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Lithium plating, a highly detrimental process in lithium-ion batteries (LIBs), accelerates battery aging and

induces rapid battery performance decline. Under extreme conditions, lithium plating can even

compromise safety performance and lead to thermal runaway combustion and other consequences.

Therefore, it is of great significance to detect and understand the internal mechanism of lithium plating.

Electrochemical methods stand out among various detection approaches due to their convenience. In

this review, we first discuss the formation mechanism of lithium plating metal and then introduce the

corresponding detection methods by various electrochemical methods. Finally, we provide some

prospects for future research on electrochemical detection methods for lithium plating.
1 Introduction

The looming set of climate change issues requires immediate
global implementation of a shi from fossil fuel energy to clean
renewable energy.1–8 Many countries aim for net-zero emissions
by 2050 to fulll the Paris Agreement, which will be achieved
through a massive expansion of renewable energy
production.9–15 In recent years, lithium-ion batteries (LIBs) have
been widely used as energy storage devices in many industrial
sectors, including electric vehicles and grid facilities,15–22 due to
their excellent energy and power densities, high energy effi-
ciency, and long cycle life.23–31

At present, graphite stands as the predominant anode
material for LIBs due to its good electrical conductivity, low
cost, low lithiation potential, good thermal conductivity, high
coulombic efficiency (CE), and stable structure.32–40 Neverthe-
less, due to the layered structure and anisotropy, lithium ions
can only be embedded at the edge of graphite, resulting in low
mass transfer efficiency and high propensity for lithium plating,
which is an unsavory side effect on the anode side of LIBs that
tends to occur during charging at low temperatures, high C
rates, or high cut-off voltages.41–44 Lithium plating results from
lithium ions being reduced to lithium metal instead of being
intercalated into the anode crystal structure when the local
als, College of Materials Science and

10064, China. E-mail: caiwl@scu.edu.cn

nstitute of Technology, Huaian, 223003,

gy for Materials Synthesis and Processing,

30070, China

eering, Zhejiang University, Hangzhou,

is work.

f Chemistry 2024
anode potential drops below 0 V vs. Li+/Li.45,46 The development
of lithium metal formation triggers the thickening of the SEI
layer, subsequently depleting the limited electrolyte and
lithium ions. This process, on the one hand, alters the battery's
internal impedance. Primarily, the thickening of the SEI layer
caused by lithium plating increases the interface impedance.
Additionally, because the electrical conductivity of lithium
metal is better than that of graphite, the charge transfer
impedance will be correspondingly reduced aer lithium
plating. On the other hand, this process results in a loss of
lithium inventory and loss of anode active material, ultimately
accelerating the capacity degradation of the battery.47 Further-
more, under certain extreme conditions, the growth of lithium
dendrites can puncture the separator, leading to thermal
runaway.23 At present, the main strategies to inhibit lithium
plating include electrolyte design,48–52 material modication,53,54

and optimization of charging protocols.55–61 These strategies
target various rate-limiting steps associated with lithium-ion
transportation including lithium-ion migration in the electro-
lyte, and lithium-ion diffusion in the solid electrolyte inter-
phase (SEI) and graphite.62 However, in practical applications,
the complex interplay between test conditions like rate, state of
charge (SOC), and temperature makes it difficult for a single
rate-limiting step to remain continuously functioning
throughout the entire process, limiting the effectiveness of
these strategies in preventing lithium plating.63 Therefore, it is
necessary to develop reliable methods for in situ, real-time
detection of lithium plating in lithium batteries.

The current methods for detecting lithium plating can be
roughly divided into two categories: destructive and non-
destructive methods. The former includes (a) visual observa-
tion,41 (b) destructive physical analysis of the battery,64–66 (c)
electron paramagnetic resonance (EPR) and nuclear magnetic
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33427
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Fig. 1 Electrochemical test methods for analyzing lithium plating. (a) Changes of graphite during discharging, voltage curve, and dQ/dV curve. (b)
Changes of graphite during relaxation (rest after charging), voltage curve, and dV/dt curve. (c) Three-electrode device and voltage curve. (d)
Capacity fading during cycling and CE changes with charging C rate. (e) Change of equivalent circuit after lithium plating, EIS, and distribution of
relaxation times (DRT).
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resonance (NMR),67 and (d) mass spectrometry titration,68 while
the non-destructive methods include (i) battery thickness
measurements,69,70 (ii) in situ neutron diffraction,71 (iii) acoustic
detection,72–74 and (iv) thermal signature detection.75–77 These
different kinds of methods can detect lithium plating and can
provide information on lithium plating from different dimen-
sions, but the destructive methods usually require heavy addi-
tional equipment or need to be detected aer disassembling the
battery, while the routine non-destructive methods also have
drawbacks in that they are less sensitive to lithium plating.
Among the non-destructive methods, electrochemical detection
stands out for its simplicity and high sensitivity to lithium
plating, eliminating the need for battery disassembly, complex
sample preparation, and additional detection equip-
ment.23,41,45,66,78 However, previous work oen utilized only one
or two electrochemical detection methods without providing
a clear explanation of the detection principle or a systematic
study of these methods. In this review, we rst analyze the
mechanism of lithium plating, and systematically introduce
various corresponding electrochemical methods in detail,
including three-electrode detection of anode voltage,
33428 | J. Mater. Chem. A, 2024, 12, 33427–33447
electrochemical impedance spectroscopy (EIS), detection of the
voltage platform during discharging or relaxation, and analysis
of CE changes (Fig. 1). Finally, we present the suggestions and
prospects for the future development of electrochemical
detection methods for lithium electroplating.
2 Lithium plating in LIBs

Under ideal normal charging conditions, lithium ions de-
intercalate from the cathode, shuttle to the anode through the
electrolyte and separator, and rapidly intercalate into the active
material of the anode (commonly graphite).79–81 However, the
equilibrium electrode potential of graphite is close to the
potential of lithium metal, which leads to its susceptibility of
being reduced to a silvery-white lithium metal on the surface.82

The occurrence of lithium plating is inuenced bymany factors,
and the following are some of them: (1) high charging rate;83–85

(2) low temperature;83,86–88 (3) high SOC;89,90 (4) long-term
cycling.91

In either case, the underlying mechanism for lithium plating
is poor anode kinetics, whereby the rate of intercalation of
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Intercalation of Li+ into graphite. (b) Lithium plating phenomenon. (c) The stripping of lithium and the re-insertion of reversible lithium
is accompanied by the emergence of dead lithium and the formation of a new SEI.
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lithium ions into the graphite interior is slower than the rate of
aggregation on the graphite electrode's surface, leaving the
graphite anode with an operating potential below 0 V (vs. Li+/Li),
which ultimately leads to lithium plating. However, in actual
processes, lithium plating does not occur as soon as the voltage
drops below 0 V. Due to the existence of certain energy barriers
for the formation of lithium metal on the surface of graphite,
there is an overpotential below which lithium plating takes
place.13 And the process of lithium plating occurs in multiple
steps. As shown in eqn (1), lithium ions de-intercalate from the
cathode under ideal normal charging conditions and fully
intercalate inside the graphite anode (Fig. 2a). As the charging
process continues, lithium ions continue to be intercalated into
the graphite anode, and the vacancy sites in the graphite layer
decrease, resulting in the anode being in a high SOC. Under this
circumstance, as shown in Fig. 2b, the aggregation rate of
lithium ions on the anode surface is faster than the intercalat-
ing rate, leading to a decrease of the anode potential to below
0 V, which makes lithium plating thermodynamically
amenable, indicating lithium plating is initiated (eqn (2)). In
theory, the lithium plating process also exists simultaneously
with the lithium intercalation process.

