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ABSTRACT

The single particle modelling is studied for the degradation and its effect on the cyclic
performance of lithium-ion cell. Lithium-ion cell degradation is studied as a function of cycle
number and parasitic reaction current density. It is shown that in lithium-ion batteries, capacity
fade occurring as a result of the formation of solid electrolyte interphase on the negative carbon
electrode occurs over a number of cycles due to the slow nature of this electrochemical process.
Mathematical modeling is also carried out by single particle model and various degradation
mechanisms to validate and study the various aspects of cell capacity deterioration.
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INTRODUCTION:

To simulate the Li-ion batteries capacity fade, a discharge-charge model was developed.
Capacity fading of lithium-ion batteries takes place due to side reactions and these side reactions
take place due to over-charging and over-discharging of the cell. At the time of charging, when
lithium ions travel from positive electrode toward the negative one, they tend to react with
carbonate based electrolyte irreversibly to form a layer over the anode surface. Due to this layer,
the anode film resistance increases which restricts the intercalation of lithium ions. With time,
the formation of the carbonate film leads to loss of useful lithium and hence decreases cell
capacity.

Overcharging of battery is responsible for capacity loss to a great extent, as due to overcharging
on the positive electrode electrolyte oxidation takes place, whereas on negative electrode lithium
deposition take place [1]

Schematic of Lithium-ion cell of single particle is depicted in Figure 1. Positive and negative
electrodes are arranged in the system and separator presence is neglected in the single particle
model development. Lithium manganese oxide is used as positive electrode and carbon is used as
negative electrode. At the time of charging from the positive electrode lithium ions get
deintercalated and negative electrode gets intercalated by lithium ions. At the time of discharging
reverse process takes place.
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Figure 1: Schematic of Lithium-ion cell of single particle model
Mathematical modelling of single particle with degradation:
A simplified model with capacity fading of lithium ion batteries in single particle model is as
follows. The present study aim is to model the film formation parasitic reaction on the anode
surface due to cycling only [2]

When the parasitic reaction occurs at the anode/electrolyte interface, across the interface wall
flux j, is defined by

jn = jint + jpara
Here, it is assumed that the local parasitic reaction current density, jpara follows a simple Tafel
relation [4]
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The wall flux across the interface of anode/electrolyte is equal to the local
intercalation/deintercalation current density in the absence of a parasitic reaction.

Jn = Jint

Here, Butler-Volmer equation provides the jint-
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For the cathode, R; =0. Csn represents the solid phase lithium concentration at the

solid/electrolyte interface, Cmaxn is the maximum allowable concentration in the solid phase for

the negative electrode and R; is the anode film resistance.[3]

O
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%__ jparaM
ot pF

where M is the molecular weight (kg/mol), p is the film density, F is the Faraday’s constant,

¢ is the film thickness, and K denotes the newly formed surface film's electrical conductivity
(S/m).
Development of Non-linear Solver

The above model is solved by applying the Newton-Rap son method for multiple variables. The
following functions are defined that are used to construct the Jacobian matrix

L F
Fl = Jpara + ) para EXP __npara
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The above function F1 to F7 have seven unknown variable jloa,‘.,1 00, R, M para » ¢S, Mint »

and jim . Each function from F; to F7 is differentiated with respect to each variable to form a

Jacobian matrix at each time step. Subsequently, the equations are assembled and a set of linear
equations, given by equation are solved.

A7><7 (AX)7X1 = b7><l

WhereX =[ jyra 8¢ Ry para & Tl jim]T . And matrix A, and b, is shown in Appendix .

The iterative solution process is as follows. First, the initial value of all the seven parameters is
defined and the function F1, F....F7 is calculated at initial value. Then, by solving equation
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(3.41) and adding to the old guessed values, the new value of all the seven parameters is
obtained. If the parameters have not converged, the iteration process is repeated until a
converged solution is reached for the charging equation of the degradation model.

Results and Discussion

Implementation of SEI formation during charging period with fixed taand tc

The cell potential variation with time considering degradation in the cell with fixed time of
discharge and time of charge with each cycle of 7800 sec is shown in Figure 4.8. A MATLAB
script is written and run for 100 cycle and 1%, 50th, 100th cycle is compared. The value of
jre =.80x107" A/

Figure show as the number of cycle increases the cell potential decreases in the discharging
portion as shown in the exploded view in part and the value of cell potential increases in the
charging in the portion as the number of cycle increase as shown in exploded view in part . The
value of cell potential increases due to increase in the in the film resistance. As the value of
parasitic reaction current density is very low the side reaction take place very slow due to which
the degradation in the cell is very slow. [6]
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Figure 3: Cell potential variation with capacity at different no cycle considering degradation
Cell potential variation with capacity for different no of cycle with higher value of initial
parasitic reaction current density at C/2 rate
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Figure 4: Cell potential variation with capacity at different no cycle considering degradation.
Above figure show cell potential variation with capacity at different cycle for C/2 rate the cell
potential and capacity rate decreases as number of cycle increases, as the number of cycle
increases, there is an increase in the film resistance at the electrode surface.

Conclusion

In this work, a model of Charge- discharge capacity fade was developed by considering

degradation in the model. The model is solved by using numerical method technique Newton
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Rapson method for multiple variable using MATLAB code. The degradation model is run for
different no cycle and varying the value of initial parasitic reaction current density to study the
capacity loss. As the number of cycling increases the capacity decreases because of side reaction
over the surface of negative electrode. The anode surface film resistance increases because in
parasitic reaction insoluble products gets precipitated which restricts the movement of Li ion.
Due to the side reaction product formed with cycling, it cause the dropping of discharge voltage
with cycling. With increasing film resistance of the anode surface and charge /discharge rate
resulted in incomplete charging of the cell.

NOMENCLATURE

Jint intercalation current density (A/m?)

Jura  current density of parasitic reaction (A/m?)

jowa  initial state parasitic reaction current density (A/m?)

k, lithium intercalation/deintercalation rate constant (Am2°/(Cmol®°))

M molecular weight (kg/mol)
L; electrode length ¢j’

radial coordinate (m)

universal gas constant (8.314 J/(mol K))
particle radius (m)

. film resistance at anode (Qm?)

temperature (K)
time( Sec)
time of charge (sec)

-4 1w VWA -

— -+

ty discharging time (sec)
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APPENDIX A

A2: Matrix A, _, is given below

oF OF oR oF OF R R |
Olie Ol para 0 Mpara Ony O OR¢ 06,
oF, OF, oF, oF, OF, oF, oF,
Ol 0 para on para Oty O, OR; 06,
oF, oOF  OR oF, OR  OR oF;
Olie Ol para on para Oty O, OR¢ 06
oF, oF,  oF oF, OF, oF, oF,
Ol 0 para 0 M para Oy O, oR; 06,
oF R oF; oF,  OF oF, oF;
e Ol para 0 Mpara Oty Oy OR; 06
oF  oF  OF o/ oF  OR oFs
Ol 0 para 0 Mpara Oty O, OR; 06,
oF  oF  OF oF, OF oF, oF
| e Olpara OMpara O 0f ORy 00 |

A3:Matrix b, = [F1 F, F, F, K F, F7]Tthe value of F1 Fa...... F7 is calculated at guessed
value.
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