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ARTICLE INFO ABSTRACT
Keywords: Increasing energy density of Li-ion batteries (LiBs) along with fast charging capability are two key approaches to
Lithium-ion battery eliminate range anxiety and boost mainstream adoption of electric vehicles (EVs). Either the increase of energy
Fast charging density or of charge rate, however, heightens the risk of lithium plating and thus deteriorates cell life. The
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trilemma of fast charging, energy density and cycle life are studied systematically in this work utilizing a physics-
based aging model with incorporation of both lithium plating and solid-electrolyte-interphase (SEI) growth. The
model is able to capture the key feature of temperature-dependent aging behavior of LiBs, or more specifically,
the existence of an optimal temperature with the longest cycle life. We demonstrate that this optimal tem-
perature is a result of competition between SEI growth and lithium plating. Further, it is revealed that either the
increase of charge rate or of energy density accelerates lithium plating induced aging. As such, the optimal
temperature for cell life increases from ~ 20 °C for a high-power cell at 1C charge to ~ 35-45 °C with the increase
of charge rate and/or energy density. It would be beneficial to further increase the charge temperature in order
to enable robust fast charging of high energy EV cells.

1. Introduction foreseeing 400 EV models and sales of 25 million units by the year
2025. Despite the promising future, the EV market, as of 2017, still only
With the rapid drop in the cost of Li-ion batteries (LiBs) by 80% in accounts for 1.7% of annual vehicles sales. Range anxiety, the fear that

the past seven years, the world is now truly embracing electric vehicles an EV may run out of juice on the way has long been cited as the key
(EVs). Numerous countries has announced their timelines to phase out reason keeping consumers from EVs [1]. To tackle this barrier, auto-
diesel/gasoline vehicles and more than 10 major automakers launched makers are targeting higher battery capacities of over 60 kWh that
their future EV plans in 2017. Should these plans fructify, we are could offer a driving range of ~ 200 miles on a single charge, along with
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boosting the number of fast charging stations with charging power up
to 350 kW, capable of charging a 60 kWh battery in 10-15 min [2].

A critical barrier to fast charging is the issue of lithium plating [3,4].
Most EV batteries utilize graphite as the anode material whose equili-
brium potential is fairly close to the reversible potential of lithium
deposition/dissolution. At harsh charging conditions when there is
large anode polarization, the anode potential could fall below 0V vs Li/
Li* and triggers lithium plating, leading to drastic capacity loss and
even to safety hazards. Extensive efforts have been made to explore the
bottlenecks of fast charging [5-9] and to optimize charge protocols
[10-14]. It is widely acknowledged that lithium plating is prone to
occur at high charge rates and/or low temperatures.

Recent studies showed that lithium plating could be a serious issue
in high energy cells even at moderate charge rate and temperature. A
typical approach to increase the energy density of LiBs is to increase the
areal loading of active materials, which makes the anode thicker,
denser and more tortuous [15], leading to larger anode polarization and
thus higher risk of lithium plating. Gallagher et al. [16] revealed that
the maximum charge rate of LiBs drops with the increase of areal
loading. In their study, a cell with 3.3 mAh/cm? areal loading had
stable capacity retention upon cycling with 1C charge at 30 °C but rapid
capacity fade with 1.5C charge. A cell with 4.4 mAh/cm? areal loading
could not even survive 1C charge at 30 °C. A large amount of metallic
lithium was observed after dismantling the aged cells, confirming the
occurrence of lithium plating in these high energy cells, though the
charge rate and temperature are moderate. Malifarge et al. [17] re-
cently presented a detailed analysis of the voltage losses in graphite
anodes with different areal loading (2-6 mAh/cm?) and porosity
(0.1-0.45) and revealed that the large electrolyte-phase overpotential
and the associated non-uniform state of charge (SOC) across the anode
are the key reasons yielding lithium plating. Most recently, Spingler
et al. [18] confirmed through thickness measurement, voltage relaxa-
tion method and post-mortem imaging that a high energy cell (190 Wh/
kg, 98 um-thick anode) suffered serious lithium plating with only 1.5C
charge at 25°C.

