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The main barrier to fast charging of Li-ion batteries at low temperatures is the risk of short-circuiting due to lithium plating. In-situ
detection of Li plating is highly sought after in order to develop fast charging strategies that avoid plating. It is widely believed that
Li plating after a single fast charge can be detected and quantified by using a minimum in the differential voltage (DV) signal
during the subsequent discharge, which indicates how much lithium has been stripped. In this work, a pseudo-2D physics-based
model is used to investigate the effect on Li plating and stripping of concentration-dependent diffusion coefficients in the active
electrode materials. A new modelling protocol is also proposed, in order to distinguish the effects of fast charging, slow charging
and Li plating/stripping. The model predicts that the DV minimum associated with Li stripping is in fact a shifted and more abrupt
version of a minimum caused by the stage II-stage III transition in the graphite negative electrode. Therefore, the minimum cannot
be used to quantify stripping. Using concentration-dependent diffusion coefficients yields qualitatively different results to previous
work. This knowledge casts doubt on the utility of DV analysis for detecting Li plating.
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and mean capacity fade per cycle. Zhang et al. found all three
methods to test positively for plating for cells subjected to low
temperature fast charging, negatively for cells with slow charging
and high temperatures and inconclusively for intermediate scenarios.
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In order to prevent short-circuiting, however, it is necessary to be
able to quantify the Li plating due to a single fast charge. Smart
et al.'® identified a high voltage plateau at the beginning of discharge
that appears to be characteristic of Li stripping. Petzl and Danzer'’
used differential voltage (DV) analysis to identify the end of the
voltage plateau. Petzl and Danzer assumed this minimum marks the
end of the stripping process and therefore used the capacity at which
the minimum occurs to estimate the amount of reversibly plated Li.
To find out if this is indeed the case, simulations of Li plating and
stripping are required.

Building on the earlier modelling work of Arora, Doyle and
White,” Yang et al.'® and Ren et al.”” compared experimental and
simulated DV analyses. They found that in the simulations, most or
all of the Li is indeed stripped at the capacity at which the minimum
occurs. Zhao et al.*® also compared experimental and simulated DV
analyses; unlike Yang et al. and Ren et al., their model included the
second irreversible reaction where plated Li reacts with the electro-
lyte to form SEI. They found that for higher discharge rates, more of
the plated Li could be recovered, implying the plated Li capacity was
calculated, but no plots of plated Li capacity were included.

However, most DV analyses of fast charging in the literature do
not make any attempt to distinguish the effects of fast charging from
other effects, such as phase transitions between different stages of
lithiation in graphite. Campbell et al.® conducted control studies of
discharge after a slow charge—which they termed “reference
discharges”—and found two DV minima early in the discharge.
One minimum occurred within the first 150 mAh of discharge (out of
a total capacity of 7.5 Ah), only when the cell was conductively
cooled, and not when the cell was convectively cooled in a thermal
chamber. The second minimum occurred around 1 Ah for both
cooling methods and was observed for the reference discharges as
well as after the fast charge. Since the second minimum also
occurred after a slow charge, it could not be caused by plating.
Instead, this second minimum is consistent with the DV signal
resulting from one of the graphite stage changes. According to the
theory that the DV minimum marks the end of stripping, no plating
is expected to take place in the convectively cooled cells. However,
cell teardowns confirmed Li plating had occurred for both cooling
methods, leading Campbell et al. to conclude, “absence of evidence
is not evidence of absence.”

The other main problem in the current literature is on the
modelling side and concerns the assumptions made around the
diffusion coefficient of Li"* inside the graphite particles.
Measurements>'*? and modelling®*** have shown that the diffusion
coefficient is high for concentrations at which graphite undergoes
phase transitions between stages of lithiation and low for other
concentrations. However, most models neglect the dependence of
diffusion coefficient on Li" concentration altogether, 1920 while
Yang et al.'® assume a simple power law with no dependence on
staging. Given the large concentration gradients within the graphite
particles after a fast charge, this oversimplified treatment of Li™
diffusion is a major limitation.