xLi+ + LiaC6 + xe− / Lia+xC6 (1)

zLi+ + ze− / zLi (2)

The plated lithium in the lithium plating process can
generally be divided into two categories, namely “live lithium”

and “dead lithium.” As shown in Fig. 2c, “live lithium” refers to
reversible plated lithium, which can be converted into lithium
ions to be released into the electrolyte and transferred to the
cathode in the subsequent discharging stage aer charging,
a process known as lithium stripping (eqn (3)).92,93 Interestingly,
a portion of the live lithium can also be re-intercalated into
graphite during deposition and relaxation, as shown in eqn
(4).94,95

Lib / Li+ + e− (3)

sLib + Lia+xC6 / Lia+x+sC6 (4)

where Lib is reversible lithium.
Dead lithium is irreversible lithium, where a portion of the

plated lithium reacts with the electrolyte to form a new SEI that
This journal is © The Royal Society of Chemistry 2024
loses electrical contact with the graphite anode and the con-
ducting collector (Fig. 2c).96–98 This part of the plated lithium
cannot return to the system during the simple lithium stripping
process, which can lead to the capacity degradation of LIBs.
With the accumulation of dead lithium, the capacity and other
aspects of the performance of batteries would further
decline.98–102 In addition, with the emergence of lithium plating,
dendrites will form and grow to pierce the separator, resulting
in an internal short circuit. Once a short circuit occurs in the
battery, its internal heat release will cause the organic electro-
lyte to burn and cause serious safety accidents.100,103–107 There-
fore, reliable electrochemical methods of detecting lithium
plating can be a powerful predictor of the occurrence of these
phenomena to ensure safe battery operation.80,108–112
3 Electrochemical methods for
lithium plating detection

Advanced lithium plating detection methods are rapidly
evolving,41 such as (1) chemical methods focusing on elemental/
valence detection and morphological studies,68 (2) thermal
methods using thermal signature detection and analysis such
as dT/dt, dT/dQ, dT/dV, or calorimetry,75–77 and (3) physical
methods employing perturbation by electrons, pressure,
acoustic waves, or ultrasonic waves to generate relevant infor-
mation for lithium plating detection.69,70 For example, esti-
mating exhaust gases using mass spectrometric titration is
a precise quantitative technique for detecting inactive lithium
in trace amounts of graphite.23 And microscopic observation of
lithium plating typically requires the utilization of optical
microscopy, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). These characterization
methods play an important role in observing dendritic lithium
from the millimeter to nanometer scale.45 While these methods
provide a lot of useful information, they usually require bulky
additional equipment or invasive probes inside the cell, and
many of the methods are not capable of in situ detection.113

These limitations restrict their practical applications. In
contrast to these methods, electrochemical methods have the
distinct advantage of detecting lithium without the need for
external sensors or equipment, and do not require expensive
laboratory-grade instrumentation and meticulous sample
preparation.41 In this chapter, based on the accuracy of tests,
detailed information about the electrochemical methods for
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33429
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detecting lithium plating is introduced. The methods are dis-
cussed in terms of their principle, advantages, disadvantages,
and specic points to consider.
3.1 Common methods

In electrochemical detection characterization, the most
commonly used method is based on the lithium plated on the
graphite surface during the charging process and analyzing the
voltage change or the amount based on the change in voltage
during discharging or relaxation to detect whether lithium
plating occurs. These methods are the simplest and easiest to
conduct. Still, their accuracy is not very high, especially since
a small amount of plated lithium cannot be detected, and the
accuracy of detection is seriously affected by the accuracy of
voltage measurement. And these common methods are not
applicable when charging at high charging C rates, due to it
likely being challenging to obtain helpful information about
lithium plating from the detection results. It is well known that
lithium plating can be divided into reversible and irreversible
parts. These detection methods based on voltage variation can
only detect reversible lithium plating. Still, if assisted by specic
algorithms, these methods can guide whether irreversible
lithium plating occurs during charging and discharging,78

which is vital for analyzing the aging of batteries. Additionally,
these methods relying on voltage plateau detection post relax-
ation or discharging are limited in pinpointing lithium plating
during charging. If lithium plating has already occurred in
a battery during charging, these methods cannot play a warning
role very well, so it is not possible to stop charging in order to
prevent lithium plating, which is detrimental to online detec-
tion. Each method is described in detail in the following
sections.

3.1.1 Voltage plateau analysis. The voltage platform
method is the most feasible method for online detection of
lithium plating in the battery management system (BMS), which
does not require special and expensive equipment, and lithium
plating can be monitored in real time. Therefore, in industrial
production, monitoring the platform voltage is a practical way
to determine whether lithium plating occurs during charging.

The voltage plateau refers to a section of the battery's voltage
change that remains relatively at during the charging and
discharging process. In lithium-ion batteries, the voltage
plateau is typically associated with the equilibrium state of
electrochemical reactions occurring within the battery. During
charging, lithium precipitates on the surface of graphite, which
strips off during the converse discharging process. Both
processes are phase transitions, where the chemical potentials
of the two phases are equal at equilibrium, resulting in minimal
voltage changes and the emergence of a voltage plateau. By
analyzing the corresponding voltage plateaus during charging
and discharging, insights can be gained into the lithium plating
conditions. It is noteworthy that the insertion of lithium ions
into graphite also results in three voltage plateaus, corre-
sponding to the formation of LiC24, LiC12, and LiC6, respec-
tively.1 These plateaus exhibit higher voltages compared to the
lithium plating plateau, typically above 0 V vs. Li+/Li. When
33430 | J. Mater. Chem. A, 2024, 12, 33427–33447
distinguishing whether lithium plating occurs, it is important
to differentiate between the lithium intercalation plateaus and
the lithium plating plateau.

Regarding the voltage plateau during stripping, Smart et al.
rst applied a low-temperature (−40 °C) discharge voltage
plateau as a lithium plating detection tool, as shown in
Fig. 3a.114 They proposed that the plateau length can be used as
an indicator for assessing the amount of lithiummetal and that
the potential of lithium intercalation was inferred as a function
of the lithium content. Then Petzl et al. studied the discharge
curve of commercial cylindrical LIBs at −20 °C. A stripping
platform was observed at 70–90% SOC in Fig. 3b, and a uniform
silver-white lithium coating was observed on the graphite elec-
trode aer the batteries were dismantled, verifying the reli-
ability of the voltage platform representing lithium plating.115

