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Abstract:

We report a mechano-chemical model for anodic degradation during fast-charging of nickel-
manganese-cobalt (NMC)/graphite (C) cell due to SEI growth, lithium plating/stripping, dead
lithium storage, and film fracture of composite SEI and plated lithium film. Degradation of the
battery is analyzed for a range of charging rates from 1 — 6 C-rates, and the influence of plating
mechanisms — lithium plating and dead lithium deposition and recovery during stripping — on the
film resistance of the anode are accounted for in the model. Dynamic evolution of the interfacial
properties is modeled using rule-of-mixture approach. Model predictions of plating associated
stress fields are used to compute critical energy release rate for film cracking. The results indicate
an increased tendency of fracture for thinner SEI film with lithium plating at higher charging rates.
The process of reforming the cracked film absorbs a significant portion of the electrode current
thereby reducing the cell capacity and plating efficiency. The mechano-chemical model provides
an extensive analytical framework for understanding the synergistic coupling of anodic
degradation mechanisms, prognosticating conditions of SEI failure, and evaluating the capacity

fade and efficiency of lithium-ion battery.
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1. Introduction

Advancements in electric vehicles industry and growth of electronic technologies require
compact and energy-dense batteries, with long cycle life (~10 — 15 years), and, more importantly,
fast-charging capabilities [1-4]. Over the past several decades, lithium-ion batteries with graphite
electrodes have been the dominant energy storage technology with higher efficiency, power
density and calendar life compared to other rechargeable batteries, like nickel-cadmium or lead-
acid [5,6]. However, it has been challenging to meet the requirements of fast-charging and high-
capacity battery in electric vehicles (EV), due to synergistic interaction of several degradation
mechanisms resulting in increase in cell resistance, and reduction of cycle-life and columbic

efficiency [7-9].

Anodic materials of lithium-ion battery are more susceptible to ageing phenomena due to the
open circuit potential (OCV) being closer to lithium metal [10]. The lower OCV for graphite
electrode increases the tendency of electrolyte to react with the graphite surface, thus depleting
active lithium from the electrolyte in the form of irreversible or reversible film deposition [11].
One of the primary ageing mechanism in lithium-ion batteries is solid electrolyte layer (SEI)
formation and growth on anode particles [12—14]. SEI layer is an ionically conductive but
electronically insulating film, formed when the redox potential of the anode lies outside the
potential range of the battery [15]. The initial SEI layer, formed when the anodic material comes
in contact with electrolyte, acts as a passivation film which protects the electrode particle.
However, continued evolution of SEI layer consumes the active material and increases the
resistance of the anode particle, resulting in gradual decay of battery capacity with each cycle
[16,17]. Chemical composition of the electrolyte impacts the impedance of the SEI film [17,18].
Selection of the electrolyte/electrode chemistry that reduces the impedance of the SEI film has
been reported to retard the decomposition of the active lithium salt (e.g. LiPF¢), leading to
improved electrochemical performance [19,20]. During lithiation, the electrode particles expand

leading to development of mechanical stresses in the particle surface and core [21]. High charging



load on the battery amplifies the stress build-up on the electrode/electrolyte interface causing
fracture of the SEI film, exposing new anode surface, reforming SEI and reducing capacity of the

battery [22,23].

Lithium plating on anode particles during conditions of fast charging, low temperature, and
over-charging leads to a more drastic decay in the cell capacity [10]. Ultra-high-precision
columetric, calorimetric, and post mortem SEM imaging reveal that drastic decay is associated
with electrodeposition of metallic lithium on the anode electrode/electrolyte interface during
charging [24-26]. Further investigations of anode potential, with reference to lithium metal as
counter, establish that the lithium plating mechanisms occur when the anode potential drops below
0 V (vs. Li/Li") during charging [27,28]. The metallic lithium deposits on the anode particles
during this potential window, and gets stripped-off when the anodic potential becomes positive
[29,30]. However, all of the plated lithium is not completely recovered. The plated lithium may
either go back into the electrolyte solution and reversibly intercalate with anode particle, or
irreversibly deposit as new SEI layer and/or get trapped as dead-lithium on the anode surface [31—
33]. In addition to the capacity loss, the uncontrolled dendritic lithium growth could possibly
pierce the separator membrane leading to thermal runaway due to short-circuit between the

electrodes.

