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Abstract: Efficient, sustainable, safe, and portable energy storage technologies are required to reduce
global dependence on fossil fuels. Lithium-ion batteries satisfy the need for reliability, high energy
density, and power density in electrical transportation. Despite these advantages, lithium plating, i.e.,
the accumulation of metallic lithium on the graphite anode surface during rapid charging or at low
temperatures, is an insidious failure mechanism that limits battery performance. Lithium plating
significantly shortens the battery’s life and rapidly reduces capacity, limiting the widespread adoption
of electrical vehicles. When lithium plating is extreme, it can develop lithium dendrites, which may
pass through the separator and lead to an internal short circuit and the subsequent thermal runaway
damage of the cell. Over the last two decades, a large number of published studies have focused on
understanding the mechanisms underlying lithium plating and on approaches to mitigate its harmful
effects. Nevertheless, the physics underlying lithium plating still needs to be clarified. There is a
lack of real-time techniques to accurately detect and quantify lithium plating. Real-time detection is
essential for alleviating lithium plating-induced failure modes. Several strategies have been explored
to minimize plating and its effect on battery life and safety, such as electrolyte design, anode structure
design, and hybridized charging protocol design. We summarize the current developments and the
different reported hypotheses regarding plating mechanisms, the influence of environmental and
electrochemical conditions on plating, recent developments in electrochemical detection methods
and their potential for real-time detection, and plating mitigation techniques. The advantages and
concerns associated with different electrochemical detection and mitigation techniques are also
highlighted. Lastly, we discuss outstanding technical issues and possible future research directions to
encourage the development of novel ideas and methods to prevent lithium plating.

Keywords: lithium-ion batteries; fast charging; lithium plating; sensing; low-temperature; state-of-
health; damage; mitigation; detection

1. Introduction

The conventional transportation and energy sectors are leading contributors to world-
wide greenhouse gas (GHG) emissions. The electrification of the transportation sector is
proposed as a commercially viable solution to limit GHG emissions and environmental
damage [1-3]. The success of the electrification of the automobile sector and the adoption of
renewable energy systems depends mainly on the capabilities of the electric energy storage
system [4-7]. Metal-ion batteries, such as lithium, sodium, etc., are readily available and
proven options for the electro-mobility industry across different vehicle segments [8,9].
Lithium-ion batteries are utilized for electric vehicles because of their high energy den-
sity, high power density, light weight, and efficiency [9,10]. Despite these advantages,
the lithium-ion battery suffers challenges, such as capacity reduction due to aging, fast
charging, limited low-temperature charging, and safety concerns [9,11,12]. More than
130,000 articles on LiBs were published (Figure 1a) up to 2024, suggesting extensive growth
in research on and interest in lithium batteries.
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Typical lithium-ion cells consist of porous anode and cathode films on metallic current
collectors, immersed in an electrolyte and separated by an insulating porous polymeric
membrane (separator). Graphite is the most common anode material found in the cell.
Other explored anode materials, such as the Li metal anode, are susceptible to rapid den-
dritic plating, whereas hard carbon has lower electrical conductivity than graphite [13,14].
Another appealing anode material is Lis TisO1p (LTO), which exhibits good cycling stability,
quick kinetics, and high-rate capability but lacks electrical conductivity and the diffusivity
of lithium ions [15,16]. On the other side, the carbon nanotube (CNT)-based anode has
also been used as an alternative in recent years. Still, its application is also limited due to
lower electronic conductivity and higher irreversible loss [17]. However, this paper focuses
more on the graphite-based anode due to its wide use across the electric vehicle sector. The
cathode of lithium-ion batteries is a composite of metal oxides with different microstruc-
tures, such as a layer, a spinal, or an olivine tunnel. Lithium ions move from the cathode
into the anode during charging, and the electrochemical reactions are reversed during
battery discharging [18]. The cathode microstructure and its conductivity also determine the
lithium-ion flux, resulting in different areal energy densities [19]. The anode and cathode
materials are coated on copper and aluminum films, respectively. A liquid mixture of ionic
lithium salts and ethylene carbonate salts is commonly used as an electrolyte medium,
and an ion-conductive polymeric separator soaked in the electrolyte acts as an insulating
medium between the anode and cathode [13]. A typical lithium-ion battery loses its cyclable
capacity during cycling and is limited in its useful life due to several levels of degradation
processes, as described in Table 1 [20-32] and schematically depicted in Figure 1b.