In this work, concentration-dependent diffusion coefficients and
control studies of the type performed by Campbell et al.® are
combined for the first time. The work of Yang et al.'® is extended to
include more realistic diffusion coefficients and reduce the number
of adjustable parameters. Parameters - including concentration-
dependent diffusion coefficients - for the cells used by Campbell
et al. have already been obtained,”*> enabling direct comparison
with Campbell et al.’s results while minimizing the potential for
overfitting. By performing different simulations and directly com-
paring the results with Campbell et al.’s experiments, the effects of
fast charging, slow charging and concentration-dependent diffusion
coefficients on Li plating can be distinguished.

Theory

The model in this work is largely based on that of Yang et al.,'®
with differences in the implementation and the equation for Li

plating/stripping. The pseudo-2D model of Li-ion batteries was
developed by Fuller, Doyle and Newman>® and solves for four scalar
fields: electrostatic potential ¢, (x, ¢) in the electrolyte, electrostatic
potential ¢4(x, t) in the solid-phase electrode particles, electrolyte
concentration c.(x, t) and concentration c,(x, r, t) of Li* in the
active material of the electrode particles. These fields are found by
solving four differential equations. Charge conservation in the solid
electrode particles is given by Ohm’s law:

%,
Uiﬁ = Jrot> (1]

where oy is the conductivity of the solid particles in the positive or
negative electrode, which is denoted by an 4+ or — subscript
respectively, and j, is the current per unit volume across the
interface between the solid electrode particles and the electrolyte.
The equivalent equation for the electrolyte has both Ohmic and non-
Ohmic terms:

9%,
Ox?

2RT 0%Inc, .
+ Tﬁeff(cea T)(l - t+) axz = Jtot> [2]

—Feft (Ces T)

where kg (ce, T) is the effective conductivity of the electrolyte, T is
the cell temperature, R is the universal gas constant, F is Faraday’s
constant and ¢+ is the transference number of Lit ions in the
electrolyte. Similarly, the continuity equation in the electrolyte has
diffusion and source terms:

O(ece) 0 Oce 1 -1,
) _ 9D ice T o
ot ax( etf(ce, ) O ) + ( F )Jtol’ [3]

where € is the electrolyte volume fraction - also referred to as the
porosity—and D (ce, T) is the effective diffusion coefficient of the
electrolyte. The continuity equation in the electrode particles
accounts for diffusion in the radial dimension r of spherical particles:

o _ 10
ot r2 or

(Di(ca, T) rz%), [4]

with the source term as a boundary condition:

[o]eN

Dj:(Cm T) Ox

= —Nin(x, D). (5]

r=ry

The diffusion coefficient D.(c,, T) in the electrode particles is
usually the main rate-limiting factor for high charge/discharge rates
and is therefore a critical parameter. The current per unit volume j,
across the electrode-electrolyte has contributions from the main Li*
intercalation/deintercalation reaction and the Li plating/stripping
side reaction:

jtot = Fa.(Nint + Nyo)s [6]

where a.. is the surface area to volume ratio of the electrode and N,
and Nj, are the net reaction fluxes per unit area for deintercalation
and stripping respectively (negative values correspond to intercala-
tion and plating). Both fluxes are calculated using Butler—Volmer
equations. The Butler-Volmer equation for the main reaction flux
Nine 1s well known:

N = 2k:(T) [ S (s — e)es sinh(ﬂ), 7]
Ceq 2RT

where k. (T) is the reaction rate constant, c.q is the electrolyte
concentration at equilibrium, ¢+ is the maximum Li" concentration
in the active material, ¢;(x, t) = ¢, (x, r = ry, 1) is the concentration
of Li* at the surface of the electrode particles and the reaction
overpotential 7 is defined with respect to the open-circuit potential
Uy (cy):
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n= 0, — ¢ — Uslcy). [8]
The SEI resistance has not been included in 8 as measuring this
would require impedance spectroscopy measurements on these
particular cells; this data is not available in Campbell et al.° The
first Butler-Volmer equation for Li plating/stripping was devised by
Arora, Doyle and White® and assumed a constant exchange current
density with no dependence on the electrolyte concentration c. or the
concentration cy ; of plated Li. Yang et al.'® used an updated equation
that included concentration dependence:

Ny = kg (¢5) % Li(cX)ati CLi ex: Qa Ll o
‘ se (i) eri(ce) (Cfi o (6, — &)

_ cc—iexp( Qelil ¢)]) 9]

