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Lithium plating during fast charging of porous graphite electrodes in lithium-ion batteries accelerates degradation and raises safety
concerns. Predicting lithium plating is challenging due to the close redox potentials of lithium reduction and intercalation, obscured
by the nonlinear dynamics of electrochemically driven phase separation in hierarchical pore structures. To resolve dynamical
resistance of realistic porous graphite electrodes, we introduce a model of porous secondary graphite particles to the multiphase
porous electrode theory (MPET), based on electrochemical nonequilibrium thermodynamics and volume averaging. The resulting
computational framework of “hierarchical MPET” is validated and tested against experimental data over a wide range of fast
charging conditions and capacities. With all parameters estimated from independent sources, the model is able to quantitatively
predict the measured cell voltages, and, more importantly, the experimentally determined capacity for lithium plating onset at fast
2C to 6C rates. Spatial and temporal heterogeneities in the lithiation of porous graphite electrodes are revealed and explained
theoretically, including key features, such as idle graphite particles and non-uniform plating, which have been observed
experimentally.
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Fast charging of conventional lithium-ion batteries(LIB) is
desirable but practically constrained by degradation and safety
concerns related to electrochemical deposition of lithium metals on
graphite anodes, i.e. lithium plating.' The intrinsic challenge of fast
charging while avoiding lithium plating stems from the small
difference of redox potentials between the reduction of lithium
ions and insertion of lithium ions into graphite,

xLit + xe~ + C¢4 —» Li,Cs, E°=~ + 0.1V vs Li*/Li.
Lithium plating on graphite becomes thermodynamically allowed in
the region where electrode voltage with respect to lithium metal
drops below 0 V. Given the practical difficulty of measuring voltage
locally inside a porous electrode of typical thickness about 50 pm,
experimental efforts have primarily focused on promptly detecting
lithium plating by measuring its side effects, such as changes of
resistance/impedance,”” differential voltage,*” coulombic efficiency,®’
and pressure/volume.'®'" Therefore, it is of interest to approach this
problem from a computational perspective to determine onset of lithium
plating.

Precise tracking of the local potential is pre-requisite for
determining the onset of lithium plating, along with a realistic
model for the reaction kinetics. This is computationally challenging
in porous graphite electrodes because it requires the resolution of
both transport resistance and faradaic resistance simultaneously and
accurately in a porous media. Previous simulations based on porous
electrode theory(PET) have focused on resolving transport resistance
in electrode scale and treated lithium-graphite compounds as solid
solutions, offering qualitative insights into the trend of onset of
lithium plating as a function of electrolyte transport property,'
electrode tortuosity,'® and electrode capacity.'*!” However, Li,Cg
exhibits at least two phase-separation regimes,'® within each of
which reaction resistance and solid diffusion resistance change
substantially.">*® As Li inserts into graphite, phase-separation arises
from the multiple free energy minima resulting in stage shapes in

“E-mail: bazant@mit.edu

open-circuit voltage within the window of phase-separation.”’
Lithium ions preferentially localize in layers between graphene
planes, leading to the naming convention of stages based on the
number of graphene layers between each Li-rich domain. For
example, Stage I corresponds to the fully lithiated Li C¢, character-
zied by Li-graphene-Li alternating layer structure, and Stage II
corresponds to LiC;, featuring two graphene planes separating
adjacent lithium layers.>' Recently, nontrivial lithiation dynamics of
porous graphite electrodes, such as idle graphite particles under
intermediate current and three phases coexisting in high rates, has
been identified by in-operando optical experiments>> and XRD.> As
a result, the faradaic resistance of graphite particles is inherently
dynamical and heterogeneous due to driven phase separation.
Multiphase porous electrode theory (MPET)** based on porous
electrode theory® applies nonequilibrium thermodynamics with
material-specific free energy functionals to capture the impact of
phase separation in batteries. The underlying phase-field models
have been shown to replicate the phase boundary propagation in
single particle of Li,FePO, and Li,Ce,'"?°® as well as the
propagation of stages of Li,Ces across the porous electrode, as
observed in experiments.”®** While several successful simulations
using phase-field models similar to MPET have been reported
recently,”*=" these are limited to relatively low currents, in which
transport limitations have not played a significant role.
Furthermore, past simulations have lacked the precision required
to clearly delineate the dynamic contributions arising from the
particle size distribution and hierarchical pore structures, which are
often characteristics of porous graphite electrodes. Graphite particles
typically consist of submicron-size graphitic domains aggregated or
compressed into micron-sized particles, known as secondary parti-
cles. Despite their low particle porosity, graphite secondary particles
from various sources typically possess a specific surface area about
1 —2m?g ", > which is several times that of a solid graphite
sphere with a typical diameter 10 yum (~0.2m?g™"). Therefore,
substantial amount of reactions can take place within the porous
particle. Similar secondary structure exists for other electrode
materials, leading to the development of a hierarchical porous
electrode theory with two level of pores.>>*® A unified model
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Figure 1. Ion intercalation and phase morphology of single crystal graphite
and secondary graphite particle. v, denotes the direction of phase boundary
movement. Edge planes of graphite on the sides of single crystals (a), (b) are
accessible to ion intercalations, while basal planes on top and bottom
surfaces of graphite crystals (a), (b) are not. (a) Intercalation wave in single
crystal under low current. (b) Shrinking-core pattern in single crystal under
high current. (c) Porous graphite particle permits only intercalation wave in
each subparticle due to depletion of electrolytes inside porous particle
resulting in the effective shrinking-core pattern. Ion concentration of the
example graphite particles are within the regime of Stage II(red)-I(yellow)
coexistence.

resolving both multiphase and multiscale dynamics simultaneously
remains lacking.

