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Broader context

Interplay of intercalation dynamics and lithium
plating in monolithic and architectured graphite
anodes during fast chargingf

Aleksandar S. Mijailovic, 2 £* Seth Waag-Swift,+° Guanyi Wang,” Bingyao Zhou,”
Mei Luo,” Wenquan Lu,® Qingliu Wu @° and Brian W. Sheldon {2 *?

Fast charging of high-capacity anodes is challenging due to lithium plating reactions, which lead to poor
cycling performance and safety concerns. Thus, accurate predictions of plating onset and an
understanding of this electrochemical process are crucial for robust battery design. However, the most
commonly used models, based on porous electrode theory (e.g., the pseudo-2D model), are notoriously
difficult to calibrate due to their complexity, limiting their predictive power. This work studies the
process of lithium plating during fast charging of (small-particle) graphite half-cells by measuring local
reaction progression and plating behavior using optical operando techniques. These experiments
employ a realistic 1D graphite electrode geometry with commercially-relevant mass loading charged at
fast charge rates. It is demonstrated that the local reaction progression and plating onset can not only
be predicted accurately with a p2D numerical model, but that these processes follow a simple scaling
law. Remarkably, the entire reaction histories of different electrodes charged at different rates (e.g., 160
um thickness at 0.5C, 111 um at 1C or 66 pm at 4C) were observed to have self-similar intercalation
profiles. It is demonstrated that plating onset is in turn governed by the reaction profile which explains
why both processes exhibit the same scaling behavior. Finally, operando measurements of local reaction
dynamics are conducted for the first time in electrodes with channeled architectures, quantitatively
determining how channels affect reaction uniformity and plating onset. Together, these results reveal
underlying simplicity in the complex electrochemical environment of fast charging and lithium plating,
improving understanding of this process. These fundamental insights are broadly applicable for design
processes, modeling and experimental evaluation of lithium ion batteries.

Development of lithium ion batteries with high energy density and fast charging capability is essential for electrification of the transport sector and ultimately
reducing carbon emissions. Mitigating lithium metal plating during fast charging is a central challenge in these efforts, as this parasitic reaction leads to poor
cycle life and safety concerns. Thus, predicting when, where and how lithium plating occurs is of utmost importance for fast charging applications. Models
have been developed to study and predict this process, but are notoriously difficult to calibrate and interpret due to their mathematical complexity. These issues

are compounded in novel electrode designs that employ non-standard architectures. A simplified yet fundamental understanding of the processes of fast
charging is therefore of great value to theorists and experimentalists. To this end, we demonstrate that the complex processes of plating onset and local reaction
dynamics within graphite anodes can be understood through a simple scaling law, even under the harsh conditions of fast charging. These principles are

demonstrated experimentally in both monolithic and architectured electrodes.
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1 Introduction

Electrification of the transportation sector is critical in efforts
to curb carbon emissions worldwide. Consumer anxiety around
range and charge time are primary obstacles to electric vehicle
(EV) adoption, and they reflect two conflicting requirements for
lithium ion batteries: namely energy density and fast charging
capability. A central issue is that, at high rates (e.g., 4C or
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Fig. 1 Schematic of reaction inhomogeneity (A) through the electrode thickness and (B) within individual graphite particles during fast charging. (A)
There are through-plane gradients in intercalation (colors), with the higher local intercalation occurring near the separator surface leading to increased
risk of lithium metal plating on particle surfaces (gray).“'zo’23 Transport in the electrolyte is a major contributor to reaction gradients (purple arrows),
partially due to high tortuosity in graphite electrodes.?*2% In-plane heterogeneity also occurs, with neighboring particles coexisting in separate phases. (B)
Plating is favored at particle surfaces, and there may be intra-particle intercalation gradients, such as depicted in the “shrinking core” model here2%-26-27
(or by intra-particle “intercalation waves*2”28). Sufficiently small particles have more uniform intercalation. (C) A large number of geometric,
thermodynamic, kinetic, and (electrolyte/solid state) transport parameters are necessary for PET models. PET models are highly coupled and nonlinear,
and have non-constant parameters whose reported magnitudes vary in the literature. A central question is whether simpler reduced order or scaling
models can simplify the system without substantial loss of accuracy. Models that accurately predict when lithium metal plating occurs are of high interest.

higher), lithium metal plating will occur on the anode prior to a
“complete” charge.'™ Irreversible lithium plating reactions
degrade the battery through various mechanisms and ultimately
lead to capacity fade and potential short circuit and thermal
runaway.’® Thus mitigating lithium metal plating reactions
entirely is an ambitious goal for designing robust electrodes
capable of withstanding repeated fast charging cycles. Novel
anode designs - including complex electrode architectures - are
of high interest in an effort to control lithium plating by
improving transport in the electrolyte phase.”'® These have
shown promise, and here geometric factors lead to additional
challenges with understanding and predicting plating.”'>"'°

In the charging of porous anodes, lithium ions move from
the cathode through the electrolyte and then react with the
negative electrode, by intercalation in the case of graphite
anodes (Fig. 1). However, at fast rates lithium plating reactions
can become favorable locally in the electrode, occurring at
particle surfaces long before the entire electrode is fully
lithiated (Fig. 1A and B). Thus accurately assessing when initial
plating onset occurs is essential for developing anodes with
safe fast-charging operation.

Unfortunately, prediction of plating onset requires precise
information about the local electrochemical environment at the
position where plating is first favorable (usually at the anode-
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separator interface)."***" Plating during high C-rate charging

in graphite is often attributed to inhomogeneous intercalation
reactions at the electrode level (both through-plane and in-plane)
and/or within particles, depending on the electrode structure and
material composition (Fig. 1A and B). This is dictated by multiple
transport processes (in the liquid electrolyte on the macroscale
and within solid particles on the microscale), thermodynamic
processes of the lithium reduction reaction, and the local inter-
facial reaction kinetics (Fig. 1A and B). Porous electrode theory
(PET) models (e.g. the P2D model**) have been developed and
employed extensively to predict this complex behavior, and can
provide precise predictions of the local electrochemical environ-
ment and plating onset.>'

However due to the large number of complex, coupled
phenomena modeled, the material descriptions used in model
input must be highly accurate to correctly describe plating onset
(Fig. 1C). In practice, the inherent complexity due to coupled,
nonlinear and multiscale nature of these models - and in
particular the uncertainty associated with obtaining accurate
values for many of these parameters®*®® - means that it is
extremely difficult to accurately predict the onset of plating
during fast charging, even for an unstructured electrode with
1D geometry. Assumed values of important modeling parameters
can differ significantly in the literature (e.g., by over an order of
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magnitude for interfacial reaction kinetics”'"***>*"~*") poten-
tially raising questions about accuracy of plating predictions
between different studies. Thus, the common practice of model
calibration by voltage alone (which is of high practical
relevance)' 31933374174 ¢ap also be inaccurate because differ-
ent sets of parameters can create very similar voltage profiles (see
Fig. S1, ESIt). This issue occurs because the voltage profile
represents simply a sum of many processes within the
electrode.’®*' While operando techniques can bypass this issue
by providing more information about local intercalation, they are
not typically used for model calibration due to the resources
required as compared to voltage measurements. These calibra-
tion issues are compounded with difficulty interpreting electro-
chemical behavior due to the mathematical complexity of the
model. As a consequence, optimization of electrode design can
be reliant on iterative parametric simulations,”*®'*¢?” which
can be difficult to generalize between different studies. Introdu-
cing complex geometries such as architectured electrodes with
electrolyte filled channels brings even more calibration issues
and optimization parameters.”'®'® Indeed, while models of
architectured electrodes have been implemented, the local reac-
tion behavior within those electrodes has never been directly
measured. Clearly, developing these technologies requires a
fundamental understanding of the relationship between elec-
trode architecture, reaction progression, and lithium plating
reactions. Together, these challenges can limit the utility of these
models in designing electrodes that prevent lithium plating
reactions during fast charging.

Several simplified models and scaling laws have been proposed
to describe the processes of charging at the electrode and particle
levels, providing important insights into fundamental behavior of
porous electrodes and useful design strategies.'"*”*>>! However,
applicability of these reduced order/scaling models to fast charging
can be controversial, because the coupled, multiscale mechanisms
in PET require a much larger number of modeling parameters
than other physical systems (e.g., mechanical systems). Remark-
ably, one recent study has presented experimental evidence that, in
small-particle graphite materials, plating onset can be accurately
predicted in terms of a single non dimensional number - the
reaction inhomogeneity parameter 4 - derived from PET.'"** It
argues that the fast charging process can be quantitatively
described more simply than has been previously published and
generalizes the role of material and design variables on plating
onset. The theory is grounded by the argument that the interplay
of thermodynamics and electrolyte-level mass and charge trans-
port dominate reaction dynamics and ultimately lead to acceler-
ated plating onset during fast charging."" However, studying this
process within the electrode requires an involved set of experi-
ments that must precisely measure how the local intercalation
reaction and plating unfolds under a wide range of fast charging
conditions.

