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Lithium plating is considered an undesirable side reaction because it can induce capacity fading and pose
safety concerns in Li-ion batteries. The timely detection of lithium plating onset is crucial for both
mechanistic investigations and ensuring the safe and durable operation of batteries. In this study,
discharging tests were conducted by varying the set capacity in graphite/Li cells to induce lithium plating
on the graphite electrode. Based on a comprehensive analysis of the voltage curves and the
morphological characterization of disassembled cells, the inflection point on the differential voltage
curve during the discharging process was identified as the precise onset time of lithium plating.
Electrochemical models were developed to further elucidate the mechanisms governing the onset of
lithium plating. Compared with the model based on the potential criterion, the model employing the

. 4 11th 3 2004 concentration criterion demonstrated enhanced precision in predicting lithium plating, particularly under
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Accepted 16th April 2024 high C rates. Based on the model with the concentration criterion, the discharging protocol was

optimized parametrically to achieve high discharging efficiency and restrain lithium plating. This nuanced

DOI: 10.1039/d4ta00244j understanding contributes to determining the onset of lithium plating more accurately, thereby
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1. Introduction

Lithium-ion batteries (LIBs) have gained widespread recogni-
tion in consumer electronics™ and electric transportation®*
owing to their outstanding attributes such as high energy
density,” high power density,® prolonged lifecycle, and cost-
effectiveness. During typical charging conditions, lithium ions
intercalate into the layered structure of graphite in a series of
stages, culminating in the formation of LiCs upon complete
lithiation.” However, under specific conditions such as high
charging rates (C rates),**° overcharging," ™ and low tempera-
tures,"* lithium ions can undergo direct reduction to form
metallic lithium on the graphite surface, a phenomenon known
as “lithium plating”. This unwanted side reaction may result in
increased internal resistance, capacity fading,'*"” Li dendrite
formation,'®" and internal short circuits. Detecting the onset of
lithium plating is imperative to determine the health and safety
status of a running cell.
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facilitating a more robust battery design and durable yet fast charging protocols.

Various experimental methods have been employed to
comprehensively understand lithium plating and detect its
occurrence, including electrochemical techniques and physical
characterization methods.” Leveraging the reaction of the plated
Li metal with the electrolyte and the different electrochemical
properties of the plated Li metal and intercalated carbon (Li,Cs),**
various electrochemical methods have been explored to detect
lithium plating on graphite electrodes, such as the measurement
of coulombic efficiency,"” discharging/rest voltage curves®*>* and
the potential of graphite electrodes in cells in 2-electrode® and 3-
electrode® setups. While these methods are nondestructive and
convenient for engineering applications, they can only partially
confirm the presence of plated lithium and do not detect the
precise onset of lithium plating in situ.*® Physical characterization
methods such as optical microscopy,’®” scanning electron
microscopy (SEM),?® transmission electron microscopy (TEM),*
nuclear magnetic resonance spectroscopy (NMR),* and in situ
neutron diffraction,"” offer direct detection of plated lithium metal
but their widespread application is hindered by expensive equip-
ment and implementation challenges. Consequently, there is
a need for an economical, convenient, nondestructive, and accu-
rate in situ method for detecting the onset of lithium plating.