In this work, we introduce “hierarchical multiphase porous
electrode theory” and apply it to the fundamental problem of lithium
plating onset in fast charging of porous graphite anodes in Li-ion
batteries. We focus on capturing the effects of phase-separation,
multiscale porosity, and secondary particle size distribution on the
lithiation dynamics and plating onset of realistic graphite anodes.
The general framework of Hierarhical MPET and various algorithms
for its efficient implementation in the MPET open-source software
package®” will be described in a companion paper.

The next two sections present the details of the simulation model
and validate the model against experiments of Li/grapihte half cells
under various fast charging conditions.® The spatial and temporal

dynamics of lithiation of porous graphite electrode are drawn from
simulations, followed by a brief summary of our findings.

Simulation Model

The model for porous graphite electrodes considered here is
based on an extension to porous electrode theory,”** featuring a
coarse-grained model that captures the multiscale transport and the
multiphase feature of a porous graphite particle. In a porous
secondary graphite particle, two ion insertion pathways exist as
illustrated in Fig. 1c: one involving the solid pathway where Li" is
intercalated on outermost surfaces, and the other involving a liquid
pathway where Li™ moves into micropores within particles before
being intercalated through inner surfaces.

We begin by introducing the phase-field approach for a single
crystal graphite and then extend it to a porous secondary graphite
particle. Then, we revisit volume averaging in porous electrode
theory® to explicitly incorporate the particle size distribution of
secondary particles. Lastly, we introduce the reaction kinetic models
used in the following simulations for intercalation and lithium
plating/stripping. Our model is implemented as an extension of
our previously developed Multiphase Porous Electrode Theory
(MPET) package.*

Model of single crystal graphite particle—We start with
introducing the phase-field approach for the phase-separable single
crystal graphite. Phase separation emerges from minimizing free
energy in the presence of a multi-well free energy landscape, leading
to nonuniform distribution on the surface of equilibrium phase and
phase boundary regions. The generalized Cahn-Hilliard reaction
model derived from nonequilibrium thermodyanmics (Eq. 56 in
Ref. 38) describes the phase separation process by a mass balance
equation at any point r as a result of mass flux driven by the gradient
of chemical potential 1+ and reactions R(c) as following

dc(r)

Fr V(D (©)e () V) + R(o), (1]

where ¢ and D, are the concentration and tracer diffusivity of the
concerned species, respectively. i = u/(kgT) is chemical potential
nondimensionalized by the thermal energy kgT.

For a single crystal of layered materials like graphite and
Li,CoO, depicted in Fig. la, ions diffuse preferentially along the
2D basal planes (e.g. planes parallel to graphene sheets) and insert
into the solid only through the edge planes exposed to electrolytes
(e.g. planes perpendicular to graphene sheets). Equation 1 can be
reduced to a 2D model by averaging solid concentrations in the
multilayer structure to one averaged concentration.’®**?° It de-
scribes the phase morphology under nonequilibriium conditions as
following

oc(x, y)

= V-(D, c(x, y) VI (x, ¥)),
ot

j=-DieVira, 2]

where j is the faradaic reaction rate on the surface and 7 is the
normal unit vector of the surface. A finer model considering multiple
layers is possible by coupling Eq. 2 for each layer with appropriate
free energy functional but computationally prohibitive in simulations
of porous electrodes.?%*

When all surfaces of the crystal have equal accessibility to the
electrolytes, the phase morphology of graphite and Li,CoO, using
Eq. 2 has been found to be current dependent.*>*! Intercalation wave
patterns as shown in Fig. la are observed under low current, in
which ion insertion takes place preferentially on the phase boundary
due to the higher exchange current density and free energy density at
phase boundaries.*>** While under high current conditions,
shrinking-core patterns with the slow diffusion phase filling the
outer surfaces of the compact particle as depicted in Fig. 1b have
been observed, leaving phase boundaries inaccessible to the
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Figure 2. (Top) The concentration dependent tracer diffusivity D,(c) of Li"
in graphite adapted from density functional theory calculations.*> (Bot) The
homogeneous part of chemical potential pp(c) for Li-graphite system
displays multiple stages. The functional form is adapted from the open-
circuit voltage of Li,Cg, defined as eV&CCV6 = PLics — 'ul?i with respect to Li
metal reference electrode.*® '

electrolytes.'*?®4%43 These different phase morphologies are the
emerging results of competing time scales of reactions prescribed by
the applied current and diffusion of the slowest phase determined by
the materials property. The phase morphology of a particle together
with the particle porosity determines the distribution of reactions in a
porous graphite particle.

Model of single secondary graphite particle.—Secondary parti-
cles possess particle porosity, enabling electrolyte access to inner
pores, as depicted in Fig. 1c. Phase boundaries within the secondary
particle thus permit ion intercalations, even under high current
conditions. In contrast to the shrinking-core pattern of a compact
particle solely driven by solid diffusion as shown in Fig. 1b,
secondary particles are expected to exhibit an effective shrinking-
core pattern because the phase boundaries are driven by both solid
diffusion and ion intercalations on phase boundaries through reactions
in pores within secondary particles. Depending on the orientation of
crystalline domains, the secondary particle can be modeled as either a
sphere or a cylinder to best match the electrode morphology.*>** Tf
the outer surface is primarily composed of edge planes, a sphere is
more appropriate. Conversely, if basal planes contribute significantly
to the outer surfaces, a cylinder is better. We choose the spherical
model below only to be comparable with experiments.

The effective shrinking-core pattern thereby allows us to
approximate phase boundary movement in the solid phase of a
secondary particle using a 1D radial reaction-diffusion model
adapted from Eq. 1 by volume averaging of Eq. 1 over a spherical
shell at radius .

(- sp>% = V-ID,(c) VAU + (R()).