Computational modelling of the battery degradation due to lithium plating is useful in
predicting the capacity loss and cycle life, and as well as for prognosticating the conditions to
reduce electrochemical degradation of batteries. Yang et al. 2017 [34] have modeled the lithium
plating mechanism with SEI growth and shown a transition of rate of capacity fading from linear
to non-linear during cell cycling. In a follow-up paper, Yang et al. [32] have also modeled the
lithium plating and stripping to predict the experimentally observed voltage plateau during the
relaxation period after charging cycle [35]. A low temperature lithium plating analysis has been
performed to predict the lithium deposition, aided with NMR to characterize the SEI film

composition at sub-zero conditions [36]. Thermal-electrochemical coupled analysis at sub-zero
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conditions has shown an increased irreversible lithium plating at low temperatures, which is
countered by a rise in the cell temperature during charging [37,38]. A model by Miiller et al. 2019
[39], demonstrates the sudden-death effect due to combined SEI and lithium metal deposition and
second life reuse applications of lithium battery. In these papers, the authors have provided a
detailed mathematical scheme for lithium plating and SEI growth but did not model the irreversible
losses of lithium in the plated film during stripping process by SEI growth, dead lithium loss and
film fracture. Furthermore, the variation of film resistance due to deposition of conductive metallic

lithium in the electrically insulating SEI film were not discussed.

In this study, we model the interfacial kinetics of a composite film composed of SEI and
metallic lithium to simulate the irreversible lithium loss during fast charging. A single particle with
electrolyte model was used to simulate the electrochemical behavior of an NMC/C cell over a
range of charging rates (1 — 6 C). The electrochemical kinetics for lithium intercalation was
coupled with kinetic models for lithium plating, stripping and SEI growth. A novel approach was
introduced in this study to model the change in film resistance during lithium plating/stripping.
Rule-of-mixture (ROM) approach for transversely aligned composites was used to model the
electromechanical response of the composite film during fast charging accounting for the
contribution from metallic lithium in the SEI film. A thin film based mechanistic model was used
to predict the film stress and fracture condition. The coupled mechano-chemical model was used
to predict the plating efficiency and relative capacity of the battery. The modeling predictions can
help to develop diagnostic and prognostic tools as part of battery management systems. Such tools
can help predict the remaining useful life and state-of-health of lithium batteries [40].
Consequently, the embedded energy in the sourcing of raw materials, design and development of

batteries can be maximized by identifying suitable applications for battery second life.

The organization of the remaining part of the manuscript is as follows: first, a Mathematical
Model section is introduced to detail the mathematical framework on which the anodic degradation

mechanisms were based. The section describes the mathematical basis for five types of models
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including electrochemical, anodic reaction kinetic, film growth and resistance, fracture mechanics,
capacity and efficiency models. Next, a Result and Discussion section is presented which describes
the results from the model predictions and inferences made in order to provide physical
interpretation of the modeling results. Finally, a Conclusion section of the key findings, based on
the model predictions is provided to explain the synergistic interaction between different
mechanisms that result in anodic degradation in Li-ion batteries.
2. Mathematical Model

Figure 1a presents a schematic representation of the anodic degradation under the condition of
fast charging considered in the model. The effects of overcharging and undercharging are not
considered. The anodic degradation generally occurs with the formation and growth of SEI layer
that consumes active lithium from the electrolyte. However, under conditions of fast charging
where the anodic potential becomes negative, lithium metal starts to plate on the graphite, along

with the SEI film.

At the end of charging, the anodic potential becomes positive, and a portion of the plated
lithium gets stripped off during the relaxation period. The stripped lithium intercalates reversibly
with the anode, and this phenomenon is observed electrochemically as a plateau in the voltage-
time curve. While the remaining plated lithium either reacts with the electrolyte to form new SEI
or gets trapped in between SEI layers and becomes unavailable for reaction. In both cases, the
irreversible loss of lithium causes capacity fading of the battery. Additionally, tensile stresses
induced fracture in the SEI film due to particle expansion may also contribute to lithium
consumption due to formation of new SEI layers on freshly exposed anode surfaces. The following
sections describe the mathematical analysis for the coupled mechano-chemical degradation model.

All symbols are defined in the nomenclature section.



2.1 Electrochemical model:

Following the single particle model [41], a spherical electrode particle is considered to freely
expand in a pool of electrolyte. The mass diffusion in electrode particles is modeled using Fick’s

Diffusion Law Egs. (1) and (2).
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The solid phase lithium-ion concentration (cg) changes with intercalating lithium-ion flux (j,; =
i.;/F) at the particle surface. As the particle lithiates, it expands by absorbing the lithium-ion from
the electrolyte phase. The mass diffusion of the electrolyte is governed by diffusion of ions through

the electrode and separator film, plus electromigration due to current flux at the particle interface

Egs. (3), (4) and (5).
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The total exchange current density (iz,;), available at the particle level, is proportional to the
gradient of the solid and electrolyte phase current densities. From current balance, the total input
current density (I;,¢) is split between solid (I5) and electrolyte (I,) phase current densities Egs. (6)
and (7).
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Here, the gradient parameter a = 3¢/R. By using Ohm’s law, the electrode and electrolyte

potential, o, and oy, are estimated from the current densities as in egs. (8) and (9), respectively.
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2.2 Anodic reaction kinetic model:

At the particle level, the exchange current density from the lithium-ion flux (i;,;) is a superposition
of flux contributions from electrode intercalation (i,;), SEI growth (igg;), lithium plating (i,;) and
stripping (is;) mechanisms, and formation of new film to reform cracked SEI film (i.,.), as captured
in Eq. (10).

ltot = Loy + lspr + Ipp + Ise + ey (10)
The electrode exchange current (i.;) (Eq. (11)) is modeled using the Butler Volmer kinetic
formulation [42] and it is affected by the concentration of lithium-ions on the surface of the

particle.