€

where ¢ = Ceq and both k and ¢ were used as fitting parameters.
The transfer coefficients o, 1; and acp; were set to 0.3 and 0.7
respectively, as Arora, Doyle and White® did, citing a study by
Verbrugge and Koch.”” However, Wood et al.®® assume

i = acri = 0.5, citing a different paper by Verbrugge and
Koch.?® More recent measurements suggest o, i and o to be
approximately 0.4 and 0.6 respectively.*’ = Given the large spread
of values in the literature, the null hypothesis of a symmetrical
reaction with o, 1; = a1 = 0.5 is assumed in this work. It is also
worth noting that reference concentrations are arbitrary, therefore 9
remains valid if ¢ = ¢ = Ceq» Tesulting in both reference concen-
trations disappearing. Making both of these changes results in a
simpler equation for Li plating/stripping while retaining full
concentration dependence:

Ny = ksr(CLi exp(%}‘ﬁe)) —ce exp( F(Q;RT¢ ))] [10]

Equation 10 is identical to the equation for Li plating/stripping used
by Wood et al.,*® although they were modelling Li metal electrodes
rather than plating on graphite. The main reason for using it,
however, is that kg, is now the only fitting parameter. Since the
concentration ¢y ; of an additional species is introduced, an additional

continuity equation is required, which is given by Yang et al.'®

aC]_i

- —aN,. 11
ot @ [t

The effect of plating/stripping on the porosity €(x, t) is also
accounted for using the method of Sikha, Popov and White®*:

M -
9 _ g Muy [12]
ot PLi
One major difference between this and similar models'®*2° is the

lack of any thermal modelling. Instead, for simplicity in the present
work, the cell temperature is a function of time based on experi-
mental measurements. This approach avoids the need to find
parameters for the thermal model, which were not provided by
Ecker et al.,”>*> so more effort can be directed into investigating the
effects of changing the plating/stripping rate constant k. and
graphite diffusion coefficient D (c,, T). However, the experimental
measurements do not account for thermal gradients in the cell.

Experimental

All experimental work in this paper has been presented previously
by Campbell et al..® so only a brief summary is given here. Testing
was performed on two commercially available high-energy Kokam
7500 mAh (nominal capacity Qyom) cells with model number
SLPB75106100. Although nominally NMC-Graphite, Ecker et al.*

used Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OEYS) to find the positive electrode to be made of LiNig 4Cog 605,
i.e., NMC406. Charging at up to 1C (1.8 mA cm™2) between 273.15 K
(0°C) and 313.15K (40 °C) is approved by the manufacturer, while
lower and upper voltage cutoffs are 2.7 V (Vi) and 4.2 V. (Viax)
respectively.

Two different thermal management systems were used. One cell
was conductively cooled using a water/propylene glycol (1:1)
coolant maintained at 273.15 K. The other cell was placed in a
binder with an ambient temperature at the same value of 273.15 K
and was therefore cooled by natural air convection. The surface
temperature of the cells was measured using type K thermocouples
with an accuracy of £1.5 K.

Charge-discharge cycling was conducted using a battery cycler
(Bio-Logic, BCS-815). Both cells were initially discharged at C/5
(0.4 mA cm™?) to Vi, allowed 1 h to equilibrate, then subjected to
a CCCV charge consisting of a constant current charge at C/10
(0.2 mA cm™?) to Vi followed by a constant voltage charge until
current / < C/20 (0.1 mA cmfz) to evaluate capacity. As a control
study, cells were recharged to 80% state of charge (SoC) at a
reference rate of C/10 (the “reference charge”) and immediately
discharged at C/20 to Vi, (the “reference discharge”). Following
1 h of equilibration, cells were subjected to a fast CCCV charge
consisting of a 4C (7.3 mA cm~?) constant current charge t0 Viax
followed by a constant voltage charge to 80% SoC, then immedi-
ately discharged at C/20 to Vy;, (the “stripping discharge”).

