Computational Model of solid-state lithium ion batteries
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Abstract. It is important to have a simple but accurate model to evaluate the thermal behavior
of batteries under a variety of operating conditions and be able to predict discharging currents
as well. Theoretical models, which are usually based on a combination of electrochemistry and
physics, can give accurate predictions even though they are complicated, need sophisticated
measurements, estimation of transport properties and electrochemical reaction constants, to be
accurately solved. To achieve this goal, one dimensional tertiary current distribution interface
is used to model the electrolyte transport and the electrochemical reactions, solving for the
electrolyte potential, the electrolyte concentration of Li ions, and the electric potential of the
positive electrolyte-electrode interface boundary. In addition, the model is constructed in
COMSOL MultiPhysics 5.2 to use optimization capabilities for validating the model with
measured data. It is shown that the model can accurately predict various discharge currents and
the different sources of voltage losses. Such models are well-suited for battery design purposes,
though not optimal for the low computing-power environment of micro-controllers.
Furthermore, it is believed that this modified model was adapted for implementation in battery
management systems and can be used for the scale-up of large size batteries and battery packs.

1. Introduction

All-solid-state batteries are a quickly growing multimillion dollar business, which nowadays have a
large beneficia impact on many applications, such as autonomous devices for ambient intelligence
and medical implants. To describe the performance of these batteries under various conditions,
mathematical modeling of the Li-ion system was initiated in the mid-1980s. Simulating discharge
voltage curves of Li-ion batteries aready dates back to the early 1980s [1]. Interesting reviews
dealing with the mathematical modeling of Li-ion batteries can be found in the literature [2-5] These
models are mainly based on the porous electrode theory developed by Newman [ 6]. Alternatively,
equivalent electronic network models have been presented for various types of rechargeable batteries
[7-11]. All these models are based on the macroscopic descriptions of the fundamental
electrochemical and physical processes occurring inside these systems, enabling the quantification of
the relevant processes.




The eectronic network models were elegantly used to visualize these processes. Good agreement
between the simulations and experimental results was reported [7-11]. In addition, the degradation
(aging) process of Li-ion batteries has also been addressed [12,13]. However, al these reports did
not address thin-film all-solid-state Li-ion batteries. Solid-state Li-ion batteries represent the state-of-
the-art in modern battery technology. Further improvement in the solid-state battery technology
requires an in-depth understanding of the electrochemical processes involved, and the ability to
simulate these processes is therefore a necessity. The ionically conductive solidstate electrolytes play
an important role in the solid-state battery design [14,15]. A magority of all-solid-state Li-ion
batteries have a flat thin-film design. An example of the cross section of an as-deposited solid-state
Li-ion battery. To mitigate this drawback an all-solid-state lithium-ion battery is often fabricated by
thin-film methods, with thicknesses in the range of a few micrometers. These thin-film batteries
typically do not make use of porous electrodes; al electrochemical reactions instead take place on the
interface between the electrolyte and solid el ectrode domains.

The aim of the current paper is to develop a mathematical model models athin-film for all-solid-state
lithium battery in one dimension batteries using COMSOL Multiphysics 5.2, which includes al
important physical and electrochemical characteristics and is capable of describing the basic
functionality of these devices under a wide variety of operating conditions calculating various
discharge currents and the different sources of voltage losses.

2. Theoretical Model

The solid eectrolyte differs from a binary concentrated liquid electrolyte, and hence this model
does not use the Lithium-lon Battery interface. Instead, it uses the Tertiary Current Distribution
interface to model the dectrolyte transport and the electrochemica reactions, solving for the
electrolyte potential, (Sl unit: V), the electrolyte concentration of Li ions, cLi* (Sl unit: mol/m?), and
the electric potential of the positive electrolyte-electrode interface boundary, ¢pg (SI unit: V). In
addition, the model uses the Transport of Diluted Species interface to model the transport of lithium
in the positive electrode, solving for the concentration of solid lithium, c,;.

Liesl1di®* + e LiCoOg «= Lij_ CoOs + xLi* + e

l T2 e Tit + - l

Electrolyte Positive
electrode

Figure 1. Model geometry — electrolyte and positive electrode domains.