. . [aF .
leg = Zerl Cs,surf(cs,max - Cs,surf)ce sinh ﬁ (7’ - UOCP - ]Rfilmln) (1 1)
Here, the anodic potential (n = & — ®,,) is affected by the resistance of the deposited film (R, )

on the surface of the particle. The SEI current density (isg;) is governed by the Tafel kinetics as

the reaction is dominant on the anode side of the redox potential (see Eq. (12)) [43].

, _ surf skl F
isgr = —F kSEICEC exp (‘ RT

(n — Usgy — Rfilmin)> (12)
The concentration of ethylene carbonate, a solvent in the electrolyte, at the surface of the

film/electrolyte interface (C;grf ) drives the SEI current causing film growth. Fick’s first law of
diffusion is used to model the transport of ethylene carbonate concentration from the film to the

bulk across the SEI plus plated lithium layer (Eq. (13)).

0 gy,
06¢im F

—Dgc (13)

The diffusion is assumed to be at steady state considering the low mass diffusivity (Dgc~10717)
of lithium ions through the SEI film. The plating current is modeled using Butler Volmer

formulation with the electrolyte concentration driving the current. The formulation is developed
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such that the plating would initiate only when the anode potential becomes negative (Eq. (14))

[36].

aplF

iy = min (0,2kal C. Sinh <—T (77 —Up — Ryjym i )));n <0 (14)

Since the plated film is metallic lithium, the OCP for plating (Uy;) is 0 V. The stripping occurs
after the plating process during the relaxation period.

is¢ = max| 0,2Fk,,;./c, sinh M( — Rg; i) my,;/max(my;) |;
st ’ pl e RT n filmn pl pl N (15)

> 0, max(m,;) > 0

In Eq. (15), the stripping current initiates when n > 0 and some amount of lithium metal (m,;)

has deposited in the form of plated film on the electrode particle (max(mpl) > 0) [44]. The

geometric and electrochemical properties for the model are recorded in Table 1.

Table 1. Design and electrochemical properties of electrode in NMC/C lithium-ion cell used in simulation.

Properties Anode Cathode
Particle Radius, R (um) 12.5[36] 5[36]
Electrode thickness. [ (um) 33 [36] 32 [36]
Diffusivity, D (m? s™1) 30 x 10714 [36] 50 x 10714 [36]
Porosity, € (1) 0.360 [36] 0.243 [36]

Electrode kinetic parameter, k.,

(m>?mol~12s71)

2.43 x 10711 [36]

1.02 x 10711 [36]

Open circuit potential, Uycp (V)

Refer Ge et al. 2017 [36]

Refer Ge et al. 2017 [36]

Butler Volmer parameter, a (1)

0.5

0.5

Maximum lithium concentration,

s 31542 [36] 49668 [36]
Cs,max (mol/m )
Initial SOC (1) 0.025% 0.950%
Partial molar volume, Q,,
8.9 x 107° [45] —
(m3 mol™1)
SEI Plated lithium

Kinetic Parameter, kgg/, ky;

(m st molY/?2s 1m=1/2)

1x 10712 [36]

2.23 x 1077 [36]




Initial thickness (nm) 102 0
SEI diffusivity (m? s™1) 490 x 10717 [46] -
Initial ethylene carbonate
) 4541 [34] -
concentration, cg. (mol m=2)
Electrolyte concentration, ¢,
- 10004
(mol m™3)
Dead lithium factor, & (1) 0.01%¢
Open circuit potential (OCP), U (V) | 0.4 [34] 0
Butler Volmer parameter, a (1) 1.0 0.5
Density, p (kg m™3) 1690 [43] 534 [47]
Molar mass, M (kg mol™1) 0.162 [43] 0.007 [47]

ad Adjusted or assumed for the model

2.3 Film growth and resistance model.:

The growth in thickness of the plated film during plating (reduction during stripping) is
approximated using Fick’s second law of diffusion with a source term accounting from the in-flux
of plated lithium (out-flux of stripped lithium) based on the plating current density (stripping
current density), see Eq. (16).

a‘S‘Li - _ ipl(or ist)Mpl
at Fppl

(16)
Similarly, the change in thickness of SEI film with time is approximated with a source term based
on the SEI current density, as in Eq. (17).