Simulations

Simulations were conducted in COMSOL 5.3a using the
Batteries and Fuel Cells module to implement the equations in the
Theory section. The cells used in the experiments have the same
model number as the 7500 mAh (Q,,,,») cell parameterized by Ecker
et al.,”>? so most of the parameters used in this work were taken
from those papers. The empirical functions for the open-circuit
potential U (¢;) and diffusion coefficient D (c,) of the negative
electrode are particularly important when studying Li plating/
stripping, so these are plotted in Figs. la and 1b respectively.
Note the dependence of these quantities on the various stages of
lithiation, which is consistent with reports elsewhere in the
literature.?""**  All other parameters are given in the
Supplementary Information available online at stacks.iop.org/JES/
167/090540/mmedia. Two parameters had to be modified. The
capacity loss due to initial SEI formation had to be increased from
6.8% to 10.4% (halfway between Ecker et al.’s fitted and measured
values) for the experimental and simulated cell capacities to match
during the reference discharge. The inactive fraction in the negative
electrode was also increased from 44.5% to 50% to align the
reference discharge DV signal to the measurements of Campbell
et al.® The only relevant parameters not found by Ecker et al. were
those specific to Li plating/stripping. The molar mass My; and
density p,; of Li metal are known to be 0.00694 kg mol~' and
534 kg m™ " respectively, while the plating/stripping rate constant ki,
was treated as a temperature-independent fitting parameter for which
multiple values were investigated.

The experimental charge/discharge protocol was replicated as
closely as possible in the simulations. The cell began in the fully
charged equilibrium state calculated by Ecker et al.”> and was
discharged at C/20 (0.1 mA cm ?) to Vyn =27 V and left to
equilibrate for 1 h, as an approximation to the fully discharged
state. The reference charge to 80% state of charge (SoC) at C/10
(0.2mA cm™?) was then conducted, followed immediately by the
reference discharge to Vi, at C/20. The point at which 80% SoC
was reached was determined by integrating the current over time.
Following another 1 h equilibration, a fast CCCV charge, consisting
of a 4C (7.3 mA cm 2) constant current charge to V,x =42 V
followed by a constant voltage charge to 80% SoC, was conducted.
After the fast charge the Li* concentration at the surface of the
graphite particles approaches its maximum value (i.e., ¢, ~ ¢p_)
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Figure 1. (a) Open-circuit potential and (b) Li" diffusion coefficient in the graphite negative electrode as a function of normalized Li" concentration, as

measured by Ecker et al.* at 296 K.

making the numerical solution unstable, so 20 s of equilibration
between the fast charge and stripping discharge was necessary to
avoid unphysical positive values for the differential voltage Y at the
beginning of discharge. The stripping discharge was done at a rate of
C/20 to Vyin, as with the reference discharge.

In order to investigate why the first DV minimum was observed
for conductive cooling but not for convective cooling, both cooling
methods were simulated. Figure 2 shows the experimentally
measured surface temperature of the conductively cooled and
convectively cooled cells, during both the fast charge and stripping
discharge.® For the conductively cooled cell, the experimental
surface temperature varied by no more than 3 K (the uncertainty
on the measurements was +1.5 K) throughout the cycle, so the
temperature was kept constant at 273.15 K throughout the simula-
tion. For the convectively cooled cell, the simulated temperature was
kept at the same constant value T = 273.15 K during the
initialization, reference charge, reference discharge and 1 h equili-
bration, but became a time-varying function

30 " - : T .
Conductive cooling
=== Convective cooling |

251 N

20

15

10

Surface temperature ( C)

0 0.5 1 1.5 2 2.5 3
Time from beginning of fast charge (hours)

Figure 2. Experimentally measured surface temperature of the conductively
cooled and convectively cooled cells, as functions of time, from Campbell
et al.® The circles indicate the end of charge and beginning of discharge.

Tioe (1) = Tinic + AT[I - exp(t:ﬂ]] [13]
rise
during the fast CCCV charge and
1 — IgoC
Tran(t) = Tnie + AT eXp(—i] [14]
Ifall

during the 20 s equilibration and stripping discharge, where
AT = 25 K, tgoc is the time at which the CC charge begins,
tise = 300 s, tgoc 1s the time at which the CV charge ends and
tran = 1920 s, based on the data in Fig. 2. The main effect of
varying the temperature is through the strong Arrhenius dependence
on T of the (de)intercalation rate constants k. (7") and diffusion
coefficients D, (c,, T), as detailed in the Supplementary Information.

