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Abstract

Many Li-ion cell ageing mechanisms take place at the electrodes. Among these mechanisms, there is the deposit of
lithium at the graphite electrode in fast charging conditions of LIBs. This mechanism can be avoided by having a
control on the potential of the graphite electrode. This is difficult to achieve because this potential is mixed to others
contributions in the battery voltage. In the present paper, we propose a method to separate the potential of the graphite
electrode to the battery voltage using a model and characterization of the battery that is non-invasive and easy to
implement. The method has been applied to a LiFePOy/graphite battery. The contributions of the SEI, the charge
transfer and diffusion of the graphite electrode have been estimated in the battery voltage. The proposed method can
be adapted to other Li-ion batteries or other battery technologies using carbon as negative active-material (e.g. sodium
ion batteries).

Keywords: Battery, graphite electrode, electrode potential, modeling, lithium plating, ultra-fast charging,
non-invasive characterization.

Nomenclature OCPpp/OCPng Equilibrium potentials of the PE/NE
. ) o vs. reference electrode [V]
Bi Coeflicient representing the contributions of the o
SEI and the NE charge transfer to the battery OCV  Equilibrium voltage of battery [V]
surface overvoltage. [0) Charge quantity of battery [A#].
B2 Coeflicient representing the contributions of the Ro.pe/Rane Resistance due to the electronic conduc-

SEI and the NE charge transfer to the battery

tion through the solid phases to the PE/NE [Q]
diffusion overvoltage.

Ruype/Rcuyne Resistance due to the contacts between

AV,.s Battery overvoltage measured : difference bet-
ween V,.; and OCV [V]

T4 Time constant of diffusion of battery [s]

Tary  Time constant that characterizes the fast dyna-
mic of battery [s]

Ceai/pe/Ceayne Electric double layer capacitance of the
PE/NE [F]

Cqrr Electric double layer capacitance of battery [F]
Ci Heat capacity of battery [J/K]

1 Current of battery [A or C-rates]

Iy Exchange current of the battery [A]

Liim_pr Limit current to prevent the lithium deposition
reaction [A or C-rates]
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the positive/negative active material and current
collector [Q]

R, Resistance of diffusion of battery [€Q]

R, Resistance due to the ionic conduction in elec-
trolyte phase [€Q2]

R, Pure ohmic resistance of battery [Q]
Veell Voltage of a LIB [V]

Ver/pe/Veyne Overpotential due to the charge transfer at
the PE/NE [V]

Va Battery overvoltage caused by the diffusion
phenomena [V]

Via Overvoltage due to the diffusion in electrolyte
phase [V]
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Vsaype/Vsane Overpotential due to the diffusion in so-
lid phase at the PE/NE [V]

Viei Overpotential due to the ionic migration
through the SEI [V]

Vsurr  Battery overvoltage caused by the internal in-
terface phenomena [V]

Zy Impedance of diffusion of battery [Q]

00CV /9T Entropy coefficient [V/K]

F Faraday’s constant [96485 C.mol™']

R Gas constant [8.3145 Jmol™'. K]

DVA Differential Voltage Analysis

ECM Equivalent Circuit Model

EIS Electrochemical Impedance Spectroscopy
GITT Galvanostatic Intermittent Titration Technique
LDR Lithium Deposition Reaction

LIB  Lithium Ion Battery

LLI  Lithium Lithium Iventory or lost of lithium
NE Negative Electrode

PE Positive Electrode

SEI Solid Electrolyte Interface

SoC  State of Charge [%]

1. Introduction

The challenge of the optimal fast charging of Li-ion
batteries relies on the determination of the current al-
lowing to inject the possible energy maximum into the
battery, in a reduced time and without compromised its
safety and lifespan.

LIBs have operating limitations, especially when
charging at low temperatures or at high current rates.
In these conditions, the occurence of the LDR (Lithium
Deposition Reaction), the so-called lithium plating, on
the graphite NE is well known as one of the main li-
mitations [1, 2, 3]. This unwanted reaction occurs when
the interface potential of the graphite NE gets less than
0 V vs. Li*/Li. Tt accelerates the performance fading
of batteries (capacity loss and impedance increase) and
can even cause safety issues by an internal short-circuit
between the PE and NE or a thermal runaway of the
battery in the worst case [1, 3]. In this point of view,
the monitoring of the graphite NE is required to prevent
this unwanted reaction and to achieve fast charging in
optimal and more safe conditions.