Understanding the mechanism of lithium plating is impera-
tive to determining its onset. Conventionally, it is considered that
lithium plating becomes thermodynamically possible when the
over-potential of the lithium plating reaction reaches a value
smaller than 0 V vs. Li/Li" (np1a < 0 V).**** Elevated polarization
resulting from high C rates® and low temperatures® contributes
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to the reduction in graphite potential, thereby promoting the
occurrence of lithium plating. However, although the potential
criterion (np1, < 0 V) is considered a necessary condition for
lithium plating, it is insufficient, as demonstrated by several
experiments.”**** Uhlmann et al,* for instance, subjected
graphite/Li cells to charging pulses at varying C rates after
reaching a certain state of charge (SOC). Their results indicated
that during charging pulses at 5C and 10C, lithium plating did
not occur until the graphite potential fell significantly below 0 V.
Gao et al.,”” by utilizing in situ optical microscopy coupled with
electrochemical measurements, observed that a single graphite
particle could withstand a negative potential of —115 mV before
any plated Li metal was observed during discharging at 0.6C. The
above experiments were conducted on cells with a 2-electrode
setup, which may affect the measurement accuracy of graphite
potential due to polarization on the counter electrode. Based on
this, Wandst et al.* performed forced lithium plating on cells with
a 3-electrode setup. By employing operando electron para-
magnetic resonance (EPR) spectroscopy, they observed that the
onset of lithium plating happened at a negative graphite poten-
tial measured with a reference electrode setup. Besides, the
electrolyte concentration gradient between the graphite electrode
and reference electrode was less significant due to the low C rate
of 0.1C, guaranteeing the measurement accuracy of graphite
potential. It has been demonstrated that the potential criterion
(Mp1a < 0 V) alone is inadequate to determine lithium plating
onset. Factors other than potential, such as concentration, may
play vital roles in triggering lithium plating. Using in situ optical
microscopy, some researchers® > found that the lithium plating
occurred exclusively on the fully lithiated parts of the graphite
electrode, while the onset voltage was much below 0 V versus Li/
Li".*% Such observations illustrate that Li concentration in
graphite is a more accurate indicator of lithium plating than
graphite potential, and this has been rationalized by analyzing
the energetics and kinetics of the lithium intercalation and
lithium plating.>” During the charging process, lithium interca-
lation is always more favored energetically and kinetically than
lithium plating even when the potential criterion for lithium
plating is satisfied (11, < 0 V). The tipping point occurs when the
graphite surface is saturated with intercalated Li ions (csgur =
Cs,max)- At this point, lithium intercalation is energetically equally
favorable but kinetically less favorable than lithium plating due
to the lack of sites for Li ions to intercalate and the drop in
nucleation barrier for lithium plating. As a result, the intercala-
tion reaction is restrained, and the applied current is redirected
to lithium plating. Numerical models have been developed to
predict the onset of lithium plating. While most researchers have
traditionally adopted graphite potential as the primary
indicator'**>*~** that signifies lithium plating occurrence when
the graphite potential falls below 0 V vs. Li/Li", it is emphasized
that the potential criterion (7, < 0 V) is not universally appli-
cable under all conditions, as mentioned previously. Therefore,
the Li concentration in graphite has emerged as an equally crit-
ical parameter in modeling and predicting lithium plating onset.

In this study, our primary objective is the precise detection of
the onset of lithium plating on graphite by exploring the
underlying mechanisms through the synergistic integration of
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experiments and electrochemical modeling. To achieve this,
discharging tests were conducted on graphite/Li cells by setting
different capacities and intentionally inducing lithium plating on
the graphite electrode. The onset of lithium plating was dis-
cerned by analyzing the indirect differential voltage curves and
direct morphological characterization of the disassembled cells.
Subsequently, an electrochemical model was formulated to
provide a comprehensive understanding of the mechanism gov-
erning the onset of lithium plating. In addition, various models
incorporating different lithium plating criteria, such as the
potential criterion (7, < 0 V) and the concentration criterion
(Cs,surf = C€s,max), Were developed and systematically compared
across different C rates. The modified criterion in our proposed
model serves as a nuanced improvement, allowing for a more
accurate depiction of the onset of lithium plating. Building upon
the insights obtained from our models, we propose two optimal
discharging protocols designed to enhance efficiency while
mitigating the occurrence of lithium plating.

2. Experimental details

The electrochemical performance of the graphite electrode
during overdischarge was assessed using CR2032 coin cells on an
electrochemical workstation (Metrohm Autolab). The experi-
mental cells were meticulously assembled in a glove box under an
argon atmosphere using graphite as the working electrode and
a Li plate as the counter electrode. The nominal capacity of the
cells (Q, = 2.03 mA h) was calculated from the material loading
on the graphite electrode (ESIT). Before the formal tests, the
experimental cells underwent a pre-cycling process at 0.1C,
involving three consecutive from 0.005 V to 2 V. The charging
capacity observed during the third cycle was the rated capacity.
Subsequently, only cells exhibiting rated capacity in the 1.81-1.92
mA h range were selected for the subsequent formal tests. This
stringent selection criterion was followed to ensure consistency
and reliability of electrochemical performance evaluation during
the overdischarge process of the graphite electrode.

