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Abstract: Lithium and sodium plating are inevitable when using negative electrodes with an elec-
trochemical potential close to one of the charge carriers. Typical testing and modeling assume that
plating occurs at 0 V when measured against the charge carrier. While this might be true under
thermodynamic equilibrium, this is not true outside of steady state. This has significant implications
as, by taking this into account, the testing voltage window of negative electrodes could be extended
to allow gathering data for more complete discharges at higher rates. Moreover, from a modeling
standpoint, it could also allow us to more accurately predict plating initiation potentials dynamically.
This work presents the preliminary results of the investigation of what parameters are influencing
the plating potential and how to take them into account in testing and modeling.

Keywords: lithium plating; sodium plating; degradation modes mechanistic modeling

1. Introduction

Lithium plating is believed to be one of the main contributors to the degradation of
commercial lithium-ion batteries, especially at low temperatures and higher rates. As such,
it has been extensively studied in the literature with multiple reviews already available
for both experimental and modeling work [1–8]. While some experimental studies [9,10]
and models [11–15] showed that the voltage of the negative electrode (NE) could go below
0 V [16], the plating threshold is still, in most cases, considered to be at 0 V independently of
the required rate. The literature on sodium plating is much scarcer, with most of the work
being performed on metallic sodium electrodes [10,17–21] with no plating-specific modeling
work yet, to the best of our knowledge, although several studies mentioned that a significant
amount of the NE capacity was pushed under 0 V under normal utilization [16,22,23].

The modeling work by Mukherjee’s group [12,13] showed the importance of con-
sidering the electrochemical response of each electrode separately to enable a deeper
understanding of the plating conditions. While they used a physic-based model, a degrada-
tion modes mechanistic modeling approach could be better fitted for this task, as it excels
in relating effects on each electrode without the extensive parameterization and calculation
cost required in other models. The approach has gained tremendous attention since its
inception in the mid to late 2000s, with seminal work by Bloom et al. [24,25], Honkura
et al. [26], Dahn et al. [27], and ourselves [28]. This modeling framework relies on the
matching of half-cell data of each electrode to emulate the full-cell response of the cells.
Changing the matching of the electrodes allows to simulate the impact of different degrada-
tion modes [28,29] and thus provide insights into cell degradation. Our group introduced
the first mechanistic degradation modes model that was able to perform emulations at
different rates but also account for plating by considering the NE as a blend between the
active material and the metallic charge carrier [28]. This enabled to predict the apparition of
knees [30] and to define a new parameter, the plating threshold, that allowed to determine
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when conditions are favorable for plating [31], i.e., when there is not enough NE remaining
to intercalate the lithium from the positive electrode (PE) or when its resistance pushes its
potential below the plating potential [32,33].

Our approach could still be enhanced, most notably by allowing more accurate plating
potential simulations and by increasing the testing range for the half-cell data. For the
former, the model currently assumes a constant potential of 0 V for the metallic phase of
the charge carrier while the literature showed that this is not the case outside of the steady
state, especially for higher rates [9,10]. There is, therefore, a need for a new parameter to be
integrated into the modeling framework to account for these potential variations. For the
latter, the cutoff voltage for experimental laboratory testing of NE at the end of discharge
is typically set to be above 0 V to avoid any possible plating. This has two implications;
first, there will be a drop of potential on the NE in the simulations (increase on the full
cell) with a discontinuity when the lithiation of the NE is completed and plating initiates, *
in Figure 1a, because no data are available in between the cutoff voltage and the plating
potential. Second, some discharges at higher rates will not be completed because the
half-cell higher polarization, compared to full cells, will be pushing more capacity below
the cutoff and thus outside of the potential window, as shown in Figure 1b. As a result,
some capacity accessible by the full cell will be missing from the simulation, and plating
will be predicted way earlier than it should, as shown in Figure 1a. This could be avoided
by introducing negative cutoff voltages for the graphite at rates away from equilibrium,
similar to what was proposed by Verbrugge et al. in 1997 [34].
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Figure 1. (a) Example of a graphite/lithium nickel–cobalt–aluminum oxide full-cell charging emu-
lation at different rates showcasing the predicted lithium plating onsets (*). The simulations were
performed using the alawa toolbox [28,35] using stock materials, a loading ratio of 1.2, and an offset
of 2%. (b) Associated NE lithiation half-cell data used for the simulations.