Results and Discussion

Figures 3a and 3b show experimentally measured voltage-
capacity plots for both reference and stripping discharges for the
(a) conductively cooled and (b) convectively cooled cells.® For both
cells, the stripping discharge begins with a high voltage plateau
whereas the reference discharge does not, although the plateau lasts
significantly longer for the conductively cooled cell. After the
voltage plateau ends, the reference and stripping discharges are
mostly identical, except for the end of discharge for the convectively
cooled cell, where there appears to be an increase in discharge
capacity after the fast charge. Campbell et al.® noted that this effect
has previously been observed by Gyenes et al.,>* who proposed that
the extra capacity could be due to Li* in the overhang, at the edges
of the negative electrode, becoming active.

Figures 3c and 3d show differential voltage (DV) plots for the (c)
conductively cooled and (d) convectively cooled cells. To remove
noise from the DV plots, the voltage data was smoothed before
differentiating using the moving average method, a window of 0.5%
of the data and 2 iterations. For both cells, the reference and
stripping discharges have very different DV signals at the start of
discharge but converge after about 1500 mAh. Panels (e) and (f)
show the same DV plots but zoomed in to show the first 1200 mAh
of discharge. For the conductively cooled cell, the DV signal for the
stripping discharge has a minimum at 140 mAh, which is similar to
the DV minimum observed by Petzl and Danzer'’ during a similar
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Figure 3. Experimental voltage-capacity and differential voltage (DV) measurements from Campbell et al.® Panel (a) shows the voltage-capacity plots for the
conductively cooled cell, while panel (b) shows those for the convectively cooled cell. Panels (c) and (d) show the DV plots for the conductively cooled and
convectively cooled cells respectively, i.e., the derivatives of the voltage-capacity plots above. Panels (e) and (f) show the same DV data as panels (c) and (d)
respectively but zoomed in for the first 1000 mAh of discharge, when the minima of interest occur.

experiment. A later, smaller minimum at 1000 mAh has more
similarity with those observed by Refs. 18-20. These minima are
widely believed to correspond to the end of stripping.'” However,

Campbell et al.® compared their results with half-cell measurements
performed by Ecker et al.* and concluded that the second minimum
in the stripping discharge is actually a delayed version of the first
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Figure 4. Simulated voltage-capacity plots for a constant temperature of 273.15 K, which corresponds to the conductively cooled cell in the experiment. Panel
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minimum in the reference discharge, which is caused by a stage
transition in the graphite negative electrode and not stripping. The
first DV minimum, which is not present in the reference discharge, is
completely absent for the convectively cooled cell. Despite this, a
cell teardown confirmed the presence of metallic Li in both cells.
There were no DV features in the convectively cooled cell that could
be attributed to stripping, yet plating had clearly occurred, leading
Campbell et al.® to conclude, “absence of evidence is not evidence of
absence.” For the convectively cooled cell, both the reference and
stripping discharges have only one minimum, at 600 mAh.

Modelling provides the additional freedom to enable and disable
Li plating at will, providing further insight into which features can
be attributed to plating/stripping. Figure 4 shows simulated voltage-
capacity plots at constant temperature T;,; = 273.15 K. Two cases
were modelled: one with k, = 1 x 10719 m s~!, which is justified
below, and a control study with kg = 0, i.e., no plating. Panel (a)
provides an overview of the full capacity range; panel (b) zooms in
on the key region of interest. Inspection of panel (b) reveals that both
stripping discharges also contain abrupt changes in the gradient,
which occur just before 300 mAh with plating and around 600 mAh
without plating.
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2000 3000 4000 5000

Discharge capacity Q (mAh)

0 1000 6000

These features are easier to identify using DV plots for the same
data sets, which are shown in Fig. 5. The noise in the experimental
data is not present in the simulations, but the same smoothing
algorithm is applied anyway, to make comparison between simula-
tion and experiment simpler. Panel (a) shows the full capacity range.
For the case with plating, all of the maxima and minima in the
experimental data shown in Fig. 3c are present in the simulated data,
albeit at slightly different capacities. Panel (b) focuses on the first
1000 mAh of discharge and the features that occur in that time
frame. For the case with plating, there are two minima: a large one at
285 mAh and a much smaller one at 770 mAh, which have
amplitudes within 25% of the experimental minima at 140 mAh
and 1000 mAh in Fig. 3e. For the case without plating, there are two
broad minima at 600 and 800 mAh, which overlap so much they are
almost one single minimum. A similar pair of overlapping minima is
observed in the reference discharge. The effect of plating is to drive
these overlapping minima apart, forming two distinct features. These
results strengthen the argument of Campbell et al.® that the first
minimum, not the second, is the indicator of plating.