Due to the high reactivity of lithium-based salt, LiPF¢-based electrolytes are reduced
when in contact with graphite anodes, which have a closer open circuit potential and form
an ion-permeable and insulative solid—electrolyte interface (SEI) layer on their surface, as
shown in Figure 1b. The SEI layer consumes cyclable lithium, causing a cell capacity loss
and a rise in cell impedance. The loss in capacity is directly correlated with the thickening
of the SEI layers during cycling at low C rates [24,25]. Another anodic degradation is
lithium plating; more than one-eighth of the reported publications on battery failure have
focused on lithium plating-induced failures. Figure 1c [22,30] schematically represents the
composite film of plated lithium and SEI around an anode particle. Plating results in a rapid
cyclable capacity loss and coulombic efficiency drop, as shown in Figure 1d. Lithium-ion
batteries are also vulnerable to active material loss due to cathode fracture, dissolution,
and electrolyte decomposition [24]. Several other stress factors are also responsible for
these degradations, such as high-temperature charging, which accelerates the electrolyte’s
oxidation and releases gases that cause cell swelling [26,27]. In comparison, high C rate
charging and the high depth of discharge of the cathode result in cathode fracture and active
material dissolution [28]. The aging study of lithium cells also showcases the breakdown of
the binder during long cycling tests [29]. Among all these factors, health loss in a lithium
battery is mainly dominated by lithium plating.

Table 1. Degradation mechanism in LiBs.

Physical and Chemical Mechanism of Damage Effect on Battery Performance
Continuous growth of SEI Loss of cyclable lithium resulting in capacity fade and impedance rise [33].
Lithium plating and electrolyte decomposition Loss of cyclable lithium ions results in rapid capacity loss [24,26].

Particle cracking and solvent intercalation

Loss of active electrode material and lithium ions showing rapid capacity
fade, increase in overpotential [24,34].

Loss in porosity due to irreversible salt deposition Impedance rises in the cell [24,35].

Delamination and dissolution of electrode material Loss of active material and capacity fade [36,37].

Decomposition of electrolyte and binder and gas

evolution

Loss of cyclable lithium, impedance rise, and capacity fade of the cell [24].

Corrosion of current collector Impedance rises and inhomogeneous current-voltage distribution [24,38].
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Figure 1. (a) Current trend in research articles on LiBs; (b) different degradation processes in LiBs [39];
(c) diagram illustrating the mechanics of anodic interfacial deterioration during ultrafast lithium-ion
battery charging [33]; (d) discharge capacity variation during various fast charging rates [33].

There are numerous research articles on ex situ examination, post-mortem character-
ization, electrochemical characteristics, and modeling to understand the reason behind
plating formation. Recently published review articles have also focused on experimental
plating detection techniques, model-based mechanistic studies, machine learning-based
data-driven analysis, and mitigation methods. Lin et al. presented a comprehensive review
of plating-related research in 2020 [40]. Given the increased focus on plating phenomena
due to the demands for fast charging in electrical vehicles, there is a need to review the
recent developments critically. The primary goal of this work is to give a brief overview
of and a detailed insight into the published literature on lithium plating since 2020. This
review covers reported studies on plating conditions, and electrochemical characterization
techniques, considers their future implications for battery management systems (BMS), and
reports on the commercially feasible techniques for minimizing the plating. The review
discusses the mechanisms underlying lithium plating and how electrochemical, thermal,
and physical conditions influence these mechanisms. The electrochemical plating char-
acterization techniques are briefly summarized with the potency of their utilization in
battery management systems. Finally, this article discusses the efficacy and feasibility of
the different lithium plating mitigation techniques.