Next, Yang et al. showed that the duration of the voltage plateau
period depends on the rate of lithium stripping and that the
rate capability of lithium stripping strongly inuences the rate
capability of lithium embedding into graphite.117 Then, the
voltage prole is very sensitive to lithium plating conditions.
Even when the same amount of lithium metal is plated,
parameters such as exchange current, insertion density, solid-
state diffusivity of graphite, and temperature can signicantly
affect the voltage prole. Remarkably, regarding the voltage
plateau during stripping, Mei et al. systematically illustrated the
variation of lithium plating voltage with cycles in a Li‖graphite
cell, providing cell voltage proles for four typical cycles during
lithiation (Fig. 3c).116 In the rst stage, there is no voltage
plateau, but the voltage has been dropping and the potential
has been below 0 V, which corresponds to the nucleation
process of lithium on graphite. But the voltage cannot drop
indenitely, and a plateau appears, which corresponds to the
process of more lithium growth, that is, the second stage. Aer
that, with the increase of the cycle, entering the third stage,
there is already a large amount of lithium plated on the surface
of the graphite, which is the cell can be regarded as a symmetric
cell, so there will be double plateaus. The rst plateau is
produced by lithium plating, while the second plateau is caused
by the stripping of lithium from the Li anode. In the fourth
stage, at the last circle of the cycle, during the rst plateau
period, the cell has been short-circuited due to a large number
of lithium dendrites, so there is no “double plateau” feature.
While the plateau voltage method can provide a valuable indi-
cation of the occurrence of lithium plating, only the reversible
portion of the lithium plating can bemonitored, and the feature
can only be detected when a signicant amount of lithium
plating occurs.118

3.1.2 Relaxation voltage platform analysis. In addition to
the voltage plateau during discharging, the voltage plateau
during relaxation (rest time aer charging) has also been
recognized as a simple and effective tool for detecting lithium
plating and is widely used in the automotive eld. The rst
attempt tomonitor the unique voltage plateau during relaxation
aer fast charging was made by Uhlmann et al.95 They claimed
that the voltage plateau during relaxation instead of discharge,
where no net current passes through the open circuit, is more
visible and more accessible to analyze. Also, in contrast to
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Discharge curves of a lithium-ion cell at C/20 at −40 °C. Reproduced with permission.114 Copyright 2011, ECS. (b) Voltage profiles of
discharge steps after charging to different SOC levels at−20 °Cwith 1 C charge current. Reproduced with permission.115 Copyright 2013, Elsevier.
(c) Voltage curves for four typical cycles during the lithium plating process. Reproduced with permission.116 Copyright 2024, Elsevier.
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stripping discharges, voltage relaxation preserves the charac-
teristics of mixed potentials without superimposing any further
overpotentials. Then, Fear et al. pointed out that the plateau in
the relaxation prole indicated re-intercalation of the plated
lithium and suggested that signicant reversible plating occurs
only aer a minimum voltage is reached, as shown in Fig. 4a
and b.118 And the absence of a plateau at 20% and 40% SOC
suggests that no signicant amount of reversible plated lithium
was re-inserted during the subsequent resting phase. So similar
to the platform voltage method, the absence of re-inserted
platforms does not necessarily indicate the absence of lithium
plating, and in the case of small amounts of lithium, platforms
may not be observed.117,121 In addition, the relaxation method is
not considered to be applicable to the actual operating condi-
tions of electric vehicles, as it requires a rather long relaxation
time, which is rarely seen in practice.41

A portion of the lithium plated on the graphite surface would
be re-embedded into the graphite during the relaxation process,
which leads to the typical “double plateau” OCV feature.45 This
plateau is a hybrid potential generated by the interaction of
lithium embedding and the dissolution of deposited lithium
metal on the anode surface.46 However, because the voltage
change during the relaxation phase is very small, this plateau is
This journal is © The Royal Society of Chemistry 2024
sometimes not clear. In order to observe the platform more
clearly, the method of differentiating the time of the voltage can
be used, which is called the voltage relaxation prole (VRP). S.
Schindler et al. investigated LiFePO4‖graphite cells at different
SOCs at −15 °C.46 In Fig. 4c, a clear localized minimum is seen
in the curve for the DSOC range of 20–40%. They attribute these
changes in the slope to the depletion of the characteristic
mixing potentials, thus dening these features as clear indica-
tors of the lithium plating during the previous charging step. In
contrast, atDSOC= 10%, it is considered that too little charge is
transferred, that a critical minimum amount of deposited
lithium is not reached during the charging step, and that there
are no local minima to characterize. It is possible to quantify
how much lithium is deposited by the time at which a localized
minimum occurs, with the dV/dt peak indicating the end of
lithium stripping. The dV/dt curves were further investigated by
Yang et al.,117 and it was shown that the peak in Fig. 4d corre-
sponds to the point at which the amount of lithium metal
remaining in the anode is below a certain critical value. In
addition, since the curve is essentially converted from a voltage
signal, the sensitivity of dV/dt will be limited mainly by the
voltage measurement.46 So this method also has problems of
not being able to detect a small amount of lithium plating and
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33431
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Fig. 4 (a) Relationship between voltage and SOC. (b) Relaxation voltage curves of the cell process at 0 °C and C/2 after charging. Reproduced
with permission.118 Copyright 2020, American Chemical Society. (c and d) Differential voltage over time (dV/dt) in the relaxation process after
charging. Reproduced with permission.46,117 Copyright 2015, Elsevier, Copyright 2018, Elsevier. (e) DV evolution versus residual charge Q of
a discharged cell. Reproduced with permission.119 Copyright 2020, Elsevier. (f) Four regions of the DV. Reproduced with permission.120 Copyright
2014, Elsevier.
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a long detection time. In addition, there are also fewer studies
of the dV/dt method, and experimental studies are either
limited to low temperatures (#0 °C) or charging to a high
graphite SOC.45

3.1.3 Differential voltage (DV) and incremental capacity
(IC). As with the relaxation process, this voltage plateau is not
easy to clearly observe, so two methods are proposed, DV and
IC, to convert the plateau into a more easily recognizable
differential voltage peak and to identify the lithium plating
process. DV and IC are inversely related, which can in situ detect
lithium plating quantitatively.78 The basic principle of both is
also based on the fact that if lithium plating occurs during
charging, lithium stripping will occur during discharging,
which is reected in the time–voltage diagram by the appear-
ance of a high-voltage plateau and appears before the rst
33432 | J. Mater. Chem. A, 2024, 12, 33427–33447
normal de-embedding plateau of the graphite anode.115 The
DVmethod calculates the derivative of the voltage Vwith respect
to the capacity Q during the discharging process,119–122 whereas
the IC is the opposite, the derivative of the capacity Q with
respect to the voltage V.113,123–127 The main difference between
these two derivatives is that the peaks in the dV/dQ curves
represent phase transitions, while those in the dQ/dV curves
represent phase equilibria.128 Another difference is that dQ is
always non-zero for DC analysis relative to IC. The derivative of
voltage to capacity, dV/dQ, is well suited for the graphical
analysis of cell data.