J==D{c)VE({c))i. (3]

Here, (c)(r) defines a volume averaged solid concentration over a
spherical shell at radius r. €” denotes the particle porosity and 1 — P
appears on the left because volume averaging is only taken over the
solid part of secondary particle. The argument of {c) on the right are
implicit only for the purpose of clarity. Although mathematically
similar to Eq. 1, their physical meaning are different. The first term
on the right is the mass flux along radial direction averaged across
multiple crystals, driven by the averaged concentration (c) and
corresponding chemical potential gradeint. The second reaction term
(R(c)) is physically distinct from the bulk reaction in Eq. 1 in the
sense that it represents all surface reactions on exposed edge planes
in the volume of the shell located at r due to particle porosity. Here,
Dy({c)) and p({c)) are concentration dependent and remain their
respective functional forms as they are depicted in Fig. 2 for single
crystals considering the high graphitic degree in typical graphite
materials.

The chemical potential p(c) is generally expressed as
w(e) = pp(c) — kVZc, where 14 is the homogeneous part of chemical
potential and x quantifies the free energy penalty of phase-boundaries.
The homogeneous chemical potential py(c) for graphite is adapted
from the open-circuit voltage as shown in Fig. 2. Physically, it
represents the lithium-carbon and lithium-lithium interactions, re-
sulting in a multi-well free energy landscape that drives phase
separation.20 X = c/crer € [0, 1] is the lithiation extent in Li,Cg where
cref 18 the theoretical capacity of graphite. Phase separation occurs in
our model at concentration between x = 0.33 (stage III) and x = 0.45
(stage II) corresponding to the Stage III-II coexistence, and between
x = 0.5 (stage II) and x = 0.95 (stage I) for the Stage II-I coexistence.
The region with lower concentration is treated as a solid solution,
ignoring all low stoichiometry phases below x < 0.33. The DFT
calculated tracer diffusivity is adapted and used in our model. A
constant diffusivity assumption for the missing concentration when
x < 0.2 is made. We further replace the DFT calculated extremely low
diffusivity at x = 0.5 with a continuous jump around x ~ 0.5 to match
the phase transition to Stage I, considering that lithium ions are
allowed to move in the newly opened empty layer through multiple
kinds of defects during the transition from stage II to stage 1.°!
Notably, the tracer diffusivity from DFT displays (0.5 — x) depen-
dence when 02<x<05 and (1 —x) dependence when
0.5 <x < 1.0, similar to a lattice site exclusion argument near stage
II and stage 1.*” Expressions for the DFT fitted diffusivity and
chemical potential in Fig. 2 can be found in SI.

To demonstrate the coupling of ion concentrations in the solid
phase and the liquid phase, Eq. 3 is reproduced in the form of
general continuity equation using Eq. 4a together with the continuity
equation governing the ion concentration in the liquid phase using
Eq. 4b. The effective ionic transport of lithium ions in the electrolyte
inside pores of secondary particles is treated in the same manner as
that in the electrode scale.*® This involves utilizing Stefan-Maxwell
concentrated electrolyte theory and the effective medium theory for
effective transport in porous media(SI).>* The averaged quantities,
such as ion concentration {(c, ) and ion flux in liquid (F,)P, are
defined at the particle scale with superscript “p” to be distinguished
from those averaged quantities defined at the electrode scale. In the
shell located at radius r, averaged concentration of ions in liquids
{c4)? and the averaged concentration of ions in solids {c) are
governed by following continuity equations using the finite volume
method

v 2D o v myan +ia o, Hal
(- ep)vm% = LV (FYA) — ia V(). [4b]

Here, (F )P and (F)? = —D, (c)Vi ({c)) are the average flux of
lithium ions in micropores and in the solid, respectively. The average
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Figure 3. Schematics of the hierarchical multiphase porous electrode theory and morphology of porous electrode and porous particle. Particle size distribution is
accounted for in the electrode scale averaging. Interplay of solid pathway and liquid pathway is accounted for in the particle scale averaging. Images of the cross
section of porous electrode and a secondary porous graphite particle are adapted from J. Elec. Soc.** with permission.

flux of cations (F_ )P in pores within particles can be evaluated using
Eq. S1 for electrode scale transport by substituting the porosity €°
and tortuosity 7° of the electrode with those of particles, i.e. € and
7P. V, and A, are the volume and cross-sectional surface areas of the
shell. Given the diameter of pores in particle varying from tens
nanometers to hundreds nanometers, the effective transport proper-
ties of electrolytes in nanoscale pores is likely to be impacted by the
presence of solid electrolyte interphase(SEI), whose thickness is of
order of ~50 nm. Therefore, the porosity and tortuosity for
determining the effective diffusivity and conductivity within micro-
pores are material-specific fitted parameters in practice.

In a secondary particle, the transport of ions in both the liquid and
solid is coupled through the reaction terms on the right of Eq. 4. The
areal faradaic current density i(mA cm?) denotes the faradaic
reactions on the inner surfaces of micropores depending on cation
concentration {c, )P and electrochemical potential of Li* locally at
radius r. The kinetic model governing faradaic reactions inside
particle is identical to those for the outer surface, which is described
in subsection Kinetic model of electrochemical reactions above. a is
the volumetric reactive surface area from pores within secondary
particles determined from the BET specific surface area. (See SI) We
do not further distinguish areas of the basal planes and edge plans in
a. Thus, aV(r) amounts to the reactive surface in the shell located at
r.

The boundary conditions that couple the electrolyte transport
inside porous particles and that in the electrode are two continuity
conditions of cation concentrations (¢ ) and electrochemical poten-
tial of Li* on the surface of particle. We refer details of the finite
volume method to previous works.>**’ While the phase-field model
for simulating graphite®**” and porous particle model*>>>! have
been previously developed, this work stands out as the first to unify
them. As a result, the model is capable of describe the dynamic
resistance arising from the interplay of phase-separation and particle
porosity, making it suitable for all layered multiphase materials
having a secondary structure.

