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Abstract: Batteries as a multi-disciplinary field have been analyzed from the electrical, material
science and electrochemical engineering perspectives. The first principle-based four-dimensional
degradation model (4DM) of the battery is used in the article to connect the interdisciplinary sciences
that deal with batteries. The 4DM is utilized to identify the physical manifestation that electrolyte
degradation has on the battery and the response observed in the terminal voltage. This paper relates
the different kinds of side reactions in the electrolyte and the material properties affected due to
these side reactions. It goes on to explain the impact the material property changes has on the
electrochemical reactions in the battery. This paper discusses how these electrochemical reactions
affect the voltage across the terminals of the battery. We determine the relationship the change in the
terminal voltage has due to the change in the design properties of the electrolyte. We also determine
the impact the changes in the electrolyte material property have on the terminal voltage. In this paper,
the lithium ion concentration and the transference number of the electrolyte are analyzed and the
impact of their degradation is studied.

Keywords: sensitivity; electrolyte; lithium ion battery; degradation; 4DM; terminal voltage;
side reactions

1. Introduction

Lithium-based batteries are dominating the battery market because of their high energy density
and rapidly decreasing manufacturing cost per kWh. While these batteries have many advantages,
they also have disadvantages such as safety and recycling. Recycling of lithium ion batteries is a
threefold process that involves pyrometallurgy (treatment with heat), hydrometallurgy (treatment
with acid/liquid) and recycling through physical processes such as separation by weight. Recycling
was mainly performed to recover the rare-earth metals that are hard or expensive to find and mine
and hazardous materials that are toxic for the environment [1]. By recycling the used or spent lithium
ion batteries, it is possible to recover up to 70% of the cathode material that is made up of rare earth
metals [2]. However, the cost of recycling lithium ion batteries is increasing because of the increase in
the complexity of lithium ion battery chemistries to ensure stability and improved tolerance to charging
rates and temperatures [3]. Safety is a major concern in lithium ion batteries because they are designed
to have highly combustible agents (such as organic solvents in electrolytes) and combustion inducing
agents (electrochemical reactions that generate heat) in a sealed container. When operating normally,
the electrochemical reactions generate very little heat and therefore prevent any kind of combustion or
explosion. However, if subjected to extreme operating conditions (e.g., high charging/discharging
currents, high temperatures, etc.) these agents can react violently and result in explosions [4].
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Inappropriate operation can also lead to dendrite formations that can cause an internal short between
the cathode and the anode and result in explosive reactions [5]. The electrolyte is one of the important
components in the battery where heat or gas generation can cause problems. This is because most
electrolytes in lithium ion batteries are dissolved in organic solvents that are highly flammable [6].
To ensure that these batteries operate as they are designed to, battery management/monitoring systems
(BMS) are developed to continuously monitor the states of the battery such as the State of Charge
(SOC), State of Health (SOH), Remaining Useful Life (RUL), State of Function (SOF) and temperature
of operation. The BMS also monitors the charging and discharging operations of the battery to ensure
that the operating currents are within the rated specifications of the battery and that the upper and
lower cut-off voltage limits are not exceeded [7]. The temperature of operation of the battery also
has a very important role in its operation and performance. When the battery is operated at higher
temperatures, the electrolytic resistance decreases initially and then begins to dissociate resulting in
an increase in the resistance between the electrodes. Similarly, when the temperature of the battery
drops below the operating range, the electrolyte begins to coagulate, resulting in an increase in the
resistance to the flow of lithium ions between the electrodes [8]. The C-rate or charging/discharging
rate plays a crucial role in the degradation of the battery as well. Using very high C-rates can lead to
deposition of lithium ions instead of intercalation. Deposition of the lithium ions will result in loss of
active material and lithium inventory and cause the battery to degrade faster [9]. To better understand
the operation of lithium ion batteries, a physics-based modeling approach is used to represent the
lithium ion battery and its components [9]. Most batteries have four major components—electrodes,
electrolytes, separators and current collectors. The electrodes, positive and negative, are the regions
where electrochemical reactions take place that generate electrons. The electrolyte acts as a charge
transportation medium between the positive and negative electrode and vice versa based on the mode
of operation (i.e., charging or discharging) [10]. The electrolyte in lithium ion batteries is often lithium
salts such as lithium hexafluorophosphate (LiPF¢) dissolved in an organic solvents usually ethylene
carbonate (EC) and di-methyl carbonate (DMC) [11]. The ratio of the EC and DMC is determined by
the dielectric property and the viscosity requirements of the electrolyte. EC contributes to the dielectric
property while DMC makes the electrolyte less viscous [12]. The dielectric property contributes to
the charge holding capability and the viscosity determines the resistance to the flow of ions between
the electrodes. The separator provides electrical isolation between the electrodes and is doused in the
electrolyte to enable movement of ions through the separator. To reduce the effect of self-discharge,
the electrolyte is designed to have very high ionic conductivity and minimal electronic conductivity,
which means the electrolyte offers low resistance to lithium ion movement and very high resistance
to the flow of electrons. This high ionic conductivity and low electronic conductivity is achieved
by dissolving the LiPFg in an organic solvent—the EC and DMC combination. The organic solvent
ensures that the electrolyte offers high impedance to electron flow, and the dissolved LiPF4 ensures
that it offers a low resistance to lithium ion flow. The electrolyte of the battery in this paper is LiPFq4
dissolved in a 2:1 EC:DMC solution [13].