Many sophisticated methods have been developed to
acquire time-resolved local intercalation data,*>>>® the most
common and accessible being simple optical imaging to mea-
sure color changes in lithiated graphite.”***>*® However,
nearly all of these colorimetry studies use nonstandard
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electrode geometry that magnifies or enlarges the visible edge
parallel to the direction of lithium flux, often employing a
practically semi-infinite electrode relative to the diffusion
length scale of the experiment.?*3%3%3%% Those that do image
at practical scales report a small number of experiments.”””® In
contrast, to accurately detect plating onset in situ, the perpendi-
cular surface which normally faces the separator must be
imaged, again necessitating drastic changes to the cell geome-
try to detect operando.®"®* Unfortunately, both of these mod-
ifications add an order of magnitude to the diffusion lengths
involved, and/or fundamentally change the boundary condi-
tions of the problem.

Using a similar colorimetric approach, the present study
demonstrates that the complex physical and electrochemical
phenomena of intercalation dynamics and lithium plating can
be described by simple models and scaling laws. This is achieved
using a comprehensive set of experiments that simultaneously
quantify reaction inhomogeneity and lithium plating onset
under fast charging conditions. Graphite with small particle size
is used as the model system to decouple the electrode length
scale mechanisms from intra-particle rate limitations (Fig. 1B).
Operando colorimetry experiments via optical microscopy are
used to quantify reaction profiles on the thin edge of graphite
electrodes, providing a truly 1-D electrode geometry and a 2D
cross section around architectured channels. These in situ stu-
dies are complemented with separate post-mortem imaging of
coin cells where plating and through-thickness (and in plane)
reaction profiles are be observed concurrently. The results
demonstrate that a simple scaling law, which predicts reaction
inhomogeneity with a nondimensional number (1) can accu-
rately describe reaction dynamics and plating onset during fast-
charging. It is shown that the entire reaction history for two
different electrodes charged under different conditions can be
self-similar if the / variable is constant. These results are verified
with a p2D numerical model that is experimentally validated
against both local intercalation and plating onset data. The
experiments and model are then extended to study fast charging
intercalation dynamics and plating in architectured electrodes.

2 Imaging approaches

Two experimental methods were used to quantify reaction
inhomogeneity and plating onset locally in a graphite anode
during fast charging (lithiation): operando imaging in a custom
made optical test cell, and ex situ (post mortem) imaging of
electrodes cycled in coin cells (Fig. 2, see methods for details).
In a departure from previous studies, these experiments used
imaging with a visible light microscope to quantify the local
reaction progress for practical electrode thicknesses (50-
160 pm) in a truly 1-D cross section. Specifically, the operando
experiments herein are used to obtain high-throughput obser-
vations of the entire time history of the reaction during fast
charges (Fig. 2A-D). While these experiments are capable of
measuring a wide range of charging conditions necessary to
evaluate scaling behavior, they cannot identify plating onset, as

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Overview of the two experimental schemes implemented. (A) Schematic of the operando test cell geometry. (B) Summary of operando workflow:
the half-cells are assembled in the custom made test cell (C) to permit continuous through-plane imaging during electrochemical cycling (D). (E)
Schematic of coin cell stack employed for ex situ studies. (F) Summary of ex situ workflow: the half-cells are assembled in coin cells and partially charged
before quenching in liquid nitrogen, dissection, and imaging in another custom test cell (G). Entire graphite surface (separator side) is imaged to
determine if plating occurred. Electrode is cut in half to observe intercalation profile in entire cross section.

it can occur anywhere on the graphite-separator surface. Thus a
complementary “ex situ” imaging methodology was used. In
these experiments, coin cells were fast charged to a range of
SOC, abruptly quenched, then dissected post mortem to deter-
mine whether plating occurred, and to concurrently measure
through-plane, and in-plane reaction heterogeneity (Fig. 2E-G).

From the image data collected in these experiments, local
electrode-scale dynamics of the intercalation reaction are mea-
sured optically via the color-changing properties of graphite
intercalation compounds (GICs).?*?*®°*385% gince the colors
arise from thermodynamic phases, or ‘“Stages”, in which
lithium occupies specific galleries in the graphite layered
structure (Fig. 3A), the observed colors can be used to infer
the local state of charge at particle surfaces as shown in Fig. 3B
(See Fig. S2 for further discussion of stoichiometry, ESIt).®>"!
Small particles (D50 &~ 6.5 um) are used in these experiments to
limit or eliminate gradients in intercalation within particle
such that observed colors can be used to approximate the total

This journal is © The Royal Society of Chemistry 2024

state of charge locally, rather than that of only the particle surface.
These data are then used to quantify the local state of charge SOCio.
in the through-plane direction (Fig. 3B) via image processing,
averaging of in-plane particle phase fraction, and an approximation
of SOC corresponding to certain phase (See Fig. S2 for details on
these approximations, ESIT). Finally, the calculated SOC,. data is
averaged over the entire image to calculate an “particle average
SOC” SOC,p, which represents the average state of charge of the
particle surfaces in the entire imaged cross section (which can vary
from the cell SOC). See Methods for a detailed description of the
experimental procedures and calculations described here.

3 Results

3.1 Operando intercalation dynamics

To demonstrate the qualitative relationship between charge
rates and through-plane reaction dynamics, representative

Energy Environ. Sci., 2024,17, 8702-8721 | 8705
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(A) Schematic structures and characteristic colors of GIC phases obtained operando. (B) Image processing workflow: raw image pixels (i) are

assigned to phases (i) by their distance in color space from the four “target” colors shown in (A). (iii) Phase fractions are obtained by summed pixels
vertically, and (iv) converted to x in LiCg (equivalently, local surface SOC) by multiplication with the chemical formula of each pure phase. Confidence
region for SOC comes from the solid solution limits of each phase (see Fig. S2, ESIT). (C) Equilibrium potential curve of lithiation of graphite, obtained from

C/40 cycle. Solid solution regions of each phase are shaded (after ref. 68).

operando images of one ‘“slow” and one “fast” charge experi-
ment are shown in Fig. 4A. At slow rates, the electrode converts
to Stage 2L (blue) uniformly through the electrode depth, while
the subsequent two phase transitions, Stage 2 (red) and Stage 1
(gold) begin adjacent to the separator (right) but rapidly propa-
gate through the thickness before all particles are fully converted
at the separator. In this wide transition region the particles
undergo the phase transformations discretely and independently,
generating the “mosaic” pattern previously reported.”®>®"®* At
high rates, all three phases initiate rapidly near the separator and
travel in close succession through the electrode thickness
(Fig. 4A). The boundaries between phases also become sharper,
with less prominent “mosaic” patterns and a typical “wavelike”
propagation of the phase boundaries.”

The charge history at each rate is summarized with SOC
maps, reaction rate maps, and phase fraction/voltage responses
in Fig. 4B-D respectively (note that the latter show a full
charge-discharge cycle at constant C-rate.) The SOC maps
and raw images show that at fast rates, phase fronts advance
more slowly compared to slow rates, relative to the timescale of
the cycle, leading to coexistence of all three phases within the
electrode (Fig. 4B and See Fig. S3 for all 30 experiments, ESIT).
Indeed the localized transfer current is roughly an order of

8706 | Energy Environ. Sci., 2024,17, 8702-8721

magnitude higher at high C-rates (Fig. 4C). Inspection of the
concurrent voltage and cumulative phase fraction reveals that
the staging plateaus, which occur during phase transitions at
low rates, disappear at high charge rates, as the responses from
all three phases are overprinted (Fig. 4D and See Fig. S4 for all
30 experiments, ESIt).

The total phase fractions of an entire imaged region were
also used to calculate a “particle average SOC” (SOC,pp). The
SOC,pp values approximately follow the cell state of charge as
determined from the applied current on the entire cell, but with
some fluctuations in time (Fig. S5-S6, ESIt). Since only small
subsections of the electrode were observed in the operando
experiments, these results suggest that local C-rates in the cell
varied during the charge, presumably due to local in-plane
inhomogeneities within the electrode (which will be discussed
with the “ex situ”’ experimental data). However, these variations
were typically transient, and provided an average C-rate close to
that of the entire cell for most of the charge (Fig. S6, ESIY).

