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Abstract

Extreme fast charging (XFC) has become a focal research point in the lithium-battery community
over the last several years. As adoption of electric vehicles increases, fast charging has become a
key driver in enhancing consumer recharge experience. Recently, the research community has
made significant improvements in developing charge protocols to support XFC. New charge
protocol designs derived using a combination of advanced, physically derived models, and
electrochemical and secondary characterization methods, increase charge acceptance and decrease
aging. By coordinating these methods and modifying protocols to account for different material
constraints, including lithium plating and cathode particle degradation, novel charge protocols
have increased the energy accepted during charging by over 25% in 10 minutes and increased the
charge acceptance prior to a constant-voltage step by approximately 3x. Here, we review several
charge-protocol advances, aging factors which are enhanced by XFC and advances which will
enable adoption of XFC capable vehicles. These advances include implementing machine learning

and other detection algorithms to reduce and classify lithium plating, which is known to
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significantly degrade cell performance and reduce cell life. The review concludes by discussing
full-system fast charge requirements, including electric vehicle service equipment needs for

implementing XFC protocols.
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1. Introduction

Electric vehicles (EVs) have seen significant increases in adoption over the last several years. With
multiple pledges from both industry and countries across the globe targeting mass adoption of EVs
by 2035, there is little time to close the gap in consumer experience between EVs and internal
combustion engine vehicles (ICEVs). Extreme fast charging (XFC) is one of the most direct means
to close the experience gap associated with refueling/charging time. Generally, XFC is defined as
the ability to replace at least 80% of the vehicle battery capacity in 15 min or less, or to replenish
range at a rate of ~20 miles per minute of charge. Extreme fast charging typically uses charge rates
of 4.8C or higher [1]. More broadly, fast charging is generally considered charging 80% capacity
in 30-50 minutes. Here we use XFC to denote charging times of less than 15 minutes in length and
the broader fast charging for chargingof less than 1 hour in length. In 2017, a series of perspectives
highlighted many of the complications with enabling high power XFC charging up to 350 kW,
from cell to infrastructure considerations [1-5]. In the area of challenges associated with batteries
undergoing XFC, minimizing lithium plating and excessive heat generation were two of the most
prominent of the identified gaps. Since 2017, multiple groups globally have made advancements
to address these and other gaps. Core scientific advances, including the development of new
electrolytes with increased lithium transport properties [6—10], unique electrode architectures and
materials [11-17], the beneficial use of heat generation [18-21], and the development of advanced
charge protocols [22—-26], have all occurred and significantly advanced the state of the art for XFC-

capable batteries.
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Lithium-ion batteries, as electrochemical cells, rely on the transport of lithium ions from the cell
positive electrode to the negative electrode during charging. When transport becomes limited,
performance typically drops due to either lithium plating at the negative electrode, poor charge
acceptance due to increased cell polarization, or to accelerated degradation as energy is lost due to
Joule heating [3]. While there are several ways to alter the materials in the batteries to improve
transport, such as using different electrolyte solvents and salts or altering electrode architecture to
reduce tortuosity, it is also possible to adapt the ionic transport within the cell by changing the
electrochemical driving force during charge. Specifically, how charge profiles are developed can
distinctly impact each of the negative aspects described above and provide distinctly different

aging pathways, while also enhancing charge acceptance.

Within the research community, there are several different approaches to adapting charge protocols
for both fast charging and XFC. Apart from some baseline activities, the standard constant current,
constant voltage (CCCV) profile commonly used for many cycle life evaluations is seldom used.
Instead, for both fast charge and XFC, several classes of protocols have been advanced (see Table
1), including stepped profiles where the current typically decreases during the later portions of the
charge; pulsed profiles where intermittent rest periods or power pulses are applied including both
positive and negative current pulses; and ramped profiles where either the current or the voltage is
ramped during the charge. Other more unique profiles such as the ‘universal’ charge protocol based
on keeping cell overvoltage below certain levels have also been developed [25]. Good reviews of

different protocol classes are provided by Keil and Jossen [27] and Wassiliadis et al. [28].

Table 1: Examples of different Fast Charge and XFC protocol classes

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Protocol Description References

Elevated temperature Heat cells before or during Refs. [18-21,29]
charging charging to take advantage of
enhanced electrolyte Li*

transport at elevated

temperature
Multi-step starting at a high Protocols with a series of Refs. [22,27,30]
rate constant current steps which

reduce in current as the cell

approaches higher voltages

Multi-step with either an Protocols where a constant Refs. [29,31,32]
increase or decrease in current step is used and the
current during charging current can both increase or

decrease during charging,
usually as determined using a
model or penalty-based

system

Boost Charging Use of 2 constant current Refs. [22,27]
(CC) steps followed by a

constant voltage step.

Pulse Charging Use of pulses, usually all at Refs [22,27,33,34]
the same current with a

defined periodicity
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Voltage controlled Charging | Profiles which either ramp Refs. [23,24,35]
voltage at a controlled rate or
which use specific voltage

controls

Voltage Trajectory Current typically starts low, Refs. [25-27]
increases at intermediate
state-of-charge (SOCs) and
then decreases again at high
SOC. Similar to Universal
and other stress reduction

protocols

In this review, we first discuss cell materials, electrodes and electrolytes, which can influence and
be impacted by XFC. We then detail how differences in system management, including thermal
and mechanical management impact performance. We continue and show how experimentally
obtained electrochemical information can be used to develop XFC protocols and advanced
detection of aging modes including lithium plating. The interplay between these different levels of
analysis in the context of fast charging is illustrated schematically in Figure 1. Finally, we close

with a discussion on how developed protocols could impact the development of EV infrastructure.

It should also be noted that, even though XFC may be used with many cell chemistries, we
primarily focus on NMC-family oxides (LiNio.xMnoyC00.:02, NMCxyz, where xyz = 532, 622,

and 811) and graphite (C) for the sake of clarity. Other cell chemistries, such as those based on

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



lithium iron phosphate (LFP) or lithium cobalt oxide (LCO), are not extensively discussed. Using
the United States Advanced Battery Consortium (USABC) and U.S. Department of Energy (DOE)
targets as guidelines, cells based on LFP do not meet the 350 Wh/kg energy goal for a long-range
EV. These cells typically have gravimetric energy densities on the order of 90-120 Wh/kg.
Similarly, LCO-based cells exceed the USABC/DOE cost target of $100/kWh [36]. In a similar
vein, while advances have been made for the use of Si as a negative electrode, it is not included

due to limitations which currently exist in achieving long calendar life [37].