This paper discusses the physical manifestations of side reactions that happen in the electrolyte
and the impact these manifestations have on the terminal voltage of the battery. It simulates
degradation of the electrolyte through degradation of the salt diffusion coefficient and the transference
number and generates the voltage profile when the battery model is subjected to a constant discharge
current of 0.4C for a fixed duration of 4500 s or until the lower limit of the terminal voltage (3.5 V)
is reached. The degradation of the electrolyte parameters was simulated in intervals of 10% so as to
determine the sensitivity of the terminal voltage to the degradation of the parameter in consideration.

This article is organized as follows: Section 2 discusses the side reactions that take place in the
battery, Section 3 presents the electrolyte salt diffusion coefficient degradation and the impact it has on
the terminal voltage of the battery, Section 4 describes the impact of electrolyte transference number
degradation on the voltage across the terminals of the battery and Section 5 concludes the paper and



Batteries 2020, 6, 53 3of 14

provides a discussion on the future work planned for this research area. The abbreviations, units and
initial values of all the parameters used in the simulation are described in Table A1.

2. Side Reactions

The side reactions in a battery are highly reliant on the battery’s operating parameters. Based on
operating conditions such as temperature and charging and discharging C-rates, there are three areas
where side reactions can occur—at the electrode—electrolyte interface [14], at the electrode—current
collector interface and in the electrolyte itself.

2.1. Electrode—Electrolyte Interface

At the electrode-electrolyte interface, the side reaction causes an increase in the thickness of a
solid electrolyte interface. The solid electrolyte interface (SEI) is a passivation layer that is designed
by the manufacturer during the creation of the battery to isolate the electrode from the electrolyte as
shown in Figure 1 [15]. If the battery is exposed to temperatures outside it’s nominal operating range
(higher or lower) or high charging/discharging rates, there is a significant rise in the loss of lithium
inventory because of changes in the electrochemical reactions inside the battery. When operated
under high charging/discharging rates, the lithium ions react with the SEI and cause a chemical
reaction that results in the depletion of the SEI. Upon undergoing this kind of reaction, the anode
is exposed to the electrolyte. The anode exposure to the electrolyte causes chemical reactions that
produce compounds that inhibit the charge-producing electrochemical reactions [16]. The battery also
undergoes different kinds of stress: charging/discharging stress, mechanical stress, temperature-based
stress, etc. [17-19]. This paper focuses on the mechanical stress that the battery’s electrodes undergo
and the resulting side reactions. This kind of stress can cause the battery’s electrode to separate
from the current collector and cause a barrier to the current flow between the current collector and
the electrode. This phenomenon is electrically represented as a growth in the internal resistance of
the battery [20]. Exceeding the upper and lower cut-off voltage by forcing the battery to charge or
discharge beyond the manufacturer’s specification results in a chemical reaction between the current
collectors, the electrode and the electrolyte. This corrosive reaction causes a passivation layer to form
between the electrode and current collector. The passivation layer hinders the transfer of electrons
from the electrode to the current collector and thus causes the resistance of the battery to increase [21].

Aluminum Cathode Material Anode  Copper
Current Collector Electrolyte  Separator SEl Current%%\leclor

Figure 1. Structure of the battery with manufacturer designed SEL

2.2. Electrode—Current Collector Interface

The electrode—current collector interface is where the battery is able to accept the electrons
from the external circuit to complete the electrochemical reaction. During the design of the battery,
the electrode is deposited on the current collector, made of highly conductive metals such as aluminum
and copper, to prevent any loss of contact. However, either due to improper design or wear and tear
of the electrode or current collector, there may be loss of contact between the current collector and
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the electrode. This loss of contact between the two surfaces can result in an increase in the internal
impedance because of the gap between the surfaces and thus cause energy loss [22].