The impacts of fast charging and energy density on cell life are more
complicated when considering temperature effects. In the early stage of
literature, it was typically believed that cell aging is faster at higher
temperatures due to the faster growth of solid-electrolyte-interphase
(SEI) [19]. Waldmann et al. [20] conducted a comprehensive study of
temperature effects on LiB aging via cycling of 1.5Ah graphite/NMC
18650 cells with 1C charge at different temperatures. Interestingly, it
was found that the cell at 25 °C had the longest cycle life; either higher
or lower temperatures resulted in faster degradation. Plotting the aging
rate against reciprocal temperature, the authors found that the aging
rate follows Arrhenius law and there is a transition of activation energy,
from a positive value at T > 25°C to a negative value at T < 25°C,
indicating a transition of the dominant aging mechanism, which is
believed to be SEI growth at T > 25°C and lithium plating at
T < 25°C. Shimpe et al. [21] tested a set of 3Ah graphite/LFP
26650 cells with 1C charge and also found that the 25 °C cell had the
best cycle life. Further, it is worth noting that the cycle life at 10 °C was
only about half of that at 25 °C. Ecker et al. [22] also reported that the
cycle life of a 53Ah high power graphite/NMC cell dropped sharply
with the reduction of temperature at 0.85C charge, from ~ 4000 cycles
at 20 °C to ~2000 cycles at 10 °C and only ~40 cycles at 0 °C. Simi-
larly, the work of Matadi et al. [23] showed that a 16Ah graphite/NMC
cell which could sustain 4000 cycles at 25 °C lost 75% capacity in only
50 cycles at 5 °C. These results indicate that lithium plating could be a
serious issue even at cool temperatures. To that end, it would be ben-
eficial to charge a cell at high temperatures, which, on the other hand,
accelerates SEI growth. The best scenario would be charging a cell al-
ways at its optimal temperature where the combined aging rate of SEI
growth and lithium plating reaches the minimum. An interesting
question is that: is room temperature always the best for cell charging?

A fundamental understanding of the temperature-dependent aging
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behavior of LiBs is thus of vital significance for extending the lifetime of
EVs. Previous studies on this subject were mostly based on the last-
generation high power cells designed for plug-in hybrid electric ve-
hicles (PHEVs) with relatively low areal capacity (< 2 mAh/cm?) and
thin electrodes (< 50 um) and at moderate charge rates. As the world is
targeting higher energy density and faster charging, there is an urgent
need to understand the impacts of energy density and charge rate on the
temperature-dependent aging behavior. Indeed, recent studies have
shown that cycle life is not always the best at room temperature.
Matsuda et al. [24] tested commercial 18650 cells in 25 °C and 45 °C
(Fig. S1a). At 1C charge, the cycle life was better at 25 °C than at 45 °C.
At 2C charge, however, the 45 °C cell had much longer life than the
25°C cell. Friesen et al. [25] tested high energy cells with thick anode
(74-80 um) at 1C charge and found that the cycle life at 45 °C was 3x
longer than at 20 °C (Fig. S1b). Similarly, Rieger et al. [26] cycled high
energy cells (77-um thick anode) with 1C charge and found that the
cells at 25 °C lost 30% capacity in 250-400 cycles whereas the cells at
40 °C lost only 5% capacity after 400 cycles (Fig. S1c). The above results
indicate that the optimal temperature for LiBs could shift with the
change of charge rate and energy density.

The objective of the present work is to gain a systematic under-
standing of the impacts of fast charging and energy density on the
temperature-dependent aging behavior of LiBs. A physics-based aging
model with incorporation of SEI growth and lithium plating is utilized
to predict the aging rate of LiBs at different temperatures with various
charge rates and areal loadings. Special attention is paid to the com-
petition between SEI growth and lithium plating and to the variation of
optimal temperature with charge rate and energy density. Directions for
enabling temperature-independent, fast, and healthy charging of high
energy cells are also presented.