The derivative dV/dQ signies the variation of voltage per
unit capacity, embodying the responsiveness of voltage to
changes in capacity during the reverse charging and discharg-
ing cycles.78 Typically, the progression of battery voltage with
This journal is © The Royal Society of Chemistry 2024
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respect to capacity is smooth, and is attributed to the relatively
consistent and continuous electrochemical reactions occurring
within. Nevertheless, in instances where a phase transition or
structural alteration takes place, the voltage variation may
intensify or exhibit abrupt changes, heightening its sensitivity
and culminating in the emergence of a peak in the voltage–
capacity curve.119

There are several reasons for the abrupt change in the curve:
(1) phase transition barrier. Lithium plating can be viewed as
a phase transition, which is a complex phenomenon involving
thermodynamic and kinetic processes. In this process, the
system needs to overcome certain energy barriers such as the
lithium nucleation and growth barriers on the surface of
graphite, which causes a sharp change in the voltage signal near
the phase transition point. (2) inhomogeneous electrochemical
reaction: when lithium plating occurs, the electrochemical
reaction cannot be as smooth as usual. The formation of
lithium plating on graphite exhibits both temporal and spatial
non-uniformity, requiring an additional voltage to overcome
this non-uniformity. Consequently, the non-uniformity during
the phase transition contributes partially to the generation of
peaks in the curve. (3) change of internal resistance: the internal
resistance of a battery is one of the critical factors inuencing
its voltage variation. Aer the formation of lithium plating, the
internal resistance will change, subsequently affecting the
voltage performance during charging and discharging. This
variation in internal resistance further exacerbates the non-
smoothness of the battery voltage as it changes with capacity.
(4) obstruction of ion and electron transport: during the lithium
plating process, the SEI layer on the surface of graphite grows
thicker, hindering the transport of lithium ions to a certain
extent. Additionally, lithium plating alters the charge transfer
impedance of the graphite anode, both of which impact the
electrochemical reaction rate, leading to sharp changes in the
battery voltage.

The peaks on the DV curve specically reect the peaks
indicating the phase transition between the different graphite
intercalation phases,120 with the change in the height of the
peaks (DPeak1, DPeak2) indicating the degree of homogeneity
of the lithium distribution in the cell,119 and the peak shi and
the corresponding change in capacity are used to analyze the
contribution of the different aging mechanisms, including
lithium plating, as shown in Fig. 4e. The rst additional peak at
the beginning of the DV curve indicates the presence of lithium
plating prior to discharging, and the amount of lithium plating
is related to the corresponding capacity of the additional peak.
In DV research, Petzl et al.120 achieved further analysis of the
aging behavior by dividing the DV curve into four regions
(Fig. 4f). The high-voltage region D exhibits the greatest capacity
loss. Regions B and C show much smaller decreases, while
region A is hardly affected by the low-temperature cycle. This
behavior, i.e., the signicant capacity loss in region D, is char-
acteristic of cyclable lithium loss. Aer that, Lewerenz et al.
used differential voltage in LiFePO4‖graphite to analyze cells
with different temperatures, charging rates, and SOCs.122 Based
on this, the relationship between cyclic aging and lithium
distribution uniformity of the batteries was systematically
This journal is © The Royal Society of Chemistry 2024
investigated. The different uniform distribution of active
lithium during the aging process will lead to different
phenomena. Fairly low uniformity results in reduced capacity
because the cut-off voltage is reached in advance and may cause
lithium plating during charging. Then, Campbell et al. pointed
out that the differential voltage signature, which is a complex
composite of two complex individual electrode potentials, can
also be used in detection and quantication in commercial
batteries using voltage platform techniques.121

In IC, dQ/dV represents the change in capacity per unit
voltage change, reecting the uctuation of battery capacity at
a specic voltage. As shown in Fig. 5, within a certain voltage
range, dQ/dV exhibits a low slope without the presence of peaks,
which corresponds to a process where the voltage changes
signicantly while the capacity changes minimally. The emer-
gence of peaks indicates that the battery is able to release or
absorb a large amount of energy at a relatively constant voltage,
manifesting as a voltage plateau in the voltage curve. The
appearance of voltage plateaus typically corresponds to the
steady-state phase of specic electrochemical reactions occur-
ring within the battery, where these reactions proceed at
a relatively constant rate. During lithium plating, a plating
plateau appears in the voltage curve, resulting in an additional
peak appearing in the dQ/dV curve as well.

Each peak in the IC curve has a unique shape, intensity, and
location, and it exhibits the electrochemical process occurring
in the cell.124 And in the IC, the peak characteristics produced by
reversible lithium plating and irreversible lithium plating are
different. For reversible lithium plating, a new peak (peak 0) will
appear when high voltage is present in the IC curve; meanwhile,
for irreversible lithium plating, not only does peak 0 appear, but
also the strength of peak 1 will be reduced (Fig. 5a). In IC, the
decrease of peak 1 usually originates from the formation of
thick SEI and dead lithium, both caused by lithium plating.78

Compared to DV, IC is able to detect lithium plating in
different types of batteries, although it may present some
difficulties in mapping. Moreover, IC can be used to calculate
the stripping voltage of lithium plating, which is more suitable
in the severe stage of rapid charging aging. In IC research,
Dubarry et al. qualitatively identied and analyzed the main
causes of capacity degradation, i.e., loss of active material
(Fig. 5b), changes in battery chemistry (Fig. 5c), under-discharge
and under-charge (Fig. 5d).123 Then in their another study,124 it
was stated that the polarization effect must rst be eliminated
so as to better understand the IC behavior of the chemistry in
the battery. Aer eliminating it, the IC peaks broaden at an
increasing rate, and additional kinetic effects are still in play,
which do not affect each IC peak in the same way. And in the
quantitative analysis of IC, Anseán et al. combined incremental
capacity and peak area analysis to identify features.127

Combined, they helped to identify and quantify the presence of
a new phase transition in the characterization, which emerged
from the emergence of reversible lithium plating. IC analysis
was also applied to multilayer pouch cells with and without
a three-dimensional anode structure. Finally, the evolution
pattern of the plated IC peaks during extended fast charging
cycles was investigated. It revealed that the decrease in the
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33433
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Fig. 5 (a) Detection principle of the ICmethod (the red dotted circles highlight the occurrence of lithium plating). Reproduced with permission.78

Copyright 2021, Elsevier. (b–d) Evolution of IC curves, hypothetically in the case of (b) loss of activematerial, (c) changes in battery chemistry, and
(d) under-discharge (UD) and/or under-charge. Reproduced with permission.123 Copyright 2006, ECS.
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amplitude of the plated IC peaks was correlated with an
increase in CE, which was attributed to a decrease in the lithium
increment of the plated layer during each fast charging cycle
and a decrease in the lithium inventory during the extended
cycles.