65_5‘51 _ iSEIMSEI

(17
at Fpser )

The mass deposited for the plated lithium is calculated (m,; = 4R}, 6,,p,;) and used to estimate

the stripping current.

Experimental investigations have reported the presence of irreversible metallic lithium in the SEI
layer [10]. A fraction of the plated layer gets coated by the SEI material during fast charging. The
SEI prevents the metallic lithium from further reaction or intercalation. Furthermore, under

conditions of mechanical stress from fast charging plated lithium could chip off from the film into



the electrolyte. In both cases the metallic lithium is unavailable for further intercalation and
accounts for capacity loss of the battery. The mass of dead lithium is accounted by the fraction (£)

,as in Eq. (18).

My dead = 3 max(mpl) (18)

The film grows as a composite of lithium metal (discontinuous phase) in the SEI (matrix

phase) with the total film thickness (8, = 8sg; + 6p1 + Oprdeaa)- In the literature, the film

resistance has been modeled either as a series sum of resistance between SEI and plated lithium
materials [34,36,39] or just the SEI film resistance [37,38]. The film resistance has been predicted
to increase negligibly or not increase at all after lithium metal deposition. However,
electrochemical impedance spectroscopic (EIS) investigations have established that lithium
plating reduces the film resistance due to metallic lithium being more conductive than the SEI film
[48,49]. Assuming no dead-mass of lithium during the stripping process, the resistance is regained
as the metallic lithium dissolves out and would possibly exceed the film resistance before plating
due to SEI film growth during this time period. If some lithium are not stripped, e.g. trapped dead
lithium in the SEI layers, the resistance restoration will be slightly lower than the condition before

plating.

Rule-of-mixture (ROM) approaches are the widely used technique to predict various
electro-thermo-mechanical properties in composite films [50,51]. These methods use weighted
average to provide the upper and lower bound of composite properties based on the orientation of
the particulate/fiber phase in the matrix. A major assumption in the ROM models is the
homogeneity and periodicity of the fiber phase in the matrix. Hashin-Shtrikman lower bound
formulation (for transverse aligned composite) is used to model the equivalent film conductivity

(Kriim) [52,53] , as in Eq. (19). This provided a physically realizable reduction in the film resistance

(Ryiim) without short-circuiting the ionic pathway (Eq. (20)).
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Kritm = Ksgr + Pp ( + P > (19)

Ksgr — Kpi  3Ksgp

Orig
Rfim = ——— (20)
Kritm

2.4 Fracture mechanics model:

During lithiation, the electrode particles expand freely in the electrolyte. The stresses developed
in the electrode occurs due to the concentration gradient of lithium-ion within the particle. Since
there is no lithium concentration in the surface film, the expanding particle exerts a tensile hoop

stress in the film (Fig. 1a) [23]. The tensile hoop stress is developed from the strain on the particle

. . Qn (Rn ~ . . .
surface during expansion (&, = R—g fo " ¢r2dr). For a spherical particle the film stress is given
n

below in Eq. (21).

E . O Rp
oo fum  "™m r2d 71
Oritm (1 = Veum) Ry j;) e @)

As the SEI film grows with plated lithium deposited in the matrix, the equivalent stress state of the
system changes depending on the phase fractions of SEI (¢gg;) and metallic lithium (¢,;) in the
film. From the conductivity model, we establish that the plated lithium phase is transversely
oriented in the film and thus perpendicular to the loading direction (Fig. 1b). A ROM model for
transversely loaded composite is used to evaluate the equivalent mechanical properties (X = E,v)

for the composite film (Eq. (22) nd (23)).

_ ¢551+@l_1 22)

X—.ll =
film XSEI Xpl

oeim = 1= [0 = ) (1.- gff;ﬂ s ©3)

For a transversely loaded composite, the critical tensile strength for film is lower than that for the

matrix phase (Fig. 1¢) [50,54]. Assuming the ratio of deposited film thickness to particle radius is

very small, we model the fracture with thin film formulation for through film crack [55].
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Figure 1. a) Schematic for anodic degradation representing SEI growth with lithium plating and film cracking, b)
Film stress and composite model, and ¢) Prediction of mechanical properties for composite SEI and plated lithium.

Here, ¢, is a constant (= 1.1215). The critical strain energy for the film (Gi¢ fim) is
calculated using Eq. 24 by replacing 0f;m = ¢ fim and gy = 8fjym,cr- Under the condition
G1,fitm > Gic rirm, the film will fracture (Fig. 1a) and crack will propagate along the surface of
the film. Since, the crack generally propagates through the matrix phase (weaker phase), the
surface energy of the SEI film is released to form two new cracked surfaces. The total length of
the all the cracks (l.,) is evaluated as follows in Eq. (25).