Next, the imaging data was used to calculate the position-
dependent SOC profiles during the charge history to quantify
local reaction heterogeneity. Fig. 5 shows selected snapshots of
the calculated SOC as a function of through-plane position at a
relatively “low” C-rate (Fig. 5A-C) and an order of magnitude

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee02211d

Open Access Article. Published on 13 1403. Downloaded on 05/11/1404 11:31:25 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Paper Energy & Environmental Science

B . C Transfer current
density (Am2)
0

>

Phase Fractions

Raw Images

0 0.5
— s
—F 5 o 0 -
o ? 3 8
¢ S0 0 205 8
~ B g - w
3 18
2 £
i 20
. 05
20 60 100 20 60 100 0 5 10 15 20
Position (um Position (1um)
b 05 05 52
: e S
— 3 ; —Voltage M
— 0.5 > 0 —graphite 15 ¢
Q & o — Stage 2L ;9_
: E K —Stage 2 8
< & o 1 0~ /\ | —Stage 1 L
1S o
=3 : j:
o— 1.5 o
Tl
2 0.5
20 60 100 20 60 100 0 0.5 1 1.5 2
Position (um) Position (;m) Time (hrs)
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Fig. 5 Comparison of SOC distribution between experiments (solid lines and shadow) and numerical simulations (dashed lines). Experimentally
measured local surface SOC (SOC..) is shown with colors and uncertainty highlighted with shaded regions. The colors represent the average in-plane
particle surface SOC (SOC,,, calculated from eqgn (9)). Simulations at the same corresponding SOC are shown with dashed lines. Results are shown for a
(A) 160 um cell charged at 0.045C (B) 111 um cell charged at 0.09C, (C) 66 um cell charged at 0.34C, (D) 160 pm cell charged at 0.49C (E) 111 pm cell
charged at 0.91C, and (F) 66 um cell charged at 4.1C. There is agreement between experiment and simulation over the time history of charge in all cases.
The top row (A)—(C) presents a “low" / value roughly equivalent between cells, while the bottom row (D)—(F) presents a "high” 2 which comprises of C-
rates roughly ten times higher than the “low" rate. As predicted by the scaling law in egn (2) the charging profiles are approximately self-similar for a
constant /, as seen by the consistency in the experimental and simulated SOC curves in (A)—(C) and in (D)-(F) Note that this self-similarity is observed
with the abscissa representing normalized position, as depicted here with constant plot widths. Movies of the raw data in these plots is provided in ESI.{

higher C-rate (Fig. 5D-F) for six electrodes of three different local SOC measurements exhibit the same general trends
thicknesses (66 pm, 111 pm, and 160 um, all 30 operando described in Fig. 4, but can provide more quantitative informa-
experiments are shown in Table S1 and Fig. S7, ESIt). These tion about reaction inhomogeneity and model validation. In all

This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci., 2024,17, 8702-8721 | 8707
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three cases, it is clear that “low” C-rates exhibit small gradients
in SOC where phase changes span the thickness of the elec-
trode, and the higher C-rates exhibit much steeper gradients,
with Stage 1, 2 and 2L occurring simultaneously in the elec-
trode. Reaction fronts are clearly associated with phase changes,
but there is very uniform SOC during the (blue) dilute staging.

Next, p2D numerical simulations were validated against
these experimental data (Fig. 5). Excellent agreement in local
particle surface SOC was observed between the p2D numerical
model with experiments during the entire time history of
charge. The agreement with model and experiment is consis-
tent over a large range of C-rates and cell thicknesses (Fig. 5 and
see Fig. S8 for all experiments, ESIT). Since the model results
suggest that lithium intercalation is constant within a given
particle, the local surface SOC is assumed to be equivalent to
the local average SOC, and is thus referred to as “local SOC”
throughout this work. These results suggest that the p2D model
can with accuracy capture average through-plane SOC over a
wide range of conditions in this small-particle graphite system.

3.2 A scaling law for reaction inhomogeneity

A major goal of the operando imaging experiments was to
evaluate the prediction that the inhomogeneity of a reaction is
defined by a non-dimensional “reaction inhomogeneity para-
meter” A. Previous works have demonstrated with theory and
experiment that 4 can accurately predict plating onset according
to a “master curve” solution, which collapses charging behavior
across variable electrode and electrolyte material, electrode struc-
ture and charging conditions to a single solution.""** In those
works, it was theoretically predicted that the mechanism behind
this scaling law is that the value of /4 determines the reaction
history during fast charging. This means that two electrodes
(which may have different thickness, electrolyte, or charged at
different C-rate) will have self-similar reaction profiles, and will as
a result plate at the same SOC if they have the same A value. This
is a remarkable prediction due to the complexity of the reaction
dynamics during fast charging, and verification of this is a
primary motivation for the experiments reported here.
The number 4 is defined as

I CL?Fegcmax (1 + )
o U’Ceff

1)

where C is C-rate, L is cell thickness F is Faraday’s constant, ¢ is
solid fraction, ¢yay is the maximum concentration of lithium in
graphite, U is the average slope of the equilibrium potential, ¢

is the effective ionic conductivity where k. = k X —, where 7 is
T

tortuosity, and &, is porosity, and o is a nondimensional
number that is the ratio of lithium diffusion and ionic transport
effects on reaction inhomogeneity (eqn (12)), and is explicitly
defined in terms of electrolyte diffusivity, ionic conductivity,
activity, and electrolyte concentration.”® Two electrodes with the
same electrode material will have the same U and c¢,,,,,, and will
have the same w and « if the same electrolyte is used.

In the context of these experiments, a thin cell is charged at
high C-rate is predicted to have the same intercalation history
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as a thicker cell charged a lower C-rate if / is constant. To test
this prediction, an experimental “parameter sweep” was con-
ducted by fabricating electrodes of three thicknesses (nomin-
ally 150, 100, or 50 pm, with the same porosity), and cycling
each set of electrodes at different C-rates. Since A scales as

A~ CL? (2)

the C-rates are chosen to achieve approximately the same A
according to the nominal thickness. While the experimental
design controlled mass loading and calendaring to maintain
equal porosity between electrodes, there were some deviations
in the observed thickness and thus porosity after electrolyte
saturation, and 4 in eqn (1) was adjusted by equation porosity
and tortuosity (eqn (10)).

Fig. 5 shows six experiments (and accompanying FEM
simulations) that evaluates whether reaction inhomogeneity fol-
lows the scaling law of eqn (2). It is observed that the reaction
profiles are roughly self similar for electrodes of different thickness
when C-rates are scaled to have a constant /. This self-similarity is
observed at both “low” rates and “high” rates (Fig. 5A-C, D-F,
respectively). Note that the abscissa in each of these plots is the
same width even though the electrode thicknesses are different:
the self-similarity of the reaction is with respect to the normalized
position in the electrode. Fig. S7 (ESIf) shows results of all 30
operando experiments tested for various electrode thicknesses
and rates.

To evaluate this scaling over a wider range of conditions,
electrodes of 50, 100, or 150 pm nominal thickness were charged
at “low”, “intermediate”, “high” or “extreme” rates (Fig. 6A and
Table S1, ESIT). These rates were chosen to correspond to A of
approximately 0.1, 0.5, 1 or 2, respectively. However, a time-resolved
figure of merit is necessary to compare this large parameter space.
To this end, an “instantaneous inhomogeneity” (INI) parameter was
defined as the area bounded by the SOC trace and the extrapolated
maximum value anywhere in the electrode (Fig. 6B). (This metric is
also of interest because it is related to plating onset as will be
demonstrated with ex situ experiments.) Fig. 6C shows the INI for all
30 experiments over the entire charge cycle, with colors indicating
different 1. Separate clusters of “low” “intermediate”, “high”, and
“extreme” / charging conditions are observed. During the charge
history, three distinct peaks arise, as each new phase initiates at the
separator. As A increases, not only do absolute INI values increase,
but the phase transformation peaks grow and shift earlier in the
charge, representing consistently higher inhomogeneity (and plat-
ing risk). While INI can measure the inhomogeneity through an
entire charge history, it does not provide easy quantitative compar-
ison between various charging conditions.