In the formal experiments, the selected cells with similar rate
capacities were discharged at 0.5C to different extents by setting
different discharging capacities from 1 to 5 mA h. Subsequently,
without any relaxation period, the cells were promptly charged
at 0.5C until they reached a cut-off voltage of 2 V. Differential
analyses”®** were then applied to the discharging and charging
curves mentioned above by employing an indirect detection
method to assess the occurrence of lithium plating during the
discharging process. Furthermore, the morphology of the dis-
assembled cells was characterized to detect lithium plating
directly. Specifically, the cells were initially discharged at 0.5C to
different extents and immediately disassembled within the
confines of a glove box to prevent stripping of the plated Li
metal and the potential reaction between Li metal and the air.
Additionally, overdischarge tests of the cells were conducted at
0.1C and 0.2C to validate the numerical model. The equilibrium
potential of the graphite electrode (Fig. S1(a)f) used in the
model was derived from the discharging test conducted at
0.01C. This comprehensive experimental approach, encom-
passing indirect and direct detection methods and numerical

This journal is © The Royal Society of Chemistry 2024
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model validation, contributes to a robust understanding of
lithium plating dynamics on the graphite electrode.

3. Numerical model

The electrochemical model applied in this work was developed
based on the pseudo-two-dimensional (P2D) model,****** which
consists of a one-dimensional representation of the cell and
a second dimension representing the spherical active material
particles. The basic equations in the model consist of charge
conservation equations that describe potential distribution in the
solid and liquid phases, mass conservation equations to describe
the Li concentration distribution in the solid and liquid phases,
and electrochemical kinetic equations that describe the reaction
rates of lithium intercalation and lithium plating. In most
cases,'>'1631:32 the potential of graphite is commonly used as the
indicator of lithium plating. Lithium plating starts when the
graphite potential drops below 0 V vs. Li/Li". However, according
to the assumption of solid diffusion limitation in graphite,**
lithium plating is triggered when the inserted Li ions saturate the
graphite surface due to slow solid diffusion compared with
intercalation. Accordingly, the criterion of Li concentration needs
to be considered in some cases. In this work, a model with the
concentration criterion is established to predict the onset of
lithium plating and analyze the underlying mechanism.

3.1. Charge conservation equations

In the battery, the solid-phase potential distribution is governed
by Ohm's law:***¢

V x (UgffV(Ps) :jtotal (1)

where o2 is the effective electrical conductivity of the solid
phase, ¢s denotes the potential of the solid phase, and jiota) iS
defined as the total volumetric current density of all electro-
chemical reactions. The boundary conditions at the current
collector/graphite interface and graphite/separator interface are
listed below, where i,,, represents the applied current density.

interface .
_ngfV(pS }cc/gr = _lapp (2)
ff interface
_0: V(p5|gr/sep =0 (3)

The governing equation of the liquid phase potential distri-
bution and the corresponding boundary conditions at the
current collector/graphite interface and graphite/separator
interface are as follows:

2RT(1 —t")
(0

¥ x <a;ffV<pl) + ,dnf )v X (afffV In q)

dIn C]

= j total

4)

interface

o[ = 0 5)
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interface

eff |
—0) V(pl ar/sep

= ~lapp (6)
where of is the effective electrical conductivity of the liquid
phase, and ¢ is the potential of the liquid phase. R, T and F are
the gas constant, temperature, and Faraday constant, respec-
tively. t* represents the number of Li" transported, f is the
activity coefficient, and ¢, denotes the Li" concentration in the
liquid phase.

3.2. Mass conservation equations

The distribution of Li concentration inside the solid active
material particles follows Fick's law*” (eqn (7)). ¢; denotes the Li
concentration in the solid phase, Dy represents the solid phase
diffusion coefficient (Fig. S2t), and r is the radius of the particle.
The boundary condition at the particle center (r = 0) (eqn (8))
indicates that no Li source exists at the center of the particle. At
the particle surface (r = Ry), the Li flux is determined by the local
current density of lithium intercalation (j;,.). Here a, represents
the specific surface area of the particle.

de _p (29, O 7)
at \r ar o
dcs _
T 0 (8)
aCS jim
D = 9
or|,_p  aF ©)

Li" distribution in the liquid phase is directed by the Nernst-
Plank equation (eqn (10)).** The related boundary condition at
the current collector/graphite interface is expressed as eqn (11).