G1,film(47TR121) = 2yl bfiim (25)
The newly exposed particle surface (4., = l.-w,,-) will reform a new SEI film, of same thickness
as film (8fj;m), within a time frame of &t,. The current consumed to form new SEI layer is

calculated in Eq. (26) using a similar formulation as Eq. (16) and (17).
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Here, the negative sign indicates lithium-ions being consumed to heal the cracked film. We assume
that newly formed SEI layer would have the same thickness as the existing layer. This cracking
current reduces the available exchange current for intercalation (Eq. 10). The electrical and

mechanical properties for SEI and plated film are recorded in Table 2.

Table 2. Electrical and mechanical properties of film deposition on anode surface.

Properties SEI Plated lithium
Electrical conductivity, k (S m™?1) 5x 1076 [34] 1.1 x 107 [47]
Elastic modulus, E (GPa) 0.43 [56] 7.82 [57]
Poisson’s ratio, v (1) 0.2 [22] 0.38 [57]
Ultimate tensile strength, o, (MPa) | 9.0 [56] 15.0 [58]

Critical film thickness, &¢jim o (nm) | 270 [59] -
Surface energy, y ( m~?) 13 [59] —
Crack width, w,, (nm) 10 -
SEI healing time, 8t (s) 1ad -

ad Adjusted or assumed for the model

2.5 Capacity and efficiency model:

The reversible plating efficiency (I;;) accounts for the irreversible lithium loss from the plated
lithium film [25] during stripping process and is defined below in Eq. (27).

tr, . . .
I, = for(lst + ler + lSEI)dt

pl tc .
foc lpldt

(27)

Consider that the SEI and cracking currents are of negative sign in the formulation and reduce the
stripping current in Eq. (27). The relative capacity loss at the end of a charge cycle is formulated

as follows in Eq. (28).

Qret = —tvrr (28)
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3. Results and Discussion

The equations (1-18) underlying the single particle with electrolyte model are numerically
solved using an Euler Implicit scheme in MATLAB 2019b for a NMC/C cell with an areal capacity
of 0.6 mAh/cm?. The model is simulated with the particle geometry and properties in Table 1,
with a computational time step of 1 s. Unless otherwise mentioned, the initial SEI thickness is

assumed to be 10 nm.

Experimental data from Ge et al. 2017 [36] is used to setup the initial conditions for the model.
A constant current (CC) charging/discharging protocol is followed with 2000 sec of relaxation
after each half cycle. The model predictions, based on the above-mentioned experimental
parameters, are compared to reported measurements of voltage vs. time profile in Fig. 2 to
demonstrate the validity of modeling assumptions and numerical implementation. The close
agreement between the model predictions and experimental measurements indicate that the

numerical implementation can approximate the battery’ss response.
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Figure 2. Validation of electrochemical model, Voltage vs. time predictions at C/20 and compared against Ge et al.
2017 [36].
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The validated numerical code was utilized to predict the particle response during fast charging
at the charging rate from 1 C to 6 C, and the computed anodic potential for all the charging rates
are plotted in Fig. 3. As the charging rate is increased from 1 — 6 C, the anodic potential of the
graphite particles starts to reduce (Fig. 3) and draws closer to 0 V. At 3 C rate of charging, the
anodic potential becomes negative towards the end of the charging cycle. As the charging rate
increases, the steeper concentration gradient in the anode forces the potential to become
increasingly negative for a significantly longer fraction of the charging time period. Comparing 3

C to 6 C, the fraction of time for which plating occurs varies from 29% to 92%, respectively.
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Figure 3. Anodic potential vs. time during charging half cycle for different charging rates.

During the relaxation period a voltage plateau is commonly observed in high charging rate
experiments, which acts as an indicator for lithium plating/stripping phenomena. Fig. 4a shows the
relaxation voltage vs. time (V-t) and Fig. 4b shows gradient of voltage vs. time curves for all six
C-rates, and during the 600 s of relaxation period. From Fig. 3, it is found the plating mechanism
would initiate from 3 C rate of charging and increase with charging rate. The V-t curves from 4 C
to 6 C show a definite indication of voltage plateau and deviate from the 1 C and 2 C profile (Fig.

4a). The voltage plateaus occur because of re-intercallation of stripped lithium-ions into the anode
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during the relaxation time-frame. The magnitude of the re-intercalating current, being very small
compared to total input current during charging (~1/20), is only able to create a small plateau in
the voltage profile. For the 3 C charging rate, no significant deviation in the voltage profile is

observed because the amount of lithium deposited is negligible.
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Figure 4. a) Voltage vs. time plot, and b) Voltage gradient vs. time plot for different charging rates during relaxation
period, ¢) Current vs. time profile at 1 C charging condition during charging and relaxation period, and d) Current
vs. time profile at 6 C charging condition during charging and relaxation period.