Modeling particle size distribution in a porous electrode.—In
this section, the secondary graphite model introduced previously is

combined with the porous electrode theory considering a particle
size distribution explicitly. Figure 3 illustrates the two levels of
volume averaging in this hierarchical multiphase porous electrode
theory. Our model at the electrode scale differs from previous ones
by directly incorporating the particle size distribution in the porous
electrode scale. Previous works using PET and MPET are typically
limited to simulate single or few particle sizes in each electrode
volume,2*28:52-3

We consider N spherical particles in a chosen volume element
Q@ in the electrode.

Defining for any  quantity its volume  average

(x)¢ = V(Qo)! /Q . x dV within Q°. The superscript “e” implies
averaging at the electrode scale. Considering the large area of the
electrode sheet, the volume averaged concentration of cations {c. )¢

along the thickness direction of a porous electrode is governed by
the following mass balance equation®®

es) c
e N _ guRye 4 vl f i dA, 5
e = (E,) Z i [5]

I
1

where subscript denotes the ith particle. Porosity € appears as
c(r) is nonzero only in the pore region. (F;) denotes the average
flux of the cation over a cross section through the porous electrode.
Fundamental transport processes in porous media and concentrated
electrolytes for evaluating (FY) are provided in the SI and previous
works,2+48

The second term on the right side of Eq. 5 represents the sum of
the areal ionic current density j; on all particle surfaces including the
contribution from both the liquid pathway and the solid pathway as
shown in Fig. 3. In this work, j; is uniformly distributed across the
surface of each particle due to the following two approximations: (1)
Via volume averaging in electrode, particles in Q° are in contact with
electrolytes with a uniform cation concentration (c,) as previous
porous electrode theory works;***® and (2) Our utilization of the
spherical particle model. We can rewrite the sum over N particles as
a weighted-sum based on a particle size distribution n(R)
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e© 9{cy)*

Nr
= VA(E) + V! R)4nR?j.. 6
P (E.) Zn( V4R j, [6]

1

Here, we discretize the continuous distribution n(R) into Np
intervals, where R; and n(R;) represent the radius and number
density of the ith interval, respectively. In SI, we employ the
notation of spatial decomposition®® to analyze the error associated
with the reactive term in Eq. 2, which remains small when
concentration gradient of ions in electrolytes is small.

Kinetic model of electrochemical reactions.—For the faradaic
reactions in our model, e.g. xLi" +xe +Cg¢—Li,Cs and
Li* + e~ — Li, we adopt the coupled ion-electron transfer theory
(CIET) for ion intercalation and Marcus-Hush-Chidney(MHC)
kinetics for lithium plating/stripping.>>° Coupled ion-electron
transfer theory describes the concerted process of electron transfer
and ion transfer across the solid-liquid interface for intercalation
materials.>® Using a simplified formula previously developed for the
Marcus-Hush-Chidsey kinetics,>® the rate equation for CIET can be
cast without the explicit integral of the electron’s density of states as

~

. _ Cy X ~ .
i = ko(1 x)(lﬂﬁf 1+e_,7r)erfc(fu,nf>). 71

Here, kg is the rate constant in units of mA/em?, &, = ¢, /Cref + 1s the
electrolyte concentration normalized by reference electrolyte con-

centration cres = 1M, and 7= AMkgT is the reorganization free
energy A from Marcus theory’’ normalized by the thermal energy
kgT. The overpotential 1 is the stoichiometry difference of electro-
chemical potentials between reactants and products,®® while Eq. 7
adopts the wusage of normalized formal overpotential
it =n — kgT In(x/¢;). An Ohmic potential drop iRg, shall also
exist in 7 if resistance of solid electrolyte interphase is present. In
short, the overpotential 7 with intercalation reaction as the forward
direction is given as

en = p, + ey — ¢)) — iRgim- [8]

Here, 14 is the chemical potential of the reduced state in solid form, ¢, is
the electrostatic potential in the solid, and ¢, represents the electro-
chemical potential of lithium ion using the voltage measured with
respect to a lithium metal reference electrode locally.*® The arise of the
complementary error function erfc(f) is to approximate the integral
over electron’s density of states involved in electron transfer theory, in
~172 ~1/2

which fis given as f(1, i) =G =1 +1  + ;7;2)/(21 ). In
Eq. 7, the (1 —x) prefactor originates from the assumption of the
transition state of ion transfer that excludes one empty site near
interface.® This simplified formula avoids the numerical integral of
electron’s state density needed in the original Marcus-type theory,
leading to a non-Tafel behavior in high overpotential region (e.g.
1> 0.1 V). For the purpose of comparison, we also adopt the widely
used Butler-Volmer kinetics for ion intercalation in the following form

. ~l—a —a,a 1 -
i = kotl?(1 — x)' - [exp(kl;LTn) - exp(— kBT"’n)]. 9]

Here, a € (0, 1) is the charge transfer coefficient and 7 is similarly
defined as in Eq. 8. Although the two kinetic models can be similar
when 71 < 0.1 V by adjusting o,>> we note that CIET has a reaction
rate asymmetry about x = 0.5 by derivation, while BV kinetic model
relies on the fitted charge-transfer coefficient o to become asym-
metric for intercalation materials.