Cell design
Coupled fast-charge . . Mat(eirials
. . 0/, ASOC/10 min * Loadin
considerations /o ASOC ng
+1000 cycles * Porosity

+15 years of life

* Electrolyte
+200 Wh/kg

Charging protocol Aging
* Temperature * Capacity loss
* Voltage limits * Li plating

* Plating limits

_ * Heat generation
* System constraints

* Particle cracking

Figure 1: Key considerations which impact charge acceptance, aging and performance when

performing XFC. Portions adapted from [38].
2. Material and Electrode Consideration for XFC
2.1 Positive Electrodes

From both supply chain and specific energy considerations, there has been a recent interest in
increasing the amount of Ni in positive electrode materials. Comparing performance of NMC532

with the higher-Ni NMC811 shows significant improvement in charge acceptance during XFC for
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the latter when similar electrode loadings are used. A key reason for improved charge acceptance
is that, at comparable electrode potentials, the NMC811 has higher specific capacity, solid-state
diffusion and electric conductivity when compared to NMC532 [39]. Combined, the enhancements
allow higher Ni positive electrodes to outperform lower-Ni systems. In recent work comparing the
two NMCs using similar areal loading, it was found that NMC811 outperformed NMC532 by
3.2%, 5.2%, 3.2%, and 1.7% when charging at rates of 1, 4, 6, and 9C with a cell Vmax of 4.1V
[40]. Part of the improved performance of NMCB811 is that its higher specific capacity enabled

thinner electrodes to be used.

Degradation of NMC, as evidenced by loss of active material (LAM) through particle cracking
and delamination, is a significant set of failure modes that leads to performance decay during fast
charging and XFC. During lithiation and delithiation cycles, the electrode materials undergo
significant mechanical stress due to the frequent volume expansion and contraction as lithium ions
are extracted and inserted from/into the lattices [41-43]. In practice, the extent of LAM increases
as C-rate increases as shown in the work of Tanim et al. [22,40], where NMC532 cathode particles
were found to crack when cycled at rates between 1 and 9C. According to these studies, as cycling
advances beyond 400 cycles, the rate of cathode capacity loss due to mechanical disintegration of
the cathode particles increases and significant growth in internal resistance occurs. Interparticle
separation or cracking of cathode materials induces many other side effects, such as fresh contact
area with electrolyte and changes in electrolyte wetting [41,44]. More severe cracking of NMC811
particles (vs. low-Ni alternatives) has also been reported, though a commensurate loss of
performance was not observed, likely due to the enhanced diffusion and electrical conductivity for

the higher-Ni material. The mechanical expansion and contraction also impact the binders used in
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the electrodes, which adhere the active electrode materials to each other and to the current

collector, and can also suffer when exposed to significant levels of fast charging [45].

Separation and disintegration of secondary cathode particles complicates aging for cells
undergoing XFC. However, there are differences which emerge when using secondary particles
with aligned grains. Early studies, not specifically focused on fast charge and XFC, have shown
that by aligning the cathode particle grains or by using single crystalline materials, a reduction in
the mechanical stresses on the cathode can be achieved, enhancing overall performance [46-48].
Due to the increased mechanical stresses which occur during XFC, it is anticipated that similar
advances in the materials would have a beneficial impact on life and retention of cathode

performance over extended XFC cycling.

Mechanical degradation is not the only route by which NMC degrades during XFC. When lithium
is irreversibly plated at the negative electrode, the inability to fully lithiate the NMC results in
lattice volume strain which progresses with cycling, as shown by Son et al. [49]. Additionally, the
effects of XFC on the electrodes have been reported to be heterogeneous in cells containing nickel-
rich positive electrodes. Indeed, Yang, et al. [50] performed a systematic study on cells containing
NMC cathodes with different compositions. The anisotropic change in unit cell volume was found
to correlate with the Ni content when electrodes with lower areal loading (1.5 mAh/cm?) were
used, while it leveled off for higher areal loadings (2.5 mAh/cm?). The change in unit cell volume
was due to lithium plating on the negative electrode which resulted in incomplete particle lithiation
during cell discharge. As one might expect, the heterogeneous changes in the positive electrode

align with heterogeneous lithium deposition on the negative electrode.
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Other positive electrode materials including lithium iron phosphate (LFP) and lithium cobalt oxide
(LCO) have also been investigated. Recent interest in LFP for lower cost and shorter range EVs
warrants its consideration for both fast charge and XFC. Some studies have looked at the ability
to use it as a cathode material with minimal impact to aging [18,51]. These reports suggest minimal
degradation to the LFP material. Other aspects related to aging for these cells primarily center on
lithium plating and losses at the negative electrode.
2.2 Negative Electrodes

As fast charging is more aggressive than standard cycling, the aging and degradation phenomena
are often exacerbated when compared to cells cycled under milder conditions. The most significant
issue with XFC is that lithium plating on the negative electrode is a possible, life-limiting factor.
If plated lithium becomes irreversibly isolated it can lead to both increased capacity loss and

decreased safety [52-54].

Lithium plating is a complex phenomenon driven by the interaction of thermodynamics and the
kinetics of intercalation. Lithium can plate on the graphite surface if the local potential is less than
0 V (vs. Li/Li*) [55-57], which can happen if the observed cell voltage is greater or equal to 4 V
at sufficiently high rates for most C/NMC cells. As one would expect, plating is exacerbated at
higher currents and lower temperatures. However, plating has been observed at charge rates as low

as C/6 at about room temperature [55].

We note that lithium plating can also be a partially reversible process, where stripping efficiency

can be improved by changing electrolyte properties, the rest period and the rate at which the
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charging event occurs [58]. When stripping efficiency is high, the total capacity loss due to lithium
plating is minimal during early cycles, but the combined effect of even minor loss due to
irreversible lithium plating and additional SEI formation does eventually lead to increased capacity
loss [59]. Due to the loss of lithium and the complexity of achieving high reversibility for plated
lithium, lithium plating has been identified as a significant inhibitor to reliable fast charging and
XFC cells and has been a subject of intense recent research [1]. As described more thoroughly in
a recent review, methods to characterize and quantify lithium plating are significant and include a

suite of different analysis methods spanning invasive cell tear down to in operando analysis [60].