A more definitive representation of the voltage plateau and the effect of re-intercalating
lithium-ion flux from stripped lithium are observed in the voltage gradient vs. time plots (dVdt-t)
(Fig. 4b). The slope of the V-t plot changes direction when the plateau is initiated and smoothens
over time as the lithium concentration in the particle relaxes. From 4C to 6 C the deflection in the
dVdt-t plot shifts towards the right and increases in magnitude. The shifting of the deflection

towards the right with broadening width indicates longer stripping duration which predicts plating
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of more lithium. Furthermore, a steeper inflexion of the dVdt-t profile indicates more lithium-ions
available for re-intercalation, again emphasizing increased lithium plating during charging

process.

Computed components of the exchange current density (Eq. 10) — intercalation, SEI growth,
plating, and stripping — are plotted for charging rates of 1C and 6C and relaxation after charging
in Fig. 4c and 4d, respectively, to highlight the influence of negative anodic potential on anodic
degradation process. At 1 C charging condition, the total exchange current density at the anode is
split between the electrode intercalation current and SEI current densities. The lithium-ions
available at the particle surface mostly contribute towards intercalation. Only a small fraction (<
10~*) contributes to increasing the SEI overpotential leading to SEI growth (as observed from the
zoomed inset plots in Fig. 4c and 4d). As there is no plated lithium on the anode surface, there is
no stripping current during the relaxation period. The degradation mechanism at 1 C is found to

be negligible with a steady but slow SEI growth.

The current vs. time variation for the 6 C case study (Fig. 4d) shows the total lithium-ion
flux gets distributed between electrode, plating and SEI currents during the charging period (t <
600 s). About 7.8% of the total exchange current is lost as plated lithium at the electrode surface,
thus reducing the intercalation current considerably. During the relaxation period (t > 600 s), the
plated lithium gets stripped of providing a supply lithium-ion flux in the electrolyte. The stripped
lithium either gets reversibly intercalated into the electrode or irreversibly reacts with the anode
surface to form SEI. The irreversible component of the plated film is unavailable for further cycling

of the battery and thus reduces the plating efficiency and cell capacity.

Predicted SEI and plating thickness during the different charging rates from 1 — 6 C and
subsequent relaxation are plotted in Fig. 5a and 5b, respectively. With increasing of the plated
current with C-rate, thicker plated lithium film deposits in the electrode/electrolyte interface (Fig.

5a). There is no lithium deposition for 1 C and 2 C because the anodic potential is positive (Fig.
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3). The growth in the SEI film becomes interesting when coupled with plating/stripping
mechanism (Fig. 5b). For 1 C and 2 C, we observe the conventional trend of SEI growth. The film
grows during charging, when an external current is applied to charge the battery. The rate of SEI
formation increases with C-rate during charging because more lithium-ions are available at the
anode particle surface at higher C-rates. However, the total SEI thickness for 1 C charging was
higher than 2 C because of constant current (CC) charging protocol. This is attributed to the smaller
charging time in 2 C compared to 1 C under the CC protocol. During relaxation (when the applied
current is made zero) for the charging rates of 1C and 2C, the SEI growth stops and the film
thickness becomes stagnant. However, during relaxation for charging at rates of 4 C — 6 C, the SEI
growth profile changes because of coupling between lithium plating/stripping currents and SEI
deposition. During the relaxation period, the stripping current contributes to the SEI growth (refer
Fig. 4d). Therefore at faster charging rates, the SEI keeps growing in the relaxation period adding

to irreversible lithium loss.

The evolution of the electrical resistance of SEI film is modeled using micromechanical
models in Eq. 19 and plotted in Fig. 5S¢ during the charging at rates of 1 C — 6 C and subsequent
relaxation. At charging rates of 1C and 2C, there is no lithium plating and thus the resistance of
SEI film monotonically increases with an increase in thickness. As lithium plates during faster
charging rates, it creates conductive pathways through the film, thereby reducing the film
resistance. As the volume fraction of plated lithium deposited during charging increases with C-
rate, the film resistance decreases (Fig. 5¢). During relaxation, the resistance is recovered as the
deposited lithium strips off the film. For 3 C, the film resistance after relaxation is slightly greater
than after end of charging because new SEI is formed during the stripping process. For 4 C—6 C,
the film resistance is not completely recovered as some dead lithium gets trapped between SEI
layers during deposition, which does not get stripped (Fig. 5d). The areal dead lithium mass can

be converted to areal capacity loss from dead lithium using formulation (Qgeqaq =
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Figure 5. Film growth predicitions for different charging conditions, a) Plated lithium film thickness vs. time, b) SEI
film thickness vs. time, ¢) Film resistance vs. time, and d) Areal mass of dead lithium stored in film vs. C-rate.