2. Model description

The aging model that we recently developed for modeling of lithium
plating induced aging of LiBs [27] is adopted in this work. A key feature
of the model is that it accounts for both SEI growth and lithium plating.
Further, the model considers the reduction of anode porosity due to
continuous SEI growth, which results in onset of lithium plating and
thereby in transition from linear to nonlinear capacity fade after pro-
longed cycling. A brief summary of the model is given below and fur-
ther details could be found in our previous work [27].

A total of three electrochemical reactions are considered to occur in
the anode, including lithium intercalation into graphite (Eq. (1a)), SEI
formation (Eq. (1b)), and lithium plating (Eq. (1¢)):

Cs + Li* + e~ o LiCq (1a)
2C,H4CO5 + 2e~ + 2LiT —» (CH,OCO,Li), + C,H, (1b)
Lit + e — Li(s) (1c)

The total volumetric current density in the anode is the sum of
current density of the above three individual reactions, as:

Jot =Jor Tser T (2)

where the subscripts tot, gr, SEI and Li denote total, graphite, SEI for-
mation and lithium plating, respectively. The current density of gra-
phite is calculated via the following Butler-Volmer equation:

L a,F a.F
Jor = Glogr { €XP| 5 gr | — CXP| =My

where a is specific surface area, iy the exchange current density, a, and
a. the anodic and cathodic charge transfer coefficients, and 75, the
overpotential of Li* intercalation into graphite.

The current density of SEI formation is calculated via the following
Tafel equation:
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Table 1
Cell design information and key temperature-dependent model parameters.
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Cell Design Information

Parameter PHEV cell

EV cell

Anode (Graphite)

Cathode (NMC622)

Anode (Graphite) Cathode (NMC622)

Thickness (pum) 48.7 40.75 82.5 75.8
Initial Porosity 0.32 0.33 0.27 0.28
Areal Loading (mAh/cm?) 2.23 1.85 4.07 3.7
Negative-Positive (N-P) ratio 1.2 1.1
Nominal capacity (Ah) 10.0 10.3
Specific energy (Wh/kg) 175 215
Key temperature-dependent parameters
Parameters Value @ 25°C E.ce (kJ/mol)
Graphite exchange current density, io g (A/m?) 2.1 68
Graphite solid-state diffusivity, D (m*/s)” 1.6 x 10~ (1.5-)'° 30
Diffusivity of ethylene carbonate, Dgc (m?/s) 2.0 x 10718 30
SEI reaction rate constant, kgg; (m/s) 1.0 x 10712 30
Exchange current density of Li plating, iy;; (A/m?)" 0.001 68
@ x refers to lithium stoichiometry at graphite surfaces.
b Estimated value from Ref. [27], only irreversible part of lithium plating is considered.
Temperature (°C)
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Fig. 1. Temperature-dependent aging behavior with the existence of an optimal temperature for cycle life. (a) Capacity retention vs equivalent full cycle
(EFC) for a PHEV cell cycled with 1C charge at different temperatures. (b) Corresponding aging rate (capacity loss per EFC) versus reciprocal temperature.

acserF
RT

3 —_ S

Jser aFko,sg1cie exp( nSEI) @
where ko gpr is a kinetic rate constant and cjc is the concentration of
ethylene carbonate (EC) at the graphite surfaces. EC diffuses from the
bulk solution across the surface film to graphite surfaces, where it reacts
with Li* ions to form new SEI. The surface concentration of EC is
calculated by the balance between the rate of EC diffusion across the
film and the rate of EC consumption at graphite surfaces, as:

o .
Che — € J
— Do e = Gc _ _Jsm

5ﬁlm aF (5)

where Dgc is EC diffusivity, ¢} the EC concentration in bulk solution
and &pm the film thickness.
The current density of lithium plating is calculated by the following
Tafel equation:
NLi
- ) (6)

It is worth mentioning that, in reality, a portion of the plated

acriF
RT

Jii = —aioLi eXP(—

lithium is reversible. That is, the plated lithium could dissolve and go
back to the cathode in the relaxation or discharge process subsequent to
charging, leading to a distinct voltage plateau that is often utilized as a
method to detect lithium plating [28]. It is, however, still unclear of
how large are the relative fractions of reversible and irreversible li-
thium plating. Since the reversible part of plated lithium does not in-
duce capacity loss, we only consider the irreversible part in this model.
Thereby, the exchange current density, ip;;, is treated as a fitting
parameter which is adjusted by matching the model-predicted capacity
retention curves with the experiment data, as presented in our previous
work [27]. The estimated value of iy ;; is much smaller than the actual
exchange current density of lithium metal stripping/plating since the
reversible part of lithium plating is neglected.

