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Effects of Current Density on Defect-Induced Capacity Fade
through Localized Plating in Lithium-Ion Batteries
Xinyi M. Liu and Craig B. Arnold*,z

Department of Mechanical and Aerospace Engineering, Princeton Institute for the Science and Technology of Materials,
Princeton University, Princeton, New Jersey 08544, United States of America

Because of material heterogeneity and non-uniform ion transport, lithium plating, the formation of metallic lithium, can sometimes
occur only in specific locations. Such localized plating can significantly reduce battery capacity through locally accelerated aging
and also imposes safety concerns. In this work, we investigate the effects of current density on localized plating through
experimental studies and numerical simulations, and demonstrate the plating results using LCO/graphite coin cells. As the current
density increases, the critical size that triggers non-uniform plating decreases, and we directly correlate size and current density to
capacity fade of a battery. We also identify transitions from no plating, to heterogeneous plating, and to homogeneous plating. We
show that diffusion plays a critical role in the aggregation of lithium, and the critical size is negatively correlated with current
density and the effective diffusion length. This work can provide insights into the quick charging of batteries that are subject to
material defects or non-uniform current distributions.
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The electric vehicle market has been emerging over the past few
years in an effort to move toward a more sustainable transportation
system. Many efforts have been made in trying to develop a fast-
charging system for electric vehicles.1,2 Electric vehicle manufac-
turers are aiming for a time scale that is comparable to filling a gas
tank of a traditional vehicle, which requires a rate of 3 C or even
higher. The high charging rate and the use of large-format batteries
can induce many problems, particularly lithium plating and non-
uniform current distributions.3–7

Lithium plating is the potentially dangerous deposition of
metallic lithium that usually occurs under a high charging rate or
at a low temperature. When the negative electrode’s overpotential
drops below 0 V vs Li/Li+, it becomes thermodynamically favorable
for lithium ions to turn into their metallic form.8–10 Part of the plated
lithium is irreversible and directly leads to capacity fade through the
loss of active lithium ions.11,12 Furthermore, the plated lithium
creates new surfaces that facilitate the growth of solid electrolyte
interphase (SEI) and further accelerate cell aging. The plated
metallic lithium alters the local potential field, which can facilitate
the emergence of lithium dendrites. Therefore, preventing lithium
plating from occurring not only helps retain higher capacity but also
improves battery safety.

Because of material heterogeneity and non-uniform current
distributions, lithium plating sometimes only occurs in certain
locations.13,14 Such localized plating is difficult to prevent even
under mild cycling conditions due to the ubiquitous material
heterogeneity in lithium-ion batteries. Heterogeneity in materials
can arise from variations in material properties, such as structural
and mechanical properties, that affect transport kinetics and lead to
non-uniform ion distributions inside a battery.14–19 Such non-uni-
form ion distributions lead to variations in the local state of charge,
creating hot spots of high current densities that overload certain
regions of electrodes and ultimately lead to locally accelerated
aging.

In previous work, by mechanically closing separator pores to
create transport non-uniformities, we show that there exist a
geometry and size dependence in localized plating.13,14 Plating is
more likely to occur in regions where there is a concentrated current
flow. Larger-sized region of transport non-uniformity is more likely
to induce localized plating than a collection of smaller sizes, and
there exists a critical size below which localized plating can be

significantly reduced. However, in previous work, the current is held
constant for all tests. In this work, we further explore the effects of
current density on critical size and the interactions between multiple
transport non-uniformities. By mechanically generating patterns of
pore closure in separators, we use separator defects to resemble
various scenarios with non-uniform transport. We show that diffu-
sion and length scale together dictate the onset of plating.

Experimental Methods

Here we use deformed separators to create scenarios where direct
lithium-ion transport between two electrodes is blocked and refer
those deformed separators to defects. The term defect used here does
not mean material fault, but rather represent an area with different
material transport properties. Results in this study can be applied to
any scenario where the transport is not uniform.

Transport non-uniformities, or defects, were created by collap-
sing pores in separators and cut into specific designs using a
femtosecond laser. A 7-μm thick polyethylene separator obtained
from Semcorp Co. was compressed under an Instron machine for
20 min at a stress of 200 MPa to close all the pores. This process
results in compressed separators with an average final thickness of
3 μm and a color change from white to partially transparent.13 The
deformed separators were then cut using a femtosecond laser into
multiple stripes with stripe width ranging from 150 μm to 1500 μm,
while the total area is kept the same. The designs of the separator
patterns are shown in Fig. 1. The distance between two stripes is the
same as the width of the stripes. For the 150-μm wide stripe, 5-μm
wide bridges were used to hold the stripes in place.