Thus, to make a more quantitative evaluation of the A
scaling law for inhomogeneity, Fig. 6D and E measures the
electrode SOC when the maximum local gold phase fraction in
the electrode equals 50% (i.e., max(£y01a) = 50%). This defini-
tion was chosen as a representative benchmark for reaction
inhomogeneity because it avoids high experimental noise near
the extrema of the range (see Fig. 3). It is shown that the cell
SOC when max(&,,1q) = 50% is plotted as a function of C-rate, these
values appear scattered because different trends emerge for

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) Matrix of charging conditions for three electrode thicknesses charged at rates ranging from “low" (black) through “extreme” (yellow). Each

color represents an approximate value of the parameter 4. (B) INI is defined

as the area between the local SOC profile and the extrapolated maximum

SOC measured anywhere in the electrode. (C) INI for all samples as a function of normalized charge time (i.e., SOC,p). Color indicates 4 value for each
cycle's parameters. (D) SOC at the time at which the electrode locally exhibits a gold phase fraction of 504 = 50% as a function of C-rate and cell
thickness (occurring typically near the separator interface). Fast charging is defined as 4C or more. (E) When plotted against 4 the conditions in (D)
collapse to exhibit a consistent scaling trend, where “low", “intermediate”, “"high” and “extreme” A values indicate the degree of reaction inhomogeneity.

different thicknesses (Fig. 6D). However, when the abscissa is
normalized by 4, these values roughly collapse to a single trend
(Fig. 6E), with clusters of colored points indicating regions of “low”,
“intermediate”, “high” and “extreme” A. There is some variability
within these clusters, which may be due to in plane heterogeneity
(see next sections), non-constant local C-rate (Fig. S6, ESIT) and
experimental error. However, the results in Fig. 5 and 6 support the
hypothesis of a scaling law between A and reaction inhomogeneity
in the through-thickness of the electrode. This mirrors previous
experimental and theoretical work showing a scaling law between A
and plating onset,”®> but additional experiments with post-mortem
analysis are needed to connect the roles of reaction inhomogeneity
and plating onset in a quantitative way.

3.3 Ex situ measurements of through-plane reaction
inhomogeneity and plating onset

To bridge the gap between measurements of reaction homo-
geneity and plating onset, and to further validate the scaling

This journal is © The Royal Society of Chemistry 2024

law and numerical model, fast charging experiments in coin
cells with ex situ imaging were conducted (Fig. 2E and F). These
experiments concurrently measured local SOC profiles (Fig. 7A-
C), plating onset (Fig. 7D and E), as well as in-plane reaction
inhomogeneity (Fig. 7F) via post-mortem (i.e., ex situ) imaging
of the surface (for plating) and cross section (for reaction
profiles). By charging multiple samples to progressively higher
SOC, the onset of lithium plating is determined within a 10%
interval, along with the associated local SOC profiles. To this
end, a 100 pm electrode was charged at 1C and a 50 pm
electrode was charged at 4C. These conditions were chosen to
achieve constant A and thereby similar intercalation profiles
and plating onset. Note that the actual measured thicknesses of
the 50 pm and 100 pm cells were 54 and 102 um, respectively,
so the thinner cell had a slightly higher A than the thicker cell.

The local SOC profiles for the two electrodes are shown in
Fig. 7B and C (54 and 102 pm, respectively). These profiles were
analyzed from a subsection of the image (blue rectangle in

Energy Environ. Sci., 2024,17, 8702-8721 | 8709
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Fig. 7 Post-mortem “ex situ” imaging of dissected coin cells was used to simultaneously measure reaction profile and identify plating for an
approximately 50 pm thick graphite electrode charged at 1C and 100 pm thick electrode charged at 4C. C-rate was chosen to keep 4 constant the
cells, but actual thicknesses were 54 and 102 pm, measured post-mortem, meaning the thinner cells had slightly higher 4. (A) Representative sections of
post mortem cross-sectional images. (B) and (C) Calculated local SOC (SOC.) as a function of through-plane position from post-mortem imaging of a
subsection of the electrode with (B) 54 and (C) 102 um thickness. Dashed lines represent electrodes with observed plating, whereas solid lines indicate no
plating. SOC profile at plating onset predicted by the p2D model is shown as red dotted line. D50 particle size is shown for reference of length scales. (D)
Presence (red) or absence (green) of plating observed for cells charged to SOC indicated for data shown in (B) and (C). Each cell represents a different
electrode imaged post mortem. For both electrode thicknesses, plating was first observed in half the cells charged to 60% SOC, and observed for all cells
charged above 70% SOC. This agrees well with the p2D model, which predicted that plating was thermodynamically favorable at 59% and 63% SOC for
the 54 and 102 um cells, respectively (dotted lines). (E) Representative ex situ images of electrode surface, showing the various stages of plating
development. Red arrows indicate location of presumed bubble formation and preferential plating near electrode edges. (F) Horizontally stretched
composite image of entire electrode diameter. The blue rectangle illustrates extent of data analyzed in (B). Note that data presented in (B) and (C) is from
a representative subsection of each electrode, and equivalent figures comprising data from the entire electrode diameters are included in Fig. S9 (ESIT).

Full images of all ex situ samples included in Fig. S12 and S13 (ESI).

Fig. 7F) to more clearly capture staging. The SOC measure-
ments averaging the entire diameter of the cell are summarized
in Fig. S9 (ESIT). While the staging is less pronounced in the
thinner sample, the inhomogeneity is roughly equivalent, as
predicted by the scaling law.

It follows that plating onset for the two cells occurs roughly
at the same SOC (between 60 and 70% SOC), which was
predicted by modeling to be 59% and 63% for the 54 and
102 pm cells (4 of 1.02 and 1.15), respectively (Fig. 7D and
Tables S2, S3, ESIT). This plating onset range was determined
by the observation that both electrodes could charge to 50%
SOC without observable plating, exhibited plating in one of two
samples charged up to 60% SOC, and plated in all cases when
charged up to 70% SOC (Fig. 7D). The SOC profiles for experi-
ments where plating was not observed (solid lines) and
observed (dashed lines) are shown in Fig. 7B and C. The
simulated reaction profile at plating onset (dotted line) agrees
well with experiments. These results suggest that the finite
element model can accurately capture both plating onset and
reaction inhomogeneity, and that the scaling law dictates
reaction inhomogeneity and plating onset simultaneously.

8710 | Energy Environ. Sci., 2024,17, 8702-8721

Further, an analytical model can be used to predict plating
with /, as described in ref. 11 and 45, with:

SOCpue = 1 —24/3 <2

(3)

SOCpue = = 1>2

44

This analytical model predicts a cell SOC at plating onset of
0.62 and 0.66 for the 102 and 54 pm thick samples, as
compared to the 0.59 and 0.63 predicted by the numerical
model. These results agree well with experiments, and with
previous work measuring plating onset by the “dOCV” method
in this graphite material.*’ In that previous work it was shown
that, similarly to the inhomogeneity scaling results in Fig. 6E,
the cell SOC at plating onset can be predicted by A alone
according to a “master curve”. In that work, the plating onset
results under three C-rates (1, 2, and 4 C) and four electrode
thicknesses (from roughly 20-100 um) collapsed to a single
curve predicted by eqn (3) and the same numerical model used
herein. Together, these experimental results and that previous
work provide evidence for the robustness of these models for

This journal is © The Royal Society of Chemistry 2024
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generalizing the role of electrode geometry and charge rate on
plating onset. This model establishes clear bounds to avoid
lithium plating during fast charging procedures.