The plating volume fraction increases with the increment in lithium deposition at higher
C-rates (Fig. 6a). The change in plating volume fraction in the SEI film (matrix) during charging
and relaxation determines the mechanical response of the film (Fig. 1c) and Equations 19 — 21.
The presence of lithium metal reduces the ultimate strength and increases the stiffness of the film.
The film stress in the SEI film increases during charging as the anode particle expands (Fig. 6b).
The expanding particle induces a tensile (positive) hoop stress on to the film. Increasing the
charging rate creates a larger concentration gradient in the particle, thus increasing the surface
hoop strain and stress in the film. Below 3 C, the film stress increases to maximum during charging

and then stabilizes during relaxation period. For 3 C and beyond, a spike in the stress profile is
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observed during the plating and stripping period. During the plating process, the stiffness of the
SEI film increases (Fig. 1c), causing a faster rise in the film stress during particle expansion.
During relaxation, the particle expands marginally due to re-intercalating lithium-ions from the
stripped lithium adding to the hoop stress. As the plated lithium strips from the anode film, the

film stiffness, and consequently the film stress, reduces.

When the strain energy in the strained film exceeds the critical strain energy, the film

cracks. Fig. 6¢ shows the film strain energy (Gq fi;m) vs. time at different C-rates. The spike in the

stress profile observed in Fig. 6b during periods of charging and stripping causes a significant
increase in the stress intensity of the composite film. Comparing the ratio of film strain to critical
strain energy vs. time at different charging rates (Fig. 6d), we can predict the condition of film
fracture and crack propoagation. For C-rate < 3 C, the strain energy of the film does not exceed
critical value and hence no film cracking is observed. Plated lithium in the film decreases the
critical energy in the film, thus making it prone to fracture. Beyond 3 C loading, the strain energy
in the film during the plating domain exceeds the critical energy indicating fracture in the film.
The opening of the fracture releases the strain energy and relieves the film stress. The film cracks
through the SEI (matrix phase) and opens up new electrode surface for reaction with electrolyte.
In order to model the consumption of active lithium due to passive SEI film reformation on the
exposed surface, an additional irreversible parasitic term is added to the exchange current density
in Eq. 20. The cracking current would absorb lithium stripped of the plated film as observed in
Fig. 6e. This would result in a reduction in the efficiency and capacity of the battery as will be
discussed in a later section. Computed components for the current vs. time in Eq. 10, incorporating
the influence of film cracking, are plotted in Fig. 6f (zoomed inset to show the SEI current during
charging and relaxation) for charging rate of 6 C. The comparison of the current profiles in
presence of cracking (Fig. 6f) and no-cracking (Fig. 4d) shows that as soon as new film forms, the

SEI regains its stressed state and becomes prone to cracking. The film cracking would continue
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even during the relaxation period till the strain energy in the film becomes lower than the critical

energy.
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As the hoop stress in the film increases with the C-rate, the crack length (I.,) increases,
thus exposing more electrode surface and extracting a larger cracking current. The crack length
acts as a measure of the propensity of degradation and loss in the battery. A contour map is
presented in Fig. 7 providing a trend for the cracking propensity with C-rate and SEI thickness.
The SEI film thickness indicates the stage of battery operation, i.e. number of charge/discharge
cycles. The map is divided in four broad sections. First, for low C-rate (< 3 C) and thin SEI film
(< 20 nm), the cracking tendency is small (almost negligible) because the strain energy in the film
is negligible. The cracking tendency increases towards a maximum at critical strain energy.
Furthermore, no plating at low C-rates results in no degradation of the mechanical integrity of the
film. Second, for high C-rates (> 3 C) and thin SEI film (< 20 nm), the cracking tendency is very
high because excessive plating at larger C-rate would induce a high-volume fraction of plated
lithium in the SEI film. This severely compromises the mechanical integrity of the film and causes
an increased fracture propensity. Third, for high C-rates (> 3 C) and thicker SEI films (> 20 nm),
the propensity of fracture reduces because the volume fraction of plated material reduces, thus
making it mechanically stronger. Finally at low C-rates, once the strain energy release rates exceed
a critical value corresponding to thickness (> 20 nm), the cracking propensity gradually decreases
with increasing film thickness because thicker SEI film provides a stronger resistance to fracture.
The simulation predicts a decrease in cracking tendency, hence decrease in crack length (.,) by
5% with the SEI thickness increasing from 20 nm to 100 nm. Therefore, ageing of the lithium
battery or pre-deposition of a thicker SEI layer may improve the mechanical integrity of the battery

and reduce losses due to SEI cracking.
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Figure 7. Crack length contour map over different C-rate and initial SEI thickness.