ac; frota
& —[] =-Vx (J]) +,]_10t‘l (10)
interf:
—VCHE:;;:CE =0 (11)

where ¢ and ¢ represent the Li* concentration and volume
fraction of the liquid phase, respectively. Jj is defined as the Li"
flux density in the liquid phase, which is related to ¢; and i
(liquid phase current density), as follows:

N
J[ = foffVcl + Ll] (12)
F
, . 2RT(1 — ) dinf\/ .
i = -V, + 7 ( +_dlncl (q”VlncJ (13)

3.3. Electrochemical kinetic equations

During the overdischarging process of the graphite/Li cell,
lithium intercalation is the main electrochemical reaction at the
surface of the graphite particles, while lithium plating is
regarded as a side reaction that takes place when the required
criterion is satisfied. Accordingly, the total volumetric current
density jiorar is the sum of the current densities of lithium
plating jp1; and lithium intercalation jip,.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta00244j

Open Access Article. Published on 16 April 2024. Downloaded on 5/21/2026 9:37:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

jtotal :jpla + jint (14)

As mentioned above, jiota is used in the charge conservation
eqn (1) and (4) and the mass conservation eqn (10) as the
reaction source. However, only ji, is applied as the reaction
source in eqn (9) since lithium present inside the particle comes
entirely from lithium intercalation at the particle surface,
irrelevant to lithium plating.

The volumetric current density of lithium plating jp, is
expressed by the Butler-Volmer equation presented as eqn
(15). Unlike the widely used models, which adopt the over-
potential of lithium plating as the indicator of lithium
plating (7p1a < 0 V),'»'*1%3132 the Li concentration criterion
is applied in the current model. Specifically, the expression
of the exchange current density of lithium plating iy pia
(eqn (16)) indicates that lithium plating is induced when the
Li concentration at the particle surface cg ¢ €xceeds the
maximum value ¢ max.

0 pia O pla
jpla = asi().plzl |:exp (%jﬁpla) - Xp( - %jwnpla)} (15)
iO,pla = kalacl(cs,surf = Cs,max) (16)
_ jtotal
7Iplu =Qs— @ — Eeq<,p1a - TRﬁlm (17)

Qe pla and @, p1a are the charge transfer coefficients of the
cathode and anode, respectively. k. represents the reaction
rate constant for lithium plating. 7, is the overpotential of
lithium plating, and E.qp. is the equilibrium potential of
lithium plating, which equals 0 V vs. Li/Li*. Rq),,, represents the
resistance of the surface film.

The volumetric current density of lithium intercalation ji,. is
also expressed by the Butler-Volmer equation.*

g int

Fniy o intF i
RT xp RT (18)

where i, ;o represents the exchange current density of lithium
intercalation, which is expressed as

jim = asiO.im |:eXp(

q X int
Ly,int = Fkim(fls‘surf%'""Acs%"ml (19)
cl,ref

Acg = min{max[(cs,max - Cs,surl‘)acsl]7552 - Cs,surf} (20)
Nine 1S the overpotential of lithium intercalation, which is
calculated as

j total

—Rfim
ds

Nint = Ps — @1 — Eeqint — (21)

The general expression of Ac in a traditional P2D model is
ACs = Csmax — Cssurhy > which will lead to non-convergence in
models with the concentration criterion (ESIf). To avoid
computational conflict and simulate the transition from
lithium intercalation to lithium plating during the discharging
progress, Acs was modified as the function of ¢, s (eqn (20)), as
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depicted in Fig. S2.F ¢s; and ¢4, are the parameters that define
Acg and are adjusted by the calibration of the experimental and
simulated voltages. Besides, ki, is the reaction rate constant,
and ¢ ¢ represents the reference Li* concentration in the liquid
phase. acine and «, in¢ are the charge transfer coefficients of the
cathode and anode, respectively. E.yinc is the equilibrium
potential of lithium intercalation on graphite (Fig. S1(a)7).