2.3. Electrolyte

The ideal electrolyte of the battery is a transport medium to enable lithium ions to move without
resistance between electrodes. The electrolyte forms a temporary chemical bond with the lithium
ions as they move from one electrode to the other. When the lithium ion reaches the other electrode,
the SEI acts as a filter, removing the electrolyte surrounding the lithium ion and permitting only
the lithium ion to flow through the SEI and into the cathode or anode [23]. This phenomenon is
particularly important at the anode because when the lithium ion is bonded with the electrolyte, it has
a much bigger size than the expansion capability of the graphite electrode. If the lithium ion with the
electrolyte intercalate into the anode, then it results in uneven expansion and cracking of the anode.
This cracking of the anode exposes it to the electrolyte and results in a growth of SEI and irreversible
compounds. Figure 1 shows the temporary bond that the lithium ion makes with the electrolyte as it
moves through the electrolyte and the SEI filtering the electrolyte to enable proper intercalation into
the graphite anode. However, when subjected to extreme operating conditions such as high C-rates
and temperatures, the electrolyte begins to interact with the lithium ions being transported and forms
permanent chemical compounds. Since batteries generate and store energy through electrochemical
reactions, the temperature of operation has an important role in the kind of reaction that takes place.
When subjected to high temperatures, the ethylene carbonate in the electrolyte solution reacts with
lithium ions to form more SEI and ethylene gas as shown in Equation (1) [24]. The ethylene gas
causes the expansion of the battery cell because there is no exhaust or outlet for the gas to escape.
This expansion applies pressure on the electrode and causes it to crack and results in more electrode
material being exposed to the electrolyte. With more electrolyte-electrode exposure, the degradation
rate is increased and more electrolyte and electrode material are lost. Equation (1) is an example of one
of the side reactions that takes place in the battery that results in SEI formation.

(2(CH,),CO3) +2e~ + 2LiT — ((CH,0CO,Li),) 4 (CH, = CH, 7). Q)
—_—
ethylene carbonate SEI (ethylene gas)

Another degradation phenomena that affects the electrolyte is dissociation when subjected to
either very high temperatures or potentials. When the electrolyte is subjected to very high temperatures
or potential differences across it, the chemical compounds begin to break down. This breakdown
of the chemicals results in the inability of the electrolyte to act as a transportation medium between
the electrodes.

This paper simulates the degradation of the electrolyte by varying the electrochemical properties of
the electrolyte: the salt diffusion coefficient and the transference number using the first principle-based
4 dimensional degradation model (4DM) as shown in Figure 2 [24]. The terminal voltage is studied
based on the degradation of these parameters and conclusions are drawn in terms of its sensitivity
to the degradation of the electrolyte. The electrolyte salt diffusion coefficient and the transference
number are also interdependent. Their interdependence can be observed in Equation (3) where the
change in the effective diffusion coefficient is directly proportional to the transference number of the
electrolyte. When either of the parameters change, there will be a more severe impact on the rate of
change of the terminal voltage of the battery. While the 4DM framework is capable of simulating
the interdependencies between the different parameters of the electrolyte, this article focuses on the
sensitivity of each individual component of the battery on the performance and voltage response. As a
result, the interdependencies are not considered in this article and will be presented in a separate article.
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Current Collectors

Cathode Layer

Figure 2. 4DM used to simulate electrolyte degradation.

3. Electrolyte Salt Diffusion Coefficient Degradation

The salt diffusion coefficient of the electrolyte defines the maximum rate of diffusion that is
possible in the electrolyte [25]. The diffusion coefficient’s relationship with the temperature and
electromotive force (EMF) applied is given by the Stokes-Einstein equation [26].

D = ukgT. ()
Using the conservation of mass equation based on Fick’s Law when applied to the Pseudo 2D
(P2D) model, gives,
d(ecce) 0 [ effoce 1-19 Li
ot —ax\P o )TUTE ) )
Given Dﬁf f = D.€?, Equation (3) can be written as
d(ecce) po2ce 1-1% Li
9t = | Dee, ﬁ + —F ] (4)
For a constant jL/, if €} decreases then % will decrease. Integrating and solving Equation (4)
with respect to time gives:
02
€ece = Doel 5 Czet —|—/ ( ) iLigt. 5)

Integrating on both sides of Equation (5) with respect to x and solving, we get,

f’t) / / / ( ) Lidtaxox. ©)

Ce ==
(e x2 — D,e
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Therefore, when € decreases then (€ex? — D.el t) increases and ¢, decreases. From (3) and (7),
for constant j/, the decrease in c, will cause an increase in ¢, to balance the equation.