Unlike positive electrode material changes, alteration of the type of graphite in the negative
electrode of cells for XFC does not lead to significant impacts on performance, as graphitic
materials have relatively similar voltage responses. However, morphological features (such as
particle size) can affect anode performance at high currents. The work of Zhang et al.[61] found
that, while the use of smaller graphite particles improved the life of cells that underwent XFC, the

smaller particles did not significantly alter rate capability.

Changing to higher energy materials like Si may provide some improvement in reducing lithium
plating, as Li-Si alloy formation occurs at potentials that are further removed from lithium plating
and a high areal loading can be achieved with a thinner negative electrode. However, while Si may
provide some benefit, there are other concerns that still exist for Si including calendar life
considerations [37]. To date, lithium metal anodes have not been thoroughly investigated for XFC,
though there are distinct performance and life differences which emerge as it is cycled at different

rates. There have also been studies looking at both lithium titanates and niobates for XFC [15].
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While good for high rates, much like LFP cells, these cells tend to present lower energy and are

not as directly applicable to long-range EV applications.

2.3 Electrode Structure Considerations
Altering the electrode morphology can also improve its performance under high currents. As one
might expect, random porosity in the negative electrode creates a tortuous path for lithium
transport. Conceptually, if a less tortuous path in the porous laminate was present, there should be
reduced impact from lithium plating during XFC. Indeed, Robertson et al. [62] reported that
increased porosity of the graphite electrode does lead to a decrease in observed lithium plating.
The performance of structured porosity in the graphite electrode was investigated theoretically by
Usseglio-Viretta, et al. [63], and by Mai et al. [64]. These works indicate that a relatively low
amount of structuring would be needed to increase diffusion and reduce the likelihood of lithium

plating.

Experimentally, researchers have investigated the effect of structured porosity in both the positive
and negative materials to achieve both high energy and to aid in fast charge capability. While some
of the approaches were not directly used to advance XFC capability, the general processes and
methods could ultimately be used to enhance charge acceptance during a fast charging event.
Approaches to create structured porosity include powder processing, freeze casting, laser ablation,
and magnetic orientation [11,65-68]. For example, post electrode-casting processes, such as laser
ablation, can create a highly ordered pattern of vertical pores (perpendicular to the current
collector) [12]. Pouch cells (>2 Ah) containing laser ablated graphite negative electrodes have

shown good capacity retention (86%) after 600 cycles at a 6C charge rate.
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The structure of the electrode has also been shown to change the progression of material level
degradation modes. The most direct way to understand how modifications to the electrode and cell
impact aging is to quantify the different aging modes, including LLI (loss of lithium inventory,
such as the losses due to SEI formation and irreversible losses from Li plating and deposition) and
LAM [69]. In Chinnam et al.’s [70] work, cells with higher weight loadings for both the positive
and negative electrodes tended to display higher rates of LLI even at current densities that were on
the same order as lower loading cells. For the lower loading cells, LAM at the positive electrode
(LAMpe) was a dominant aging mode. As higher C-rates were achieved without plating, the
increased mechanical stresses in the positive electrode particles led to greater particle fracture [70].
The study also found that even small changes in the porosity of the negative electrode due to either
SEI growth or lithium plating can significantly impact the likelihood that further lithium plating

will occur.

2.4 Electrolyte

In most lithium-ion cells, the electrolyte is a mixture of organic carbonates containing a lithium-
bearing salt, like lithium hexafluorophosphate, LiPFs. Additives are sometimes used to change
electrolyte properties and/or reactivity. During XFC, transport limitations can arise as the cell
polarizes. Under such polarization there is an enrichment of electrolyte salt in proximity to the
positive electrode and a depletion near the negative electrode. This difference in salt concentration
across the cell causes a corresponding spatial variance in electrolyte properties, such as viscosity,
conductivity, and diffusivity, which, in turn, affect the lithium flux between the electrodes. Toward

that end, recommendations have been given for electrolytes intended for XFC to have twice the
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conductivity and up to 4 times the diffusivity of conventional electrolytes if other cell design
features such as electrode thickness and porosity are held constant [71]. This has been successfully

demonstrated in recent work that developed XFC electrolytes [6,17].

In addition to being an ionic transport medium, the electrolyte also contributes to the formation
and chemistry of the SEI layer, which are a source of impedance and lithium consumption. Indeed,
there is a lot of published work on the connection between electrolyte composition and SEI layer
chemistry. The reader is referred to the comprehensive reviews by Aurbach for more information
[72-74]. As an example of how different electrolyte compositions change the nature of the SEI,
Figure 2 compares how the anode and cathode potentials behave when using LiPFs and lithium
bis(oxalate)borate (LiBOB) as salt. When compared to LiPFs, LIBOB is known to form a highly
resistive SEI on the graphite electrode, causing most of the polarization to originate from the
anode. Figure 2 shows that the anode potentials for the cells are similar at a C/5 rate, but the
differences become very pronounced above a 3C rate, leading to the LiPFs and LiBOB cells
meeting the thermodynamic lithium plating condition (LPC) at ~120 and ~10 mAh/g, respectively.
Thus, in addition to high Li* conductivity in the bulk, the electrolyte should yield low impedance
SEI layers that allows rapid transport of Li* ions into the graphite particles in order to minimize

overpotentials at the anode [75].
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Figure 2. The (a,b) anode and (c,d) cathode potentials ¢, and ¢, , respectively, for constant
current charging of a full cell from 3 to 4.4 V at C/5 and 3C rates. The black and red lines are for
cells with 1.2 M LiPFs and 0.7 M LiBOB salts, respectively, in a 3:7 w/w mixture of EC and ethyl

methyl carbonate (EMC). The lithium-plating condition (LPC) is indicated by the dotted line in

(b).