Based on mass conservation, the thickness of the plated Li
metal layer o1, can be expressed as:

_jplaMpla

% = (22)
ot aspy, F

where My, and pp,, represent the molar weight and density of
the plated Li metal, respectively. Then, the resistance of the Li
metal film can be determined by the thickness d,, and
conductivity og, of the plated Li metal.
5pla

Rﬁlm = -

23
Ofilm ( )

Besides, the pores in the graphite electrode are occupied by
plated Li metal. As a result, the porosity of graphite can be
written as:

& = €10 — asépla (24)

The model was established and presented in COMSOL
Multiphysics. The electrochemical parameters applied in the
model are listed in Table S2.t

4. Results and discussion

4.1. Detection of the onset of lithium plating via
experiments

To induce lithium plating on the graphite electrode and detect
the onset of lithium plating, overdischarge tests were conducted
on graphite/Li cells with 1.0 M LiPF¢/EC + PC + EDC (1:1:1) as
the electrolyte. Four cells denoted as A1-A4 were discharged at
0.5C to different extents by setting different discharging
capacities (A1: 4.53 mA h, A2: 2.14 mA h, A3: 1.70 mA h, and A4:
1.38 mA h), and then immediately charged at 0.5C to 2 V with no
relaxation. The U-Q and dU/dQ-Q curves of the discharging
process (Fig. 1(a)) show the reliable repeatability of cell perfor-
mance. The curves obtained during the subsequent charging
process (Fig. 1(b)) were further analyzed to help determine the
onset of Lithium plating. Lithium stripping plateaus were
observed in the starting stage of the U-Q curves of cells A1 and
A2. These stripping plateaus are attributed to the preferential
stripping of plated Li metal due to its lower standard potential
than lithium intercalated inside graphite.”* Besides, the peaks
in the dU/dQ-Q curves of cells A1 and A2 correspond with the
transition from lithium stripping to lithium deintercalation,
which indicates that the capacity at the dU/dQ peak can be
regarded as the amount of reversible Li metal. The lithium
stripping plateau and peak indicate that lithium stripping
occurs during the initial charging process in cells A1 and A2.
Furthermore, they demonstrate that lithium plating occurs

This journal is © The Royal Society of Chemistry 2024
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Fig.1 The U-Q and dU/dQ-Q curves cells Al to A4 during (a) discharging tests to different capacities and (b) charging tests.

during the overdischarging process in A1 and A2. Cells A3 and
A4 had no obvious Li stripping plateau or peak during the
charging process (Fig. 1(b)). There are two possible explanations
for this phenomenon: (i) lithium stripping does not occur
during charging; (ii) lithium stripping occurs, but the amount
of plated Li metal is too small to be detected. As a result, it is
challenging to determine if lithium plating occurred in cells A3
and A4 during the discharging process.

The results confirm that lithium plating occurs in cells A1l
and A2 during the discharging process. Based on this, three
possible locations for lithium plating onset defined as PO, P1,
and P2 were identified according to the characteristics of the U-
Q and dU/dQ-Q curves obtained during discharging (Fig. 1(a)).
PO was defined at U = 0 V since most researchers'***"** believe
that lithium plating occurs when the graphite voltage drops
below 0 V (based on potential criterion). P1 was defined at the
valley of dU/dQ-Q. In comparison with the normal discharge
test at 0.01C (Fig. S1(b)t), the dU/dQ-Q curve of the over-
discharge test at 0.5C (Fig. 1(a)) presented an additional valley
at around 1.63 mA h, which may result from the occurrence of
lithium plating. Further, P2 was defined at dU/dQ = 0, repre-
senting the onset of the final plateau stage of the U-Q curve.
Generally, the plateaus of the U-Q curve represent the coexisting
phase regions since the chemical potential of Li in coexisting
phases is equal.*® Accordingly, the plateau after P2 represents
the coexisting phase region of LiCs and Li metal.