Coin cells were assembled with the deformed separator pattern
laying in between the anode and a layer of 25-μm-thick pristine
separator (Celgard 3501). We used the two-layer setup to minimize
the structure change surrounding the defect area so that we can make
the defect pattern more precise. The thinner 3-μm-thick deformed
separator and the thicker 25-μm-thick pristine separator were chosen
to minimize the effects caused by non-uniform layer thickness due to
the inclusion of the deformed separator. We have also verified that
whether the deformed separator is directly adjacent to the anode or
the cathode does not alter the results.

Electrodes were harvested from commercial graphite/LiCoO2

(LCO) pouch cells. Before assembling, electrodes were immersed in
the electrolyte (1 M LiPF6 in ethylene carbonate (EC) and dimethyl
carbonate (DMC) EC:DMC= 1:1 by weight) for at least 6 h to
ensure good wetting of the electrodes. Cells were cycled using a
Neware potentiostat at various cycling rates. The cycling current waszE-mail: cbarnold@Princeton.EDU
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adjusted based on the active area using,
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where Acell is the total cross-sectional area, Ad,total is the deformed
separator area, and ipristine is the current density of a pristine cell.
Note here that the C-rate notion used in this paper is redefined based
on scaled current, iapp, not on the total capacity. For instance, if the
active area is 68% of the total cell area, the corrected xC rate would
be the pristine xC current times 0.68. All the coin cells were cycled
using constant current constant voltage (CCCV) charging with a
cutoff of C/4 for 300 cycles. Capacity was measured at a rate of C/10
with a cutoff current of C/20 for every 30 cycles. After cycling, cells
were disassembled under argon environment to record the location
of plating on the graphite electrode using a wireless hand-held digital
microscope (Firefly).

Numerical Methods

To better understand the mechanism behind localized plating and
the experimental results, we perform finite element analysis using a
2D COMSOL model. The model is built upon the Newman porous
electrode model, with model details well explained in Refs. 20–23.
In previous work, we used a 2D axis-symmetric model to probe
localized plating.13 In this work, we extend the axis-symmetric
model to a full 2D model that is able to model more complicated
non-uniform transport scenarios. The relevant equations and model
parameters are reprinted in the Appendix. The cross-section of the

cell geometry is shown in Fig. 2, with the dark gray area indicating
the rectangular separator defect with pore closure, where the direct
transport has been shut down. With our experimental setup, the
separator defect pore closure does not extend all the way from
one electrode to the other. However, by varying the thickness of the
defect in the simulations, such as only collapsing 10% of pores, we
show that the location and the thickness of the defect do not affect
the qualitative result and only change the quantitative result slightly.
Therefore, to simplify the modeling setup, we extend the pore
closure between two electrodes and assume uniform properties
across the entire defect region. In this work, by changing the current
densities through cycling rate and various patterns of separator
defects, we probe the effects of current density on localized plating.
We also look at how the critical defect size depends on temperature.

The model uses the same cell parameters as the one in Refs. 13,
24, reprinted in Table I. For tests with changing current densities, the
temperature is fixed at 298 K, and a 4.1 V voltage cutoff is used for
all tests. The concentration and temperature dependent properties are
taken from Ref. 24, which is the same as the ones used in Refs. 13,
14. The equations for the concentration dependent equilibrium
potential curves of the electrode and for the diffusivity of lithium
in graphite are shown in the Appendix section. To simulate the pore
closure, we set the effective conductivity in the separators defect to
be significantly smaller than that in the pristine region, by multi-
plying the effective conductivity by 1× 10−6.

The local potential with respect to the lithium reference in the
graphite anode measured at the separator-electrode interface, V−, is
calculated according to the following equation,

Figure 1. (a) Coin cell construction used in the experiments. (b) Top view of the coin cell construction along with a 1500-μm-wide deformed separator.
(c) Deformed separator stripes with width 1500 μm, 1000 μm, 750 μm, 500 μm, 300 μm, and 150 μm from left to right. Stripes are spaced at a distance that is
the same as the width of the stripe.

Journal of The Electrochemical Society, 2020 167 130519



V 2s l, , [ ]f f= -- - -

where φs,− and φl,− are the local solid and liquid phase potential. A
negative V− indicates that plating reaction is thermodynamically
favorable.

Results

Here we present the long-term capacity fade analysis, followed
with an investigation in the transient effects of diffusion and kinetics
on the size scale of transport heterogeneity. We identify transitions
from no plating to localized plating, and to homogeneous plating as a
function of current density and size. Time scale, determined by the
cycling rate, together with transport non-uniformity size scale,
dictate the onset of plating through diffusion.