The potential of the graphite NE in a LIB can be ob-
tained by modeling. Electrochemical models allow to
achieve that accurately in local scale. Ecker et al. [4]
described the state-of-the-art in parameterisation. These
models require invasive, expensive and time-consuming
tests to parameterize. As alternative, physical ECMs
separating the contributions of the PE and the NE at
macroscopic scale can be used [5, 6]. Merla et al. [6]
employed a two-electrode ECM with non-invasive and
low-cost parametrisation requirements allows quicky
and easy tests.

In the present study, we develop a non-invasive ap-
proach to separate the macroscopic potential of the gra-
phite electrode in the LIBs. In principle, our approach
relies on a simplification of a two-electrode ECM. From
the latter, we develop a simplified and non-invasive
method to characterize the battery and to separate the
contributions of the graphite NE to the battery voltage.
The present study is carried out to cylindrical (22650)
2.3 Ah cells consisting of the LiFePO,4 PE and the gra-
phite NE.

The remainder of this article is presented as follows.
First, we define the LDR trigger-point and we describe
a complete two-electrode model of the battery. Second,
we introduce the simplification the two-electrode mo-
del allowing an easy determination of the parameters
from GITT and EIS tests on the battery. Finally, we des-
cribe the methodology to separate the contributions of
the graphite electrode in the battery voltage.

2. Definition of the LDR trigger-point with a two-
electrodes equivalent circuit model

The terminal voltage of a LIB during charge repre-
sents various contributions going from the positive ter-
minal to the negative terminal. These contributions are
shown in Figure 1a.

Among the aforementioned contributions, only a few
are preponderant with respect to the triggering of the
LDR in the LIBS. These contributions are : (i) the equi-
librium potential of the graphite electrode, (ii) the SEI,
(iii) the charge transfer and (iv) the diffusion in solid
phase of the graphite NE. Indeed, the OCP of the gra-
phite NE is close to the equilibrium potential of the
lithium metal, which intrinsically let a small margin
to this electrode regarding the triggering of the LDR.
Consequently, if during a charge of a LIB significant li-
mitations of the (i) Li transport in the SEI, (ii) the charge
transfer and (ii) the diffusion of the solid phase occur at
this electrode, the lithium will be accumulated on sur-
face and the interface potential of the graphite will be
driven quickly beyond the trigger-point of the LDR.



The limit point beyond which the LDR is triggered
in a LIB corresponds to the moment when the inter-
face potential of the graphite electrode near the sepa-
rator reaches 0 V vs Li*/Li. A macroscopic model of
the graphite electrode is proposed in order to get this li-
mit point (Figure 1b). As it is shown in Figure 1b, the
sum of the overpotentials V., Vi, nE, and Vi, vg cancels
the OC Py at this point. In adittion, the current flowing
through the battery at this point represents the limiting
charging current to prevent the LDR (Z;;,,_rpr)-

In order to separate the contributions of the graphite
electrode giving the limit point of triggering of the LDR,
a simplification of the two-electrode ECM of Fig. la is
introduced in the next section.

3. One-electrode ECM for the experimental charac-
terization

3.1. From the two-electrodes ECM to a one-electrode
ECM

The dynamics of the main processes inside the LIBs
can be (i) instantaneous, (ii) fast (with time constant
from a few microseconds to a few seconds) or (ii) slow
(with time constant from a few seconds to a few hours)
[7, 8, 9]. Figure 1a shows the grouping of the processes
according their dynamics with the Nyquist plot of a
LIB impedance (frequency domain). As a consequence,
the two-electrode ECM (Fig 1a) is simplified to a one-
electrode ECM in figure 2b, where :

e OCV is the difference between OCPpr and

e R, represents the sum of the different resistive
contributions inside a LIB ;

e Vs is the sum of the contributions of the SEI and
the charge transfers of the PE and the NE;

e the capacitance Cg,, s includes the double layers of
the PE and the NE as well as the capacitive effect
of the SEI layer [10, 11];

e V, represents the sum of the contributions of the
electrolyte phase diffusion and solid phase diffu-
sions at the PE and the NE.