To further determine the onset of lithium plating, the
morphologies of the disassembled cells with varying discharg-
ing capacities were systematically characterized (Fig. 2). Cells B1
and B2 were discharged to capacities exceeding P2 (Fig. 2(a))
and promptly disassembled within the glove box. Evident silver
Li metal deposits were observed on the graphite surface of both
B1 and B2 (Fig. 2(b)). Cell B3, which was discharged to a capacity
surpassing P1 but lower than P2 (Fig. 2(a)), exhibited a modest
amount of Li metal on its graphite surface (Fig. 2(b)). In
contrast, cell B4, which was discharged to a capacity below P1,
displayed no discernible plated Li metal on the disassembled
graphite electrode. Consequently, it can be inferred that the
onset of lithium plating happens at a capacity value between
those of B3 and B4, close to or precisely at P1. This character-
ization allows for the precise identification of the lithium

This journal is © The Royal Society of Chemistry 2024

plating onset point in the specific discharge capacity range
defined by cells B3 and B4. Besides, the graphite voltage range
between B3 and B4 (—0.076 to —0.021 V) indicates that lithium
plating occurs at a negative graphite voltage, which is not
explained by the traditional potential criterion (9,1, < 0 V).>3%
As described in some reports,*”**! Li concentration in graphite
is considered as the indicator of lithium plating instead of
graphite voltage. In this case, lithium plating may be induced
since Li concentration on the graphite particle surface reaches
the saturation level.

4.2. Detection of the onset of lithium plating via simulations

The above experiments provide a relatively narrow range for
lithium plating onset, yet the precise location of lithium plating
onset and the underlying mechanism were confirmed and
interpreted by simulation. Considering that the potential
criterion (np1a < 0 V) is not suitable to elucidate the occurrence of
lithium plating in this case, a model was established using the
concentration criterion for lithium plating (cssurf = Cs,max)-
Fig. 3(a-c) show the model predictions, in which the dashed
lines denote the experimental results, while the simulated
results are shown by solid lines. The simulated U-¢t and dU/d¢-¢
curves of the overdischarging cases at 0.1C, 0.2C, and 0.5C fitted
the experimental results well, validating the accuracy of the
model. Besides, according to the rate of plated Li metal
concentration variation dc;/d¢, the turning point of the simu-
lated dc;;/dt curve can be determined as the onset of lithium
plating and is denoted as ¢,;. When lithium plating occurs at t,
valley points appear on the simulated dU/d¢-t curves in all
cases, indicating that this valley point P1 arises due to the
occurrence of lithium plating. Based on this, the valley points
on the experimental dU/dt-t curves can be determined as the
experimental onset points of lithium plating ¢z. Therefore, this
model with the concentration criterion can precisely predict the
actual lithium plating onset point (tz = t) at various C rates.

Further analysis was conducted to interpret the relationship
between lithium plating occurrence and the valley point on the
dU/d¢-t curve (Fig. 3(d)). When lithium plating occurs, the
current density of plating iy, starts to increase from 0, while the
current density of intercalation i,  starts to decrease. As
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Fig.3 Comparison of results obtained from the model with the concentration criterion and the overdischarging tests at (a) 0.1C, (b) 0.2C, and (c)
0.5C. (d) The mechanism underlying the appearance of the valley point in the dU/dt-t curve.

a result, the flux of Li ions across the particle surface @);, which

increasing, but the corresponding variation rates (dcs gu/dt,

is determined by i, Starts to decrease. With the decrement of dSOC/d¢) begin to decrease. Since the equilibrium potential of

@y, the Li concentration and SOC at the particle surface keep
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intercalation Eeqy_ine is the function of SOC, the decrease in
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(a) Comparison of results predicted using the models with the concentration criterion and the potential criterion at different C rates. (b)

The evolution of the minimum overpotential of lithium plating npa_min and the maximum surface concentration of Li ions Cssurt_max iN the

graphite electrodes at different C rates.

dSOC/dt leads to a decrease in dE.qy_inc/dt, which finally causes
the valley on the dU/d¢-t curve.

As described above, the model with the concentration crite-
rion can predict the onset of lithium plating precisely. To
further demonstrate the superiority of the concentration crite-
rion in lithium plating onset prediction, the simulated results
obtained using the models based on the concentration criterion
(€s,surf = Csmax) and the potential criterion (np, < 0 V) were
compared. The governing equations and results of the model
based on the potential criterion (9,1, < 0 V) (Fig. S31) are given in
detail as ESL.T In order to quantify the accuracy of the model in
lithium plating onset prediction, the prediction error of the
lithium plating onset time ¢ is defined as the ratio of the interval
between the time of simulated and experimental lithium
plating onset (|t — tg|) to the experimental lithium plating
onset time (¢g). As shown in Fig. 4(a), for the model with the
potential criterion, the error in predicted lithium plating onset ¢
generally increased from 1.21% to 8.34% as the C rate varied
from 0.1C to 0.5C. In comparison, ¢ of the model involving the
concentration criterion increased initially from 0.84% to 2.27%
as the C rate was changed from 0.1C to 0.2C but remained at
this level while the C rate was increased from 0.2C to 0.5C.
These results demonstrate that the concentration criterion is
more suitable to predict the actual lithium plating onset time
under a high C rate than the potential criterion. The adoption of
the concentration criterion can keep the lithium plating onset
prediction error at a relatively low level for all C rates, indicating
that experimental lithium plating is more likely to be induced
by the saturated Li concentration on the graphite particle
surface rather than the negative overpotential of lithium
plating.