3.4 Physical picture

Models (validated via these experiments) can directly explain
how plating onset and reaction inhomogeneity are related on
the length scale of the electrodes, as shown in Fig. 8 (in small
particle graphite). In short, plating occurs when the particles at
the electrode-separator interface fully saturate with lithium.
This occurs after LiCs phase is present some finite distance
into the electrode, as graphite particles have some capacity to
intercalate lithium after LiCg is formed.®® The resultant capacity
loss is equal to the degree of inhomogeneity when the lithiated
graphite/separator interface cannot appreciably absorb more
lithium, which makes lithium metal plating favorable thermo-
dyamically and kinetically. Indeed, eqn (3) calculates the cell
capacity at plating onset as the cell state of charge when the
graphite/separator interface is fully intercalated (using a sim-
plified intercalation model).'**>

To understand this mechanism on a physical and quantitative
level, the local electrochemical environment must be considered.
Specifically, the local potentials in the porous electrode - and
their relationship to intercalation - explain the interplay of the
thermodynamic, electrolyte transport and interfacial reaction
phenomena leading to plating. Fig. 8 shows the simulated SOC,
equilibrium potential (E.y), overpotential for the graphite inter-
calation (17;), liquid phase potential (¢;) and solid phase potential
(¢s) at the instant of plating onset for a 100 pm cell charged at 1C.
In the mechanism, the applied current builds up a gradient in
the liquid phase potential ¢, through the electrode thickness due
to limitations in electrolyte mass transport. The graphite equili-
brium potential (representing the chemical potential during
graphite lithiation) is related to these via E.q = ¢s — ¢1 — ngn
in this simulation, the graphite overpotential 7, is small (ie.,
interfacial reaction variable is small due to fast interfacial
kinetics) and ¢ is roughly constant (due to high conductivity
in graphite). It follows that gradients in equilibrium potential
and liquid potential are roughly equivalent (VE.q = —V¢)).
Physically, this means that the potential gradients due to
sluggish transport are balanced by chemical potential gradi-
ents from resultant lithiation reactions. The resultant local
SOC profile (SOCy,.) is defined directly from the E.q (see
Fig. 3C), with the observed waves of intercalation occurring
where the local E.q reaches voltage plateaus at which phase
transitions occur (because of the nonlinear mathematical
relationship between equilibrium potential and degree of
lithiation, i.e. due to staging). This electrochemical environ-
ment provides a mechanistic explanation of the scaling laws
observed herein, because the reaction inhomogeneity para-
meter A (which balances electrolyte transport and electrode
thermodynamic properties) is used to directly define the
relationships between ¢, E.q and y (as derived from partial
differential equations in ref. 11). Consequently, the profile of
intercalation with respect to normalized position can be
quantified for a given value of 4 (as shown in the experiments

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Mechanism of lithium plating from the interplay of transport effects
and thermodynamic behavior, and relationship between reaction inhomo-
geneity and plating onset. Results shown from the p2D numerical model of a
100 pm thick graphite anode charged at 1C. The local SOC (blue line),
equilibrium potential E.q, overpotential 5, solid phase potential ¢ and liquid
phase potential ¢, are shown at the instant when plating onset occurs in the
simulation. Plating onset becomes thermodynamically favorable when Eqq —
0 (when ng, is small), and consequently when SOC.. approaches 100% at the
graphite/separator interface. Thus, the cell SOC at plating onset is defined by
the reaction profile at this instant. At this point, INI, showed in shaded blue,
represents the unaccessed capacity due to early onset plating, which explicitly
defines the relationship between reaction inhomogeneity and plating math-
ematically. The reaction profile (i.e., local SOC) is determined directly from Eqq,
and the level of inhomogeneity is equatable to the decrease of E.q from the
current collector (Z = 0) to the separator (Z = 1). With relatively fast interfacial
reaction rates, this E.q gradient is defined approximately by the change in ¢,
which is defined directly from transport behavior (with large ¢, arising at high
C-rates due to transport issues). Since plating occurs when SOC at the
graphite-separator interface approaches 100% (i.e., full lithium saturation), a
significant portion of the electrode appears gold due to LiCg formation, which
appears before full local saturation (Fig. 3C). A small slice of a processed
(“ex situ”) experimental image of local particle partitioning is shown above in
the plot to demonstrate this phenomenon at the first experimental observance
of plating. Due to the thermodynamic behavior of lithiated graphite (see OCV
in Fig. 3C), this gold region is present for all locations where E., < 85 mV, and
corresponds to where ¢, drops by less than 85 mV (due to transport effects).
Note that charging where polarization of ¢, is less than 85 mV will lead to little
capacity loss (see Fig. S10, ESI¥).

in Fig. 5 and 7). It follows that 2 also predicts plating onset
because plating is directly related to local intercalation events
within the electrode.
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Plating is thermodynamically favorable when the lithium
overpotential

NLi = Eeq + Ngr = 0. (4)

In these simulations, this occurs at the graphite-separator
interface when graphite particles become fully saturated with
lithium at that position, and, in turn, E., approaches zero
(Fig. 8; see also Fig. 3C for relationship between y and E.q). With
this information, it is clear that plating onset and reaction
inhomogeneity are mathematically related to one another, as both
are defined explicitly by the Eq profile. Specifically, the amount of
unaccessed capacity due to plating onset is equal to INI.

Based on this local electrochemical picture, the degree of
accelerated plating can be quantitatively defined in terms of
thermodynamic thresholds of the graphite material. Under the
assumption of relatively fast reaction kinetics in the present
model, there is a thermodynamic risk of plating before a
complete charge when E.q and ¢; drops across the cell exceed
a threshold of 85 mV, since the LiCq phase only occurs when
the equilibrium potential is below this threshold (Fig. 3C). In
Fig. 8, it is observed that only about 30% of the simulated
electrode has formed LiC¢ phase at the instant of plating onset;
this is also observed in the representative slice of the ex situ
experimental intercalation profile shown at the top of the figure
(which is charged to 60% SOC, and is the earliest observed
plating experiment). Conversely, if the ¢; drop is limited to less
than 85 mV, via charge rate, electrode thickness or engineering
of porosity or heterostructures, the entire cell can reach LiCs
phase, achieving a capacity of well over 80% without plating
(Fig. S10, ESI}). It is important to note that this mechanism is
based on a model that predicts relatively small overpotential
variations 7, relative to electrolyte potential variations (Fig. 8).

Graphite materials with sluggish interfacial reaction kinetics
and solid electrolyte interphase (SEI) resistance can have a some-
what different potential landscape, and also affect intercalation.
This condition is described in Fig. S11 (ESIf). Under these
conditions, the overpotential barrier for lithium intercalation
can lead to predictions of thermodynamically favored plating
that are somewhat earlier that predicted with “fast” interfacial
reaction kinetics, and have altered scaling behavior."* Addition-
ally, the intercalation “waves” observed during fast charging are
predicted to be less pronounced with a more even reaction
profile. However, as observed in Fig. S11 and ref. 11 (ESIY), the
difference in capacity loss due to differences in interfacial reac-
tion kinetics is secondary to the role of transport limitations
(gradients in liquid phase potential). It is notable that the thinner
samples for both operando (66 pm) and ex situ experiments
(54 um) described here had somewhat less pronounced intercala-
tion gradients than thicker electrodes (100 > pm) (Fig. 5 and 7)
which this may indicate that sluggish interfacial kinetics may be
causing this. However, the thinner operando samples had slightly
higher porosity (and lower tortuosity) than the thicker ones,
resulting in a lower /. Also, the D50 particle size for the graphite
is 6.5 um, which is on the order of the size of the reaction gradient
Fig. 7, so these differences could also be attributed to continuum
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model assumptions, Ze. the optical “resolution” provided by the
particles, which undergo phase transformations discretely. Future
work is necessary to quantify these effects.

While the above analysis evaluates thermodynamic thresh-
olds of plating, in reality there will be a kinetic barrier to local
nucleation of plating on lithiated graphite particles, which
further delays it by some amount. This kinetic barrier can be
very significant, on the order of —100 mV, but has been difficult
to accurately quantify.®®

Finally, while small particle graphites are only considered
here to simplify the understanding of local electrochemical
environments, larger particle sizes will lead to differences in
plating for local C-rates large enough to create intra-particle
reaction inhomogeneity. As is true in both small and large
particles, plating is expected to happen when particle surfaces
at the graphite/separator interface saturate with lithium.®®
However, since larger particles have less uniform intercalation,
plating will always occur earlier on in the charge in comparison
to smaller particles.”

3.5 In-plane reaction inhomogeneity and plating onset
location

The ex situ methodology allows for inspection of in-plane
reaction inhomogeneity through the entire electrode cross sec-
tion as well as plating location on the graphite/separator surface.
In the cross sectional view, it is evident that staging fronts
advanced at somewhat different rates across the electrode dia-
meter (Fig. 7F). This in-plane inhomogeneity is a well-
documented phenomenon,”*****”> and implies that there may
be non-constant currents locally in the sample, even when a
constant charge rate is applied to the entire sample. Thus, it is
notable that the reaction profiles in Fig. 7B and C analyze only
sub-area of the cross section (blue rectangle), and smaller sec-
tions were chosen to demonstrate the similarity in staging
behavior between ex situ experiments and operando experiments.
Indeed, the image-derived SOC of the operando experiments
(which only imaged the anode locally) indicated variations of
local intercalation current during fast charging (see Fig. S6, ESIT)

These local charge rate inhomogeneities may raise questions
whether conclusions based on local imaging are accurate. An
analysis of the whole electrode (see Fig S9, ESIt) by averaging
the intercalation profile across the entire imaged diameter did
not show clear staging fronts due to in-plane inhomogeneity.
However, the calculated values of imaged SOC and of reaction
inhomogeneity of this sub-area fall within a few percent of the
electrode bulk for all samples (Fig. S9, ESIt), meaning that the
smaller subsets likely provide a good estimate to overall hetero-
geneity in the entire electrode. It is also notable that in some
samples, isolated pockets of less lithiated phases are visible,
both on the separator surface and in cross section (red arrows in
Fig. 7E and F), which are attributed to gas bubbles formed
during the fast charge cycle, a phenomenon observed infre-
quently in the in situ mode as well.