A closed-form Marcus-Hush-Chidney(MHC) kinetics similar to
Eq. 7 is adopted for lithium plating/stripping as following

Cy

o — |erfe(r (1, 10
1 + e’ 1 + e ) (f( '7131)) [10]

ipl = kO,plating(

Here, the dependence on concentration of reduced state, i.e. x in
brackets and the prefactor 1 —x of Eq. 7, is dropped because no
transition state with excluded volume effect is needed for metal
deposition. kg piaing i the exchange current density for lithium
plating/stripping reactions. Following our previous work of lithium
plating on single graphite particle,”® a nucleation barrier edp,c is
introduced in the overpotential of plating reaction 7y so that

Mot = Hii + €Poye €XP(=Vii/Veet) + e(P; — ¢)) — iRt [11]

The exponential decay of nucleation barrier depends on the ratio of
the volume of plated lithium V;; and a reference volume Vi
estimated from the nucleation theory to smoothly switch the plating
process from a nucleation regime to a growth regime.’*® In the
following simulation, lithium plating is assumed to initiate only on
outer surfaces of secondary graphite and treated as a reaction in
parallel with the intercalation reaction. Equation 10 is also used for
lithium stripping on the lithium foil counter electrode but without
nucleation barrier.

Results of Li/Graphite Half-Cells

We parameterize our model to simulate Li/graphite half cells and
compare them with experimental data under fast charging conditions
to validate our model.® C-rate notation is adopted to represent the
lithiation condition. For instance, “4C” means applying a constant
current to lithiate a graphite electrode from empty to full in
1/4 h. Our model resolves the hierarchical transport resistance and
reaction resistance properly, and therefore, consistently captures the
voltage profiles and the plating onset of all half cells. The spatial and
temporal dynamics of lithiation of porous graphite electrodes are
further revealed from simulations.

Experiments of Li/graphite half cells.—We validate our model
against the dataset utilizing SLC1506T graphite from Superior
Graphite for four reasons. First, it covers a wide range of charging
conditions from 2C to 6C and two different areal capacities, i.e.
3.1 mAhcm™2 and 2.1 mAhcm™2%>° We refer to cells of areal
capacity 3.1 mAhcm ™2 and 2.1 mAhcm ™ as thick cells and thin
cells, respectively. Second, reliable estimations of onset of lithium
plating under constant temperature conditions are available by a
combination of OCV rest, coulombic efficiencies deviation, and gas
evolution titration.® Third, the morphology of secondary graphite
particles for SLC1506T, including particle sphericity, particle size
distribution, and BET surface area,32'44’60 are well characterized,
greatly reducing the number of fitting parameters needed for
simulations. Lastly, for data under each condition, at least three
cells are repeated to minimize variations from individual cell. The
electrolyte used in these cells is 1.2 M LiPF¢ in 3:7 EC(ethylene
carbonate):EMC(ethyl methyl carbonate). We refer details of coin
cell manufacture and electrochemical protocols to the original
experimental work.®

Parameterization of model for Li/graphite half-cells.—Most
parameters of our model are derived from either experimental
characterizations or ab initio calculations. In addition to the chemical
potential and diffusivity in graphite discussed in Simulation Model
Section, material parameters associated with the morphology of
SLC1506T graphite particles such as particle size distribution and
BET surface area are obtained through independent characterizations
and directly input into the model without fitting.*>*° Specifically, the
particle size distribution of SLC1506T shown in Fig. 3 is discretized
into 15 intervals evenly between 1 pum and 16 yum. In other words,
within each subvolume of the electrode, 15 particles are simulated.
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Reaction rate related parameters for both ion intercalation using
CIET model and lithium plating/striping using MHC model are all
estimated from experiments prior to fitting.”®®! For transport
properties of electrolytes in both electrode scale and particle scale,
we adopt experimentally measured bulk transport properties for
LiPF¢ in EC/EMC in simulations. Expressions are available in
MPET repository”’ and references.®® The porosities and tortuosities
through porous structures at both electrode and particle scale have to
be fitting parameters in practice because they are subject to the
calendaring process and the cell’s internal pressure. Empirical
correction for effective transport properties through porous media
based on Bruggeman’s relation has been proposed by combining
experiments and simulations and serves as initial input to our
model.®?

We therefore have to use part of the experimental data to
determine the remaining fitting parameters such as particle porosity
and electrode tortuosity. Specifically, voltage profiles in thick cells
(3.1 mAh cm~2) under 3C and 4C conditions are used to determine
all fitting parameters by matching both voltage profiles and onset of
lithium plating. High current data are preferable in parameterization
because they explore the nonlinear resistance from reactions and
diffusion in the hierarchical structure and therefore are sensitive to
model parameters. Furthermore, plating onset is sensitive to the
small variation of resistance because it marks when the local
electrode voltage drops below OV with respect to lithium metal; A
10mV difference in voltage profiles can lead to a shift of plating
onset by ~5%. Parameters for simulations are summarized in
Table 1. Given the number of fitting paramters, this parameterization
process is feasible and reliable in our model because all parameters
have been individually constrained to a narrow window prior to
parameterization. A comprehensive list of parameters with sources
for initial estimation can be found in SI. To further demonstrate the
sensitivity of model, a comprehensive set of simulations is presented
in SI by varying each parameter individually.

Simulation results of Li/graphite half cells.—Our main results
are summarized in Fig. 4, showing the comparison of voltages from
simulation and experiments of both thick cells and thin cells. The
electrode state of charge(SOC) from O to 1 corresponds to dischar-
ging of half cells and represents the empty and full states of graphite
electrode, respectively. The voltage is the difference between two
current collectors. Negative voltage means that the cell needs an
extra voltage input to maintain the current. Experimentally, the onset
points of lithium plating are estimated from multiple coulombic
efficiency measurements (black rectangles). While in simulations,
the local overpotential 77, for lithium plating is used to determine the
onset of lithium plating(colored rectangles), i.e. when 7, <O0.

Table I. Parameters for porous graphite electrodes of SLC1506T.?

Parameter Value

e, 0.55,% 3.11(2.18)”

€, 7° 0.382(0.374),%
5.30(4.36)"

v, 0.035,%* 0.035° 1%

D0, Dsg, Dgo/pum 5.1, 8.1, 12.6%2

a/urnz ,um73 3'532,65

ko/mA cm > 4.8™T(0.263Y)

o 0_366

NkgT 5.0

R/ cm? 1567-68

ko plating/MA cm ™2 10°!