Effects of defect size and current density on capacity fade.—A
number of degradation mechanisms can lead to capacity fade of a
lithium-ion battery, such as SEI formation, mechanical degradation,
electrolyte decomposition.25–28 Depending on the storing and
cycling conditions, such as temperature and depth of discharge,
cell capacity can show an exponential or a linear decay over time.
The shape of the decay often elucidates the fundamental degradation
mechanism at various stages. For instance, a fast initial decay is due
to the newly formed formation layers, an Arrhenius exponential
decay is usually attributed to the steady growth of SEI, whereas a
linear decay is often observed at higher cycling rates.26,28,29 In our
experiments, we observe both exponential and linear decay in

Figure 2. A schematic of the cell with separator pore closure.

Table I. Table of parameter values used in the simulation.

Electrode and Separator Domain Properties

Parameter Negative Separator Positive

Li (m) 7.35 × 10−5 2.5 × 10−5 7.0 × 10−5

Ri (m) 1.25 × 10−5
— 8.5 × 10−6

ϵs 0.505 0.55 0.55
ϵl 0.438 0.45 0.3
brug 4.1 2.3 1.5
cs,max (mol m−3) 31 858 — 49 943
cs,min (mol m−3) 0 — 20 976
Dbulk,s (m

2 s−1) 2.58 × 10−14
— 10−11

κbulk,s (S m−1) 100 — 10
k (m s−1) 1.76 × 10−11

— 6.67 × 10−11

αa, αc 0.5 — 0.5
Electrolyte Properties
Parameter Value
t+ 0.435
cl,0 (mol m−3) 1000
Cell Properties
Parameter Value
γ 0.063 25
SOHinit 0.9
Rcell (m) 5 × 10−3

SOCinit 0.05

Figure 3. Capacity fade as a function of defect size at various current densities. (a) Capacity fade as a function of cycle number at a cycling rate of 1 C for defect
sizes ranging from 150 μm to 1500 μm. (b) Capacity fade as a function of defect size after 270 cycles at cycling rates of 0.5 C, 0.75 C, 1 C, and 1.25 C.
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capacity, and sometimes the decay is a mixture of two. Figure 3a
shows measured capacities over cycles as a function of defect size at
1 C rate.

Compared to a small defect, a large defect triggers localized
plating more easily, leading to an immediate decay in capacity due to
the loss of active lithium ions during the earlier cycles. In the later
cycles, the rate of capacity decay gradually slows down and
approximates the rate of decay in the case of a small defect. In
this stage, two competing mechanisms dictate the rate of decay. On
the one hand, plated lithium creates an additional fresh surface for
SEI to grow, which accelerates aging. On the other hand, the formed
SEI and plating increases cell resistance and changes the cell voltage
profiles, which reduces the number of lithium ions traveled under the
constant current charging stage. Figure 4 compares the electroche-
mical performances of cells before and after cycling in the case of a
large and a small defect. For a large defect, the impedance has
significantly increased after 300 cycles, while for a small defect, the
charge transfer resistance stays the same and even decreases slightly
due to better wetting of electrodes, as shown in Fig. 4a.30 Such
increase in internal resistance is also reflected in the voltage profiles
in Fig. 4b, where we plot the voltage curve over charge capacity
during the CCCV charging steps. For a large defect, the voltage over
capacity curve has shifted over time. The voltage limit is reached
sooner, leading to a smaller capacity at the end of the CC step, which
also reduces the total charge capacity at the end of the CCCV charge
step.

To further probe where such an increase in internal resistance
comes from, we use differential voltage (dV/dQ) analysis, which is a
common tool to characterize battery materials during operation.
Since battery voltage is directly related to the chemistry of materials,
peaks and patterns in the differential voltage curves can be used to

identify phase transitions in materials and also to predict cell
aging.31–33 The differential voltage analysis was conducted on the
C/10 discharge voltage for every 30 cycles. Peaks associated with
the graphite anode were marked by the red solid line, while peaks
associated with the LCO cathode were marked in red dashed line, as
shown in Figs. 4c–4d. For both cells that have 150 μm and 1500 μm
defects, peaks associated with LCO occur at the same place. For the
1500 μm defect, the peak associated with graphite has gradually
shifted over time, and this shift largely occurs in the earlier cycles.
This matches with what we observed in Fig. 3, where the capacity
drop for large defects occurs at the very beginning of cycles. The
shift of the graphite peaks in the dV/dQ analysis suggests a capacity
fade mechanism through lithium loss that occurs mainly on the
graphite electrode.