While the predicted magnitude of the first DV minimum is within
25% of the experimental value, the capacity value at which it occurs

0 200 400 600

Discharge capacity Q (mAh)

800 1000

Figure 5. Simulated differential voltage (DV) plots for a constant temperature of 273.15 K, i.e., the derivatives of the data in Fig. 4. Panel (a) shows the full

capacity range; panel (b) zooms in on the region of interest.
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Figure 6. Simulated DV plots for a constant temperature of 273.15 K and
different values of the rate constant kg for Li plating and stripping. Only the
first 1000 mAh of discharge is shown. Additional plots for this study are
shown in the Supplementary Information.

is double that in the experiment. One possible reason for the difference
is that the values for the positive electrode utilization fraction and
inactive material fraction were taken directly from Ecker et al.,”
whereas the equivalent values for the negative electrode were adjusted
to fit this particular data set (see Simulations section and
Supplementary Information). Another possible reason is that this
model is one-dimensional and assumes plating to be uniform across
the electrode area, despite it being well-known that plating is greater at
the edge of the negative electrode.*’” In addition, despite the cell
surface being at a constant temperature, there may have been thermal
gradients within the cell that the model does not account for.

Since no technique for measuring kg has been proposed, let alone
any measurements been carried out, &, is treated as an adjustable fitting
parameter. Figure 6 shows simulated DV plots for different values of
kg, this time focusing only on the first 1000 mAh of discharge and only
showing stripping discharges. The initial large minimum is present for
all four kg, values. For ks, = 2 x 1071 m s~ ! there are two additional
minima after the large one and a small minimum before, for
kg =1 x 10719 m s~! there is one additional minimum after the
large one and for smaller kg values only one minimum is present,
followed by a plateau. Only kg, = 1 x 10710 m s™" results in the same
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number of minima as observed in the experiment, so this value is used
throughout this study. Further analysis and discussion of these reuslts,
including an explanation of the underlying physics, can be found in the
Supplementary Information.

A similar simulation was done for the cell with self-heating
during charge and slow cooling during discharge, governed by 13
and 14 respectively, to correspond with the experiment with natural
air convection. Figure 7 shows similar voltage-capacity plots to
Fig. 4 for the cell with self-heating. The abrupt gradient changes in
the constant temperature simulation also occur here, but at lower
discharge capacities: around 200 mAh with plating and 500 mAh
without plating.

Figure 8 shows the DV plots for the simulation with self-heating.
As with the constant temperature simulation, all maxima and minima
in the experiment are reproduced in the case with plating. Unlike in
the experimental measurement, the large minimum close to the
beginning of discharge is still present in the stripping discharge with
plating but is now moved to 210 mAh. The broad, overlapping
minima in the reference discharge are also still present, while the
second minimum in the stripping discharge is shifted to 600 mAh
and is barely visible.The model is unable to explain why the first DV
minimum is absent for the convectively cooled experimental cell.
However, the second minimum is predicted to occur at the same
capacity as in the experiment. The amplitude of the second minimum
is again predicted to within 25% of the experimental value.

The extent of plating in the simulated cells can be quantified by
calculating the total capacity Qp; of plated Li, which involves
integrating the plated Li concentration ¢y ; over the volume v of the
negative electrode and multiplying by Faraday’s constant F:

o
Ou=F [ e dv=Fa [ oy [15]

where A = 0.41208 m>* is the total planar electrode area. Figure 9
shows the decline of Qp; during the stripping discharge. The DV
minima, which are widely believed to mark the end of stripping, are
observed at 285 mAh and 210 mAh for the constant temperature and
self-heating simulations respectively. However, lithium stripping
continues until after 2500 mAh. Therefore, the minima in these
simulations clearly do not indicate the end of stripping, but do
appear to indicate that stripping is occurring.