The amount of SEI and lithium metal are calculated by the Faraday's
law:

dcsgr _ _@

ot 2F (7a)
Seu _ _Ju

ot F (7b)
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Fig. 2. Competition between lithium plating and SEI growth. (a) Breakdown of total capacity loss induced by SEI growth and by lithium plating at the end of life
(20% total capacity loss). (b&c) Evolution of total capacity loss induced by (b) SEI growth and (c) lithium plating in the cycling process. The cell is a PHEV cell

charging at different temperatures with 1C charge.

where cggr and c;; are the molar concentrations of SEI and lithium metal
per unit volume of the electrode. The SEI and lithium metal together
constitute the surface film covering graphite particles. In the model,
graphite particles are assumed to be spherical and the surface film is
assumed to be uniform in thickness. As such, the amount of SEI and
lithium metal can be transformed to an equivalent thickness of the
surface film, as:

Spim = l(

Cser Mser
SSELTSEL

cLiMpi
a

Pser PLi

(3

where M is molecular weight and p is density. Further, the increase of
film thickness would reduce anode porosity via the following correla-
tion:

de _
dt

dbim
dt

©)

The above equations are incorporated into the electrochemical-
thermal (ECT) model that has been utilized extensively in the literature
[29-31] to predict the performance and life of LiBs. A key feature of the
ECT model is that all the parameters related to reaction kinetics and
transport processes are functions of cell temperature. In this work,
electrolyte properties are calculated by interpolating the experimental
data, in terms of concentration and temperature, of those reported by
Valoen et al. [32]; the properties of electrode materials (e.g. exchange
current density, solid-state diffusivity, etc.) and the key parameters
related to SEI growth and lithium plating (EC diffusivity Dgc, rate
constant kg s and exchange current density of lithium plating iy ;;) are
calculated by the Arrhenius-type correlation as:

492

E act

R

1 1

vl )
where y denotes a parameter, v,y is its reference value at a reference
temperature Ty, Eq is activation energy, R is universal gas constant
and T is cell temperature. In this work, the reference temperature is set
as 25°C and the reference values of some key parameters are sum-
marized in Table 1. Other parameters of the ECT model can be found in
our previous works [29,31]. It should be mentioned the reference va-
lues of the parameters related to SEI growth and lithium plating are set
to be the same as those in our previous work [27], where extensive
model validations were performed to demonstrate that the model well
predicts the capacity retention of a PHEV cell cycled at room tem-
perature as well as the discharge curves of both fresh and aged cells at
various currents.

In this work, the above model is extended to study the aging be-
havior of LiBs at various temperatures with different charge rates and
energy density. In the following, we start from a PHEV cell at 1C charge
to show the model's capability of capturing the temperature-dependent
aging behavior of LiBs reported in the literature, i.e. the existence of an
optimal temperature with the lowest aging rate. The model is then
utilized to study the impacts of charge rate on cell aging, followed by
studying the impacts of energy density. Finally, the trilemma among
fast charging, energy density and cycle life are assessed with a parti-
cular emphasis of their dependence on temperature. Future directions
for enabling fast and healthy charging of high energy cells without
restrictions of temperature are then discussed. The design information
of the cells studied in this work are listed in Table 1. The cycling

(10)
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Fig. 3. Earlier onset of lithium plating with the decrease of temperature. Evolutions of lithium deposition potential (LDP) in the 1C charge process of (a) the
fresh PHEV cell at different temperatures, (b-d) aged PHEV cells after different number of cycles at various temperatures: (b) 10 °C, (¢) 20 °C and (d) 30 °C.

protocol of all simulated cases is: constant current charge to 4.2V fol-
lowed by constant voltage charge at 4.2 V until the current drops below
C/10; rest for 5 min; constant current discharge at 1C to 2.8 V, followed
by another 5 min rest.