Here we plot the state of health as a function of defect size for
various current densities (Fig. 3). For small current densities, the
capacity fade does not vary significantly across various defect sizes,
simply because there is not much plating. The critical defect size,
defined as the largest possible size where plating does not occur, is
very large when the current density is small. As current density
increases, the critical defect size decreases, and the amount of
localized plating is positively correlated with the size. Therefore, we
observe a large increase in capacity fade as a function of defect size.
Once the current density exceeds the homogeneous plating
threshold (which is at 2 C as shown in Fig. S1 in the supplemental
section is available only at stacks.iop.org/JES/167/130519/mmedia),
plating occurs everywhere on the surface. The newly formed
homogeneous plating layer quickly degrades the electrodes and kills
the battery. When the charge step starts, the voltage immediately
jumps to the upper limit due to increased internal resistance. As a
result, only a small number of ions are pushed to the anode per cycle.

Figure 4. (a) Electrochemical impedance spectroscopy (EIS) of cells with 150-μm and 1500-μm wide defects before and after 300 cycles. (b) Cell voltage over
capacity for the initial and final cycles of cells with 150-μm and 1500-μm wide defects. (c) and (d) dV/dQ analysis of cells with 150-μm and 1500-μm wide
defects over cycles.
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Due to increased resistance and small charge capacity, cells degrade
slower per cycle, which explains why SOH at 2 C is even higher than
the SOH at 1.25 C for sizes larger than 750 μm.

Plating transitions.—The critical size decreases as current
density increases, and there exists a transition from no localized
plating to localized plating, and eventually to homogeneous plating
as current density increases. Figure 5 shows a statistically averaged
plating image on the graphite electrodes as a function of cycling rate
and defect size, where each image is averaged from 8 cells. Image
averaging is a technique that allows us to extract the core informa-
tion and reduce the variations that arise from cell to cell.14 The
averaged images are converted to black and white, with black
showing the graphite electrode and white showing the plating. The
critical size at each current density is the size where localized plating
starts to form. For instance, as the rate increases from 0.5 C to 1 C,
the critical size decreases from 750 μm to 300 μm. As the current
density continues to increase, homogeneous plating starts to kick-in.

Our numerical simulations match the experimental results and
show the transitions of three stages of plating as a function of current
density. Once the current density exceeds the homogeneous plating
threshold, instead of nucleating on the defect edges, lithium ions
nucleate homogeneously in the bulk area. In this work, we report the
overpotential at the graphite/separator interface. A more thorough
comparison between model and electrochemical measurements can

be found in some of our previous works.13,14 Figure 6a shows the
overpotential at the interface between the graphite electrode and the
separator at the end of a charge at three different charging rates,
which correspond to scenarios with no plating, localized plating, and
homogeneous plating. The overpotential curve is generated using
Eq. 2, where the liquid phase potential, φl, is shown in Fig. 6b. Note
that the solid phase potential, φs, is the same across the entire
electrode and is set to 0 V. Therefore, a more positive φl would lead
to a more negative overpotential, V−. Here we define the amount of
localization as the difference between the bulk overpotential and the
minimum point of the overpotential curve, and plot it as a function of
defect size and cycling rate as shown in Figs. 6c–6d. At a relatively
low rate (below 0.5 C), the amount of localization increases as the
defect size increases. After passing a threshold point, the amount of
localization decreases, mainly because the bulk potential also drops,
which marks the transition to a homogeneous plating stage.
Similarly, the minimum point of the overpotential curve gets lower
as the defect size is larger. However, once pass certain current
density threshold, the minimum point is the same across all sizes,
and equals the bulk potential, which indicates a homogeneous
plating stage. Figure 7 shows the transition as a function of cycling
rate and size. When the defect size is small, there is no plating as the
overpotential next to the defect area never drops below zero. As the
current density increases, localized plating starts to emerge and
gradually turns to homogeneous plating indicated by the local
overpotential becoming negative everywhere.

Besides current density, temperature is another factor that
influences plating through kinetics. For a cell without any transport
non-uniformity, the formation of metallic lithium is determined
jointly by the incoming ion flux arriving at the electrode and the
outgoing flux into the electrode. If the rate of lithium ions arriving at
the graphite surface is higher than the rate that lithium ions can be
intercalated, lithium ions start to accumulate at the surface, changing
the local lithium concentrations. In this case, the equilibrium
potentials would shift and eventually metallic plating starts to
form. In other words, current density and temperature dictate the
transition from no plating to homogeneous plating. Current density
affects the incoming flux from the cathode and temperature affects
the outgoing flux into the anode.

The effects of current density and temperature also extend to
heterogeneous plating. When the current density is the same, the
critical size depends on temperature. As temperature increases, both
liquid bulk diffusion and solid diffusion in electrodes become
higher. Therefore, the critical size that triggers localized plating
would also become larger. Here we use numerical simulations to

Figure 5. Statistically averaged grayscale images of localized plating on the
graphite electrodes as a function of defect size and cycling rate. White
patches indicate lithium plating.