To investigate the physical mechanism that causes these minima,
it is helpful to calculate the average values of the normalized surface

concentration ¢ = %~ and open-circuit potential U_(c*) across the
. o S

thickness of the negative electrode:
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Figure 7. Simulated voltage-capacity plots with self-heating during charge and cooling during discharge, which corresponded to the convectively cooled cell in
the experiment. Panel (a) shows the full capacity range; panel (b) zooms in on the region of interest.
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Figure 10a shows {¢.") (¢) for the first 1000 mAh of discharge for the
constant temperature simulation, while Fig. 10b shows (U_) (t) over
the same period. By comparing these plots with Fig. 1a, the cause of
the DV minima becomes clear: the stage II-stage III phase transition
is triggered after 270 mAh of discharge with plating and 550 mAh
without plating. The reason the surface concentration decreases
faster when stripping is present is that the occurrence of plating
results in less Li being available to intercalate into graphite. The
surface of the graphite particles is still almost fully lithiated after the
fast charge but there is less Li available overall, causing a shortage
of Li in the centre of the particles. This large concentration gradient
between the centre and surface of the particles drives rapid diffusion
of Li from surface to centre, causing the stage II-stage III phase

1200

Constant temperature
==== Self-heating
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Figure 9. Capacity of plated Li for both the simulation with constant
temperature and that with self-heating. The circles indicate the capacities at
which the DV minima in Figs. 5c¢ and 8c occur.

transition to occur sooner and more abruptly than it would with no
plating. The DV minimum therefore occurs sooner and more
abruptly as well. After the secondary minima around 800 mAbh, all
three (U_) (¢) curves become flat again, meaning the phase transition
has ended. The DV is not zero when (U_)(¢) is flat because of the
remaining contribution from the positive electrode (U, (c,") is plotted
in the Supplementary Information).

In order to test the hypothesis that the first DV minimum is
caused by an early phase transition, another constant temperature
simulation was conducted with constant diffusion coefficients. The
constant diffusion coefficients were obtained by performing an
average over all values of Di(c)):

1
(D) = [ Dutehacr, [18]

resulting in (D) = 2.1 x 10~ m*s ™" in the negative electrode and
(D) = 1.5 x 1073 m? s™" in the positive electrode, which have
the same orders of magnitude as those used by Ren et al.'® In the
graphite negative electrode, use of 18 means the diffusion far from
phase transitions will be significantly faster than for the concentra-
tion-dependent diffusion depicted in Fig. 1b, while the opposite will
be true at the phase transitions themselves (note that Uy is still
concentration-dependent).

Figure 11a shows DV plots with constant diffusion coefficients
(Dy), a constant temperature of 273.15 K and different values of ki,
focusing on the first 1000 mAh only. Unlike in the simulations with
nonlinear diffusion, the reference discharges are not identical, so
they are plotted as thin black lines while the stripping discharges are
plotted as thick coloured lines. With the averaged diffusion
coefficients, the first DV minimum disappears. On increasing ki,
by a factor of 200, the minimum reappears at a discharge capacity of
77 mAh. Figures 11b and 11c show the corresponding (c.)(¢) and
(U_) (). The phase transition in Fig. 11c does not line up with the
DV minimum in panel (a), so another explanation for the DV
minimum is sought. Figure 11d, which plots the average over-
potential (n) (r) in the negative electrode, shows a steep gradient in
the same capacity range as the DV minimum.

The capacity Qp; of plated lithium for the simulation with
averaged diffusion coefficients is plotted in Fig. 12. For
kg =2 x 1078 m s~ ', Li stripping is mostly complete, though not
entirely, when the DV minimum occurs; Yang et al.'"® made a similar
finding. The sharp overpotential gradient therefore occurs during the
period when the dominant reaction switches from stripping to
deintercalation; the overpotential rises to allow deintercalation to
occur.
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Journal of The Electrochemical Society, 2020 167 090540

1200 T T T :
kU =2E-8 m/s
= 1000 kU =2E-9mis
< . kU =1E-10 m/s
E
> 800F
©
@
o
@
© 600+
£
= DV minimum
5
= 400
7o)
2
Ko
B 200
O ke — e — mle sa s == =
0 200 400 600 800 1000

Discharge capacity (mAh)

Figure 12. Capacity of plated Li for the simulation with constant tempera-
ture, concentration-independent diffusion coefficients in the electrode
particles and different values of the rate constant kg for Li plating and
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The mechanism causing the DV minimum is therefore different
in the simulations with nonlinear and linear diffusion. For nonlinear
diffusion, the minimum is caused by a phase transition in the
graphite and Li stripping persists for over 2000 mAh afterwards. For
linear diffusion, the higher k;, means that stripping is mostly
completed by the time the minimum is observed, forcing the
overpotential 7 to shift to a value favouring the deintercalation
reaction, thus causing the DV minimum that way.