3.1.1. Modeling of the surface and diffusion overvol-
tages
The expression of Vi, is partially inspired from
Butler-Volmer law (Eq. (1)) [12]. I, is the exchange cur-
rent of the battery and 7, is the time constant that cha-
racterizes the fast dynamic of the battery.

AVrs 1 1 2RT (1
= - X sinh™ | —|, (1)
dt Csurf Tsurf F 2IO

The overall diffusive behavior of the battery is assu-
med to be Nernst-type diffusion, which the impedance is
given by the following equation in the Laplace domain
[13]:

tanh(\1ys)

with R, the diffusion resistance of the battery and 7,4
the corresponding time constant. The latter characte-
rizes the slow dynamics of the aforementionned pro-
cesses [7, 8]. By first applying the Mittaf-Lefler theo-
rem and then proceeding by simplifications, the equa-
tion (2) can be approximated by an finite series decom-
position of parallel RC circuits, which gives the equa-
tion (3) [13, 14].

Z4(s) = Rq @)

Zo()~ ) ——— 3

R, and 74 are respectively related to R; and 7, by the
respective relationships below [15] :

SRd 4Td

Rip= = and 1gp = ——Xd
= g -1 M T T o)y

“

3.1.2. Temperature, SoC and Current dependences

The parameters Ry, I, Tgrf, Tq, and Ry are assu-
med to be temperature dependent only. In particular, the
consequences of neglecting the SoC dependence is li-
kely to lead to inaccuracies at extreme SoC. As a conse-
quence, the model results at SoC less than 10% and
more than 90% are treated with great caution. The tem-
perature dependence for each parameter is calculated as
follows :

W(T) = Y(25°C)6,(T), &)

where 6, is a temperature dependence coefficient. At 25
°C, 6, is equal to 1.

3.2. Parameters determination by EIS and GITT

3.2.1. Experimental conditions

The aforementioned parameters have been extracted
from GITT and EIS measurements. A Bio-Logic test
system (VSP-300), with 0.1% of its full scale, was used
to perfom these measurements. The cylindrical com-
mercial LiFePO,/graphite cell (2.3 Ah) was put into a
climatic chamber to control its equilibrium temperature.

GITT tests have been performed at 0 °C, 15°C and
25 °C for the following charging currents : 2 A (0.9C),
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FiGure 2: (a) Representation of the main processes inside a LIB from its impedance spectrum [7, 9]. (b) One-electrode ECM

6 A (2.6C), 10 A (4.3C), 15 A (6.5C) and 20 A (8.7C).
Since the SoC dependence is neglected, each pulse cur-
rent was applied from 35% and 51%.

EIS tests have been performed at SoC 35%, with a cur-

rent of amplitude C/10, in the frequency range of 10
kHz-100 mHz and for the following temperatures : 0
°C, 15 °Cand 25 °C.



3.2.2. Extraction of parameters by combining different
operating points

The resistance R, was extracted from EIS measure-
ments. As shown in figure 3a, R; was obtained from the
point of intersection of the real axis and the impedance
curve (i.e. for Im(Z..;) = 0) [6, 12]. Arrhenius’ law was
then fitted with the obtained values to get the tempera-
ture dependence coeflicient.

The parameters Iy, T4, r, T4 and R; were extracted
from GITT measurements. During GITT pulses, the bat-
tery temperature varies. As a consequence, the parame-
ters a priori evolve with the cell temperature. To take
these evolutions into account, we first used the simpli-
fied thermal model of Eq. (6) to estimate the cell tempe-
rature [16, 15]. Second, as shown in figure 3b, we fitted
the model with all GITT measurements simultaneously
(i) by using the estimated temperature as one of input
data and (ii) by computing the evolving of the parame-
ters with the temperature accoring Eq. (5). Arrhenius’
law was used for the temperature coefficient of Iy. 7,
74 and R, were considered linear by piece according to
the temperature. The parameters obtained are reported
in Table 1.

dT ey oocv

Cy—— = IAV,os + 1dT oo ——— 6
g 3 1= (6)

TasLE 1: Values of parameters Ry, lo, Tsurf, T4 and Ry extracted from
GITT dataset