The drawbacks of both methods are also evident, such as the
use of both DV and IC needs to be performed at lower current
discharges. Interpretation of cell differential curves has been
challenging when charging rates are higher than 1C, as some of
the peaks in the higher rate differential curves (related to elec-
trode phase changes during interpolation) could not be clearly
recognized at higher rates.113,129 For example, when analyzed
using IC, a low-magnication interpolation peak can be
observed, but a distinct additional peak appears when dis-
charged at higher than 2C, and the peak size and position of the
low-magnication peak is constantly changing, making it
difficult to accurately account for the process represented by the
peaks if measurements are made at only one discharge rate
(without comparisons), which is obviously very detrimental to
analyzing the lithium plating process. Likewise, similar to other
conventional methods, DV and IC can only detect reversible
lithium but not irreversible lithium. Moreover, if one wants to
detect lithium plating by DV accurately, the cell must be
33434 | J. Mater. Chem. A, 2024, 12, 33427–33447
discharged immediately aer charging to avoid the inuence of
the relaxation process on voltage detection.78

3.1.4 Three-electrode. Lithium plating is an internal
process within the battery, and visualizing the process usually
requires the use of a microscope, which is destructive.23

However, external features that could be measured by not dis-
assembling batteries can reect internal reaction processes in
batteries,42,70,130 and measuring the anode potential with
a reference electrode is an indirect measurement. In a full cell,
the voltage is the difference between the potentials of the anode
and the cathode. If there are only two electrodes in the cell,
there is no way to decouple the potential of the single electrode.
With the inclusion of a reference electrode, it becomes possible
to accurately obtain the potential at the graphite electrode–
electrolyte interphase (Fig. 6a). If this obtained potential is
below 0 V (vs. Li+/Li), as illustrated in Fig. 6b,46 it suggests the
occurrence of lithium plating.133

Conventional lithium reference electrodes are relatively large
in size, which can change the overall structure of the cell and
thus affect the working environment inside the cell.60 A large
number of studies have been conducted on copper wire refer-
ence electrodes derived from the electrochemical deposition of
lithium. Zhou and Notten improved these reference electrodes
by electrochemically depositing lithiummetal from the cathode
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Schematic diagram of the three-electrode cell. (b) The detection principle of the anode potential measurement (the red circle
highlights the occurrence of lithium plating). Reproduced with permission.78 Copyright 2021, Elsevier. (c) Traditional structure and components
of a cell holder for a three-electrode cell with a lithium-metal reference electrode. Reproduced under terms of the CC-BY license.136 Copyright
2023, The Authors, published by Elsevier. (d) A cylindrical three-electrode structure. Reproduced with permission.132 Copyright 2009, ECS.
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and anode onto copper wires to form micro-reference elec-
trodes, which can effectively solve the defects of the large size of
the reference electrodes and can be adjusted by regulating the
current density and thickness of the lithium layer of the elec-
trochemical deposition to improve the performance of refer-
ence electrodes.134 In addition, there are some other types of
reference electrodes, such as Li–Au alloy,135 Li4Ti5O12,136 and
lithium-tin reference electrodes.137

The position of the reference electrode directly determines
the potential error of the reference electrode, so the accuracy of
lithium plating detection can be optimized by improving the
position of the reference electrode. The reference electrode is
typically located between the anode and cathode to minimize
the ohmic voltage drop and accurately measure its potential.133

Simulations by Dees et al. also showed that the optimal location
for the reference electrode in a LIB is between the anode and
cathode.138 The general reference electrode is placed between
the anode and cathode, as patented by EL-Cell GmbH
(Hamburg, Germany) for its so-called PAT-Cell (Fig. 6c). The
This journal is © The Royal Society of Chemistry 2024
separator is sandwiched between the two halves of the sleeve,
which contain an electrode and a plunger as a uid collector is
pressed against the separator outside the electrode region. Or
a reference electrode (usually comprising a lithium metal disk)
is placed perpendicular to the anode and cathode outside the
active region. The integration of reference electrodes in exible
pack batteries is usually more complicated compared to coin
cells. However, the in situ three-electrode method developed by
Zhang et al. allows for the measurement of cathode and anode
electrode potentials as well as full-cell voltages during charging/
discharging performance testing, as depicted in Fig. 6d.132 This
in situ three-electrode method does not change the electrode–
electrolyte or the electrode microstructure. Aer that, Drees
et al. optimized a method of reference electrode placement by
placing the reference electrode near the anode protrusion and
cathode edge of a pouch cell.131 This location does not require
additional mounting space, and the reference electrode is also
outside of the active electrode region, which does not affect the
cell's performance. By placing the reference electrode in the
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33435
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Fig. 7 (a–c) Anode potentials vs. (Li+/Li) measured in reconstructed three-electrode full cells at ambient temperatures of (a) 5 °C, (b) 20 °C, and
(c) 45 °C. (d–f) Model of the influencing operational parameters on the deposition of lithium on graphite anodes: (d) low temperatures, (e) high
charging C rates, and (f) high SOC. The numeration corresponds to the argumentation order of the respective explanations. The boxed areas
correspond to the solidjliquid interface, where the Li deposition happens. Reproduced under terms of the CC-BY license.133 Copyright 2016, The
Authors, published by ECS.
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above methods, the anode potential can be detected more
accurately, so as to obtain more accurate lithium plating
information. For example, T. Waldmann et al. quantitatively
and systematically investigated the relationship between the
negative anode potential and lithium plating during the
charging process of LIBs by using a recongured three-electrode
pouch cell, mainly measuring the anode voltage at different
temperatures and charging C rates, and it is not difficult to draw
the conclusion that lithium plating tends to occur at low
temperatures and high charging C rate, as shown in Fig. 7a–c.133

Similar conclusions were also reached by three-electrode
experiments by Zhang et al.139 And the reasons for low
temperature, high charging C rate, and high SOC lithium
plating are discussed in Fig. 7d–f, which is mainly ascribed to
the blocked diffusion path of lithium inside the graphite layer,
and lithium ions cannot be quickly inserted into the graphite. A
large amount of lithium is deposited on the SEI, resulting in
lithium plating.
3.2 High-precision measurement methods

Even small amounts of lithium plating during battery cycling
can shorten battery life and affect safety performance, so higher
sensitivity for detecting lithium plating is needed. Impedance-
based methods and high-precision coulombic efficiencies
(CEs) are very sensitive to lithium plating and can be tested at
a high charging/discharging C rate. However, these methods
have the obvious disadvantage of not being able to fulll the
need for real-time monitoring, which is detrimental for appli-
cations in BMS. In addition, these methods require additional
testing equipment. They are explained in the following sections.

3.2.1 High-precision coulombic efficiency (CE). Theoreti-
cally, reversible lithium plating does not cause a loss of capacity
33436 | J. Mater. Chem. A, 2024, 12, 33427–33447
because it is simply another way of accommodating capacity.45

In contrast, the irreversible lithium plating may become elec-
trically isolated from the graphite electrode during stripping. So
irreversible plating is the main cause of capacity loss during low
temperature and high current charging. But the growth of the
SEI isn't taken into account. The plated lithium is capable of
growing through the SEI layer and engaging in a reaction with
the electrolyte, ultimately leading to a decrease in overall
capacity. Consequently, the capacity degradation stemming
from lithium plating encompasses the stripping of irreversible
plated lithium as well as the lithium consumed by the growth of
the SEI layer.

Also, for small amounts of lithium plating, since the
reversibility of the lithium plating/stripping process is relatively
low compared to lithium intercalation/de-intercalation in
graphite,41 only a reversible part of a small amount of lithium
plating can be detected by observing voltage changes, so a trace
amount of lithium cannot form a voltage platform to indicate
the occurrence of lithium plating. So it is unwise to use the
detection of voltage changes to determine whether lithium
plating has occurred or not, and therefore non-destructive
testing can be achieved by conducting high-precision
measurements of the CE. The coulombic efficiency, dened as
the ratio of discharge and charge in a cycle, serves as an indi-
cator of capacity loss. This reduction in CE can effectively detect
the occurrence of lithium plating.

