of dominating Jy, concentration distribution is presented on following image.
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Figure 4 Concentration distribution at electrode conductivity 1000S/m

Diffusion coefficient of the electrolyte

Second way to influence Jy and Jz is it manipulate ionic conductivity of the electrolyte as diffusion coefficient and ionic conductivity of of the electrolyte are connected, diffusion coefficients of the electrolyte are decreased by factors 10, 50 and 100 in following simulations.
From the results of the simulations, we can see, that decreasing diffusion coefficients is not influencing  Jy and Jz too much. Also, it leads very quickly to physically unrealistic battery configurations.
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Figure 5 Diffusion coefficients decreased by 10 times
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Figure 6 Diffusion coefficients decreased by 50 times
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Figure 7 Diffusion coeffcients decreased by 100 times
Distance between the pillars

During following simulations, distance between the pillars was changed  from 8µm to 50µm. Three different pillar height were currently under study. These were 100, 200 and 300 µm. Results of the simulations are presented on the figure below. We can see, that minimum of the residuals is standing for all the simulations between 25 and 30 µ. Also, simulations with pillar height 200µm are showing strange jump in the length of the residual vector at 20µm. This is probably an artifact resulting from too large mesh elements. During these simulations, mesh quality was certainly not good enough, so some further simulations are needed. Especially, to determine the exact minimum residual and to study, are these residuals coinciding or not.
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Hexagonal interdigitated model

On figures below, hexagonal interdigitated geometry is presented at right and diffusive flux at the center point of the battery at left.
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Electrode height study

Electrode heights were changed during the simulations from 50 to 800µm. Three simulations were carried out with different electrode conductivity values – 1S/m, 100S/m and 1000S/m.

On figures, drop of X, Y, Z after 800µm is presented, as simulations crashed on that point at some some strange error on geometry generation.

It is interesting to note, that on figures, X and Y components of the flux are always equal. This is result of increased symmetry of the model.

Also, changing the length of the electrode seems to influence transport properties only, when we have good average conductivity in the electrodes.
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Figure 8 Conductivity of the electrodes 1S/m
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Figure 9 Conductivity of the electrodes 100 S/m (left) and 1000S/m(right)
Distance between the electrodes

To study distance between the electrodes, currently only one simulation is carried out, as the memory  limitations of my computer is not allowing to do more. Right now, I’m wait when Lauri is finishing installing the Matlab in Aur.
On figure below,  electrode height is fixed to 100µm, distance between the electrodes is changed from 10-30µm. Conductivity of the electrodes is equal. We can see, that our system arrives close to optimal state, when distance between the electrodes is 25µm.
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Interesting remark!

Condition of optimality is fulfilled for both  geometries at  same distance between the electrodes!
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