Figure 6. (a) Overpotential profiles at the end of charge at three different cycling rates, indicating a transition from no plating, to localized plating, and to
homogeneous plating. Localization is defined as the difference between the bulk and the minimum point. (b) The surface plot of the liquid phase potentials (φl) at
three different cycling rates. (c) Amount of localization, indicated by the arrow in (a), as a function of defect size and current density. (d) The lowest
overpotential (which occurs right next to the defect) at the end of charging as a function of defect size and current density.
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further demonstrate the temperature effect by sweeping across
different temperatures and defect sizes at a fixed current
density (0.5 C). Figure 8a shows the overpotential curves at the
interface between the graphite electrode and the separator at the end
of a charge at 0 °C, 20 °C, 40 °C, and 60 °C. At 40 °C and 60 °C,
there is only a small dip in the overpotential curve, and the entire
curve is much larger than 0 V. Therefore, we would expect no
plating in the cases of 40 °C and 60 °C. As the temperature decreases
to 20 °C, the overpotential drops below 0 V next to the defect region,
which would trigger localized plating in those regions. As we further
reduce the temperature to 0 °C, homogeneous plating would occur,
indicated by a flat negative overpotential curve. We also plot the
voltage curves during the constant current charging step. As the
temperature gets lower, the kinetics become more sluggish, leading
to a larger internal resistance as shown in Fig. 8b. Finally, we plot
the plating transitions as a function of temperature and defect size.
The critical size that separates the no plating regime from the
localized plating regime increases with an increase in temperature.
Similarly, the transition from localized plating to homogeneous
plating occurs at a larger size when the temperature is higher. Note
that no matter how small the defect is, homogeneous plating is
triggered if the temperature is below 15 °C.

Time dependency and diffusion.—In the previous section, we
demonstrate through a long-term cycling study that before the
homogeneous plating is triggered, there exists a negative correlation
between critical size and current density. As the current density
increases, the critical size (below which plating is unlikely to occur)
becomes smaller. We also demonstrate through numerical

simulations that temperature affects plating transitions and there
exists a positive correlation between the temperature and the critical
defect size. In this section, we try to probe the kinetics through
lithium diffusion. The diffusion that we refer to here is a combined
effective diffusion, that occurs through multiple diffusion pathways,
such as in graphite particles and also in the bulk electrolyte.34 We
show that the size of the separator defect dictates the effective
diffusion length, which is defined here as the average distance that
an incoming ion has to travel to the defect edges. The effective
diffusion length basically represents how easy a uniform ion
concentration can be reached. The deformed separators block the
direct transport between two electrodes, which create a non-uniform
lithium distribution at the graphite surface and also create certain hot
spots that have high lithium concentrations. The ions from lithium-
rich regions can only move to lithium-deficient regions through
diffusion. Therefore, the more heterogeneous the lithium ion
distributions are, the more likely that localized lithium plating
would occur.

First, we compare the charge capacities with the presence of
various sized defects at 0.1 C and 1 C current. Overall, cell capacity
and current density follow the well-studied relationship in which a
higher current results in a smaller capacity due to increased
resistance. During charge and discharge, ions move across from
one electrode to the other until reaching a pre-set voltage. The cell
voltage is determined by the surface composition of the electrodes as
well as the potential drop across the electrolyte. A higher rate leads
to an increase in charge-transfer resistance, leading to a higher
overpotential, and therefore a smaller total amount of ions trans-
ferred. Figure 9 shows the charge capacity under constant current

Figure 7. Transitions from no plating, to localized plating, and to homogeneous plating as a function of cycling rate and defect size.

Figure 8. (a) Overpotential profiles at the end of charge at four different temperatures. (b) Voltage curves for 0.5 C charging at four different temperatures. (c)
Transitions from no plating, to localized plating, and to homogeneous plating as a function of temperature and defect size.
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constant voltage charging scheme with a cutoff current of C/20 at
1 C and 0.1 C, as a function of defect size ranging from 150 μm to
1500 μm. All the C rates have been adjusted according to Eq. 1.

While the charge capacities at 0.1 C are approximately the same
across all sizes, capacities at 1 C strongly depend on size, suggesting
that the current distribution at higher currents is less uniform with
the presence of a larger defect than with a smaller defect. Since all
the cells have the same active area, there is an additional capacity
loss associated with a large transport non-uniformity size. The effect
of non-uniformity on battery energy density is especially a problem
under high rates. Such observation is consistent with previous
studies on non-uniform current distributions in large format
lithium-ion cells,3,6,35 where Zhang and Zhao showed current
collector tabs and locations can trigger heterogeneous current
distributions in a large format pouch cell, and attributed the
decreased energy densities to increased ohmic resistance and non-
uniform utilization of active materials.