Burns et al. reported small changes in CE during low-
temperature charging using a high-precision charger to
analyze lithium plating, and they rst pointed out the rela-
tionship between cycle multiplicity and CE at different
temperatures, as shown in Fig. 8.140 As the charging rate is
gradually increased, the CE should change almost exactly to 1.0
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Schematic of CE versus charging C rate with both the time-
dependent and charging C rate-dependent resolved curves (bottom)
and the resulting CE versus rate curve (top) at different temperatures.
Reproduced under terms of the CC-BY license.140 Copyright 2015, The
Authors, published by ECS.
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because the time for parasitic reactions and degradation of the
cells to occur is shortest in each cycle. Continuing to increase
the cycling charging C rate aer that, lithium plating will occur
and cause the CE to deviate from 1.0. Later, by disassembling
the battery and observing the electrodes, it was conrmed that
the CE began to decline as an indicator of lithium plating.

CE is more effective than other methods in detecting irre-
versible lithium plating and can detect lithium plating in the
middle and late stages of the entire cycle. Using a high-
precision charger can signicantly improve detection accu-
racy. However, there are several limitations to consider. Over
long-term cycling, batteries will experience side reactions
beyond lithium plating, such as increased resistance due to
compromised electrical contact with the active material or
obstructed electrode pores. These factors greatly complicate the
analysis of lithium plating. Additionally, the scarcity of high-
precision voltage measurement equipment poses a challenge.
Commercial batteries oen exhibit sufficiently high CE levels
that standard equipment fails to identify minor CE uctuations.
To implement high-precision efficiency assessment techniques,
substantial investment in sophisticated equipment is
necessary.

3.2.2 Impedance based approaches
3.2.2.1 Electrochemical impedance spectroscopy (EIS). There

are several major components that can cause impedance
changes during charging and discharging of LIBs, migration of
lithium ions through the SEI layer, charge transfer impedance
at the interface, and diffusion impedance of lithium ions.45 The
core of EIS is to distinguish different rates of electrochemical
reaction processes by impedance changes at different frequen-
cies. Therefore, by using EIS, these processes with varying
constants of time can be effectively identied. Moreover, EIS
only applies a small amplitude sinusoidal signal to the system,
This journal is © The Royal Society of Chemistry 2024
and the electrodes are alternately subjected to cathodic and
anodic processes during the test, which does not cause an
accumulation of polarization phenomena.

The Nyquist plot is usually presented aer an EIS test on
LIBs. It consists of two semi-circular arcs and a straight line
with a slope close to 45°, as shown in Fig. 9a. From le to right
the frequency of the process is represented as it decreases in
order, with the lemost point of intersection of the rst semi-
circular arc with the horizontal axis representing the magni-
tude of the ohmic impedance. The rst semi-circular arc
represents the impedance of the lithium-ion through the SEI
layer, the second semi-circular arc is the charge transfer
impedance, and the rightmost diagonal line is the diffusion
impedance. The corresponding equivalent circuit is shown in
Fig. 9b.

Plating was detected by impedance spectroscopy during
voltage relaxation by S. Schindler et al.46 As shown in Fig. 9c, the
main arc at f = 5 Hz corresponds to the charge transfer
impedance of graphite, and it is not difficult to see that the
impedance gradually increases with the increase of rest time.
This indicates that lithium is embedded into the graphite
causing the impedance to rise. In this way, it is indirectly proved
that the decline of impedance is the key sign of lithium plating
during the charging process. Similar results were obtained by
Pan et al.141 Next, Brown et al. applied the operational imped-
ance analysis to a two-electrode full cell (Fig. 10a–d).142 If there
were no plating, the graphite SEI response would be unchanged,
and the whole cell would reect only a monotonic decrease in
the LiNi0.5Co0.2Mn0.3O2 high-frequency process, as shown in
Fig. 10d. However, if plating does occur on some of the SOCs,
the increase in graphite SEI impedance will offset the decrease
in LiNi0.5Co0.2Mn0.3O2 impedance. In fact, Fig. 10c clearly
shows this behavior. In summary, the effect of lithium plating
on the impedance of the graphite anode is mainly manifested as
the increase of interface impedance and the decrease of charge
transfer impedance of the SEI. Aer lithium plating, the SEI
interface layer becomes thicker, resulting in slower lithium ion
transport, which in turn leads to increased interface imped-
ance. And the reason for the reduced charge transfer impedance
may be that the surface area of the anode is increased aer
lithium plating, making charge transfer easier.

The advantages of EIS are undeniable; it is a very convenient
non-destructive testing technology, and the measurement
results are very sensitive to the weak changes in the impedance
of the cell, making the accuracy very high. However, in the
actual measurement process, the distribution of time constants
of the processes inside the cell is likely to deviate from the ideal
distribution, resulting in two semi-circular arcs overlapping
together, or a process impedance is relatively small, resulting in
the small semi-circular arc difficult to be recognized. These
faults are very unfavorable for EIS analysis.

3.2.2.2 Dynamic electrochemical impedance spectroscopy
(DEIS). The basic principle of DEIS is to superimpose a sinu-
soidal current with a small amplitude on the charging current
during the test, and obtain the battery EIS impedance according
to the changing sinusoidal current without interrupting the
charging and discharging. In contrast to conventional EIS
J. Mater. Chem. A, 2024, 12, 33427–33447 | 33437
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Fig. 9 (a) A typical Nyquist plot. (b) An equivalent circuit diagram. (c) Evolution of impedance spectra for experiments at T=−15 °C,DSOC= 10%,
Ich = 2 Cnom. Reproduced with permission.46 Copyright 2015, Elsevier.
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analysis, with DEIS it is not only possible to detect lithium
plating in real-time without cutting off the voltage but also to
continue charging aer the test has been performed. At the
same time, compared with EIS, DEIS is signicantly simpler in
data processing and can more clearly and intuitively show the
impedance changes during lithium plating. Traditional EIS also
has the advantage that the measurement frequency range can
be set according to the need, and the test can be conducted at
a very wide frequency to obtain the impedance of multiple
processes in the LIBs, such as ohmic impedance, SEI interfacial
Fig. 10 Comparison of graphite and LiNi0.5Co0.2Mn0.3O2 high-frequenc
frequency resistance related to CEI and/or interparticle resistance on LiNi
frequency regime (∼104 Hz) as graphite SEI resistance during a 4C ch
measured in a LiNi0.5Co0.2Mn0.3O2‖graphite two-electrode cell during a
region as (c) but for a cell wherein impedance does not indicate lithium
2021, The Authors, published by Elsevier.
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layer impedance, charge transfer impedance, diffusion imped-
ance, etc. In contrast, the DEIS technique can only set the
alternating current frequency to a specic value during the test,
usually the frequency corresponding to the impedance change
process during charging and discharging, to better analyze the
change of impedance during charging.