Parameters Values
R, R,(25°C) [mQ] 6,14
E,r, [kJ/mol] 2.5
Iy 10(25°C) [A] 5.5
E, 1, [kJ/mol] 64.63
0°C 17°C 25°C
R, [mQ] 26.7 15.8 12.3
Tyury [m5] 52 3.6 1.2
T4 5] 41.5 35.7 3.8

4. Separation of the graphite NE contributions in
the reduced ECM parameters

4.1. Separation of the equilibrium potentials

In a previous study [17], we proposed a non-invasive
method to separate the OCP of the PE and NE in a LIB.
The principle of the latter consists in using an optimiza-
tion algorithm combining the voltage curve of the bat-
tery under low current in charge and discharge with the
OCPs of half-cells of the PE and NE. Therefore, the
OCP of the NE graphite electrode of the studied cell
has been obtained in this study.

4.2. Separation of the charge transfer and SEI in the
battery overvoltage

Since Vs is resulting from the contribution of the
PE, the NE and SEI, the contribution of the graphite NE
can be expressed as follows :

Vct,NE + Vxei + Vct,PE = qurf

V.
Vene + Ve = (1 - =22

)Vsurf (7)

surf

VC[,NE + Viei = B1 Vsurf,

where 81 = 1 — “//:—HP/E 1 represents the contributions of
the SEI and the charge transfer of the graphite NE in
the overall charge transfer of the battery. The value of
the latter belongs to the interval [0 :1]. The approach to

estimate 3; is described in below.

- Estimation of the contribution of the SEI and the
charge transfer of the graphite NE

Numerous studies in the literature tend to show that
the contributions of SEI and charge transfer of the gra-
phite electrode dominate the overall charge transfer of
LIBs [18, 19, 20, 21, 22, 23, 24].

The data from Illig et al. study [18] gives that the
graphite electrode contributed about 80% in the overall
charge transfer of a cell LiFePO,/graphite.

By comparing the behaviors of graphite/Li cells and
LiFePO,/Li cells at low temperature, Li et al. [19] ob-
served that the contributions of SEI and charge transfer
were the limiting factor in the graphite/Li cells, while
the ionic conductivity was the limiting factor in the
LiFePO4/Li cells [19].

Smart et al. [20] observed that before the formation of
the SEI, the interfacial resistance of the LiNiygCoy,0,
electrode dominated that of the graphite electrode,
while after the SEI formation, the interfacial resistances
of both electrodes were equivalent. This demonstrates
how the SEI impacts the graphite interface since the
LiNigCo¢ 10, electrode is known to have a highly re-
sistive interfacial film [25].

The study of Jones ef al. [21] on NCA /graphite cells
showed that the interface resistance of the graphite elec-
trode was higher compared to that of the NCA electrode,
about 3 and 10 times higher at 23 °C and -30 °C respec-
tively [21].

The data from Yang et al. study [22] show that the
charge transfer (and the SEI) overpotential of the gra-
phite electrode represents almost the overall charge
transfer overvoltage of a NMC/graphite cell over the en-
tire range of SoC for new and aged cells (after 3300
cycles).
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In their recent review on the study of phenomena li-
miting charge transfer, Jow et al. [24] concluded that the
charge transfer of LIBs is mainly dominated by the SEI.

The various studies mentioned above suggest that the
contributions of the SEI and the graphite NE charge
transfer would be predominant in the overall charge
transfer of Li-ion batteries at T < 25 °C, which parti-
cularly coincides with the conditions where the LDR is
more favored [26].

Based on these studies,we therefore made a simpli-
fying hypothesis to get 8;. This considering that the ove-
rall charge transfer overvoltage of the cell is essentially
the contributions of the SEI and the NE charge transfer,
whatever the operating temperature. Consequently S is
approximated to 1 (Eq. (8)).

Vcl,NE + Vsei :ﬁl Vsurf (8)
= Vs, with §1 = 1
4.3. Separation of the solid diffusion contribution to
battery overvoltage

By proceeding in the same way as before, we express
the diffusion overpotentials of the graphite NE as fol-
lows :

Vsane = B2V, 9

with 3, the solid diffusion contribution of the graphite
NE, which value is defined in the interval [0 :1]. The
method to identify the value of 38, is described in below.