Here, we use pulse charging to further demonstrate the time-
dependent effect of diffusion on non-uniformity sizes. A sophisti-
cated pulse charging algorithm can allow high current charging
while maintaining cell integrity and reducing metallic plating.36–39

Here we use pulse charging to show and emphasize the important
role that lithium diffusion plays. A continuously applied high current
can build up a high concentration polarization at the electrode
interface due to mass transport limit, which would lead to non-
uniform utilization of the electrodes and increased cell resistance. By
relaxing for a short period of time and allowing lithium ions to
diffuse away, we can reduce the concentration gradient. In the
experiment, we run 10 s charging at 1 C rate, followed by 90 s rest,
until reaching 4.2 V, with results shown in Fig. 9. Comparing 1 C
constant current and 1 C pulse tests, the pulse charging takes longer,
but at the same time, lithium ions have longer time to diffuse to
reach a more uniform distribution. Therefore, at the same current, a
pulsed test has a higher charge capacity (as shown in Fig. 9) and also
a smaller likelihood of plating. Figure 10 compares two graphite
electrodes after the same number of cycles. Cell A was cycled at a
rate of 2 C using CCCV with a C/4 cutoff current. Cell B was cycled
at 2 C rate using pulse charging where every 1 ms charging is
followed by 3 ms rest. The same current was passed in these two
cells. However, by resting and allowing lithium ions to diffuse away,
the plating at Cell B is greatly reduced. Cell A has homogeneous
plating, while Cell B only has some localized plating next to the
1500-μm-wide defect.

Diffusion is a key part in understanding the non-uniform lithium-
ion transport in batteries and here we use a split cell to directly
visualize the diffusion. A split cell with a 1500-μm wide separator
defect placed along with a 600-μm wide defect was charged to 90%

SOC at 1 C, C/5 and C/20 under CCCV charging scheme.
Immediately after the charge, the split cell was dissembled under
an argon-filled glove box. The graphite electrode was placed inside a
fixture filled with electrolyte, and a wireless microscope was used to
record the lithium distribution at the electrode surface after 0, 1, 2, 4,
and 6 h, as shown in Fig. 11. The color of graphite represents the
amount of lithiation, where a red-gold color indicates roughly a 90%
state of lithiation, and gray-blue indicates a state of lithiation less
than 50%.40–42 Here we refer to the area behind the separator defect
as the blocked region and the rest as the bulk. Initially, there is a
distinct color difference between the blocked and bulk regions. The
bulk graphite surface is a gold-red color, while the region behind
the defect is blue. Over time, lithium ions gradually diffuse from the
lithium-rich region into the blocked region. Note here that we are
only imaging lithium diffusion along the surface. Lithium diffusion
also occurs along the direction toward the current collector. The
surface color turned into a uniform red after 48 h (shown in Fig. S2)
as the lithium concentration gradient disappears due to diffusion. By
monitoring the frontier propagation, we estimated the lithium
diffusivity to be 1.23× 10−6 cm2 s−1, which is comparable to
what was reported in Ref. 42. Note here that the estimated diffusivity
is a combined effective diffusivity resulted from the diffusion in
graphite and in the liquid electrolyte.

The electrodes are more uniformly utilized behind a smaller
defect than behind a larger defect due to diffusion. Upon disassem-
bling the cell cycled at 1 C rate, the areas behind both small and
large defects are not lithiated, indicted by the distinct color
difference. As the resting time increases, lithium ions start to diffuse
toward the defect area. A small defect needs less time for lithium
ions to diffuse all the way to the center than a large defect. For
instance, after charging at C/5, the area behind the small defect is
well lithiated due to diffusion, while the area behind the large defect
is only lithiated along the edges. In the case of C/20, the defect
region shows the color of red upon disassembling, as there is plenty
of time for diffusion to occur. In other words, the presence of a
defect blocks the direct lithium transport from the cathode to the
anode, so that lithium ions can only move laterally through diffusion
to the area behind the defect. Because of that, it is easier to achieve a
more uniform distribution of lithium ions across the graphite
electrode through diffusion when the effective diffusion distance is
small.

Effects of current density on multiple defects.—Up to now, we
have ignored the interactions between multiple defects by assuming
they are spaced far enough such that they do not affect the potential
field around other defects. However, such an assumption no longer
holds at a high current density. The immediate question is how the
current density, the distance of two defects, and the size of defect
affect the plating. This section aims to shed some light using both
numerical simulations and experimental studies.