3. Results & discussion
3.1. Optimal temperature for cell life

Fig. 1a plots the retention of cell capacity versus the equivalent full
cycle (EFC) of the PHEV cell at 1C charge in different temperatures. The
EFC is defined as the ratio of total discharged capacity to the nominal
cell capacity. The simulation results show that the cell has the longest
cycle life at ~20 °C. Fig. 1b plots the aging rate of the cell, defined as
the total capacity loss (in %) per EFC and plotted in logarithmic scale
against the reciprocal temperature (1/T). We can learn that the loga-
rithm of aging rate is linear with respect to 1/T, indicating that the
aging rate follows the Arrhenius law. The change of slope at ~20°C
denotes a change of activation energy. These results are in good
agreement with the experimental results reported in the literature
[20,21], revealing that the present model well captures the key features
of temperature effects on cell aging.

It can also be noted from Fig. 1a that the capacity retention curves
at T > 20 °C have a square-root dependence on the EFC, a feature well-
recognized as SEI-dominated aging. At T < 20 °C, the capacity reten-
tion curve still depends on the square-root of EFC at the beginning of
cycling, but exhibits a rapid capacity drop after a certain number of
cycles. This transition to nonlinear capacity fade is attributed to the
onset of lithium plating, as elaborated in our previous work [27].
Fig. 2a breaks the total capacity loss at the end of life (i.e. 80% capacity
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retention) to the capacity loss caused by SEI growth and by lithium
plating, respectively. We can learn that lithium plating occurs only in
the cases at T < 20 °C, and the fraction of capacity loss due to lithium
plating increases with the decrease of temperature.

Fig. 2b presents the evolution of capacity loss induced by SEI
growth over the cycling process. In each case, SEI grows fast at the
beginning and gradually slows down, which is because the SEI growth
rate is greatly affected by the rate of EC diffusion across the surface film
and therefore is inversely proportional to film thickness (Eq. (5)). As the
EC diffusivity increases with temperature, the capacity loss induced by
SEI growth increases with temperature, leading to a rise of aging rate
with temperature at T > 20 °C (Fig. 1b).

The evolution of total capacity loss induced by lithium plating is
plotted in Fig. 2c. It can be learned that lithium plating appears after a
certain number of cycles in the cases at T < 20°C. The lower the
temperature, the earlier the onset of lithium plating. As explained in
our previous work [27], the onset of lithium plating is attributed to
continuous growth of SEI, which reduces anode porosity and thus in-
creases the electrolyte-phase overpotential in the anode. Once lithium
plating occurs, the solid lithium metal deposited onto graphite surfaces
further blocks the pores of the anode, leading to larger anode polar-
ization and thus soaring of the lithium plating rate. This positive
feedback effect results in an exponential rise of lithium plating amount
and therefore a rapid decay of cell capacity.

Fig. 3a compares the lithium deposition potential (LDP) at the
anode/separator interface in the 1C charge process of the fresh cell at
different temperatures. Fundamentally, LDP is affected by the rate
capabilities of three processes: conduction and diffusion of Li* ions in
the electrolyte, reaction at graphite surfaces, and diffusion of lithium in
solid graphite particles. Key parameters governing these processes all
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Fig. 4. Increase of optimal temperature with charging rate. (a&b) Capacity retention curves of the PHEV cell at different temperatures with (a) 2C charge and (b)
3C charge. (¢) Comparison of aging rate versus temperature for the PHEV cell with different charge rates. The optimal temperature with the lowest aging rate
increases from ~ 20 °C at 1C charge to 35 °C at 2C charge and 45 °C at 3C charge. (d) Comparison of the evolutions of lithium deposition potential in the charging
process of the fresh PHEV cell at different charge rates and two different temperatures.