While modifications to the SEI have been well studied, there have been few reports on the effect
of fast-charging and XFC on the changes to the bulk electrolyte composition. Most studies, such
as that given in Ref. [76], have focused on the impact of the charge rate on the SEI layer formed
by electrolyte decomposition. Yang et al. [77] showed that, using C/NMC532 cells, at charge rates
in the range of 1 to 8C there was no change in the relative amounts of electrolyte decomposition
products, as shown in Figure 3. Here, three components were identified, corresponding to m/e
values of 317, 535 and 563 Da. The uncharged (m-1), empirical formulae for these components

were C11H2207PF, C14H33015P3, and C16H37015P3, respectively.
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Figure 3. Area fraction of the major electrolyte degradation products as a function of apparent
molecular weight and charge rate. The error bars represent the area fraction maxima and minima
for each component [77]. The x-axis is given in units of mass/charge (Daltons, Da) to indicate the
approximate formula weight of the protonated molecular ion, assuming a charge of +1. Copyright

© Wiley-GmbH. Reproduced with permission.

3. Pack and Battery Management Considerations

Comparison of cells and packs undergoing fast charge has shown that the pack can experience
greater fade than individual cells due to increased heterogeneity and how the pack is managed by
the battery management system as it ages [78]. This heterogeneity is partly due to differences in
the thermal environment of the cells throughout the pack. Temperature has a complex relationship
with XFC, as elevated temperatures can improve cell kinetics but also decrease cycle and calendar

lives. To minimize the impacts of high temperature degradation while maximizing the benefits of
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higher temperature during XFC, Yang et al. [21] estimate that battery thermal management
systems (BTMS) will need to be resized from the current 1-5kW range to around 15-25kW,
depending on the design and charge rates. It has been suggested that deliberately pre-heating cells
could be a viable approach to decrease the likelihood of Li plating during XFC [18]. Since the
BTMS resizing estimates provided above (15-25kW) are based only on the heat generated by the
XFC event, even larger thermal management systems would be required in cases of adoption of
pre-heating approaches, to ensure rapid return to ambient or optimal operating temperatures for

driving.

Non-uniform thermal management due to either pack or cell design can also have localized impacts
within a cell. Thermal gradients within the cell can create local hot spots, which have elevated
levels of degradation such as SEI growth [79,80]. Development of such hot spots can result in a
cascading failure where the accumulated heat further leads to high current density and accelerated

chemical reaction kinetics, or even thermal runaway hazards [81].

In a similar vein, heterogenous management of pressure can also impact aging for cells undergoing
fast charge [82]. When pressure is not homogenously applied to a cell, variations in pressure have
been shown to lead to localized lithium deposition and subsequent enhanced rates of failure.
Should lithium deposit locally, the ability to maintain reversibility is also impacted by pressure.
Several recent works on lithium metal cycling have shown that uniform, moderate pressure of at
least ~300-350 kPa significantly enhance plating and stripping efficiency while lower levels of

pressure lead to reduced stripping efficiency [83-86].
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4. Protocol Development

4.1 Cell format and information considerations

Presented in Figure 4 is a general summation of the different aging effects associated with XFC.
The figure also includes different design solutions which can be used to mitigate the aging impacts
and be harnessed to increase the amount of charge which can be accepted during XFC. At each of
the different length scales listed there are distinct areas where improvements can be made to

increase XFC performance and minimize aging.
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Figure 4: Key degradation modes and aging effects which occur during XFC across different

length scales within a battery and routes to enhance performance and minimize aging.

Before developing charge protocols researchers need to first understand the type of cells that will
be used. Understanding how new charge protocols impact cell performance can be difficult to
directly compare across studies due to the different types of cells used for evaluation. Within the
research community, the three main cell configurations used are coin cells, research pouch cells

(both single and multilayer), and commercial cylindrical cells. Other studies using 3-electrode
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cells are also performed and provide detailed information on the state of both electrodes during
cycling [24,35,75,87-89]. Of the different cell types, all have some distinct positive and negative
attributes making them more suited for different types of studies. As an example, coin cells are
easy to prepare and test, but they also have significantly higher impedance than pouch cells and
typically contain excess electrolyte. To enable easier comparison of coin cells to other cell types
consideration of the amount of electrolyte added to the cell and reporting cell impedance are
advisable. R&D pouch cells, on the other hand, have lower impedance and usually more closely
resemble what would be found in automotive settings. Like coin cells, the full details of the
contents of the cell, including electrolyte blends and electrode loading, porosity, and material
content, are known. But R&D pouch cells do, at times, have higher variability than commercial
cells and, as one scales from a single layer to a multi-layer cell, thermal aspects including heating
due to high-rate charging change considerably. Commercial cells can be highly representative
(assuming they are in line with automotive specific energy and energy densities), but they come
with the downside of limited information related to many key design aspects, including electrode
thickness and electrolyte formulation. When evaluating XFC protocols, either R&D pouch cells
or commercial cells provide the closest representations to what would be deployed in a vehicle.
New XFC protocols should, at a minimum, be evaluated using these cell formats to allow more
direct comparison across efforts and to show the most immediate benefit of new protocol

advances.

Information available in the open literature is immensely beneficial when looking to expand and
build upon the work of others. Yet, the benefit of data is limited by the extent of information

provided that details the specifics of experiments and cells used. For all cases, but especially for
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non-commercial cells, the inclusion of critical metadata, or data about the cells and experiments,
including specifics on both the positive and negative electrode materials, loadings and electrode
porosity, provide critical information to better understand the key limitations which may emerge
as a specific set of cells undergoes XFC. Recent work highlighted that there is a need to go beyond
just reporting materials, as the extent of specific aging modes can change considerably as the cell
loading increases [70]. In addition to reporting the active materials, adding details on the type of
electrolyte used and its volume with respect to either void space in the cell or to the total cell
capacity (in g/Ah) is critical for cross study comparison. Additionally, this information helps
ensure that cell life is not artificially extended by excess electrolyte volume, especially when
lithium metal is plated [89-91]. Lastly, specifics on how cells are fixtured and thermally controlled
is pertinent when reporting XFC data. Non-uniform temperature, or slightly elevated or depressed
temperatures, can dramatically alter how cells perform [62]. Similarly, pressure and compression
related to cell design and fixturing can also impact performance [82]. Examples of how to structure
the information for reporting in a straightforward tabular format and the benefit of sharing

information can be found in several recently published manuscripts [70,92,93].