- Estimation of the diffusion contribution of the
graphite NE using the trigger limit of LDR of cell

The value of 3, is determined empirically by sear-
ching the trigger limit of the LDR of the battery. Indeed,
from the definition LDR trigger-point limit introduced
previously (see Fig. 1b), the quantities OCPyg, Ve nE
and V,; are now known, while the current I, ;pr and
the coeflicient V4 yg still remain unknown. As the value
of BsanE should be a priori between 0 and 1, this value
can be defined as the smallest value includes in [0 :1]
that yields the current Ij;, 1 pr. In other words, 3, allows
to determine the charge limit current close to LDR and
vice versa.

An experimental approach based on the “trial-error”
method is proposed to get the value of 8, in the inter-
val [0 :1] (Figure 4). Since OCPyg, VnE and Vy,; are
now known are known, the following operations can be
carried out :

1. B is initially assumed equal to O (step 1);

2. acurrent Ij;, 1 pr is calculated using Eq. (10) (step
2);

3. the precomputed current is applied to the battery in
order to evaluate if it leads to the LDR (steps 3 and
4). If the LDR occurs, the present value of 8, must
be incremented by 0.1 before returning to step 2.
otherwise, there are two possibilities. The first one
is the case where 3, is equal to O or 1. In this case,
we would get exactly the required minimum value.
The second one corresponds to the case where the
value of 3, is different from O or 1. As shown in
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In order to simplify the calculations of the current
Liim_1DR, the overvoltages Vg, r and V; are taken in
steady state. This results in a more optimistic conside-
ration with regard to the occurrence of the LDR over
time. In other words, the delay brought by the capaci-
tive effects of the double layer capacitance and the dif-
fusion are neglected. The current [, ;pr can be calcu-
lated from Eq. (10).

2RT ., _ IlimLDR)
OCPNp(S0C) — ——sinh™ | 22
NE(S 0C) 7S (ZIO(T) (10)

—BaRy(T) jim_1pr = 0

Since the LDR is favored cold, it seems opportune to
carry out the tests to get 3, below 25 °C. In addition, at
cold temperatures the ageing mechanisms, such as the
growth of SEI [27, 28] or the dissolution of metals in
the PE are negligible [29, 26, 30].

The DVA is proposed to detect the LDR. This tech-
nique of the battery degradation diagnostic is based on

the evolution of the peaks of the curve dV,.;/dQ = f(Q)
at low current. Many authors in the literature have used
this technique to study LDR [31, 32, 33]. Since the de-
posit lithium can be partially or totally irreversible, its
presence after a charge event can be seen as the so-
called LLI, which can be detected using DVA. In the
present study, if a loss of active material is detected by
DVA after a charge event, it would be considered that a
mechanical degradation of the electrodes. This because
the LDR is likely to cause such degradation in the long
term [31, 22].

4.4. Experiments to identify the solid diffusion contri-
bution of the graphite NE

The tests to identify B, have been carried out on a
narrow SoC range (see Fig. 5) in order to work with
constant currents. Indeed, as the current I;,, ; pgr a priori
varies with the temperature and the SoC, working on
such a range of SoC allows to minimize these varia-
tions. The current I}, ;pr can be considered constant,
which therefore simplifies the experimental implemen-
tation. The experimental protocol consisted of charging

Working range
to identify 5,

0 05 1 15 2 25
Q [AR]

Ficure 5: Representation of the working range for the identification
B2 on the curve of OCPyg=f(Q).

the cell from initial SoC (35%) to final SoC of the study
(51%) with the precomputed current Iy, ;pr at 0 °C. A
1 A (0.4C) discharge was also performed to return the
cell to the initial SoC. Between charge and discharge,
the cell was relaxed for 1 hour. These operations were
repeated 22 times in order to allow that a possible pre-
sence of the LDR to be detectable and quantifiable.
These tests have been performed at 0 °C since it is wi-
dely reported that the LDR is the predominant degrada-
tion mechanism that can induce the LLI at a such tempe-
rature [26, 32, 33]. Two precomputed currents, 6.5 A~3
C and 5 A~2 C, have been tested. These currents cor-
respond respectively to 8, = 0 and 8, = 0.1. We were
limited to 0.1, because we found that by working with
B2 = 0, the corresponding current led to the LDR, while



with 8, = 0.1, the corresponding current did not cause
the LDR. The results obtained with both values of 5, are
discussed in detail in paragraph 4.5.