DEIS was rst applied by Koseoglou et al. to study the
impedance variation during lithium plating.143 They pointed to
a sudden drop in the battery's interface impedance as a sign
that lithium plating had begun. The DEIS technique was also
y impedance during fast charging to full cell impedance. (a) The high-

0.5Co0.2Mn0.3O2 during a 4C charging. (b) This signal occurs in the same
arging. (c) The sum of these two impedance processes—“RHiFreq”—is
4C charging where plating occurs. (d) The same impedance frequency
plating. Reproduced under terms of the CC-BY license.142 Copyright

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Validation of DEIS in Li plating determination. (a) Variation of CS values (CS reflects the value of the EDL capacitance) on Cu at 0.02, 0.2,
and 2.0 mA cm−2. (b) DEIS tests on graphite at 2.45 mA cm−2 (1.0C). Reproduced with permission.144 Copyright 2022, Wiley-VCH.
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used to reveal the relationship between the graphite anode's
double-decker capacitance and the electrochemically active
surface area during lithium-ion intercalation and lithium
plating processes.144 By relating the electrochemically active
surface area to the anode's double electric layer (EDL) capaci-
tance, an initial lithium plating mechanism is proposed. Thus,
the EDL capacitance of the graphite anode surface is dened
and directly correlated with the impedance results detected by
the DEIS. The single-frequency DEIS test allows real-time
monitoring of the capacitance changes of graphite anodes
under dynamic conditions. In Li‖Cu, Li‖graphite veried that
the rise in capacitance indicates the onset of lithium plating
(Fig. 11). Impedance and capacitance values are inversely
proportional to each other, so the increase in capacitance
means a decrease in the charge transfer impedance of the
graphite anode. This shows that in DEIS testing, a sharp decline
in impedance is still a key indicator of lithium plating.

3.2.2.3 Distribution of relaxation times (DRT). The relaxation
time is the time required for a system variable to change from
a transient state to a steady state.41 In battery systems, the
relaxation time corresponds to the characteristic time constants
of different physical and chemical processes. Real battery
systems have complex microstructures with specic time
distributions for each process. Correspondingly, by extracting
the distribution of relaxation times from EIS data, different
Fig. 12 (a) EIS and (b) DRT results of the anode half cell and (c) DRT resul
0 to 50% and a digital photograph of the graphite anode with different
2021, Elsevier.

This journal is © The Royal Society of Chemistry 2024
electrochemical processes can be identied and understood
from different peaks. There has been a lot of work explaining
the principle of DRT and the derivation of the equations in
detail,145–147 and this article will not elaborate on it.

For coin cells, DRT results are generally evaluated in the
frequency range of 100 k–0.1 Hz. In order to better trace the
peak correspondence process in the DRT results, Chen et al.
investigated the impedance spectrum and DRT results for half-
cells.148 As shown in Fig. 12a, for the anode half-cell, a large
impedance is exhibited at 0% SOC. Once lithiation starts, the
impedance changes abruptly and exhibits a slight change
during the subsequent discharging process. This phenomenon
may be due to the change in the physicochemical properties of
graphite aer lithium embedding occurs. There are four peaks
in the DRT (Fig. 12b). N1 is thought to be attributed to contact
impedance because the corresponding frequency is the highest.
N2, which lies in a similar frequency range, may come from the
lithium counter electrode and the SEI. It is hypothesized that N3
and N4 may be related to the charge transfer process in
graphite. The nature of the full cell is a superposition of the
cathodic and anodic parts, so the contribution of the intrinsic
reaction process of the two electrodes can be distinguished by
comparing the DRTs of the full and half cells. In the following,
by determining the attribution of the peaks, the DRT informa-
tion can be used to estimate whether lithium plating is
ts of the graphite half cell over-discharge with excessive capacity from
amounts of lithium plating. Reproduced with permission.148 Copyright

J. Mater. Chem. A, 2024, 12, 33427–33447 | 33439
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occurring and to analyze the internal changes in the lithium-
plated cell.

Lithium plating is a process that occurs at the anode, and
analysis of the DRT of an anode half-cell reveals that increasing
the amount of lithium plating causes N3D to mutate and move
to a lower frequency of about 4 Hz, with a signicant decrease in
intensity. This is a clear sign of lithium plating, as shown in
Fig. 12c. The transformation of the EIS impedance spectrum
using DRT analysis has the apparent advantage of better visu-
alization of the information contained in the EIS, and the
transformation of the half arcs into the form of peaks allows for
a more explicit determination of lithium plating. In the EIS
analysis, the relative size of the impedance under different SOCs
may vary greatly, resulting in multiple SOCs being presented in
a single graph when analyzed, so the smaller impedance part
cannot be clearly presented. At the same time, there are also
LIBs in different processes with very similar time constants
leading to the superposition of semi-circular arcs making them
difficult to distinguish, and the use of DRT analysis can obvi-
ously solve these defects, so the analysis results are more clear.
At the same time, according to the change of the peak value, the
amount of lithium plating can be quantitatively judged, as well
as the length of time for which the lithium plating occurs. For
example, Brown et al. used a small current to charge the battery,
and lithium plating did not occur before the graphite was
completely lithiated.142 When SOC is greater than 100%, lithium
plating occurs, the peak value of charge transfer impedance
decreases, and the amount of lithium plating is quantitatively
analyzed according to the decrease of peak value. It is also
shown that this method can be used to quantify the lithium
plating under the condition of a high current of 6C.

3.2.2.4 Nonlinear frequency response analysis (NFRA). NFRA
is a novel method for the dynamic analysis of LIBs. In contrast
to the most commonly used EIS, NFRA is not limited to the
linear response of the system, and additional dynamic infor-
mation about the system can be obtained. Harting et al. were
the rst to apply the NFRA technique to LIBs, correlating the
NFR spectra with the impedance spectra on the LIB pouch cell,
and showed that, where EIS could not be distinguished, it was
possible to isolate and identify the contribution of the solid
diffusion in the SEI, the reaction and ion contribution of
processes such as transport.149 The NFRA method can be
considered a critical additional dynamic analysis method for
dynamic LIB characterization. In a later study,150NFRA was used
to analyze lithium plating in pouch cells, where the higher
harmonic responses, such as the third harmonic, differ when
lithium plating occurs. Murbach et al. used a pseudo-two-
dimensional Doyle–Newman impedance model and simulated
the higher harmonic responses of the LIBs.151 They showed that
the second highest harmonic response is sensitive to the charge
transfer response in the electrode.
3.3 Other methods

In the recent past, researchers have also developed new elec-
trochemical methods for the detection of lithium plating, and
due to a lack of research, the accuracy of these methods as well
33440 | J. Mater. Chem. A, 2024, 12, 33427–33447
as the conditions for their use are not yet clear. They are
described in the following sections.

3.3.1 Average voltage estimation. This is a method of
identifying the start of unwanted lithium deposition based on
the average voltage of the battery during charging and dis-
charging, and it is applicable to any battery, where the calcu-
lation is done by dividing the energy by the capacity.152 The two
most important factors affecting the average voltage of a LIB
under load are the increase in internal resistance and the loss of
lithium inventory. Increases in internal resistance and loss of
lithium inventory have a linearly additive effect on the average
voltage; therefore, tracking the average of the charge voltage
and discharge voltage versus the cycle counts allows one to
determine where rapid changes in lithium inventory begin, thus
indicating the onset of unwanted lithium deposition. The
change in average voltage attributable to impedance growth will
hereinaer be referred to as the resistance voltage (RV), and the
change due to loss of lithium inventory is referred to as the shi
voltage (SV). The formulae for calculating SV and RV are shown
in eqn (5) and (6), respectively. Ideally, an ion battery should
have a constant average charge voltage (Vav,c) and a constant
average discharge voltage (Vav,d) over its lifetime. However, the
battery's Vav,c increases and Vav,d decreases during the actual
long cycle, as shown in Fig. 13a, and the SV aer performing the
zeroing process is referred to as the shi voltage change (SVC).
Lithium plating is marked by a shi in the trend of the SVC
from decreasing to increasing (Fig. 13b), i.e., the sharp increase
in the SVC is due to the rapid loss of lithium inventory, which is
attributed to lithium metal deposition.