4.2  Characterization of cell response at beginning-of-life
When significant information about the cell and electrodes is unavailable, there are still ways to
develop and advance high performing XFC protocols using beginning-of-life (BOL)
characterization data, including rate capability, voltage relaxation and cell impedance as a function
of SOC at different rates [22,25]. From the information gathered during the BOL characterization,
it becomes possible to construct charge protocols that have some grounding in the physics of the

cell, even if the protocols do not fully approximate the exact state of the respective positive and

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



negative electrodes. In work by Guo et al. [25], a “universal” fast charge protocol was developed
using a combination of cell characterization data and a mathematical model. This work resulted in
a protocol that applied a current during charge that was inversely proportional to the cell
impedance (Table 1). In doing so, the researchers were able to extend life while still allowing high
charge rates. Other work looking to reduce the stress on particles used BOL characterization
coupled with cell-level models to first apply high currents followed by current reduction at discrete
voltages to maintain a constant stress on active material particles [26]. Using this approach, it was
possible to extend the life of the battery by avoiding lithium plating and reducing excessive
material stress and degradation, including reducing loss of active material at the positive electrode

of the cell [26].

Other advanced protocols have been developed based on calculated voltage relaxation after fast
charge to determine lumped overvoltage parameters, which incorporated overvoltage from both
electrodes due to ohmic, charge-transfer and mass-transport impedances in both the solid and
liquid state [22,94]. These protocols look to identify charging currents in regimes that are below
levels where mass-transport limitations arise. To develop the protocols, voltage relaxation data
was collected by charging a cell at different rates and examining how the voltage relaxes after a
cell reaches the maximum voltage (Vmax). Using high-rate data acquisition during rate capability
evaluation makes it possible to approximate both the transport and impedance contributions to the
cell voltage. This information can then be used to develop multi-step or boost protocols that reduce

aging by decreasing the likelihood of lithium plating [22,95].

4.3 Three-electrode studies
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Where more complete information on electrode and electrolyte components are available, direct
methods can be used to guide charge protocol development. These include the use of microprobe

reference electrodes (RES) that monitor the positive and negative electrode potentials (¢. and ¢a,

respectively) during electrochemical cycling of the cell [75,87,88].

Electrode potential profiles obtained at 30 and 45°C on C/NMC532 cells containing a LiPFs
electrolyte are displayed in Figure 5 [35]. In these experiments, the cells were charged at constant
currents, ranging from 0.2 to 6C, to a specified capacity. Figure 5 shows that the positive electrode
(cathode) accounts for a major portion of the cell polarization at all states-of-charge [35]. This
polarization causes the cell to reach its upper cut-off voltage (UCV) before Li* ions are fully
extracted from the oxide thereby decreasing charge acceptance by the cell in a given voltage
window. It should be noted that excessive polarization at the positive electrode can also result in
electrolyte oxidation and cause permanent structural changes in the layered oxide. In addition, the
cathode can be the main contributor to heat generation in the cell, which is greater at higher
charging currents. For these reasons, charge protocol design must also consider the effective

potentials to which the cathode will be exposed.

The negative electrode (anode) polarization causes its voltage to dip below the lithium plating
potential, creating conditions that are favorable for lithium nucleation and growth on the graphite
surface. The effect of polarization can be especially severe in thick, high-capacity electrodes: here,
only anode portions closer to the separator interface are effectively utilized, causing large and

persistent lithium concentration gradients that promote non-uniform aging in the electrode. Raising
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cell temperature is one approach to lower electrode polarization; the higher temperature facilitates
charge migration by enhancing rates of diffusion and interfacial transport. Figure 5 shows that the
anode potential crosses zero (vs. Li/Li*) at 3.4 and 4.6C at 30 and 45°C, respectively, which
indicates that, for the same C-rate, lithium plating is less likely at higher temperatures. This type
of information can be used to adapt charging protocols considering temperature changes

experienced by cells under high currents, or when pre-heating methods are employed (see section
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Figure 5. The (a,b) anode and (c,d) cathode potentials ¢, and ¢., respectively, for constant
current charging of a full cell from 3 V to a fixed capacity of 87 mAh/g, at 30 and 45°C. The lines
of different color correspond to different C-rates given in the legend in panel a. After charge, the
cells rested for 1 h at zero current before being discharged to 3 V at a C/5 rate (dashed lines).
Note that the electrode potentials at the beginning of discharge are similar even though the charge

rates vary from C/5 to 6-C [35].

The ability to experimentally determine conditions that are conducive to lithium plating makes REs

very useful to the design of XFC protocols. Indeed, previous works have demonstrated that charging
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algorithms obtained by using a RE to avoid lithium plating potentials can be successfully implemented
in large-format cells, with clear benefits to charging time and cell life [96,97]. The issue with deriving
realistic charging protocols using potentials measured vs. a RE is that such values are inexact when
high currents are applied. The finite separation between the RE and the electrodes, along with the low
ionic conductivity of typical lithium-ion battery electrolytes, creates an offset between the measured
potentials and the ones experienced at the anode surface (Figure 6b). Hence, the potentials measured
by the RE can be greater than those at the anode surface by several mV per C-rate; this difference
causes the RE to overestimate the onset of lithium plating by tens of millivolts when high currents are
applied [75]. As a result, charging protocols derived from conventional three-electrode measurements
are intrinsically conservative with respect to the onset of lithium-deposition. By estimating the
difference between the potential measured by the RE and actual potentials at the anode, protocols can
be designed that minimize charging times without exposing the anode to lithium plating conditions

[24].

The ideal charging mode to exclude lithium-plating is shown in Figure 6¢. This CCCn (constant
current, constant anode surface potential) protocol charges the cell until the graphite potential
reaches 0 V vs. Li/Li* and then maintains this potential until the desired capacity is reached.
However, this protocol cannot be practically implemented because the true anode surface potential

cannot be determined experimentally.