)\plaling/kBT 11.761

Gnuc/mV 12%8

a) Values outside and inside garenthesis are for cell of capacity
3.1 mAh cm™2 and 2.1 mAh cm™, respectively.
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Figure 4. Simulated and measured voltage profiles and lithium plating onset
points of Li/graphite half cells under 1C-6C constant current lithiation
condition show strong agreement consistently. Graphite electrodes have areal
capacity 3.1 mAh cm 2 in (a) and 2.1 mAh cm 2 in (b). The onset state of
charge(SOC) of lithium plating for each lithiation condition is marked by
colored solid rectangles for simulations and black solid rectangles for
experiments.

Using parameters determined from fitting data of thick cells, our
model can both track each of their corresponding experimental
voltage profile closely and track the onset of lithium plating. As
current increases from 2C to 6C, the voltage shifts downward mainly
due to the electrolyte conduction limitation at the electrode scale.
Deviations from experiments at low stage of charge (SOC < 0.1) is
expected as our model approximates all low concentration phases as
solid solution materials. Once the majority of graphite particles enter
the Stage III-II coexistence region, i.e. 0.3 <x < 0.5, voltages
decrease more gradually as a result of phase separation. Unlike the
single graphite particle under fast charging, where applied voltage
changes rapidly due to phase-separation,”® this gradual decrement is
the average results of all particles in different phase morphologies.
For low rates, such as 1C and 2C, the transition of slope, i.e.
differential capacitiy dQ/dV, is observable when SOC = 0.2 due to
the phase-separation effect in graphite. While in high rates, such as
5C and 6C, the voltage profile has less noticiable transition at
SOC = 0.2 because three phases with different redox potentials, i.e.
Stage III, II, and I, coexist in the porous graphite electrodes.
Surprisingly, the difference of onset of lithium plating between
simulations and experiments is only within few percentages of SOC;
translating it to the difference in time is less than 30 s. This
consistency holds up to 5C, resulting from properly resolved
resistances from two-level hierarhical transport and dynamic far-
adaic reactions of multiple phases. A delayed plating onset and
deviated voltage profile for 6C predicted by the model is primarily
due to the limitation of volume averaging when concentration
polarization in electrodes is strong.
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Figure 5. Distribution P(¢) of particle average concentration ¢ displays a
narrow spread at low SOC prior to phase separation and a long tail at higher
SOC due to phase-separation enhanced lithiation inhomogeneities. Results
are shown for cells of 3.1mAh cm ™2 at various electrode state of charge
(SOC) under (a) 2C and (b) 4C lithiation conditions.

The agreement of simulations and experiments in Fig. 4b for thin
cells having areal capacity 2.1 mAh cm ™2 is even more remarkable,
given that parameters related to graphite materials were indepen-
dently determined in cells of 3.1 mAh cm™2. We note that the only
different parameters in simulation between Figs. 4a and 4b are the
tortuosities of separator and graphite electrodes. All other material
related parameters remain the same in both Figs. 4a and 4b. Because
the effective ionic transport resistance depends weakly on the state
of charge, the tortuosities can be obtained by fitting voltage of the
fastest profiles only without further fitting the plating onset in thin
cells. As shown in Fig. S4, the effect of tortuosity on fitting is most
apparent in the high current condition where ionic transport
resistance limits the charging process. We hypothesis that this
difference of tortuosities of the porous separators and porous
electrodes are due to the variation of internal pressure within coin
cells and calendaring process of electrodes. We note that the
difference of fitted tortuosities is small compared to varation
measured experimentally.®®"°

The simulated voltage profiles in Fig. 4b for thin cells exhibit
more apparent transition of slope dQ/dV near SOC ~ 0.2 even under
6C condition, which is consistent with experiments. This is because
three phases coexisting is less significant in thin cells due to their
lower transport resistance in the electrode scale. The agreement of
both voltage profiles and plating onset in Fig. 4b using material
parameters determined from thick cells suggests the transferability
of the model.

While multiphase-multiscale behavior of secondary graphite
particle is the most significant characteristic of our model, the
particle size distribution is also important to the model accuracy and
tranferability. Figure 5 shows the distribution of particle average

concentration ¢ = 4z« / c(ryridr / V during 2C and 4C charging of

thick cells at various electrode SOC. Before significant phase-
separation occurs, i.e. SOC < 0.3, the average concentration ¢ of
particles has a relatively narrow distribution. A long tail distribution
is observed when SOC > 0.3, demonstrating the inhomogeneous
lithiation of graphite in the whole electrode enhanced by the phase-
separation. Simulations using few particles may be still able to
capture voltage profiles in a consistent way but lack the ability
to resolve voltage difference at the order of 10mV and thereby to
predict plating onset.

The nucleation barrier for lithium plating on graphite surfaces in
simulations is consistently found to be at the order of ~0.01 V in all
explored current conditions, in contrast to ~0.1 V found in previous
experimental study using single crystal graphite® and copper current
collector under high current conditions.”® This is because the plating
current in porous graphite electrodes is small initially as the graphite
electrode still undertakes the most current near the plating onset due
to its porous structure. This is therefore analogous to a low plating
current on current collector, which has only a small nucleation
barrier about 5 mV observed experimentally.’® Without explicitly
tracking the morphology change of plated lithium, our kinetic model
of lithium plating takes the experimentally measured exchange
current density, i.e. 10 mA cm™2°" allowing simulations to consis-
tently track all experimental voltage profiles closely even after
plating occurs.