These experiments also investigated how plating progressed
with increasing cell SOC. To observe this, the entire electrode
surface was imaged after the charged electrode was disassembled.

This journal is © The Royal Society of Chemistry 2024
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Plating initiation is known to be a highly localized process,**** and
small patches of plating were observed initially. As SOC was
increased, more uniform and severe plating occurred at higher
cell SOC (Fig. 7E). Plating initiated preferentially at the edges of the
electrode and at sites of other defects, as seen in Fig. 7E(i).”

3.6 Reaction dynamics and plating in architectured
electrodes

To quantify the impact of architectured channels on reaction
inhomogeneity, graphite electrodes with screen printed chan-
nels were imaged in cross section during fast charging using
the operando experimental setup (Fig. 9). p2D simulations of
the channel geometry were also conducted using the same
material model as shown previously. The model idealized the
geometry as an axisymmetric channel, which assumes that the
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channels do not interact because their large spacing of 400 pm
(Fig. 9A).

Fig. 9B(i)-(v) shows the reaction progression around a con-
ical channel. This electrode had a thickness of 70 pm and was
charged at 4C. The reaction progression is shown in the raw
experimental image (left), a processed image indicating local
stages (center), and the simulation (right) for 14% to 88% SOC
(Fig. 9B(i)-(v)). The colors in the processed image represent the
interpreted discrete phases (graphite, Stage 2L etc.) whereas the
colored contours in the simulation show the simulated SOC
with continuously varying concentration. In both experiment
and simulation, there is a clear improvement in through-
thickness reaction uniformity near the channel walls. This
improvement is more significant at higher states of charge
(Fig. 9B(iii)-(v)) than lower states of charge (Fig. 9B(i) and (ii)).
This can be attributed to increase in inhomogeneity at higher
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Fig. 9 Reaction progression of graphite anode with a channeled architecture. (A) Electrode architecture. (B) Reaction progression for a 4C charge at
increasing SOC ((i) through (v)). The raw image, processed image showing phases, and FEM simulation are shown on the left, center and right for each
SOC. The colors in the processed image represent the discrete phases (graphite, Stage 1 etc.) whereas the colored contours in the simulation show the
simulated SOC. The colors in the simulation were defined to represent the separate phases from the OCV in Fig. 3C, to facilitate comparison between
simulation and experiment. (C) Zooming in to (iii) reveals that there is a characteristic length scale (g near the channel where the reaction is more uniform.
Past this distance, the reaction is roughly uniform in the in-plane direction (horizontal direction in (C).). This is schematically shown when the reaction
contours in the in-plane direction are parallel to the electrode surface (indicated by the white dashed line). (D) Preferential plating near channel edges
occurred (arrows near dashed circles), as shown in this post mortem image of a coin half-cell charged to 90% at 2C.
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states of charge due to staging (see Fig. 5). Examining these
distributions closely, it is clear that there is a characteristic
length scale Iy defining the extent of the channel’s effect on
reaction distribution in the radial direction (Fig. 9C). Past this
characteristic distance, the reaction is uniform in the in-plane
direction, meaning that particles sufficiently far away are not
affected by the channel. The increase in SOC near the channel
decays nonlinearly from the channel wall outward (in-plane
direction), similarly to what is observed in the through thick-
ness direction (with length scale ;). These results are consis-
tent at other C-rates, as shown in Fig. S14 and Movies in ESL¥
Comparing simulations to experiment, there is reasonable
agreement at 14% SOC (Fig. 9B(i)) and at higher states of charge
(Fig. 9B(iii)-(v)). However, it is noteworthy that at approximately
50% cell state of charge (Fig. 9B(ii)), the simulation predicts
significant progress of the stage 1 phase, while the experiment
shows the presence of stage 2 and stage 2L only. Qualitatively,
the image-derived state of charge in this experiment suggests
an average particle state of charge significantly below 50%,
which accounts for the substantial disagreement. This is likely
due to long-range in-plane inhomogeneity as observed in ex situ
results, which leads to variable local currents during the char-
ging procedure, as discussed previously (See Fig. S6, ESIT).
Additional ex situ measurements were conducted, where these
cells were charged in coin cells to the point of plating onset
Fig. 9D. It was observed that plating occurred preferentially the
edge of channel surfaces. This was predicted by the model as
well, as the intercalation progressed the fastest at this point.

4 Discussion

Predicting lithium plating is highly relevant for design and opti-
mization of conventional and architectured electrodes. However,
fast charging of anodes and plating are complex coupled processes
and mathematical models predicting this behavior are highly
nonlinear and have a large number variables. Consequently,
calibration and interpretation of results is difficult and potentially
unreliable, as parameters describing these material systems vary
largely between different works in the literature.

Remarkably, this paper demonstrates, with extensive experi-
mental and theoretical evidence, that reaction dynamics and
the lithium plating process during fast charging can be under-
stood through a simple scaling law, as demonstrated by self-
similar reaction profiles between electrodes of different mass
loadings, geometries and charge rates (Fig. 5). Further, these
results suggest that plating onset is described directly from the
reaction profile when local graphite near the separator fully
saturates with lithium, and as a result both processes obey the
same scaling law (Fig. 8). These observations imply that this
scaling can be leveraged for parameter reduction not only for
theoretical calculations'™** but also for reducing the needed
volume of experimental The principles
described in these experiments are applied to architectured
electrodes, where the degree of reaction uniformity due to
electrolyte filled channels is quantified for the first time.

measurements.
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A key to elucidating the underlying simplicity in fast char-
ging phenomena in this work is the decoupling of fast charging
behavior on the electrode length scale vs. the intra-particle
length scale. The present study achieved this decoupling by
using small-particle graphite material, which reduced lithiation
gradients within individual particles. In contrast, many pre-
vious works that have studied operando intercalation of gra-
phite anodes have used large graphite particle sizes,>">¢>7:6:64
which complicates analysis due to simultaneous reaction gra-
dients within particles and through the electrode.**”* However,
Gao et al. recently conducted experiments on a single large
particle (&~ 1 mm) to eliminate electrode-level effects on char-
ging dynamics.®® Their operando colorimetry experiments pro-
vided strong evidence that saturation of the graphite particle
surface with lithium was the dominant mechanism for plating
onset, making it both thermodynamically and kinetically favor-
able for lithium metal nucleation. This study also shows that
“full” saturation at the particle surface occurs after the gold
LiCe phase front extends a certain length scale into the particle;
this can be explained because these particles can absorb some
lithium (i.e., has some solid solution behavior) after LiC is first
observed.®® These results in large single particles®® are strik-
ingly similar to the electrode-level reaction dynamics and
plating phenomena described herein. Indeed, it was shown
that lithium saturation of graphite at the electrode-separator
interface leads to plating onset (Fig. 8) (this is analogous to the
plating when the single particle surface was saturated in Gao
et al.). It was also experimentally observed that the LiCgs phase
penetrated a certain length scale into the electrode prior to
plating onset (Fig. 7), mirroring the results from the single
particle study.®®