A separator pore closure pattern, as shown in Fig. 12a, was cut
out of a compressed separator using a laser. The pattern consists of
four pairs of 400-μm wide defects, spaced at four distances: 400 μm,
200 μm, 100 μm, 40 μm. Cells were cycled using CCCV at 0.75 C
and 1.25 C for 20 cycles. After cycling, the cells were dissembled,
and the graphite electrodes were imaged with a wireless camera to
record the plating. Figure 12b shows a representative graphite
electrode with plating occurring along with the separator defect on
the top after cycling at 0.75 C. The plating initiates in between the
defects that are most closely spaced. Figure 12c shows a statistically
averaged grayscale image generated using 7 cells, with white being
the metallic lithium. After we increase the cycling rate to 1.25 C, the
total amount of plating increases. From the statistically averaged
image, we show that plating still first occurs at the spot between two
defects, but the critical spacing distance, which is defined as the
minimum distance between two defects where localized plating does
not occur, increases. At 0.75 C, plating only occurs at the 40-μm and

Figure 9. Charge capacity as a function of size under 1 C, 0.1 C, and pulse
charging. A 10 s charging at a rate of 1 C followed with 90 s rest is used in
the pulse charging.
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100-μm gaps after 20 cycles. At 1.25 C, plating occurs at all the
gaps. After the inner gaps are filled, plating also occurs along the
outside edges.

We numerically model two defects that are spaced at various
distances to understand why plating first initiates at the gaps. Our
numerical simulations show that the overpotential between two
transport non-uniformities drops below 0 V as two defects are
spaced closer, making the inner gap a more favorable place for
lithium ions to plate than the outside edges. In the model, the two
defects are 400-μm wide and are spaced at a distance of 2000 μm,
400 μm, and 50 μm. Figure 13a shows the overpotential curves at
the graphite-separator interface, with zoomed views shown on the

right (Figs. 13b–13c). When the two defects are spaced at a distance
of 2000 μm, the potential field around the defects are barely affected.
The potential field around a defect is almost symmetric, and the
minimum overpotential occurs right next to the defect edges. In this
case, plating is equally likely to initiate at the inner and the outer
defect edges. As the two defects are spaced closer, the potential
fields of the two defects start to interfere with each other. The
overpotential at the inner edge becomes smaller than the overpotential
at the outer edge. In this case, it becomes more likely for plating to
occur at the inner edge first. As the two defects are spaced even closer,
the potential curve at the gap drops significantly below 0 V, making
the gap the most favorable place for the plating to occur.

Figure 10. Graphite electrodes of Cell A (a) and Cell B (b). Cell A was cycled at a rate of 2 C using CCCV with a C/4 cutoff current for 20 cycles. Cell B was
cycled at a rate of 2 C using pulse charging where every 1 ms charging is followed by 3 ms rest. For the discharge step, both cells are discharged using 1 C
constant current. The separator defect pattern used for this experiment is shown in (c).

Figure 11. Lateral diffusion of lithium ions after 0, 1, 2, 4, 6 h. The color of graphite represents the amount of lithiation, where a red-gold color indicates roughly
a 90% state of lithiation, and gray-blue indicates a state of lithiation less than 50%.40–42

Journal of The Electrochemical Society, 2020 167 130519



Conclusions

In this work, we investigate the effects of current density on
localized plating, and identify transitions from no plating to
localized plating, and to homogeneous plating as current density
increases. Localized plating occurs due to regionally concentrated

current flow, and the probability of plating increases as the size of
the transport non-uniformity gets larger. Using deformed separators,
we experimentally create non-uniform transport scenarios where the
direct lithium-ion transport between two electrodes is blocked. We
show that the critical size, defined as the largest possible size where
plating does not occur, decreases as the current density increases,

Figure 12. (a) Separator defect pattern used in spacing experiments. (b) A representative graphite electrode image that shows plating with separator defect on the
top after cycling at 0.75 C. (c) A greyscale statistically average image generated using 7 cells, with white showing the plating after cycling at 0.75 C. (d) A
representative graphite electrode image that shows plating after cycling at 1.25 C. (e) A greyscale statistically average image generated using 7 cells after cycling
at 1.25 C.

Figure 13. (a) The local overpotential, V−, of two 400 μm-wide defects spaced at a distance of 2000 μm, 400 μm, and 50 μm. (b) Zoomed view of 400 μm. (c)
Zoomed view of 50 μm.
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and we directly correlate size and current densities to capacity fade
of a battery. We also identify three plating regimes, and show the
plating transitions as a function of current density, size, and
temperature using numerical simulations.