Simulations using Butler-Volmer(BV) kinetics are parameterized
similarly with results presented in Fig. S1. The different parameters
are the rate constant ko and charge transfer coefficient «, which are
obtained by matching reaction rate of two kinetics at 1M electrolyte
concentration and in the low overpotential limit, i.e. n — 0. It is
worth noting that the obtained exchanged current density and
asymmetric charge-transfer coefficient a = (0.3 are very close to
the experimentally measured ones from single graphite particle.®®
Both BV and CIET kinetic models can therefore generate similar
voltage profiles and prediction of plating onset as shown in Fig. S1
because the reaction overpotential under the explored experimental
conditions is only about 3kg7/e ~0.078 V, at which non-Tafel
behavior is weak.

Spatial and temporal lithiation dynamics of porous graphite
electrodes revealed by simulations.—To further demystify the
dynamic faradaic resistances in the porous graphite electrodes, the
lithiation ~dynamics of representative particles in thick
electrodes(3.1 mAh cmfz) under 1C, 3C and 4C conditions are
presented in Fig. 6. We focus on the particles closest to the
separator, where lithium plating is expected to initiate. The temporal
variation of particles’ currents due to phase-separation effect, size
differences, and the particle porosity are presented and discussed.

The lithiation dynamics of particles next to the separator display
distinct behaviors under low-current and high-current conditions.
The volume fraction of different phases, e.g. stage III, I, and I, for
all particles located in the distance 0—12 pum from the separator is
presented in Fig. 6b. Under the 1C lithiation current, the volume
fraction of stage III and II remains saturated after complete
transformation for approximately 5% SOC(180 seconds) and 20%
SOC(720 seconds), respectively. In these idle regimes, further
lithiating graphite particles at a deeper depth that have not been
fully transformed to stage II has a lower resistance comparing to the
free energy barrier of forming stage 1. While under 4C lithiation
current, the whole electrode could not afford the current without
immediately invoking further intercalation of the frontal particles to
form stage 1. These variations stem from the small difference
between redox potentials of Li,Cq during the coexistence of stage
I-II and that of stage II-III, e.g. ~40 mV. Two different temporal
lithiation dynamics have been reported in the operando XRD
experiments previously>> and captured theoretically here for the
first time.

Solid concentration profiles and currents of representative
particles with radii R =2.1, 4.1, and 6.1 um close to the separator
are shown in Video S1,S2 and Fig. 6 for snapshots of the chosen
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Figure 6. Dynamical phase morphologies in the electrode and particle scales of Li/graphite half-cell of areal density 3.1 mAh cm ™2 (a) Voltage profiles and the
corresponding differential capacity dQ/dV under 1C, 3C and 4C conditions. (b) Evolution of the volume fraction of stage III, II and I in a distance 0-12 pm away
from the separator shows two different current dependent temporal behavior. (c) Contributions of outer surface and inner surface to the current of a particle close
to separator with radius R = 4.1 yum under 1C, 3C and 4C lithiation conditions. Currents through outer surface diminishes upon the formation of stage I. (Right
Column) representative concentration profiles of graphite particles with radii R = 2.1, 4.1, and 6.1 pm close to the separator under 1C(def) and 4C(ghi) lithiation
condition. Arrow size indicates the transient current of the corresponding particle.

state of charge under 1C in Fig. 6(def) and 4C in Fig. 6(ghi). The
size of arrow on top of each particle represents the particle’s
transient areal current density due to intercalation through both
solid pathway and liquid pathway, which is the total current from
this particle divided by its outer surface area. This is not to be
confused with the current per unit area of the electrode sheet. The
maximum magnitude of particle areal current density is about
15pA pm 2 =15mA cm 2 under 4C, which is similar to the
current quantified from in-operando XRD experiment using similar
graphite materials.”?

When particles are experiencing phase-separation, the areal
current density of particles are comparable regardless of particle
size, which can be seen from Fig. 6e under 1C for Stage II-I
coexistence and Fig. 6g under 4C for Stage III-II coexistence.
Therefore, smaller particles are generally filled up earlier because of
their lower particle’s capacity. In Fig. 6d of 1C and Fig. 6h of 4C,
while the larger particles is lagging behind in transition to become
fully Stage II, the smaller particles have been fully transformed to
the stage II. Meanwhile, the completely transformed Stage II
particles provide smaller areal current density due to the free energy
barrier for further lithiation to form the stage I and effectively
remain idle for a period of time depending on currents. Figures 6f
and 6i are extracted at the onset point of lithium plating under 1C
and 4C conditions, respectively. As lithium plating occurs under 4C
fast charging conditions, the graphite particles next to the separator
are still far away from being completely transformed to Stage 1,
which qualitatively agrees with in-operando XRD experiment.”

Figure 6¢ shows respective currents through inner surfaces and
outer surfaces for a particle of radius R = 4.1 pum as a function of the

electrode state of charge under 1C, 3C and 4C conditions. Although
relatively small particle porosity considered in this work
(€P =3.4%),”" the liquid pathway contributes about 3 times more
currents than the solid way for two reasons. First, the ionic transport
resistance through liquid in micropores are lower than the solid
transport even at such a low particle porosity. Second, substantial ion
insertions take place at the exposed phase boundaries owing to the
lower reaction resistance at the phase-boundary. This is the distinct
difference between a single crystal graphite described by Eq. 2 and a
secondary graphite particle described by Eq. 3.

Furthermore, the evolution of currents through outer surfaces and
inner surfaces are always synchronized until the formation of
Stage I. Slow diffusion in Stage I(x > 0.9) as a result of low solid
diffusivity in Fig. 2 leads to the accumulation of a concentration
gradient beneath the outer surface of graphite. This in turn further
restricts the solid pathway as x — 1.0 on the surface. We further
notice that the voltage profiles and lithium plating onset shown in
Fig. S6 are minimally affected by enhancing or reducing solid
diffusivity globally by 5 times, indicating no solid diffusion
limitation before the formation of stage I. Therefore, we speculate
that solid diffusion limitation during fast charging in secondary
graphite particles becomes substantially only upon the formation of
stage I, a challenge that can be alleviated by increasing the particle
porosity.