The location of the positive and negative electrode reactions are indicated by arrows.
The model geometry, shown in figure 1, is in one dimension and consists of two domains. the
electrolyte and the positive electrode, 1500 nm and 320 nm thick, respectively. The negative electrode
is assumed to have high electric conductivity and is not included in the model. A conventiona solid-
state Li-ion battery consists of the following elements. The negative electrode comprises metallic
lithium. The positive electrode is based on the conventional LiCoO, chemistry [16]. On the negative
electrode, lithium metal reacts with lithium ions in the electrolyte according to

Li oLi+e



where the reaction kinetics for this reaction is described using a Butler-Volmer expression
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Here F (96485 C/mol) is Faraday’s constant, K (SI unit: mol/(m?.s)) is the rate constant of the
reaction, is the total concentration of lithium in the electrolyte, aneg the charge transfer coefficient for
thereaction, R (8.3145 J/(mol -K)) isthe molar gas constant, and T (SI unit: K) is the temperature.

On the positive electrode the active electrode material reacts according to

LiCoO; <> Li; ,CoO,+Li +e (2)
This reaction is also described using Butler-Volmer kinetics
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where CLi,max and CLi,min are the maximum and minimum levels of lithium in the solid electrode,
respectively. The overpotential, 1 (SI unit: V), is generally defined as:

n:(l)s' (I)I'Eeq (5)

where ¢s (Sl unit: V) isthe potential of the electrode (solid) and Eeq (Sl unit: V) is the equilibrium
potential of the reaction. Eeq is set to O for negative electrode. For the positive eectrode the
equilibrium potential depends on the concentration of lithium in the electrode. By Setting the
negative electrode to an electric potential of zero volts, and apply a current condition on the positive
electrode for the simulation. The electrolyte is a solid-state Li;PO, electrolyte. The chemical reaction

Li’ <Li'+n
describes the ionization reaction in the electrolyte, where immobile oxygen-bonded lithium (Li° is
transferred to mobile Li* ions and uncompensated negative charges (n"). The dissociation rate for this
reaction is denoted by kg, and the inverse reaction rate by k;, so that the overal rate for the electrolyte
transfer reaction iswritten as:

r=KqCLi™- K,C.;°C, (6)

At equilibrium the fraction of the total amount of lithium that is dissociated, 9, is
Cpi = C,=dc,

kyco 82

with the result that Ky isrelated to K, accordingto, kg = -

The transport of Li" and n” is described by the Nernst-Planck equation



N; = D;V¢; +%Dq vV, (7)

where Di is the species diffusion coefficient and z the species charge. Assume local electroneutrality
so that at all times. Couple the flux on the electrolyte boundaries to the el ectrochemical reactions using
Faraday’s law. In the positive electrode, solid lithium is transported by Fick’s law:

N = DiVey, (8)

Coupling the flux of solid lithium on the electrode-electrolyte boundary to the electrochemical
reactions using Faraday’s law, assuming the flux of solid lithium to zero on the right most boundary.

3. Results and Discussion

Figure 2 shows the electrolyte concentration of Li" at the last time-step of the solver for various
discharge currents. The concentration deviation from the equilibrium concentration at the electrodes is
higher for higher discharge currents. Figure 3 shows the concentration profile of solid lithium in the
positive electrode. The concentration gradients get steeper with higher discharge rates.
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Figure 2. Electrolyte concentration at end of discharge for various discharge rates.

Figure 4. The position (voltage) of the plateau before depletion is shifted downwards for higher
discharge rates. The reason for this are the higher internal losses for higher currents.
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Figure 3. Electrolyte potential for various discharge rates.
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Figure 4. Discharge curves (cell voltage vs. time) for various discharge rates.
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Figure 5. Comparing different sources of voltage loss during a 51.2 C discharge.



Figure 5 compares the different voltage losses; the activation overpotentials of the positive and
negative electrode reactions, the electrolyte potential drop and the concentration over potential. The
concentration overpotential is calculated as:
nconc:Ecq(CLi)' Ecq(CLiv) ( 9)
where C.; is the average concentration of solid lithium in the positive electrode.

The largest changes are seen in the concentration overpotential. The reason for this is the voltage
plateau of the equilibrium potential towards end of discharge, compared to the large initial equilibrium
voltage drop for a fully charged battery. The electrolyte voltage drop and overpotential of the positive
electrode reaction also undergo changes during the discharge. This is also due to concentration
changes in the electrolyte and the positive electrode.

4. Conclusions

A one-dimensional model has been applied to simulate the performance of all-solid-state Li-ion
batteries. The model describes the electrode, electrolyte, and the interface between those elements. The
proposed model provides a detailed information about the various diffusion and migration fluxes,
concentration profiles, and the corresponding overpotential contributions, occurring across the
electrode and electrolyte. The model provides good prediction, including discharge curves with high
C-rates.
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