depend highly on temperature. For instance, the exchange current
density of graphite is reported to have an activation energy about
68 kJ/mol [33], indicating a 6x increase from 25°C to 45°C or a 7x
drop from 25 °C to 5 °C. The decrease of temperature, therefore, pushes
the LDP towards the tipping point of 0 V (Fig. 3a), below which lithium
plating would be triggered. As the LDP keeps decreasing in the cycling
process due to continuous drop of anode porosity (Fig. 3b-d), lithium
plating starts earlier at lower temperatures. As shown in Fig. 3b—d, the
LDP drops to 0V after only 400 cycles in 10 °C (Fig. 3b), at the very end
of cycling in 20 °C (Fig. 3c), and still well above 0V at the end of life in
30°C (Fig. 3d), indicating that lithium plating can be mitigated and
even eliminated by increasing cell temperature.

To sum up, the existence of an optimal temperature with the longest
cycle life is a result of the competition between SEI growth and lithium
plating. At high temperatures where lithium plating is eliminated, the
aging rate is mainly affected by SEI growth, the rate of which increases
with temperature. At low temperatures where lithium plating occurs,
the decrease of temperature leads to earlier onset of lithium plating and
hence to faster fade of cell capacity.

3.2. Increase of optimal temperature with charge rate
The effects of charge rate on the temperature-dependent aging be-

havior of the above PHEV cell are studied in this section. Fig. 4a and b
presents the capacity retention curves of the above PHEV cell at 2C
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charge and 3C charge, respectively. Compared with the case of 1C
charge (Fig. 1a), we can learn that the transition from linear to non-
linear aging, which signals the onset of lithium plating and occurs only
at T < 20°C with 1C charge, appears in higher temperatures at the
increased charge rate. To show this behavior more clearly, we present
in Fig. 5a and b the breakdown of total capacity loss induced by SEI
growth and by lithium plating at the end of life (20% total capacity loss)
for all the cases. Compared with the 1C case (Fig. 2a), the minimum
temperature without lithium plating increases from ~20°C at 1C
charge to ~40 °C at 2C charge and to > 50 °C at 3C charge.

The cases at 20 °C and 35 °C are selected for detailed comparison to
examine the impacts of charge rate on the onset of lithium plating.
Fig. 4d compares the LDP in the charge process of the fresh cell at
different charge rates. We can learn that the increase of charge rate
leads to much lower LDP and therefore to earlier onset of lithium
plating as can be seen from Fig. 5¢c and d where the evolutions of total
capacity loss due to SEI growth and lithium plating in the cycling
process are plotted. For the cases at 20°C (Fig. 5c¢), lithium plating
starts at the very end of the cycling (~3500 EFCs) with 1C charge, but
appears after only 700 EFCs at 2C charge and after 200 EFCs at 3C
charge. The onset of lithium plating results in rapid capacity decay and
thus the cycle life at 20 °C drops significantly as the charge rate in-
creases from 1C to 3C. When the temperature increases to 35°C
(Fig. 5d), the onset of lithium plating is postponed thanks to the ele-
vation of LDP with the increase of temperature (Fig. 4d). The mitigation
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of lithium plating leads to longer cycle life at 35 °C than at 20 °C for the
2C and 3C cases, though SEI growth is faster at 35 °C than at 20 °C.
The aging rates of these cases at the three different charge rates are
compared in Fig. 4c. It is very interesting to note that the optimal
temperature with the longest cycle life increases from 20°C at 1C
charge to 35 °C at 2C charge and 45 °C at 3C charge, indicating that the
benefit of elevating temperature to mitigate lithium plating outpaced

the negative impacts of accelerated SEI growth in the cases of higher
charge rate. It is worth mentioning that the aging rate with 2C charge is
even lower than that with 1C at temperatures > 40 °C in Fig. 4c. This is
because the aging rate is defined as capacity loss per EFC. When this
PHEV cell is charged with 1C or 2C at > 40 °C, SEI growth is the only
aging mechanism and its rate depends mainly on time. If plotting ca-
pacity retention against time, all cases of different charge rates would
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fall on the same curve if lithium plating does not occur, as shown in Fig.
S2a, which is in accordance with the experimental data of Dahn's group
[34]. As the time duration per EFC is shorter at a higher charge rate,
cell life, in terms of EFCs, is thus longer at 2C charge than at 1C (Fig.
S2b).