Furthermore, the evolution of the minimum overpotential of
lithium plating 7p1a_min in the graphite electrode at different C
rates and the maximum surface concentration of Li ions
Cs surf_max among these graphite electrodes were extracted and
analyzed, as shown in Fig. 4(b) 7pia_min continued to decrease as
time increased, and the potential criterion was triggered when
Npla_min eached 0 V (red circle). ¢, surf_max coOntinued to increase
with time, and the concentration criterion was triggered when

This journal is © The Royal Society of Chemistry 2024

Cs,surf max Teached ¢ max (blue circle). It was observed that the
potential criterion was triggered earlier than the concentration
criterion in all cases. As the C rate increased, the difference
between the triggering times of the potential criterion and the
concentration criterion became larger since Cssurf max at the
potential criterion triggering time (red circle) decreased. As
a result, the lithium plating onset time predicted by the model
with the potential criterion was earlier than the actual lithium
plating onset at a high C rate of 0.5C (Fig. S3(c)7).

4.3. Optimal discharging protocol

By applying the concentration criterion for lithium plating, the
model can precisely predict the lithium plating onset under
various C rates. Based on this, the discharging protocol was
optimized to restrain lithium plating and enhance the dis-
charging efficiency. First, two typical protocols CC(0.5C)_CV
and CC(0.5C)_CC(0.4C) are proposed (Fig. 5(a) and (b)). In
CC(0.5C)_CV, the cell is discharged at a constant current of 0.5C
(grey part) until the concentration criterion of lithium plating is
triggered (cssurft = Csmax); then the cell is discharged at
a constant voltage to a certain SOC (green part). The simulated
result of the current density of lithium plating i,;, shows that
lithium plating occurs at the starting point of the CV process
since ¢ qurf CONtinues to increase and remains larger than ¢ max
during the CV process. The traditional CC_CV protocol cannot
restrain lithium plating. In CC(0.5C)_CC(0.4C), as shown in
Fig. 5(b), the cell is discharged at 0.5C (grey part) until ¢ gurr =
Cs,max; then it is discharged at 0.4C to a certain SOC (green part).
During the CC(0.4C) process, Cgur first decreases from cgmax
and then increases to exceed Csmax. AS a result, the onset of
lithium plating is postponed in CC(0.5C)_CC(0.4C) compared
with CC(0.5C)_CV.

Furthermore, different C rates denoted as nC (n = 0.1, 0.2,
0.3, and 0.4) were adopted for the second CC process, and the
effects of C rate (nC) were analyzed, as presented in Fig. 5(c-f).
As the C rate decreased from 0.4C to 0.1C, the voltage recovery at
the starting point of the CC(nC) process increased from 0.02 V to
0.11 V. Besides, while the C rate decreased from 0.4C to 0.2C,

J. Mater. Chem. A, 2024, 12, 12581-12591 | 12587
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Fig. 5 Results of the optimized (a) CC(0.5C)_CV and (b) CC(0.5C)_CC(0.4C) protocols based on the prediction model based on the concen-
tration criterion. (c) Voltage and (d) current density of lithium plating, (e) the maximum surface Li concentration, and (f) average SOC of the

CC(0.5C)_CC(nC) protocols at different n values.