Other charging modes are displayed in Figure 6d and the associated currents in Figure 6e. For

example, in the CCC¢ protocol (grey plots), the cell is charged until the anode potential, ¢
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(measured by the RE), reaches 0 V vs Li/Li* and then cell held at this potential until the desired
capacity is reached. This approach is conservative as the potential measured by the RE is lower
than the actual anode surface potential, as mentioned earlier. In the “seesaw” protocol, an initial
high current (e.g., 6C) is applied until ¢ reaches a set potential and then the current is decreased
by xC (e.g., x =0.25) until the set value is met again; this operation continues until the cell reaches

the desired SOC. In Figures 6d and 6e, the set values are ¢ = 0 (blue plots), ¢ = (6C rate)*R (black

plots), and ¢ = —|iR| (red plots), where R is the electrolyte resistance between the RE and anode
surface.
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Figure 6. Cell voltage at the relaxation period and cell potential measured using a reference
electrode. (a) Cell voltage U at relaxation after charging at rates ranging from 0.2C to 6C to 4.39
V. Observe that the higher the charge rate, the greater the voltage drop as soon as the charging
current is terminated. (b) The electrolyte potential sensed by the RE differs from that experienced
at the surface of the anode by ~iR, leading to a difference of this same magnitude between the
measured potential ¢ and the surface electrode potential . (c) The ideal charging protocol that

maintains the anode at the thermodynamic limit for lithium plating. (d) Anode potentials and (e)
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C-rates during the charging using various ¢ cutoff conditions. In both (d) and (e), the gray, blue,
red, and black plots correspond to the CCCg, seesaw (¢ = 0), iR corrected seesaw (¢ = —|iR|),

and 6C corrected seesaw profiles (¢ = 6C*R), respectively (Adapted from Refs [24] and [88]).

4.4 Electrochemical modeling

More detailed information on cell and electrode design and material selection provides the
opportunity to use electrochemical models, which give insight into the physical phenomenon
responsible for reduced charge acceptance and accelerated degradation typically seen during XFC.
Three key degradation modes observed during fast charging are lithium plating, secondary cathode
particle cracking, and enhanced SEI growth due to elevated temperatures and large thermal
gradients. These factors are strongly influenced by the active material chemistry, the electrolyte
and the electrode loading [71]. By better understanding the underlying cause of these degradation
modes, advanced protocols can be developed to maximize charge acceptance while reducing cell
aging. Part of the challenge of developing advanced charging protocols experimentally is that very
large parameter space exists for novel current/voltage protocols [23]. Models are a quick and low-
cost tool for screening novel protocols and provide physical insight into how novel protocols

mitigate or exacerbate specific aging modes like lithium plating.

Electrochemical models have predicted that electrolyte transport limitations and the resulting
heterogeneous current distribution through the electrode depth accelerate aging. A major issue
with fast charging, especially for high energy density cells undergoing XFC, is the non-uniform
utilization of the of the electrodes, which can lead to localized degradation and lithium plating

[99,100]. Heterogeneous utilization can also lead to differences in relaxation processes
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complicating electrochemical analysis [101]. Thus, protocols should be developed to overcome

this specific limitation.
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Figure 7. Example of novel XFC protocols developed to minimize recharge time and prevent
lithium plating using P2D models for graphite/NMC cells. (a) Constant current constant anode
potential (CCCA) from BMW group. Reproduced from [52]. (b) “Voltage ramping” protocol

developed by Mai et al. Reproduced from [23].

The BMW group has used pseudo-2D (P2D) models to develop novel fast charging protocols to
prevent lithium plating and shown their validity for large format, prismatic, plug-in hybrid electric
vehicle (PHEV) cells [102]. Models were used to develop both multi-step protocols where the
current was reduced when a certain anode potential was reached, and a constant anode potential
protocol that keeps the anode potential near a set value. The latter is termed constant current
constant anode potential (CCCA) and the current and voltage profiles for this protocol are shown
in Figure 7a. The proposed CCCA is very similar to the voltage/current profile developed by Mai
et al. [23] using voltage ramping shown in Figure 7b . These advanced protocols reduced the
required charging time to prevent plating by several minutes. Further, the BMW group investigated

the effect of positive electrode active material choice on the selection of novel charge protocols.
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By using a P2D model, the group designed charge protocols for NMC622 and NMC811, showing
that a more aggressive advanced charge protocol can be used for the NMC811 material. The main
cause of this is the reduced electrode/cell thickness leading to lower gradients in electrolyte salt

concentration.

Significant progress has been made in advanced charging protocols that help prevent lithium
plating, much of it guided by P2D [24,96,102,103] or battery management system (BMS)-
compatible, predictive transmission line modeling [100,104]. For closed-loop, real-time
implementation, several authors have developed reduced-order electrochemical models and
integrated them with state-estimation algorithms [105,106]. Combined with model-predictive
control, the physics-based estimation algorithms predict and control the battery to the internal
anode potential of 0 V vs. Li/Li* to avoid the lithium plating side reaction [107,108]. The work of
Song et al. [107] further proposes the use of current-reversal pulses that strip and recover plated
lithium from the anode. Ahmed et al. [109] used a genetic algorithm to adapt reduced-order
electrochemical model parameters as the battery aged. Further work is needed to adapt the
electrochemical models and model-based fast charge algorithms as the battery ages. This is
difficult, as many electrochemical model parameters are not readily observed from normal cycling

data.

As mentioned above, novel protocol development to prevent lithium plating often relies on
methods to maintain the anode potential above 0 V vs. Li/Li*. Three-dimensional modeling is
needed to help provide insight into how to translate these protocols to large capacity cells, which

have significantly more current and temperature heterogeneity. Further, protocols to avoid lithium
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plating usually consist of several distinct decreasing current steps. Modeling has suggested that an
alternative strategy would be to linearly ramp the cell voltage, which may be easier to implement,
especially when charging needs to be modified to account for cell aging. Unlike lithium plating,
other aging modes, like LAM, do not have a readily available set of indicators to monitor in real
time. For instance, it is difficult for battery management systems to interpret electrochemical
signals as indicators for the fracture of cathode particles. Models can provide insight into cathode

particle stress and how charging protocol affects this difficult to measure quantity.

Moving forward, advanced protocols need to be developed that minimize aging from lithium
plating, LAM, and SEI growth from elevated temperature simultaneously. Modeling can provide
key insights into how to modulate current/voltage to balance competing factors for these aging
mechanisms. Modeling can also be key to understanding how to adapt advanced protocols with
different aging modes. That is, how should advanced protocols change to accommodate expected

aging phenomena like SEI growth, LAM, and increases in electrode tortuosity?