We also try to probe the kinetics through lithium diffusion using a
pulsed charge. We show that diffusion plays a critical role in the
aggregation of lithium ions. The critical size is directly related to the
effective diffusion length, which represents how easy a uniform ion
concentration can be achieved. The more heterogeneous the lithium-
ion distributions are, the more likely that localized lithium plating
would occur. In the end, we look at how multiple defects interact and
jointly affect the plating. As two defects are spaced closer, the
potential fields start to interact. The overpotential at the inner edge
becomes smaller than the overpotential at the outer edge, making the
gap between two defects the most favorable place for plating to occur.
This work provides insights into the quick charging of batteries that
are subject to material defects or non-uniform ion distributions.
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Appendix

We build a 2D model using COMSOL Multiphysics to simulate
the non-uniform transport scenarios in lithium-ion batteries. In
previous work, we used a 2D axis-symmetric model and a simplified
3D model to probe localized plating.13,14 A detailed description of
the 2D axis-symmetric model can be found in Ref. 13 with relevant
equations and model parameters reprinted here.

The model consists of two porous solid electrodes domains and
one porous separator domain, with liquid electrolyte filling in the
porous electrodes and separators. To model the transport non-
uniformity, we add a new domain with different transport properties
to model the defected separator, as indicated in Fig. 2b. Lithium
concentration c and potential φ are solved spatially.

A.1. Solid phase.—The mass balance in each spherical elec-
trode particle with radius r is governed by Fick’s second law, where
cs,i denotes the solid phase lithium-ion concentration in the i domain:

c

t
D c A 1s i

s i s i
,

, ,· ( ) [ · ]
¶
¶

=  - 

and Ds,i denotes the solid phase diffusivity in the electrode. A
complete symbol list can be found in Table II. There is no lithium-
ion flux at the center. At the surface of the sphere, the flux is the
same as the rate of production or consumption of lithium ions due to
the chemical reactions taking place at the surface, denoted as ji.
Therefore, the following two boundary conditions are applied at the
center and the surface of the sphere:

D
c

r
at r0 0 A 2s i

s i
,

, [ · ]-
¶
¶

= =

D
c

r
j at r R A 3s i

s i
i i,

, [ · ]-
¶
¶

= =

The charge balance in the solid phase is governed by Ohm’s law:

i A 4s s s [ · ]k f= - 

The current in the solid and liquid phase are coupled through flux
ji:

i i aFj A 5s l i· · [ · ] = - = -

The lithium-ion flux ji is connected with potentials via the
Butler–Volmer equation through

j k c c c c
F

RT
Uexp

A 6

i i l s s s
a

s l,max
,1a a c,1 ,1 ,1

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟( ) ( )

[ · ]

a
f f= - - -a a a

F

RT
Uexp A 7a

s l
,1⎛

⎝⎜
⎞
⎠⎟( )) [ · ]

a
f f- - -

where ki is the rate constant, c is the liquid/solid phase lithium-ion
concentration, φ is the liquid/solid phase potential, and U is the
concentration-dependent equilibrium potential. The empirical equa-
tion for parameter U can be found in Ref. 13.

The potential φs at the negative current collector is set to zero. A
current is applied at the positive current collector,where the charge
flux is equal to the applied current density, which is calculated in
terms of C-rate as shown in Ref. 13. The boundary condition that no
charge flux at the separator walls is applied:

0 A 8n s [ · ]f =

A.2. Liquid phase.—The mass balance in the liquid phase is
governed by the continuity equation in each domain:

c

t
D c a t j1 A 9i

i
i i i i· ( ) ( ) [ · ]¶

¶
=   + - +

where ϵi denotes the porosity in the domain i. The specific surface
area ai is calculated by assuming a spherical particle. The concen-
tration and flux are continuous through the electrode/separator liquid
interface. The flux is zero at the separator wall and at the two current
collectors.
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The charge balance in the liquid phase is determined by
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Insulating conditions are set at all external boundaries and the
defect boundaries:

c 0 A 13n l [ · ] =

0 A 14n l [ · ]f =

The effective diffusivity and conductivity are corrected using
Bruggeman relationship that relates tortuosity factor of porous media
with porosity43,44:

D D A 15i bulk i i
brug

, [ · ]= 

A 16i bulk i i
brug

, [ · ]k k= 

The electrolyte diffusivity Dbulk,i and conductivity κbulk,i are
functions of concentration and temperature, and are given by the
empirical relationship retrieved from Refs. 13, 45:
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The diffusivity of lithium in graphite is retrieved from the
empirical relation in Ref. 24:
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The concentration dependent equilibrium potentials of the
LiyCoO2 and LixC6 are taken from Ref. 23:
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