Ultimately, we aim to propose both a new half-cell reference performance test (RPT)
protocol ensuring that the maximum information is extracted from the half-cell testing by
introducing a rate-dependent end of discharge cutoff voltage, and a better implementation
of the plating potential in the model with the addition of a new parameter in the mechanistic
degradation modes modeling framework, the plating resistance. As this resistance could
potentially be dependent on chemistry, electrolyte, architecture, and temperature, among
others, significant experimental validation is needed before a general understanding can
be deciphered and discussed. This work presents some preliminary results from our
investigation of these issues.
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2. Materials and Methods

In this work, 0.9 cm and 1.6 cm diameter circular electrodes were prepared and tested
in Hawaii. The electrodes were punched out of a sheet of NE harvested from commercial
Li-ion and Na-ion cells. A portion of the electrode sheet was first rinsed using dimethyl
carbonate before one side was cleaned using N-Methylpyrrolidone. Electrodes were then
cut into 0.9 cm with a punch and into 1.6 cm diameter disks using an EL-CUT punching
tool (EL-CELL, Hamburg, Germany) before being assembled in a Swagelok and 2032 coin
cells, respectively, with an NE consisting of metallic lithium or sodium, one glass fiber
GF/A separator (EL-CELL, Hamburg, Germany), and an electrolyte made of ethylene
and propylene carbonates (EC and PC respectively) in a 50:50 ratio with 1M LiPF6 for the
lithium cells and 1 M NaClO4 for the sodium cells. All the chemicals were obtained from
Sigma Aldrich (St. Louis, MO, USA), and all the experiments were performed on a VMP3
potentiostat/galvanostat (Biologic, Claix, France).

In addition to the 0.9 and 1.5 cm electrodes, 35 cm2 electrodes were prepared and
tested in the United Kingdom. The electrodes were coated and calendered in house on
a reverse comma bar coater and heated calendar (both MTI Corporation, Richmond, CA,
USA) to areal loadings of 1.1 and 3.3 mAh cm−2 and a density of 1.6 g cm−3. The electrodes
were cut using a die cutter (MTI Corporation, USA) to a 7 × 5 cm rectangle with an
uncoated flag for tab welding. The electrodes were assembled into single-layer pouch cells
with a double-sided lithium metal on copper electrode (50 um per side on 12 um copper,
Cambridge Energy Solutions, Cambridge, UK) with a trilayer polymeric separator (Celgard
H1609) and an electrolyte of 1 M LiPF6 in EC/ethyl methyl carbonate (EMC) 3:7 with 2%
vinylene carbonate. All pouch cell assembly was performed in an argon glovebox with
water and oxygen <1 ppm.

All the plating experiments were subjected to the same electrochemical cycling with
C/50, C/25, C/16, C/8, C/4, C/2, and C/1 cycles with 4 h rests at the end of the charge
and discharge. The charge cutoff was set to 1.2 V at the end of the charge. A residual
capacity step at C/50 followed by another 4 h rest was performed at the end of each charge
to ensure discharges start from a similar state [36]. The discharge cutoffs were not voltage
based but capacity based, with the cutoff set to 130% of the nominal capacity to allow for
significant plating.

A modified RPT experiment was performed using a 1.6 cm diameter electrode with
the same electrolyte and separators as above. Full cycles were performed at C/50, C/25,
C/16, C/8, C/4, C/2, C/1, 2C, and 4C with 4 h rests at the end of charge and discharge.
The cutoffs were set to 1.2 V at the end of the charge and were 0 mV, −5 mV, −10 mV,
−15 mV, −25 mV, −45 mV, −60 mV, and −115 mV in discharge, respectively to the rates.
A residual capacity step at C/50 followed by another 4 h rest was performed at the end of
each regime.

All the simulations were performed using the alawa toolbox [28,33,35] using a stock
lithium nickel–cobalt–aluminum oxide for the PE and either a stock graphite or the graphite
data obtained from the RPT with variable cutoffs. The loading ratio was set at 1.2 and
the offset to 2%. As described in [28], the full-cell data were calculated by subtracting the
rate-dependent NE responses from the rate-dependent PEs after they were scaled from the
loading ratio and shifted by the offset. Responses at different rates were obtained using a
2D interpolation within the available rates for the selected materials. Plating was simulated
by considering the NE to be a blend of graphite and metallic lithium [28,33]. For this work,
a new parameter, the plating resistance, was added to the toolbox to enable variable plating
potentials as a function of the rate. In Figure 1, the plating resistance was set to 0 to simulate
the old approach in which the plating potential is rate independent at 0 V.