5. Analysis of Aging Data

During XFC, multiple physical, chemical, and electrochemical reactions in the cell are occurring.
With time, these aging mechanisms eventually lead to irreversible loss of capacity and power.
Thus, battery degradation is a set of complex phenomena, which can vary based on how cells are
used, designed and on what environmental conditions they are exposed to [38]. Complicating
understanding aging data is electrode heterogeneity: the different modes may not uniformly occur
across an electrode [50,95,110,111]. Other influences, such as battery design and production

methods, may contribute to performance degradation or may even alter the rate at which
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degradation occurs or how quickly fade is seen. A key example of this is when excess electrolyte
is present and the life of a cell is artificially extended beyond what would be expected from a
commercial cell operated in the same use regime [90,91]. Furthermore, the various aging
phenomena usually couple with each other, making aging processes even more complicated and
difficult to interpret [38]. Thus, identifying the root causes of battery aging remains extremely
challenging. To address such a complexity in aging, various aging mechanisms are categorized in
three major aging modes: loss of lithium inventory (LLI), loss of active materials in the cathode

(LAMpE), and loss of active materials in the anode (LAMNne) [112].

To better understand and ideally mitigate degradation phenomena from the earliest onset, aging
detection methodologies are required to identify the onset of degradation. Early detection is key to
minimize impact prior to the evolution of aging to the point where a cell is no longer able to meet
its expected use. Conventional experimental methods to confirm aging causes and where the aging
occurs often rely on destructive post-test experiments [113], in situ measurements [111], and
operando measurements [60,114]. Analysis of the electrochemical signatures also often involves
the use of physics-based modeling, where the actual kinetics and thermodynamic drivers of
degradation reactions in a cell are captured either empirically or semi-empirically
[23,63,64,70,71]. Both experimental and model-based activities have positive and negative
attributes. Experimental measurements are usually invasive, time/resource intensive, and need
expert knowledge to interpret the results but can provide detailed information spanning several
length scales. Physics-based models usually need extensive computational resources, and the
models are not as flexible when the cell design and usage condition change, however, they often

provide information that is hard to experimentally probe.
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Battery state-of-health, which is aligned with materials-level degradation, is often tracked using
cell level electrochemical performance data including capacity degradation, voltage changes at the
end of rest periods, coulombic efficiency, pulse impedance, electrochemical impedance
spectroscopy and an assortment of derivatives of data, such as differential voltage and incremental
capacity curves [51,112,115-119]. These signatures provide distinct opportunity to understand and
predict life using data science approaches. Using data-driven methodologies, hundreds of
thousands of battery performance data sets or points can be analyzed by computational algorithms,
from which high dimensional patterns correlated with lifetime or aging mechanisms can be
recognized [120-122]. In 2019, Severson et al. [115] developed cycle life prediction within 5% of
error from the first 5 life cycles from 125 C/LFP, fast charging cells. Other work related to data-
driven predictions have looked at the comparison of different charge protocols to predict
performance at different cycle counts [123], or to identify optimal charge protocols as was done
by Attia et al. [31] and more recently by Park et al. [124]. Each of these methods has provided
distinct advances in either life prediction or in the ability to reduce the time needed to optimize
charge protocols. However, analysis from pure data-driven methods usually fails to provide
insights into the cause-effect relationship for battery aging. Data-driven techniques that solely use
cycle life data have often been found to insufficiently account for calendar aging, which when
projecting life to 10+ years can create significant differences in prediction [123,125]. Without
understanding of the causes of aging and the role of different types of aging, battery developers
and users may miss opportunities for employing corrective measures at early stages to prevent

more dramatic capacity loss or cell failure from occurring.
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Establishing degradation-mechanism-informed battery lifetime estimation frameworks is an
emerging field as noted in several recent articles [126-128]. With respect to XFC protocol
development and evaluation, degradation-mechanism-informed methods provide tools which
enable researchers and developers the opportunity to quickly evaluate and modify protocols. The
methods also provide opportunity for high-throughput analysis without the need for destructive
analysis or for labor intensive characterization methods. One of the emerging methods that
enhances aging understandings is integration of physics-based models and machining learning
approaches that rely on electrochemical signals. When integrated, the beginning of life physics,
input parameters, and boundary conditions provided by experimental data or physics-based models

can be extrapolated to account for aging by machine learning.

Another approach promotes the use of physically explainable features from the battery
performance data [125,129,130]. These data are collected as time-dependent data streams, such as
voltage, current, or temperature, and features in these data streams that correlate to specific aging
mechanisms/modes, which can then be analyzed as lifetime or aging phenomena describers. For
example, Chen et al. [93] developed a classification framework targeting early lithium plating
identification. This machine learning classification methodology was constructed using several
electrochemical data signatures collected in a cycle-by-cycle basis during pouch cell testing,
including capacity fade, voltage during rest period, and coulombic efficiency, across various
protocols and charging rates from 4C to 9C. The linearity of the cycle-by-cycle behaviors provided
the opportunity to separate cells where the primary loss of lithium inventory was due to lithium
plating as opposed to normal SEI formation. In cases with lithium plating, the electrochemical data

exhibits strong non-linear signatures, enabling the direct classification between cells dominated by
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SEI growth and those where lithium plating occurs. Using this framework, the classification
identifies cells where plating occurs within 25 cycles. This provides the ability to either change
protocol or battery use early during the aging process or to enable more rapid characterization of

new protocols.

Other examples of detecting lithium plating due to fast charging have used combined model-based
analysis and differential voltage analysis. Using the data from the end of rest, Katzer et al. [131]
were able to develop a detection algorithm and apply it for both C/LFP and C/NMC commercial
cells. The incremental capacity (IC) analysis detailed by Dubarry etal. [69,132] is another example
of how big data and physical-based modeling can be combined to elucidate aging modes. In their
work, a look-up table, which contains simulated IC curves across different electrode chemistries
and extent of aging, was developed. This synthetic data enables diagnosis and determination of
relative amounts of LLI and LAM for aged batteries. Kim, et al. [133] further implemented a deep
learning-based framework to understand aging in cells that have undergone fast charging. Their
approach extracts and differentiates unique features from IC curves over the course of LLI +
LAMee and LLI + LAMne. From this framework, major aging phenomena in the cathode or anode

can be pinpointed and quantified.