2. Fundamental Mechanism Behind Lithium Deposition

Lithium plating is the term used to describe the deposition of the cyclable Li* ion as
metallic lithium on the anode surface [21]. Purushothaman and Landau [4] postulated
that when the Li* flux at the graphite/SEI charge transfer interface is greater than the
Li* intercalating flux, the Li-ion starts to accumulate at the anode—electrolyte interface,
resulting in localized charge polarization, as described in Figure 2a. Consequently, the
local anode surface overpotential drops and becomes negative vs. Li*/Li, as shown in
Figure 2b [33]. This phenomenon is typically observed during low-temperature or fast
charging (>1C) conditions, which cause lithium deposition to be thermodynamically more
favorable than intercalation, resulting in a mono-electron reduction of the lithium-ion, as
shown in Equation (1) [41,42]. Reduced lithium metal starts accumulating on the anode
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surface, as depicted in Figure 2c. Some researchers also pitched the idea of lithium-ion
saturation at the anode-electrolyte interface for plating initiation, which differs from
the thermodynamic criteria, showing plating initiation at a negative anodic potential far
below 0 V (local minima of anodic potential) for 6C charging, which corresponds to a
saturation level of the Li-ion concentration (0.077 mol/cm?) at the anode surface [43—45].
Sometimes deposition occurs above 0 V vs. Li/Li* due to local temperature gradients at
the anode surface, which shifts the equilibrium potential for plating formation to a positive
value [42,46-51].
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Figure 2. (a) Charge polarization across the electrode and electrolyte [43]; (b) anodic potential
evolution during charging at different C rates [46]; and (c) anode surface evolution at 1-6C due to
plating [33], coloured portion are the area where EDX scanning are performed.

The deposited lithium metal can be divided into reversible and irreversible plating.
The reversible part holds an electrical contact with the anode surface. It undergoes a
charge transfer reaction with the electrolyte and re-intercalates into the graphitic layer
when the anode potential returns to positive (1, s+ > 0, vs. Li* /Li). This re-intercalation,
as described in Equation (2), is called lithium stripping [31,46,52-55]. In contrast, the
remaining metallic portion, termed irreversible plated lithium or dead lithium, becomes
isolated electrically from the anode due to the insulating SEI film covering. This entraps
dead lithium in the SEI, which is seen as a whitish layer on the anode, as shown in Figure 2¢
(the 5C and 6C cases); it becomes unavailable for the rest of the cycling, resulting in a rapid
capacity loss and a rise in the cell’s internal resistance [31,33,46,56-58]. Plated material
sometimes blocks the pathway for further lithium intercalation [56-58]. Irreversibly plated
parts sometimes react with the electrolyte and disassociate it [31].
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Plated lithium morphology depends on working conditions and charging rates. It
can be segregated into three broader types. (1) The mossy form [57,59] and (2) granular
particle form usually occur at a lower C rate [60]; (3) dendritic needle-type structures are
observed at high C rates [58,61]. Due to its ability to puncture the separator, the dendritic
structure, which results in the cell’s internal short circuit following thermal runaway, is
the primary safety concern among battery communities [62-68]. The studies conducted by
Li et al. reported exothermic reactions between the plated lithium and electrolyte, which
can also trigger thermal runaway in the cell. Still, the temperature rise is proportional to
the available plated lithium [57].

Lit +e” — Li (1)
oLi® + BLiCs — Lix1pCs 2)

. . «F .
il = 2Fkg Cs,surf (Cs,max — Cs surf)Ce sinh RT (n —Uocp — Rfilm1n> 3)

. . . oF .
ip) = min (0, 2Fkp|\/Cesinh (RT (n —Up — Rﬁlmln)) );n <0 4)
igt = max (0, 2ka1\/asinh(%(n - Rfilmin)> ﬁ);

max(mpl) (5)

n > 0, max (mpl) >0

When plating starts to nucleate at the anode surface, the total applied charging current
can be distributed into two parts: (i) lithium intercalating flux (Equation (3)) and (ii) lithium
plating current (Equation (4)) [69].