In contrast to single particles, the charge-rate-limiting effect
that dominates reaction inhomogeneity and ultimate plating
on the whole electrode scale is due to the interplay of the liquid-
phase transport and thermodynamics of graphite lithiation.
This relationship is described in Fig. 8 and ref. 11, 45. It is
shown that early onset plating occurs when transport limita-
tions cause gradients in the electrolyte liquid phase potential to
exceed approximately 85 mV across the electrode thickness,
which leads to an incomplete reaction through the electrode
when the graphite/separator interface is overcharged. It is the
85 mV height of the final plateau of graphite’s equilibrium
potential response (the Stage 2 to Stage 1 transition in Fig. 3C)
that defines the electrode’s thermodynamic tolerance to cell
polarization from transport phenomena. Interfacial reaction
kinetics may play a role as well at high C-rates (Fig. S10, ESIf),
but the evidence here suggests that this limitation is secondary
in comparison to transport limitations (at least in the graphite
here which had only a small number of charging cycles).
Further, it has been demonstrated with modeling that the
scaling behavior based would differ from eqn (1) if kinetic
limitations were a major factor in describing spatially depen-
dent intercalation dynamics. It is also presumed that additional
nucleation overpotential necessary for plating onset at particle
surfaces (which can exceed —100 mV)*® would increase that
tolerance to cell polarization. Yet, plating predictions based on
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the thermodynamic assumption have been demonstrated to be
accurate experimentally (see Fig. 7 and ref. 45). Future work is
necessary to better quantify the role of the nucleation barrier at
fast charge rates in the context of electrode-level plating onset.
The robustness of the scaling laws in describing reaction
dynamics and plating (both herein and elsewhere*®) can pro-
vide important practical uses. First, these scaling laws provide
bounds for safe charging without plating with respect to C-rate,
mass loading, and electrode/electrolyte material properties. (It
is noted that mass loading is defined by electrode thickness
and porosity, and indirectly affects the tortuosity, all of which
are defined in eqn (1)). Since it is shown here that the reaction
inhomogeneity progression follows a trend that is described by
A (Fig. 6), this also implies that parameter reduction can be
employed in the study of these systems. This can be applied to
predict plating and reaction dynamics from a limited number
of experiments. It may also present an additional means of PET
model validation, which is in theory more prone to overfitting
due to its large number of parameters. Additionally, parameter
reduction can be used to develop simplified numerical
models,"" which can aid in reducing the computation time of
iterative (e.g., optimization) simulations. Previous theoretical
work has shown that scaling laws for plating onset and reaction
inhomogeneity are robust over a wide range of electrolyte (e.g:,
diffusivity, transference number) and electrode parameters
(electrode thermodynamic behavior, lithium intercalation
capacity)."""*> However, further experimental work is needed
to test the robustness of these scaling laws across other
electrolytes, anode materials (e.g., silicon, silicon-graphite
blends, synthetic vs. natural graphite) and charging conditions
(notably temperature). Similarly, theoretical work has shown
that the scaling law for lithium plating was the same for both
half-cells and full-cells (as long as there is no lithium ion
depletion in the electrolyte),”” and additional experimental
data is needed to confirm this. Further, previous theoretical
work has demonstrated similar scaling relationships in cath-
odes undergoing fast charging, suggesting that the scaling law
can be generalizable to other electrode materials.*®*” The
scaling laws describing intercalation dynamics could in in
principle be applied in solid state batteries where electrolyte
is integrated within electrodes (e.g., cathode with catholyte) so
long as porous electrode theory sufficiently describes these
electrodes, and the assumptions described here are accurate.
Additionally, the p2D model used herein accurately pre-
dicted both local state of charge (Fig. 5, 7 and Fig. S8, ESIt)
and plating onset (Fig. 7). It is emphasized that this validation
contrasts with other studies due to the much larger number of
operando experiments (e.g., ref. 57,58), and the fact that the
model can predict the entire time history of the reaction profile
with reasonable accuracy. This agreement is important, as the
p2D is widely used but has known limitations. The first limita-
tion is that electrodes are known to have local inhomogeneities
due to their complex microstructure, leading to in-plane non-
uniformities in reaction and localized plating (Fig. 7) not
captured by the p2D model or other continuum PET models.
Next, the p2D model does not well capture the phase separation
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behavior of graphite (see Section S1 for discussion, ESI).%>77"®
These two effects are observed experimentally on small length
scales, where individual particles can exist in one phase while
neighboring particles exist in a different phase (ie., the
“mosaic pattern”). However, it is demonstrated here that the
state of charge averaged over a large enough number of
particles will be in between the states of charge of each the
two phases. In other words particles can individually phase
separate yet behave as a solid solution macroscopically. Thus,
the continuum assumption in p2D (which treats lithiation as a
solid solution) provides a reasonable description, at least for
the small particle graphite described here.

In addition to defining design criteria for conventional cells,
the relationship between plating onset and reaction inhomo-
geneity described here is essential for the design of architec-
tured electrodes. Many studies have shown that fast charging
performance is improved with architectured designs, compared
to unstructured electrodes and that these architectures increase
reaction uniformity in model simulations.”®'> However, the
effect of the architectured electrodes on reaction profile has not
been experimentally measured to our knowledge. This work has
demonstrated that channels improve reaction uniformity for a
specific length scale from the channel radially into the bulk
(Fig. 9). This experimental quantification provides important
information for model calibration of architectured electrodes,
which can aid design. Future work with these operando or ex situ
experiments can reveal how changes in porosity, channel size and
spacing or other design factors can affect reaction uniformity.
Importantly, it was shown here that plating onset occurs first
near the channel entrance. It is therefore critical to fully under-
stand intercalation around these heterostructures as they may
have the potential to accelerate both lithiation and plating.

While the experimental results described herein are consis-
tent with simulations, the potential sources of error in each
experimental technique must be considered in the interpreta-
tion of these results. A thorough discussion of potential sources
of error, as well as the experimental design and strategy to
mitigate these errors, is discussed in Section S2 (ESIt). Finally,
the role of temperature here was not considered for simplicity,
and future work is needed to study temperature effects.

5 Conclusions

This work quantifies the related phenomena of reaction inho-
mogeneity and lithium plating during fast charging in graphite
anodes, and demonstrates that these processes obey a simple
scaling relationship. To study this process, local reaction
behavior and plating onset were measured using operando
and ex situ optical microscopy techniques and combined with
modeling approaches. In departure from previous studies with
similar microscopy techniques, a large number of high-
throughput experiments were required, and practical electrode
thicknesses (50-160 um) were studied in a truly 1D geometry.
Half-cells with a small particle graphite were chosen to reduce
the effects of intra-particle reaction gradients, and thus study
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charging behavior on the electrode length scale independently.
Both the observed reaction history and plating onset could be
accurately predicted with a pseudo-2D finite element model
developed for this material. It follows that the entire history of
the local lithium intercalation reaction and plating onset obey a
scaling law in terms of a nondimensional ‘reaction inhomo-
geneity parameter” /, generalizing trends in charge rate, elec-
trode mass loading and geometric parameters. Specifically, self-
similar reaction profiles for different electrodes charged at
different rates were observed if 1 was constant, and plating
occurred at the same cell state of charge. From a mechanistic
standpoint, the evidence provided herein suggests that plating
onset can occur when the graphite-separator interface is fully
saturated with lithium, which happens after LiCe is observed
some finite distance into the electrode. Since plating onset is
directly defined by local intercalation distribution, both exhibit
the same scaling law. It is demonstrated with modeling that
this can be quantified from the local electrochemical environ-
ment, where the interplay between anode thermodynamic
behavior (gradients in equilibrium potential) and electrolyte
transport (gradients in liquid phase potential) dictate reaction
inhomogeneity and accelerated plating at high C-rates. The
evidence herein suggests that interfacial reaction kinetics for
graphite intercalation plays at most a secondary role in this
process in the graphite material studied here. Finally, similar
experiments and modeling elucidate the local intercalation
behavior of electrodes with conical, electrolyte-filled channels.
The results show that there is a characteristic length scale for
which the channel decreases intercalation gradients.

Together, these results provide a simplified, yet fundamen-
tal understanding of reaction dynamics and lithium plating
during fast charging, establishing clear bounds on maximum
“safe’” charge rate based on mass loading and electrode struc-
ture. The models and scaling laws herein provide a framework
for simplifying design processes, optimization processes, and
experimental evaluation of high performing monolithic and
architectured electrodes. Finally, the integrated experimental
and modeling approaches here may be extended to a wide
range of other battery chemistries (e.g., different electrolytes, Si-
graphite anodes).

6 Methods

6.1 Electrode material

Sheets of anode material were prepared as follows. Graphite
powders (P5), carbon black (C45, Timcal) and polyvinylidene
difluoride (PVDF, Kureha 9300) were used as received from
supplier in this study. To prepare the slurry, the graphite and
carbon black were dispersed in the PVDF binder solution (8
wt% PVDF in N-methyl-2-pyrrolidone (NMP)) and well mixed by
the slurry mixer (AR-100, Thinky). The homogenous slurry was
coated onto Cu foil using the tape casting method and then
dried at 40 °C for 2 hours following by drying at 80 °C under
vacuum overnight. The dried electrodes with different mass
loadings were calendared to targeted thicknesses with the same
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porosity for all electrodes. Three batches of electrodes were
fabricated with the same porosity of 35% and different thick-
ness of 50, 100 and 150 pm. All dried electrodes were composed
of 92 wt% graphite, 2 wt% carbon black, and 6 wt% PVDF.