An ongoing challenge is to refine the sensitivity of methods to capture the extent of aging at the
very initial stages and in capturing multiple signatures at the same time (e.g., both lithium plating
and positive electrode particle fracture). Being able to make such a determination within as few
cycles as possible presents the opportunity for both more intelligent control of battery packs and

the more rapid development and ultimate validation of new protocols.
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6. Considerations for Charging Infrastructure

Thus far, this review has focused of how fast charge and XFC protocols impact cell-level aging
and performance. While fast charge protocols designed for prolonged cell-life is distinctly
important to facilitate the mass adoption of EVs, it is also necessary to consider that a battery or
EV also needs corresponding EV service equipment (EVSE) infrastructure. As new charging
protocols are developed at the cell level, there is a need to understand how these protocols scale to
infrastructure needs. The desire to have larger vehicles that are capable of XFC and that can charge
at the rates needed to replace 200 miles of range in a short time makes it even more critical to
understand appropriate EVSE power levels. To better understand fast charge infrastructure needs,
recent work has developed methods to scale early-stage protocol development to the vehicle level
[134]. As shown in Figure 8, the maximum power needed for next generation EVs, especially
those using advanced protocols, exceeds the power levels of current installed EVSE. In several
instances, the power needed exceeds 350 kW when scaled to the charger level. There are three
main reasons for this higher power requirement when compared to the original XFC perspective
articles[1-5]. First, the original work was based on a battery pack of 60 kwh. Second, as vehicles
and their battery packs become larger, the energy needed on a kW per mile basis increases. Third,
the nature of advanced profiles, which have non-uniform currents, leads to portions of the charge
that often exceed 6C. Power levels above 350 kW, especially for some of the multi-step and pulsed
profiles, suggest that a key consideration for researchers developing protocols at the cell level is
the need to understand how advancements will impact system level needs and performance. This

is especially true as larger and longer-range vehicles are developed.
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In addition to considering how protocols scale to the vehicle level, there is also a need to consider
the impacts of fast charging on EVSE and other associated infrastructure planning. Mitigating peak
power can be achieved using several different means, including time-of-use (TOU) pricing, the
use of behind-the-meter stationary energy storage, and smart charging algorithms that reduce
charging rates or timing based on the power available [135]. Each of the methods is a different
approach to shift or reduce power needs for EV infrastructure: TOU motivates people to shift
charging to off-peak hours when lower cost would be incurred; smart charging algorithms instead
scale the power available to ensure that power limits are not exceeded [136]. Another consideration
that impacts EVSE is that the peak power ratio (the ratio of peak power to the average power)

should be minimized to increase stability of the charging system [137][138][139].
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Figure 8. Comparison of maximum power for several charge protocols after scaling from the cell
level to vehicle level for 65 kWh battery packs. MS5 9C is a multi-step profile described in Tanim

et al. [22] and the voltage ramp is described in Mai et al. [23]. The material stress reduction
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profiles is a multi-step profile means to minimize high currents at low SOC where impedance is
high. Power levels align with next generation XFC capable vehicles able to replace range at 20
miles per min and are scaled based on experimental data captured at the cell level. Adapted from

data in Ref. [134].

7. Remaining gaps and future opportunities

Over the last several years, there has been significant improvements in fast charge protocols. Using
a combination of physical characterization and advanced models, protocols have been developed
that can be readily adapted to new cell designs and chemistries. Close coordination of cell designs
including the use of different positive electrode materials, like NMCB811, and advanced
electrolytes, which have improved transport, have impacted how protocols are developed. As new
designs and materials have entered the XFC realm, modifications to protocols have enabled
ramped and variable rate charge protocols to adopt lower maximum rates without decreasing
charge acceptance in a fixed time period (e.g. 10 minutes). The lower maximum rates are possible
as a more uniform rate is possible for the duration of the charge. Indeed, over the last three years,
such improvements have increased the amount of energy accepted by cells tested by our team by
over 25% in 10 min and, more distinctly, have increased energy accepted prior to any constant
voltage step by close to 3x [22,23,35,140]. These advances have also enabled key failure

mechanisms such as lithium plating to be significantly reduced [22,35,70,93,95].

While clear advances have been made, there is still a need to continue to develop new and higher
performing protocols. While some of the impacts from lithium plating and from positive electrode

aging have been addressed, most studies currently have only evaluated out to 400-500 cycles. This
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cycle count is only about half of what many automotive manufacturers desire [36]. The current
protocols also are almost entirely developed based on BOL characterization of systems. Extended
evaluation to higher cycle counts and including additional aging considerations, such as calendar
aging, will be important as higher energy cell designs and chemistries are commercialized. With
respect to aging and failure modes, several new machine learning and characterization advances
have been made which reduce the time needed to understand the benefit of different charge
protocols. Given that distinct aging from both positive and negative electrode contributions have
been identified during XFC, protocols need to be developed that not only have high performance
at BOL, but that can also be adapted later in life as the cells age. The key to achieving age-informed
fast charging protocols is the incorporation of many of the machine learning techniques described
above and the joint continued advancement of robust electrochemical models that can be updated

with specific aging constraints to adapt protocols based on a case-by-case basis.

As new protocols are developed, including those that can potentially adapt with aging, it is vital
that researchers maintain system-level considerations to understand how improvements may scale
to both the vehicle and EVSE level. Taking infrastructure-level limitations into account will help
ensure that the rapid advancement in battery technology is not limited by hardware or other
charging infrastructure stability issues. In-line with a focus on system configuration and design,
the last key area that needs an increased level of attention soon is more discrete planning and
coordination on the use of XFC charge protocols that mirror expected use conditions. It has been
shown with DC fast charging that charging immediately after a driving event instead of right before
the driving event can change the extent of aging [78,123]. The timing of fast charging with respect

to driving events and partial charging from intermediate states-of-charge are going to be important
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to investigate, especially as more complex and physics-based charge protocols are developed. For
more vehicle-relevant scenarios, understanding how to appropriately consider environmental
conditions such as temperature will be vital, as will consideration of how to beneficially use

thermal management to both minimize aging and improve charge acceptance.
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