0 d effalnc Li
ax(Keffa(f: +Kfoaxe) +]L :0/ (7)
824) ef f d?lnc Li
Keffﬁ = —Kp ax2€ - (8)
Integrating (8) gives:

eff Lio2

L N S
(pt’ - Kefflnce Keff 7 (9)

eff
K Ce

A, = Kg[flni. (10)

The overpotential of the battery can be written as,

N =¢s — e — U. (11)

Since 7 is constant and the equilibrium potential, U, at any defined concentration is also constant,
the only parameter that can vary to compensate for the change in ¢, is ¢s. Thus,

A = Dgs — A — AU (12)
0 = Agps — Age, (13)
Aps = Age. (14)

Therefore, when ¢, decreases, then ¢; will increase to keep # constant. With an increase in ¢s, V;
will either increase or decrease based on the battery mode of operation (charging/discharging).

R
Vi=¢s, — s — Iflr (15)
AV = Aps, — Aps_. (16)
From Equations (14) and (16),
AVy = f(Age). (17)

Thus, from Equations (10) and (17) we get,

Kgf Ce,
AVt:f(Keff nCe]>. (18)

From Equation (18), if c,, is the initial lithium ion concentration in the electrolyte when the battery
is designed then the change in terminal voltage to the decrease in lithium ion concentration in the
electrolyte follows an exponential decrease.

Figures 3-5 show the terminal voltage response to the change in the electrolyte salt diffusion
coefficient degradation. It can be observed that there is a decrease in the terminal voltage when the
battery’s electrolyte salt diffusion coefficient decreases. This is in correlation with the mathematical
derivations obtained in Equations (6) and (18). Figure 6 shows that the response follows an exponential
curve. This is obtained using the curve fitting toolbox in the Matlab. The R? fit is determined to
be 0.9952.

AV; = —0.02406¢(~+001Dc) (19)
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Figure 3. Terminal voltage vs. time for change in electrolyte salt diffusion coefficient from 1.0 to 0.8.
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Figure 4. Terminal voltage vs. time for change in electrolyte salt diffusion coefficient from 0.7 to 0.5.
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Figure 5. Terminal voltage vs. time for change in electrolyte salt diffusion coefficient from 0.4 to 0.1.
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Figure 6. Change of terminal voltage to transference number vs. electrolyte salt diffusion coefficient.

4. Electrolyte Transference Number Degradation

The electrolyte transference number defines the ratio of current carried by ions in an electrolyte
to the total current flowing through the electrolyte [27]. Since in any electrolyte there are positive
and negative ions, the transference number is usually between 0 and 1 [26]. In lithium ion batteries,
the electrolyte ion transference number is around 0.3-0.4.

Using Equation (7) and the conservation of charge per Fick’s Law as shown in Equation (21)

we have,
0 effa(PE gffalnCe i
g (K g + Kp 783{ +77 = 0, (20)
I 2RTx/f @ 1)1+ olnfy 1)
b~ F + olnc, )’
For a fixed current being drawn or sent into the battery, j'/ is a constant. Assuming that %ll’y;f =0
we get,
2RTx*//
K& = (5 -1). (22)
Differentiating Kgf with respect to 9, gives:
ot eff
kp°  2RTx . (23)

- =
oty F
Therefore, with an increase in t(jr, there is an increase in KEfo CIf Kgf increases then using

Equation (20), the only way to keep the equation equal to 0 for a constant j! is that aa—x (Ke f aaf:) must

2
decrease. But x°/f is a constant for any material. Therefore, aaj;f

can be written as,

must decrease. Thus, Equation (20)

eff 2 -Li
824)6 ( _ ZRTFK (t(jr _ 1)aaz;2ce> _ ]Lz
oxz xeff ’ (24)

Integrating (24) gives,

L2
Bo(x) = —g(ﬂ ~Dina () - L2 (25)
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Therefore, from Equations (17) and (25), a conclusion that the variation in the terminal voltage is
directly proportional to the change in the electrolyte potential can be drawn.