3. Results and Discussion

First, it was important to verify that the plating initiation potential is rate dependent.
Figure 2a presents an experiment on a 1.6 cm2 graphite electrode vs. a metallic lithium
counter electrode for which the cutoff at the end of discharge was set to 130% of the nominal
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capacity. Because the cutoff was set to be lower than typical for a graphite cell, some lithium
plated. The observed response for the plating was in accordance with the literature [9,37,38],
with a local minima reached before a stabilized potential that is slightly higher, followed by
another drop that could be related to dead lithium, as reported by Wood et al. [39]. The
plating and stripping potentials, measured as the maximum after the first local minimum
is reached in discharge and the opposite in charge, were rate dependent, as shown in
Figure 2b, symmetric, and had their absolute value increase linearly with the rate and a
resistance of about 10 mΩ or 0.1 Ω Ah when normalized to the rate. This resistance will be
referred to as the plating resistance in the rest of this work.
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Figure 2. (a) Lithiation voltage vs. capacity curve for a 1.6 cm2 graphite electrode vs. metallic lithium
at different rates and (b) the evolution of the lithium plating/stripping potential as a function of the
rate. Absolute lithium plating potential for 4 different sizes or loading vs. (c) the absolute current and
(d) the rate. For the pouch cells, the plotted values correspond to the average for all five tested cells.
The error bars indicate the measured spread of values. (e) Voltage vs. capacity curve for a 1.6 cm2

hard carbon electrode vs. metallic sodium at different rates and (f) the evolution of the sodium
plating/stripping potential as a function of the rate.
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With the rate dependency established, the next key point was to determine whether
this evolution is current or current density dependent. In other words, determine if that
resistance would be the same for different electrode sizes or loadings. Figure 2c presents the
evolution of the absolute plating potential in charge and discharge for three different sizes
(0.9 cm and 1.5 cm diameter circular electrodes as well as 35 cm2 7 × 5 cm ones) and three
different loadings (5 mAh/cm2 for the circular electrodes as well as 1.1 and 3.3 mAh/cm2

for the rectangular 7 × 5 cm electrodes) for a graphite vs. metallic lithium cell. In Figure 2d,
it is clear that while the plating potential vs. current curves were spread out, the one vs.
rate were much closer with the 0.9 cm and 1.5 cm diameter electrodes, mostly overlapping,
with the same being true for both loadings for the rectangular electrodes. The difference
in slope between the two sets of data might have been induced by the fact that different
graphites, separators, and electrolytes were. The plotted value for the 35 cm2 electrodes
corresponds to the average of the five tested cells with the error bars showcasing their
spread. The results indicated that the voltages were very similar and that, therefore, the
plating potential was consistent between cells. It must be noted that the response for the
0.9 cm electrode did not seem to follow the linear trend for the higher rates, which might be
related to mass transport limitations. Future work will investigate the extent of the linear
relationship using a three-electrodes setup to eliminate errors on overpotentials.

Figure 2e,f present the results for cells containing hard carbon and metallic sodium
that also underwent discharges up to 130% of their nominal capacity. Contrary to the
lithium plating, no dip then increase was observed, but the plating potential was still rate
dependent. The plating that measured plating resistance was estimated to be three times
higher than the lithium one at 0.3 Ω Ah, but the materials and electrolytes were different.

Based on the results obtained, a new RPT protocol was tested with a rate-dependent
end-of-discharge cutoff voltage. For this preliminary work, the goal was not to go as low as
possible but to demonstrate the concept. The cutoff voltages were chosen to progressively
decrease from −5 mV to −115 mV when the rate increased from C/25 to 4C, as shown
in Figure 3a. The new protocol was successful in allowing more complete discharges
for higher rates with an increase in capacity of 20%, 33%, and 20% for 4C, 2C, and 1C,
respectively. It must be noted that the 2C and 4C discharge might still be incomplete since
no inflection point was reached at the end of discharge. Moreover, no electrochemical
features associated with lithium plating were observed. However, since plating could still
have happened locally, the rest cell voltages after discharge were investigated thoroughly,
as the literature showed that the lithium stripping that would occur during rest has a
distinguishable signature [9,37,40–42] with a plateau after around, at least, 15 min of rest.
Figure 3b presents the differential voltage analysis, dV/dt, as a function of t for the rests
measured after discharge. The evolution of the rests was found to be monotonic, and
no plateau associated with plating was observed, even for the higher rates where the
discharge was stopped more than 100 mV below the traditional cutoff. This confirms that
the plating potential is indeed rate dependent and that discharges below 0 V for NE could
be performed to extract more information. However, the full impact on rate capability and
durability is yet to be assessed.