SV = 1/2(Vav,c + Vav,d) (5)

RV = 1/2(Vav,c − Vav,d) (6)

Detection of lithium plating using the average voltage
method is an extremely simple method that requires only the
most common instruments to measure voltage and capacity.
However, as a new method, the mechanism and accuracy of the
method are not clear. It is only applicable to the detection of
lithium plating during cyclic aging, and the applicability to
a single cycle is not clear.

3.3.2 IR drop method. An in situ analysis method based on
transient analysis to detect the onset of lithium plating at room
temperature under high magnication operating conditions
was recently proposed.153 The iR drop was dissected to decipher
the resistance on the graphite anode by an equivalent circuit
method. A three-electrode cell conguration was used to
decouple the voltage contributions from the graphite anode and
the intercalated cathode. The equivalent circuit and the elec-
trochemical mechanism of the iR dropmethod are illustrated in
Fig. 14a. The change in electrode potential is dened as iR drop.
Upon application of a current pulse signal, the polarization,
which can be divided into electrochemical polarization and
concentration polarization, occurs at the electrode thereby
causing a change in the electrode voltage. Charge transfer can
be stopped by terminating the application of current, and thus
This journal is © The Royal Society of Chemistry 2024
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Fig. 13 (a) Average voltages indicatedwith solid black lines. The dashed lines indicate a perfect cell with an unchanging average voltage. The blue
line represents the value of SV and the red line represents the value of RV. (b) Variation of SVC with the number of cycles. Reproduced under
terms of the CC-BY license.152 Copyright 2018, The Authors, published by ECS.
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the electrochemical polarization will disappear, resulting in
a signicant drop in voltage. A three-electrode conguration
was used to assemble the cell so that the iR drop could be ob-
tained for the cathode and anode, respectively, as shown in
Fig. 14 (a) Schematic illustration of the detection mechanism of lithium
lithium plating in a three-electrode cell configuration: voltage profile of (
inset in (3) is the iR drop calculated from the anode potential. (4) Current
sharp decrease points to the onset of lithium plating. Reproduced under t
Institute of Chemical Physics, Chinese Academy of Sciences, published

This journal is © The Royal Society of Chemistry 2024
Fig. 14b. The iR drop of the graphite electrode was used for the
study and dened as Ri, which was charged and discharged at
different C rates. When the C rate is large enough for lithium
plating to occur, the trend of Ri is always decreasing followed by
plating by iR drop; (b) charging protocol for detecting the onset of
1) the full cell, (2) LiNi0.5Co0.2Mn0.3O2 cathode, and (3) graphite anode,
profile of the full cell. (c) Ri from iR drop at 2C, 3C, and 4C charging; the
erms of the CC-BY license.153 Copyright, 2021 Science Press and Dalian
by Elsevier.
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Fig. 15 Comparison of different electrochemical methods for lithium plating detection.
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increasing and then decreasing. The second beginning of the
curve's attenuation was regarded as the beginning of lithium
plating. The authors compared the point marking the second
start of the decline of Ri with Fear's work118 and found consis-
tency between their conclusions, and veried the reliability of
Fig. 16 Prospects of electrochemical detection methods for lithium pla

33442 | J. Mater. Chem. A, 2024, 12, 33427–33447
the iR pressure drop method by observing the lithium plating
with a light microscope.

Although the iR dropmethod is relatively easy to operate and
only needs to stop the discharging process continuously to get
the results, this operation needs to be repeated many times in
ting.

This journal is © The Royal Society of Chemistry 2024
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order to obtain a continuous iR drop curve. In addition, the iR
drop is recorded by disconnecting every 1% SOC, and the
number of iR drop data to be recorded is very complicated,
which is unlikely to occur in practical applications. Moreover,
the nature of using the iR drop method is the measurement of
charge transfer impedance, which cannot detect the impedance
of lithium-ions through the SEI layer as opposed to the tradi-
tional direct measurement of EIS.

4 Summary and outlook

The major challenge for fast charging is lithium plating on the
graphite anode, which not only triggers safety issues but also
leads to the degradation of LIBs. Therefore, the observation and
analysis methods of lithium plating are very necessary to be
studied. The key to electrochemical detection is to relate the
lithium plating behavior to the change in the electrochemical
performance of the battery during the cycle. This review rst
analyzes the formation mechanism of lithium plating and
briey summarizes the current research related to the detection
method from the perspective of electrochemical methods. Each
method has its own merits and drawbacks. Fig. 15 provides
a comparison between different methods, allowing for the
selection of an appropriate detectionmethod tailored to specic
testing needs in order to achieve better detection of lithium
plating. And in order to further understand lithium plating and
realize real-time detection of this side reaction, some prospects
for further research are proposed (Fig. 16).

(1) Currently, no electrochemical method can reliably and
accurately detect the onset of lithium plating while the battery is
charging. The commonly used electrochemical methods are
based on the stripping platform during discharging or the
voltage platform during relaxation. So it is not possible to take
measures to stop lithium plating from continuing when it
occurs. This is obviously very unfavorable for preventing the
occurrence of lithium plating in the actual practical application
of LIBs. If lithium plating has occurred in the battery, even if it
is detected during the process aer charging, the harm caused
by lithium plating is irreversible. Therefore, it is very important
to develop reliable means to indicate the occurrence of lithium
plating during the charging process. Additionally, some
impedance-based detection methods exhibit extremely high
sensitivity at room temperature. When combined with big data
technologies, they can be effectively applied to detect lithium
plating in vehicle-mounted batteries.21

(2) In order to improve the accuracy of lithium plating
detection by an electrochemical method, it is necessary to
improve the accuracy of the original data. However, obtaining
highly accurate data for the hardware and soware of the
instrument is a great challenge. Therefore, the development of
more sophisticated instruments is an urgent priority. Only then
can we more accurately understand the small changes in the
measurement.

(3) Many electrochemical detection methods can be
combined with big data technologies, such as cloud-based
BMSs that offer promising utilization for real-time monitoring
of lithium plating via embedded sensors such as reference
This journal is © The Royal Society of Chemistry 2024
electrodes. Combining big data techniques and model-based
approaches, advanced algorithms can further predict and
avoid lithium plating. Detecting lithium plating is a complex
task. By gaining a deeper understanding of the lithium plating
mechanism under different operating conditions and applying
advanced detection methods, we can signicantly reduce
degradation under extreme circumstances and achieve a longer
cycle life.

(4) The lithium plating on the surface of the graphite elec-
trode is specic, which means that the lithium plating state of
the same battery is different at different locations. However,
these specic changes cannot be detected by a single electro-
chemical method. In order to better obtain localized informa-
tion on lithium plating, it is necessary to combine various high-
end characterization techniques to jointly perform lithium
analysis and improve the accuracy of detection, such as scan-
ning electron microscopy, in situ optical microscopy, in situ
transmission electron microscopy, and so on.
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