Before and after the application of this protocol, the
cell was charged and discharged at 0 °C with a current
of C/25 in order to assess the presence of the LDR.
As mentioned previously, the DVA technique is used
to identify the presence of the LDR through the LLI
[31, 32, 33].

4.5. Results and dicussion

4.5.1. Working with B, equal to 0

By working with 3, equal to 0, it is implicitly suppo-
sed that there is no limitation of the solid diffusion of
the graphite NE. The solid diffusion of the cell is that
of the LiFePO4 PE. In this configuration, the LDR has
been detected.

Figure 6a shows the profiles of the differential voltage
obtained before and after working with 8, equal to 0. As
the measurements were performed at O °C, only the tran-
sition between plateaus P3 and P, is clearly visible on
the voltage profile at C/25 (Fig. 6b). As a consequence,
this transition corresponds to the unique peak that is ob-
served on both profiles of the differential voltage (Fig.
6a).
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Fiure 6: (a) Profiles of the differential voltage obtained before and
after charge by working with 3, equal to 0 and (b) the corresponding
voltage profiles (at C/25 and 0 °C).

By comparing the two profiles of differential voltage,
one can be noticed that (i) the rise of the curve towards
the high Q, (> 1.5 Ah), occurs earlier with the profile
obtained after the charge test and (ii) the two profiles
are identical over the remaining SoC range (< 1.5 Ah). It

means that there was a loss of lithium inventory caused
by LDR by working with 8, equal to 0. The amount of
the lithium deposit was estimated at about 4% of the
loss of the battery capacity.

4.5.2. Working with B, equal to 0.1

By working with 8, equal to 0.1, it is supposed that
the contribution of the solid diffusion of the graphite
electrode represents 10% of the overall diffusion of the
cell. In this configuration, there was no LDR.

Figure 7 shows the profiles of the differential voltage
obtained before and after working with 3, equal to 0.1.
It can be noticed that both profiles are identical, which
means that there was no LDR during the charge tests
by working with 8, equal to 0.1. In other words, for the
studied cell, the value of 8, should be sought in a nar-
row interval (]JO :0.1]) instead of a large interval defined
initially ([0 :1]).
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FiGure 7: (a) Profiles of the differential voltage obtained before and
after charge by working with 3, equal to 0.1 and (b) the corresponding
voltage profiles (at C/25 and 0 °C).

We have thus chosen to estimate the contribution of
solid diffusion of the graphite electrode by considering
B2 equal to 0.1 (Eq. (11)).

The low contribution of the graphite electrode in the
overall diffusion resistance reflects the results obtained
by Illig et al. [18] on a LiFePOy4/graphite cell, where the
solid diffusion contribution of graphite was lower than
that of the LiFePOy,. In addition, it is reported that the
limitation of solid diffusion is inherently very marked
in the LiFePO,4 due to its 1D dimension structure [34,
35]. It may be possible that the diffusion contribution of
the LiFePO, electrode dominates the overall diffusion



of the studied cell.
Ry(T) = B2 X Ry(T)

~ 0,1 X Ry(T) (b

5. Conclusion and next work

A non-invasive separation of the graphite electrode
potential in the LIBs has been established. First, a elec-
tric model of the battery taking temperature into account
has been developed. The parameters of the latter have
been determined using an accurate method coupling EIS
and GITT measurements of the battery. This model has
been evolved to the level of electrodes in order to sepa-
rate the contribution of the graphite NE, which includes
its overpotentials caused by the SEI layer and the phe-
nomena of the charge transfer and the diffusion.

Based on literature studies, it was noticed that the SEI
and the charge transfer at the graphite electrode tends to
dominate the charge transfer limitations in LIBs. Thus,
we assumed that the overall charge transfer of the bat-
tery was mostly the contributions of the SEI and the
charge transfer of the graphite electrode. Moreover, the
contribution of the diffusion of the graphite NE has been
determined empirically. It has been estimated that the
diffusion of the graphite NE contributes to 10% in the
overall diffusion of the battery.

In principle, the proposed method is not specific to
LiFePO4/graphite batteries. It should be applicable to
other battery electrodes having similar electrochemical
characteristics and mechanisms. The second part of this
work focuses on the estimation of limit current of the
cell and its experimental examination on the cell perfor-
mance.
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