For demonstration purposes, the data obtained for the new RPT protocol were im-
ported into the alawa toolbox [35]. In addition, a parameter allowing to vary the plating
resistance was also implemented. In this example, the resistance was set to Rli = 33 mΩ
Ah to match the voltage cutoff voltages on the modified RPT protocol. Figure 3c presents
the results from a simulation similar to Figure 1 but with the new extended electrode.
Because more data were acquired for the higher rates, the charges are more complete, and
no lithium plating is predicted because the cutoff voltage is reached before the NE full
lithiation and the plating initiation, as shown in Figure 3d. This exemplifies the necessity of
this correction, as this behavior is much closer to real recent commercial cells where plating
typically should not occur for charges at C/1 at room temperature.



Batteries 2024, 10, 408 6 of 8Batteries 2024, 10, x FOR PEER REVIEW 6 of 8 
 

 
Figure 3. (a) Comparison of the lithiation voltage response for the new extended RPT schedule with 
(b) differential voltage vs. time curves for the rests after discharge. The dotted line represents the 
typical 10 mV cutoff. (c) Example of full-cell charging emulation at different rates with extended 
RPT and (d) the associated NE lithiation half-cell data used for the simulations. 

4. Conclusions 
To summarize, the results from this preliminary work established that the plating 

potential is rate dependent and that this can easily be taken into consideration to extend 
the potential window of electrodes during testing and to more accurately predict plating 
onset dynamically in battery models outside of equilibrium. While the voltage window 
needs to be extended to its maximum to avoid discontinuity in the simulations, our pre-
liminary results showcased that discharging to more than 130% of the nominal capacity 
might induce some electrode degradation, which is counterproductive if the data are to 
be used as references in a model. Therefore, more work is needed to maximize data gath-
ering while minimizing the induced degradation. Hopefully, a protocol can be defined to 
allow for the gathering of maximum data and estimate the plating resistance at the same 
time. However, that might not be an easy task, as it was also identified that the plating 
potential might be dependent on the type of carbon, electrolyte, or separators. This must, 
therefore, be investigated in more detail, along with the impact of temperature and other 
parameters, like pressure, before any generalization can be proposed for lithium- and so-
dium-ion batteries. 

Author Contributions: Conceptualization, M.D.; methodology, M.D. and A.R.; software, M.D.; val-
idation, M.D., D.B., A.G., and A.R.; formal analysis, M.D. and D.B.; investigation, M.D.; resources, 
M.D. and A.R.; data curation, M.D.; writing—original draft preparation, M.D.; writing—review and 
editing, M.D., D.B., A.G., and A.R.; visualization, M.D.; supervision, M.D. and A.R.; project admin-
istration, M.D. and A.R.; funding acquisition, M.D. and A.R. All authors have read and agreed to 
the published version of the manuscript. 

Figure 3. (a) Comparison of the lithiation voltage response for the new extended RPT schedule with
(b) differential voltage vs. time curves for the rests after discharge. The dotted line represents the
typical 10 mV cutoff. (c) Example of full-cell charging emulation at different rates with extended RPT
and (d) the associated NE lithiation half-cell data used for the simulations.

4. Conclusions

To summarize, the results from this preliminary work established that the plating
potential is rate dependent and that this can easily be taken into consideration to extend the
potential window of electrodes during testing and to more accurately predict plating onset
dynamically in battery models outside of equilibrium. While the voltage window needs
to be extended to its maximum to avoid discontinuity in the simulations, our preliminary
results showcased that discharging to more than 130% of the nominal capacity might
induce some electrode degradation, which is counterproductive if the data are to be used
as references in a model. Therefore, more work is needed to maximize data gathering while
minimizing the induced degradation. Hopefully, a protocol can be defined to allow for the
gathering of maximum data and estimate the plating resistance at the same time. However,
that might not be an easy task, as it was also identified that the plating potential might
be dependent on the type of carbon, electrolyte, or separators. This must, therefore, be
investigated in more detail, along with the impact of temperature and other parameters, like
pressure, before any generalization can be proposed for lithium- and sodium-ion batteries.

Author Contributions: Conceptualization, M.D.; methodology, M.D. and A.R.; software, M.D.;
validation, M.D., D.B., A.G., and A.R.; formal analysis, M.D. and D.B.; investigation, M.D.; resources,
M.D. and A.R.; data curation, M.D.; writing—original draft preparation, M.D.; writing—review
and editing, M.D., D.B., A.G., and A.R.; visualization, M.D.; supervision, M.D. and A.R.; project
administration, M.D. and A.R.; funding acquisition, M.D. and A.R. All authors have read and agreed
to the published version of the manuscript.
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