3.3. Increase of optimal temperature with energy density

The impacts of increasing energy density on the optimal tempera-
ture are similar to the impacts of increasing charge rate. Fig. 6a shows
the capacity retention curves of a high energy EV cell with 1C charge in
different temperatures. The EV cell has 2x areal loading density of the
PHEV cell, along with lower electrode porosity and smaller negative-to-
positive (N-P) ratio (see Table 1). The evolutions of the total capacity
loss induced by SEI growth and by lithium plating are shown in Fig. 7a
and b. Comparing Fig. 7 with Fig. 2, it can be drawn that the increase of
areal loading (anode thickness) has negligible impacts on the rate of SEI
growth (Fig. 7a vs Fig. 2b) but leads to much earlier onset of lithium
plating (Fig. 7b vs Fig. 2c). This can be attributed to the larger elec-
trolyte transport resistance in the thick anode, leading to much lower
LDP at the anode/separator interface in the EV cell than that of the
PHEV cell (Fig. 7c). We shall note that lithium plating occurs even at
50 °C in the EV cell (Fig. 7d).

The aging rate of the EV cell at 1C charge is compared with the
baseline PHEV cell in Fig. 6b. Though the rate of SEI growth is similar
in these two cells, the higher rate of lithium plating in the EV cell leads
to faster cell degradation. As such, the optimal temperature with the
lowest aging rate increases to ~ 35 °C for the EV cell at 1C charge. It is
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worth mentioning that these simulation results are in agreement with
the recent experimental studies of high energy cells. Winter's group
[25] reported that the cycle life of a high energy cell (anode thickness
74-80 um) at 45°C is 3x of that at 25°C with 1C charge (Fig. S1b).
Jossen's group [26] also found that a high energy cell with 77-um thick
anode had stable capacity retention at 40 °C (5% capacity loss after 400
cycles), whereas the same cells lost 30% capacity in only 250-400 cy-
cles at 25 °C (Fig. S1c).

3.4. Directions for temperature-independent fast and healthy charging

Fig. 8a presents a summary of the aging rate vs reciprocal tem-
perature of the above PHEV cell at various charge rates when reaching
20% total capacity loss; a contour plot in Fig. 8b shows the dependence
of cell life on temperature and charge rate. Similar plots for the EV cell
are given in Fig. 8c and d. As discussed above, the overall aging rate
depends on the competition between SEI growth and lithium plating
and therefore is a strong function of temperature and charge rate. In
general, if the charge rate is rather low (e.g. overnight charging of an
EV at home), lithium plating would not be a big issue and hence it
would be beneficial to charge the battery at lower temperatures to al-
leviate SEI growth. If rapid charging is demanded, however, it would be
better to charge at higher temperatures in order to mitigate lithium
plating. It should be noted that EVs are charged in a wide range of
ambient temperatures as they operate in various regions and weather
conditions. As such, even with fast charging stations available, the
charge rate of an EV shall be strictly restricted in order to prevent li-
thium plating and maximize cell life. For instance, if we want to achieve
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a cycle life of at least 1000 EFCs, the charge rate of the PHEV cell
(Fig. 8a) in this work shall be lower than 2C at 15 °C, 3C at 25 °C and 4C
at 35 °C. For the EV cell (Fig. 8c), the charge rate shall be further re-
duced to ~1.5C along with restricting the charging temperature to a
narrow window of 30-45 °C if we want to achieve fast charging while
maintaining a life of 1000 EFCs simultaneously. Clearly, the charging
rate shall be defined as a function of temperature and energy density for
the sake of cell life. Indeed, a very recent work from Idaho National Lab
[35] revealed, based on statistical analysis of on-road data from Nissan
Leafs operated as taxi cabs in New York City, that the total charging
time increased significantly with the decrease of temperature. For taxi
drivers, every minute spent on charging is a minute they are not making
money; thus charging at high temperatures to reduce total charging
time would be extremely appealing to them.