Electrochemical features of lithium plating.—Various electro-
chemical features have been suggested to monitor the lithium plating
on graphite, such as the extreme of voltage,”* differential capacity
analysis(dQ/dV),® resistance change by current pulse® and
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Figure 7. (a) Electrolyte concentration and (b) the electrochemical potential
of Lit in electrolyte, i.e. ¢, in Eq. 8 across the electrode taken at the
respective lithium plating onset in a 3.1 mAh cm ™2 electrode under 2C to 6C
charging condition. Across the surface of a secondary graphite particle with
diameter about 10 pm, the variation of ¢, electrolyte concentration, e.g.
~1M, and dzl’ the electrochemical potential of Lit, e.g. ~2kgT, are not
negligible under 6C.

electrochemical impedance spectroscopy.” These features are
usually easy to measure, however, difficult to interpret in practice
without a proper model. At the core of these features is that the
overall anode resistance starts to decrease once the lithium plating
begins as it allows extra faradaic reactions that are easier than futher
intercalation of graphite.

Our simulation results reproduce some of these features and
provide insight into them. In the 1C lithiation current, a hump due to
the nucleation barrier of lithium plating can be observed at the state
point f indicated in Fig. 6a, which has also been observed
experimentally.® Given the magnitude of nucleation barrier under
typical charging currents, e.g. 10 mV, the hump can be easily
overridden by the rapid resistance change of intercalation into
graphite. It becomes less noticeable in the 3C case and completely
hidden in 4C case. The minimum potential of graphite electrode was
also previously argued to be an indicator of lithium plating.*"*
Depending on how much current lithium plating reaction contributes
to the total current, this voltage minimum due to the resistance
reduction from lithium plating may not be able to promptly detect
lithium plating. For the 4C current in Fig. 6a, voltage keeps
decreasing after plating onset at state i and no voltage minimum is
observed within following 10% SOC elther in experiments or
simulation. The peaks of dQ/dV® and IR drop* can be more sensitive
indicators because they all reflect the resistance change promptly.
Figure 6a presents dQ/dV calculated from the voltage profiles,
showing several peaks arising from phase-separation in graphite and
lithium plating. We note that these electrochemical features are less
observable in the full cell setting owing to the resistance change
from cathode. Our work therefore provides an alternative to estimate
plating onset in full cells with additional modeling effort on cathode
materials.

Limitation and perspective of porous electrode theory.—Lastly,
the limitation and needed correction of porous electrode theory
based model for extremely fast charging are discussed. In Fig. 4a,
the apparent deviation of the simulation and the experiment of the
thick electrode(3.1 mAh cm™2) under 6C lithiation current arises
from the approximation of uniform electrolytes outside each particle.
Figure 7 quantitatively demonstrates the build up of gradient of
concentration and electrochemical potential of Li* across the
electrode under varying currents from 2C to 6C for the thick
electrode(3.1mAh cm~?). Profiles of electrolyte concentration c.,
and electrochemical potential ¢ for Li* for each condition are taken
at their respective plating onset points. Within the first 10 gm of the
electrode, under 6C lithiation condition, the variation of electrolyte
concentration is about 1M and that of electrochemical potential ¢,
for Lit is about 2kgT, which is similar to the overpotential 7 for
intercalation reactions. Therefore, to model further faster charging
involving steeper concentration polarization, the model needs to be
modified to capture the variation of the electrochemical potential ¢,
of Li" on the surface of particle rather than taking the approximation
of uniform electrolyte as in Eq. 6.

Conclusions

A hierarchical multiphase porous electrode theory has been
formulated and is applied to porous graphite electrodes. It resolves
the effects of electrochemically driven phase separation and trans-
port in hierarchical pore structures characterized by multiscale
porosity and and secondary particle size distributions. We validate
our model extensively against a rich set of experiments using
Li/graphite half cells. The parameters of the model, especially those
related to material morphology and reaction kinetics, have been
rigorously constrained by independent experimental sources before
fitting and have been found to be transferable to cells with different
thickness. Simulated voltage profiles exhibit unprecedented consis-
tency and accuracy when compared to experiments under various
fast charging, varying from 2C to 6C. A major contribution of the
model is that simulations consistently predict the onset of lithium
plating with strong agreement to experiments. Lithium plating
predictions and measurements differ at most by a few percentages
of electrode state of charge, which translates to a difference in time
of less than 30 s. Therefore, our model has the potential to be used
for model-based design of cycling protocols and electrode micro-
structures.

Our simulations reveal the lithiation dynamics, showing how
populations of particles in different phase morphology contribute to
the total current. Two key features of lithiation dynamics are
observed: (1) during lithiation, the time for graphite remaining in
stage II depends on the current, qualitatively matching the lithiation
dynamics measured using in-operando XRD experiments;*® (2) the
formation of stage I stops further ion insertion through solid pathway
and reduces the current from that particle by about 1/3 in the
electrodes we investigated. The dominant contribution of currents
from inner surfaces of particles suggests the possibility of achieving
fast charging by optimizing particle porosity and improving reaction
kinetics. Simulation results provide insights for promptly detecting
lithium plating using peak of differential capacity dQ/dV. We
identify the limitation of porous electrode theory based model in
modeling strong concentration polarization and propose the needed
improvement. Finally, our model featuring a phase-field model of
porous graphite particle is broadly applicable to other graphite
morphologies and both phase-separable and non phase-separable
materials possessing hierarchical porous structure, including but not
limited to Li4Ti50,,, LiCoO,, and LiNi,Mn,Co;_,_,0,.
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