Table 1 Multi-CC discharging protocols

Name C-rate of each CC step AC rate
Mode 1 0.5C_0.1C 0.4C
Mode 2 0.5C_0.3C_0.1C 0.2C
Mode 3 0.5C_0.4C_0.3C_0.2C_0.1C 0.1C
Mode 4 0.5C_0.45C_0.4C_0.35C_0.3C_0.25C_0.2C_0.15C_0.1C 0.05C

the onset of lithium plating was postponed from ¢; (6027 s) to ¢;
(7340 s) (Fig. 5(d)) since that the triggering time of the
concentration criterion ¢, surf = €s max 1S postponed from ¢, (6027
s) to t3 (7340 s) (Fig. 5(e)). It should be noted that lithium plating
would not occur in the CC(0.5C)_CC(0.1C) case since the
concentration criterion is not triggered during the whole dis-
charging process. Although the decrease in the C rate in the
second CC process contributes to the delay in lithium plating,
the discharging efficiency also becomes poorer since it takes
more discharging time to reach the set discharging SOC.
Besides, when lithium plating occurs respectively at ¢; (6027 s),
¢, (6400 s) and t; (7340 s) for n = 0.4, 0.3 and 0.2 (Fig. 5(d)), valley
points appear on the dU/d¢-t curves (Fig. 5(c)). The specific

valley points on dU/dt¢-¢ curves can be recognized as the indi-

cator of concentration saturation at the graphite particle surface
and lithium plating occurrence. Accordingly, the lithium
plating onset point can be detected in situ by monitoring the dU/
d¢-t data, which is simple and suitable for engineering
applications.

12588 | J Mater. Chem. A, 2024, 12, 12581-12591

As mentioned above, lithium plating is not induced when
the cell is discharged according to CC(0.5C)_CC(0.1C). Based
on this protocol and the model involving the concentration
criterion, four multi-CC discharging protocols (Table 1,
modes 1-4) are proposed by inserting CC steps between
CC(0.5C) and CC(0.1C). The AC rate is defined as the differ-
ence in C rates between the adjacent CC steps. The multi-CC
discharging protocols are based on the concentration criteria
of lithium plating. Specifically, the transition between two
adjacent CC steps is induced when the concentration crite-
rion is triggered (s surf = Cs,max)- NO lithium plating occurs in
these four modes (Fig. 6(b)) since ¢, surf remains lower than or
equal to ¢gmax during the whole discharging process
(Fig. 6(c)). Besides, as the AC rate decreases from 0.4C (mode
1) to 0.05C (mode 4), the discharging time to reach the set
discharging SOC becomes shorter (Fig. 6(d)). This indicates
that decreasing the AC rate in the multi-CC protocol can
enhance the discharging efficiency of the cell with no lithium
plating.

This journal is © The Royal Society of Chemistry 2024
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5. Conclusions

Detecting the initiation of lithium plating on graphite elec-
trodes holds paramount importance in ensuring the safety of
batteries. In this study, we conducted a comprehensive
experimental investigation to precisely determine the onset of
lithium plating on graphite. Additionally, we developed elec-
trochemical models by employing different lithium plating
criteria, specifically the potential and concentration criteria, to
elucidate the mechanisms governing the initiation of lithium
plating. Using the modified model, a parametric study was
undertaken to derive an optimized discharging protocol that
not only exhibits high discharging efficiency but also mitigates
the occurrence of lithium plating. The key findings and
conclusions drawn from this research can be summarized as
follows:

(1) We introduced and validated a novel method for the in
situ detection of the onset of lithium plating based on the
distinctive characteristics of the dU/d¢-¢ curve. The valley point,
denoted as P1, in the dU/d¢-t curve of the discharging process
was established as a precise indicator of the initiation of lithium
plating.

(2) Electrochemical models incorporating distinct lithium
plating criteria were formulated and examined. Comparative
analysis revealed that the model incorporating a concentra-
tion criterion demonstrated superior suitability in predict-
ing the onset of lithium plating, particularly under elevated

This journal is © The Royal Society of Chemistry 2024

C rates, in contrast to the model that relied on a potential
criterion.

(3) In the context of multi-CC (constant current) protocols,
our investigation determined that the reduction in AC rate
between adjacent CC steps contributes to an enhanced dis-
charging efficiency, while concurrently mitigating the occur-
rence of lithium plating. This finding underscores the
significance of protocol design in achieving optimal battery
performance with minimal risk of lithium plating.

These findings contribute to advancing the understanding of
lithium plating phenomena and offer practical implications for
the design and operation of lithium-ion batteries to enhance
both safety and efficiency.
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