Most recently, our group presented a cell structure that can be ac-
tively controlled to achieve lithium plating free (LPF) charging in any
ambient temperatures [36]. The key idea is to charge a battery always
around its optimal temperature. A rapid heating step is added to heat
the cell to its optimal temperature prior to charging. As such, charging
from different ambient temperatures is transformed to charging at a
pre-defined optimal temperature that offers the best cycle life. Rapid

heating is essential for this LPF fast charging as the total charging time
including the heating step is limited to 10-15 min. Conventional battery
heating methods using external heating devices are hindered by the
intrinsic conflict between heating speed and uniformity (i.e. high
heating rate leads to localized overheating near cell surfaces) [37] and
hence their heating speed is typically < 1 °C/min, which cannot fulfill
the need for fast charging. The LPF cell structure has an internal heating
element, a thin nickel foil, embedded inside the cell, which creates
immense and uniform heat and enables rapid heating at ~ 1 °C/sec. As
demonstrated in our recent work [36], a LPF cell with an energy density
of 170 Wh/kg, similar to the PHEV cell simulated in this work, can be
charged from 0% to 80% SOC in ~15min even at —50 °C. Further-
more, this LPF cell sustained 4500 cycles of 3.5C charging at 0 °C before
losing 20% capacity, whereas an identical cell without the preheating
step only survived 50 cycles at the same condition.

The LPF cell structure along with the heated charging method
completely removes the restrictions of temperature on battery charging;
thereby it offers a new direction for fast and healthy charging of high
energy cells. We can learn from the above analysis that raising the
charging temperature is an effective approach to mitigate lithium
plating. For future high energy EV cells with much thicker and denser
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anodes, a feasible approach to achieve fast charging without lithium
plating is to further increase the charging temperature (e.g. to ~60 °C
or even higher). To that end, a critical issue to resolve is to improve
electrolyte stability and reduce SEI growth rate at high temperatures. It
is worth mentioning that today's commercial electrolytes (LiPF¢ in EC-
based solvent) are mostly optimized for operation in a wide range of
temperatures which encompass various trade-offs. With the LPF cell
structure and heated charging method, the cell is charged always
around a pre-defined temperature; thus we only need to focus on op-
timizing electrolyte performance around a single temperature. We are
now partnering with the U.S. Department of Energy to develop an ex-
treme fast charging technology based on this new cell structure and the
heated charging method. Specifically, we shall achieve 6C charging
of > 220 Wh/kg cells (based on NMC622 or 811 cathode and graphite
anode) with a life of > 1000 cycles.

4. Conclusions

We have presented a numerical study of the impacts of fast charging
and energy density on cycle life of LiBs. The model well captures the
temperature-dependent aging behavior, more specifically, the existence
of an optimal temperature for cycle life. The optimal temperature is
found to be ascribed to the competition between SEI growth and li-
thium plating and therefore is a strong function of charge rate and
energy density. Furthermore, it is revealed that the optimal tempera-
ture would increase with the increase of charge rate and/or energy
density. Raising the charging temperature therefore would be an ef-
fective approach to mitigating lithium plating and enabling robust fast
charging of EV batteries.
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Nomenclature

a: specific surface area, m~
c: concentration, mol m ™~
Dgc: diffusion coefficient of ethylene carbonate, m? s~

1
3
1

E,¢ activation energy, J mol ™!
F: Faraday constant, 96487 Cmol ~*

ip: exchange current density, A m™~
Jj: volumetric current density, A m~
k: kinetic rate constant, m s~

2
3
1

R: universal gas constant, 8.314 Jmol 'K ™!
t: time, s
T: temperature, K

Greek

a: charge transfer coefficient
£ porosity

&: film thickness, m

n: overpotential, V

Subscripts

gr: graphite

Li: lithium

EC: ethylene carbonate

SEI solid electrolyte interphase
tot: total

Abbreviations

EC: ethylene carbonate

ECT: electrochemical-thermal

EFC: equivalent full cycle

EV: electric vehicle

LDP: lithium depositino potential
LIB: lithium ion battery

LPF: lithium plating free

PHEV: plug-in hybrid electric vehicle
SEI solid-electrolyte-interphase
SOC: state of charge
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