There are therefore two possible explanations for the DV
minimum commonly observed after a fast charge. The dominant
explanation in the literature is that the minimum marks the end of Li
stripping and can therefore be used as a means of quantifying the
amount of Li plated after a single fast charge. The simulations in this
work suggest that if the diffusion coefficient of Li" intercalated in
graphite is not sensitive to phase transitions, the minimum does
indeed mark the end of stripping. However, the literature shows that
the diffusion coefficient is highly sensitive to phase transitions.>'~>*
As a result, the simulations predict that Li stripping is much slower
and the minimum is caused by the stage II-stage III phase transition
instead. Lithium plating causes this phase transition to begin sooner
and more abruptly than it would otherwise, causing the DV
minimum associated with the phase transition to be split into two.

There are two possible reasons why the DV minimum splitting is
not observed in the experiment where the cell was cooled by natural
convection. Either the splitting does not occur, or it does occur but
the first minimum is moved to such a low capacity value that it
cannot be resolved experimentally. The low amplitude of the second
minimum, compared to the reference discharge, is consistent with
the second possibility. A possible cause for such extreme splitting is
that the extent of self-heating is underestimated by the surface
temperature measurements and the core temperature during the
experiment is in fact greater. In this case, plating would still occur
causing large concentration gradients inside the graphite particles,
but rapid diffusion following self-heating would cause the phase
transition to begin almost immediately after the start of discharge,
resulting in an early DV minimum that would be difficult to resolve
experimentally.

Conclusions

The theory that the DV minimum marks the end of Li stripping
rests on the assumption that the diffusion coefficient of Li" in
graphite has little or no dependence on Li* concentration. The
literature shows on the contrary that the diffusion coefficient is

highly sensitive to phase transitions.”'~>* In this case, the minimum
is caused by plating-induced early onset of the stage Il-stage III
phase transition and cannot be used to quantify plating.

The model of Li plating and stripping presented in this paper is
similar to that of Yang et al.'® but contains two important
differences. The first main difference is that this paper utilizes two
different types of control study so that each discharge is simulated
three times: once after a slow charge, once after a fast charge
(stripping discharge) and once after a fast charge with plating
disabled. This approach allows users to identify which features of
the simulation results are due to Li plating, which are due to fast
charging and which would occur even with no fast charge. The
results strengthen the argument of Campbell et al.® that the DV
minimum observed at just over 10% of discharge capacity is not
caused by Li stripping, while an earlier minimum is.

The second and more important innovation is the use of
concentration-dependent diffusion coefficient data from Ecker
et al.?* that explicitly accounts for phase transitions in the graphite
negative electrode, in accordance with earlier findings.*"**** The
effect of diffusion in the electrode particles was studied in two ways:
by varying the temperature, mimicking conductive and convective
cooling scenarios, and by replacing the concentration-dependent
diffusion coefficient with a constant value. The DV features
observed at the beginning of discharge in the constant temperature
simulation were also observed in the self-heating simulation, but
earlier in the discharge due to faster diffusion in graphite.

When the concentration-dependent diffusion coefficient was
removed and the diffusion equation therefore made linear, the DV
minimum disappeared. Increasing the rate constant kg for plating/
stripping by a factor of 200 retrieves the minimum, but the
mechanism causing it is changed so that stripping is mostly
completed when the minimum is observed.

Model predictions show that an unusually sharp DV minimum at
the beginning of discharge could be evidence of Li plating, while the
associated experiments® found that Li plating can occur even if no
sharp DV minimum is observed. This knowledge does not rule out
DV analysis as a diagnostic technique for detecting Li plating, but
casts doubt on its reliability.

A major weakness of all electrochemical models of Li plating is
the lack of any experimental procedure for measuring the constant
ks, governing the plating/stripping reaction. If this becomes avail-
able, the models will become more physically realistic and a major
advance in understanding Li plating/stripping will almost certainly
result.
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