2RT
Age(x) = —— (M%) Inc,(x). (26)
From Equations (17) and (26), there is a direct relationship between the change in the transference

number and the change in the terminal voltage. However, the relationship also has a negative slope.

AV, = f< — ZRPT(Atﬂ)lncg(x)). 27)

From Equation (6), we know that c, is a function of t0+. Therefore, Equation (27) can be rewritten as,
AV = f(AE5). (28)

From the curve fitting toolbox in Matlab, the smallest order of the polynomial that fits the function
is a second order polynomial with an R? fit of 0.9982.

AV; = —0.003808A12% + 0.02002A1%. — 0.02652. (29)

The transference number varies from 0.04 to 1.12. Figures 7-12 show the transference number
varies from 0.1 to 2.8 because the base transference number is set to 0.4 and is being scaled between
0.04 and 1.12. With a decrease in the transference number, there is an increased impedance to lithium
ion flow across the electrolyte. This increase in the resistance causes an increased potential drop
across the electrolyte and results in the battery reaching its cut-off voltage sooner. Figure 13 shows
the relationship between the change in terminal voltage to the change in transference number vs. the
change in the transference number. This figure is consistent with the results obtained from (28).

4 2'I'erminal Voltage vs Time for Change in Transference Number
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Figure 7. Terminal voltage vs. time for change in transference number from 2.8 to 2.4.
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Figure 8. Terminal voltage vs. time for change in transference number from 2.3 to 1.9.
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Figure 9. Terminal voltage vs. time for change in transference number from 1.8 to 1.4.
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Figure 11. Terminal voltage vs. time for change in transference number from 0.8 to 0.4.
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5. Conclusions and Future Work

There are three major types of side reactions, and they occur at the solid—electrolyte interface,
the current collector—electrode interface and in the electrolyte. This article highlights the impact
of electrolyte degradation on the performance of the battery and the physical manifestation that
this degradation phenomenon has on the terminal voltage of the battery. There are two ways to
represent the degradation of the electrolyte—loss of electrolyte salt concentration and change in
transference number. The loss of electrolyte concentration increases the resistance to the flow of
lithium ions across the electrolyte. The electrolyte loses lithium ions when the battery is subjected
to harsh operating conditions such as high temperatures or charging/discharging rates. The lithium
ions react with the organic solvents in the electrolyte to form irreversible chemical compounds as
shown in Equation (1). The decrease in the transference number of the electrolyte symbolizes the
loss of charge-carrying lithium ions or the increase in the electrons that are carrying charge across the
electrolyte (i.e., self-discharge). From Equations (18) and (27), it can be seen that the terminal voltage
has an exponential decrease for decrease in the concentration of lithium ions in the electrolyte while it
follows a quadratic function with the transference number. This implies that the change in the terminal
voltage is more sensitive to the decrease in lithium ion concentration in the electrolyte than to the
variation in transference number. Depending on the rate of change of the voltage, it is possible to
determine the kind of side reaction that is dominant in the electrolyte.

Future work involves performing more sensitivity analysis on the degradation of different physical
battery components and determining the sensitivity of the change in terminal voltage and capacity to
the change in component degradation.
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Appendix A

Table A1l. Table of Symbols.

Symbol Definition Units
D Diffusion Coefficient m?/s
U Particle Mobility m/Vs
\% Applied Electromotive Force \%
kg Boltzmann Constant J/K
T Temperature K
€e Electrolyte Phase Volume Fraction Unitless
Ce Electrolyte Lithium Ion Concentration mol/m?3

Dgf f Effective Electrolyte Diffusion Coefficient m?/s
x Variable to define position
along the length of the battery m
t Time s
t(i Positive Ion (Li™) Transference Number  Unitless
F Faraday’s Constant C/mol
Li

Volumetric Electrochemical Reaction Rate A/m?3
at the Surface of the Electrode

D, Electrolyte Diffusion Coefficient m?2/s

x°ff Effective Electrolyte Ionic Conductivity S/m
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Table Al. Cont.

Symbol Definition Units
¢e Electrolyte Phase Potential \%
Cse Lithium Ion Concentration at the mol/m3

Solid—Electrolyte Interface

Kgf Effective Diffusion Conductivity S/m
R Universal Gas Constant J/mol K
f+ Electrolyte Activity Coefficient Unitless
¢s Solid Phase Potential A%

u Thermodynamic Equilibrium Potential v

Ui Over Potential Vv

Vi Terminal Voltage \%

I Input Current A

Ry Current Collector—Electrode Q

Contact Resistance
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