The plating efficiency for plating mechanism accounts for the irreversible loss of plated
lithium during stripping process. Fig. 8a compares I},; of the battery simulated at 6 C at different
stages of battery life (or SEI thickness) considering losses with/without SEI cracking. Dead lithium
storage, SEI growth and crack healing with new SEI are the primary forms of irreversible processes
contributing to anodic degradation and loss of I,;. Without considering film cracking and for the
same dead lithium storage, the change in SEI thickness does not incur any significant change in
the efficiency with which the plating film strips. The SEI current contribution is negligible and

does not change considerably with cycling or SEI growth.

If SEI cracking is considered, low I},; is observed at low SEI thickness because thin films
would propagate significant cracking (Fig. 6f), which would absorb considerable lithium-ion flux
to reform new SEI film on cracked surfaces. The cracking stabilizes as the SEI thickness increases,

and around 20 nm, a maximum in [},; (or minimum loss) is observed. For thicker SEI films, the

overall cracking length (l,-) reduces (Fig. 6f). However, the net volume of new SEI film increases
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(Ver = lerWer8iim), therefore drawing more current from electrolyte to heal the film. This causes

a slight reduction in the I,; at later stages of battery life cycle.
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Figure 8. a) plating efficiency vs. initial SEI thickness with/without cracking considered, and b) Relative capacity
vs. C-rate considering SEI-only, SEI + Plating and SEI + Plating + Film cracking models.

The relative capacity at the end of one cycle is compared at different C-rates assuming only

SEI, SEl+plating and SEI+plating+cracking models in Fig. 8b. For 1 C and 2 C, there is no lithium
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plating or film cracking. So, the SEI based degradation model predicts the relative capacity of
99.998% with or without plating and cracking. At 3 C condition, lithium plating initiates (Fig. 3),
so the SEI-only model overpredicts the relative capacity. SEI with plating model considers the
losses due to dead-lithium and SEI growth during stripping period and predicts a more realistic
capacity (~99.986%). Since the SEI film (§8z; = 10 nm) does not crack under such loading
conditions, the cracking model can be ignored. For C-rates higher than 3 C, all three failure
mechanisms are present and contribute towards battery degradation. For 6 C, by considering all
mechanisms Q,; is found 99.691% compared to 99.964% and 99.994% with SEI+plating and SEI-
only models, respectively. Therefore, depending on the charging conditions and stage of cycle life,
an accurate relative capacity prediction requires the consideration of the possibility of plating and
cracking within SEI layers. Electrode geometry and particle morphology are also important
parameters.
4. Conclusion

We have reported an anodic degradation model that couples SEI growth with lithium
plating/stripping, dead-lithium storage, and SEI film cracking for prediction of the battery
capacity. Model accounts for the synergistic coupling of different degradation mechanisms at high
C-rates and their influence on battery capacity. Results show that negative anodic potential results
in lithtum plating during charging. During relaxation after charging, plated lithium may be stripped
either through reversible or irreversible reactions. Modes for irreversible loss due to dead-lithium
storage and SEI formation was formulated. Fracture mechanics analysis of the SEI film was used
to predict the condition of SEI fracture. Thicker SEI film and lower C-rates were found to reduce
the tendency of film cracking while thinner SEI films and high C-rates were found to increase the
possibility of fracture. Plating coloumbic efficiency was computed to quantify the irreversible loss
from the plating and stripping processes. For low charging conditions, only SEI growth-based
degradation model was sufficient to predict battery capacity decay. However, at higher charging

rates, SEI growth along with plating and SEI cracking mechanisms needs to be incorporated into
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the degradation models for accurate prediction of relative capacity. The coupled mechano-
chemical model developed in this study may help in identifying the parameters and mitigating the

conditions that lead to anodic degradation during fast-charging of lithium-ion batteries.

5. Nomenclature

O, Anode partial molar volume a Butler Volmer parameter
Gy Strain energy )4 Surface energy
Gy Critical strain energy 8 Film thickness
Qrer Relative capacity ot Crack healing time
Rfiim Film resistance n Electrode potential
L., Crack length K Electrical conductivity
Wy Crack width v Plane strain Poisson’s ratio
o Ultimate tensile strength ¢ Dead-lithium mass fraction
R Gas Constant p Density
[ Solid/Electrolyte potential g Film stress
r Plating efficiency ) Volume fraction
g Diffusion coefficient Subscripts
E Plane strain elastic modulus
F Faraday’s constant EC Ethylene carbonate
I Current density SEI Solid electrolyte interface
M Molar mass c Charging period
R Particle radius e Liquid (electrolyte) phase
T Cell temperature el Electrode
U Open circuit potential film Film
a Gradient parameter max Maximum
c Lithium-ion concentration n Negative electrode
i Exchange current density p Positive electrode
k Reaction rate constant pl Plated film
m Film mass r Relaxation period
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