6.2 Operando experiments

The graphite electrodes were cut into 1 cm squares with a fresh
razor blade, weighed, and vacuum dried again at 90°C overnight.
Half-cells were assembled under inert atmosphere in a glovebox.
The electrode stack consisted of the graphite anode, a porous
separator (alumina-coated polyolefin, Celgard) and a lithium
metal counter electrode clamped together between two spring-
loaded 316 stainless steel blocks. Care was taken such that the
active materials protruded about 25 microns from the blocks
before being inserted against the sapphire window in the custom
optical test cell. This ensured good contact with the window and
eliminated any alternate diffusion pathway or edge effects from
an unconfined surface. The cell was then flooded with 0.7 mL
electrolyte (1.2 M LiPFg in EC: EMC(3 : 7), Tomiyama) and sealed,
after which full stack pressure was applied.

After resting for 4 hours, cells were cycled at room tempera-
ture on a potentiostat (VMP3, Biologic). After a single formation
cycle, rate tests were performed. For the slow rate experiments,
we are able to employ a standard CC/CV charge protocol with a
cutoff voltage of 10 mV vs. Li/Li". At higher rates, the ohmic
drop combined with the high impedance of our test cell causes
the lower limit to be reached much earlier in the charge. In
these instances, the cells are permitted to drop to negative
voltages (vs. Li/Li") in order to prolong the constant current
condition. Though this enters the regime where plating is
thermodynamically possible, we maintain the constant current
condition until reaching the capacity established during the
formation cycle.

It is noted that the electrodes visibly expand primarily
during the formation cycles, as observed in the movies provided
in ESIY (possibly due to a combination of electrolyte absorption
and SEI formation). Thus the thicknesses (and adjusted poros-
ities) measured post-mortem are used for calculation of A as
well as simulation parameters (Table S1 lists condition for each
experiment conducted herein, ESIT).

6.3 “Ex situ” imaging experiments

In coin cells, graphite anodes were cycled in a half-cell configu-
ration at high rates of charge and then immediately frozen and
dissected under argon to determine both the extent of lithium
plating and the through-thickness distribution of intercalated
lithium. Electrode sheets were punched into 14 mm discs
before vacuum drying. Half-cells were assembled in CR2032
coin cell cases under inert atmosphere. The stack consisted of a
16 mm lithium metal disc, a porous separator (polyolefin,
uncoated, Celgard), 3-5 drops of electrolyte, and the graphite
anode, all sandwiched between two 0.5 mm spacers (to ensure
planar contact) and a wave spring. Each cell underwent two
formation cycles at C/10 (C/20 for 150 pm samples), after which
the high rate tests were conducted. The actual cell capacity and
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high rate current was calculated from the discharge of the
second formation cycle.

All intercalation and plating/stripping processes were halted
at varying SOCs by plunging the coin cell into a dewar of liquid
nitrogen mid-cycle, and subsequently by rinsing the frozen
electrodes 4-5 times in dimethyl carbonate once disassembled
under argon in a glovebox. Upon disassembly, the electrolyte
was observed to still be frozen. Electrodes were then placed into
a second custom airtight visualization cell for imaging outside
the glovebox. The electrode was thoroughly examined under
magnification to identify plated lithium anywhere on the sur-
face adjacent to the separator. The electrodes were also sliced
precisely in half with a razor blade, and the cross section was
imaged to capture the instantaneous intercalation profile.

6.4 Imaging

All images where captured using a digital single-lens reflex
camera with an intervalometer (D5200, Nikon), and a long-
working-distance microscope objective (M-plan Apo 20x, Mitu-
toyo) mounted to a 200 mm telephoto lens (Nikon) focused at
infinity (Fig. S15, ESIf). The samples were illuminated from
multiple angles with fiber optic light sources.

Images were processed in Matlab, beginning with a registra-
tion step where the electrode/separator interface was fixed so
that cyclic volume expansion due to intercalation had minimal
confounding effects on the analysis. A small Gaussian blur was
applied to each image to remove shadows between graphite
particles. The blurred images were then dissected by assigning
each pixel to a certain phase. The appropriate phase is identi-
fied by minimizing the Euclidean distances in CIELAB color
space to each of four target colors:

distance, = \/(l — Li)? + (a— Ax)? + (b — Bi)? (5)

k € {graphite, Stage 2L, Stage 2, Stage 1} (6)

where [, a, and b are the pixel color components, L, A, and B are
the target color components of phase k. The CIELAB colorspace
was used because its relative numerical values most closely
approximate perceptual differences in color. The target colors
for each sample were identified during the quasi-equilibrium
formation cycles of the same cell in order to account for slight
variations in illumination.

The phase fractions ¢ as a function of depth in the electrode
are found by summing the number of pixels assigned to each
phase x; vertically in the image (in-plane direction).

b=y )

k

These phase fractions can easily be converted to local SOC,
SOCjoc by multiplication with the mean stoichiometry of each
respective phase:

SOCIOC = 0~29€B1ue + 0~526Red + 0-95§Gold (8)
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where the stoichiometric values are taken from Rykner and
Chandesris®® (see Fig. $2B, ESIY).

For each time in the charge, the ‘“particle average SOC”
SOC,pp, is calculated as

1
SOC,pp = J SOCoedZ (9)
0

where Z is normalized position in the cell. This represents the
apparent average SOC of the imaged window. This quantity is
calculated because local heterogeneities in the cell lead to non-
constant charge rate locally in the cell (Fig. S6, ESI). It is noted
that image processing and assumptions made in calculating
local SOC provide additional potential sources of error in both
the operando and ex situ experiments (Section S1, ESIf). Col-
orimetry experiments contain shadows that required image
processing and identification of local phases in order to pro-
vide calculation of local state of charge. Resolution issues and
image artifacts (e.g., dispersion) provide sources of error. There
are also assumptions that these local colors correspond to
specific (ranges) of states of charge in local particles. Moreover
it was not possible to confirm whether intra-particle gradients
were present in the individual particles.

6.5 Modeling

6.5.1 Numerical model. The Newman pseudo-2D model
(P2D model), implemented in COMSOL Multiphysics 6.1 soft-
ware, used to study structured and unstructured half-cells
during fast charging (i.e., lithiation of graphite). The unstruc-
tured samples used a 1D geometry and the structured electro-
des were modeled with an axisymmetric model with a central
conical channel. The axisymmetric assumption is justified in
that channels are sufficiently separated such that their effect on
local reaction distribution is negligible.

The governing equations of the model are summarized in
ref. 11. Since same graphite material and electrolyte were used, the
present study used parameters as that described in ref. 45, except
for the tortuosity correlation and the equilibrium potential. The
equilibrium potential used herein was obtained using a C/40
charge in a coin cell (see Fig. S16, ESIt). The through-plane
tortuosity correlation was empirically determined to be

Tz = 8871.5 (10)

as it fit well with experimental data. The in-plane tortuosity tx
(only defined in the channel simulations) was assumed to be
TR = T7/2.5. This empirically assumed ratio is similar to those
described in the literature.”'>>* It is important to note that the
experiments in ref. 45 only used an electrode with 35% poros-
ity, from which it was assumed the tortuosity was 5.5; the
correlation here (eqn (10)) yields a tortosity of 4.8 for a 35%
porosity sample. For clarity, all of the parameters used in the
model herein are summarized in Tables S4-S7 and Fig. S16, S17
(ESIT).

Lithium plating onset was determined by the thermodynamic
criteria. Lithium plating is thermodynamically possible when

bs — 1=0 (11)
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at any location in the electrode, where ¢ and ¢, are the solid
and liquid phase potential, respectively. This plating onset
criteria had good agreement between experiment and numer-
ical simulation of the same graphite material system.*

6.5.2 Scaling model. The parameters used for the analytical
model 4 (eqn (1)) are summarized in ESIt Table S8. Since many
of the electrolyte parameters are lithium ion concentration
dependent, they are assumed to be constants roughly equal
to their value at the initial electrolyte concentration c,. The
nondimensional number w is defined as

o Keff 2RTo(t+ — 1)2 + Olnfy
- Deff C()F2 Jdlnc

(12)

where D is the effective diffusivity, ¢ is the transference

Olnfy
number, lnc

and R is the universal gas constant.”® Temperature effects were
not considered. The scaling described herein is robust when any
of the electrolyte variables are varied over a range of relevant
values, summarized in previous theoretical studies.*>”*

is the activity coefficient, T, is temperature
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