During regular operation, intercalation is more thermodynamically favorable, with an
anodic potential of 65-200 mV vs. Li/Li*. Intercalation occurs when the overpotential of the
lithium insertion is larger than the equilibrium potential of the electrode [45]. Some studies
show that the kinetic factors are also responsible for plating during mild C rate or low-
temperature charging [53,70,71]. Some researchers utilized thermodynamic equilibrium
using the Nernst equation to understand the behavior of the plating driving force under
different temperatures [72-75]. The salt concentration at the electrode surface decreases due
to intercalation, but when a high C rate is applied, the incoming lithium flux exceeds the
salt diffusion flux. This is comparable to the situation in the case of the dendritic deposition
of other materials (such as Cu [76] and Zn [77]). This intense polarization causes the local
anode potential to drop below 0 V, which might be considered a thermodynamic need for
lithium plating. Conversely, the kinetics criteria, which likewise emphasize the increase
in the local lithium-ion flux and assume that the graphitic anode’s local interstitial site
becomes saturated during intercalation, dramatically contribute to surface crowding. This
ultimately forces the anode surface to receive the applied flux as metallic lithium [45,78,79].
The equilibrium potential at the anode surface has a heterogeneous distribution due to
localized internal temperature change [31]. Therefore, during charging, heat generated due
to joule heating may reduce the equilibrium plating potential over intercalation potential
and may cause the thermodynamic favorability of the localized lithium plating [53,59,60].
It should be remembered that thermodynamics understanding also has limitations during
the high C rate charging process when the assumption for the Nernst equation is not valid
due to the system’s dynamic nature [72,80]. However, at low temperatures (~0 °C), a
reduction in the solid-state diffusion and slower kinetics causes lithium-ion accumulation
at its edge plane, resulting in lithium plating [81]. Xiang et al. showed lithium plating
concentration at the anode—separator interface compared to the current collector side due
to large polarization [82]. Yoenguk et al. also showed that pouch cell irreversible plating
loss is lower than coin cells [83].

In summary, when the incoming Li* flux becomes high enough compared to the local
salt diffusion or intercalation flux, it leads to lithium plating. The loss of cyclable lithium
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modifies the electrode’s capacity balance and reduces the incoming flux, ultimately stopping
the plating process entirely during fast charging or low-temperature charging [31,33,84-88].

3. Reason for Lithium Plating
3.1. Internal and External Factors Affecting Lithium Plating

Numerous studies have determined how lithium plating happens under different
circumstances. Two primary variables can influence lithium plating, as shown in Figure 3:
(I) internal variables, such as (a) manufacturing condition and local defect, (b) age of
the cell, and (c) heterogeneous electrolyte distribution, and (II) external variables, such as
(a) operating temperature (low and non-uniform temperature gradient), (b) load application
(external and internal), (c) high charging rates, and (d) overcharged condition.

@0(‘5 Manufacturing
Defect

Fact

: 0}

'3}06 r O

&, s , Ay
'949& 9o Non Uniform

Temperature

Gradient

Figure 3. Different external and internal factors affecting lithium plating.

3.2. Internal Variables
3.2.1. Manufacturing Conditions and Local Defects

Electrode surface, particle radius, porosity, interparticle connection, and separator
quality play a vital role in the nucleation of lithium plating. Lithium plating occurs
due to internal defects, such as deformation in the separator, uneven anode surface, and
internal mechanical stress [32,80,89]. Non-uniformity of the separator due to manufacturing
defects and external pressure clogging the separator pore may create uneven localized
flux, which impacts the local electrochemical activity and eventually catalyzes the lithium
plating [15,90-92]. This localized deformation due to the cell’s regional architecture initiates
plating near the edge of the cell, as shown in Figure 4a [59,91-94]. Elevated anode thickness
and increased defects on the basal plane also impede the mobility of lithium ions in the
basal plane. Retarding the diffusional motion at the edge plane increases the susceptibility
to lithium plating [95]. Hence, the surface structure of the graphite anode also plays a
critical role in the plating mechanism. It also accelerates the dendritic lithium deposition.
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Figure 4. (a) Lithium plating nucleation near the edge of the cell [59]; (b) effect of particle radius
on plating at different C rates [69]; (c) localized electrolyte leakage (Drilled locations for electrolyte
removal are marked with red rectangles and serial no) [85]; (d) capacity lost due to unavailability of
electrolyte [85]; (e) change in plating tendency due to different mass (N/P) loading [86]; (f) probable
plating initiation condition under mild C rate cycling. The figure highlights that localized electrode
and separator deformation initiates plating nucleation (The Red cross marks separator deformation
zone) [87]; (g) knee-shaped rapid drop in recyclable capacity after long cycling due to the plating [88].

McShane et al. and Tang et al. provide evidence of the geometrical effects on the plating
phenomena. Tang et al. also developed a correlation between the overpotential distribution
for anode sizes and the electrolyte contact area across the cell [96,97]. Sarkar et al. used
physics-based modeling to show an exponential rise in plating severity with the anode
particle radius (Figure 4b) [69]. Wang and his co-author also reported a proportional surge
in localized plating in cylindrical cells due to electrolyte drying out or leakage, as shown in
Figure 4c,d. They found that localized drying out of electrolytes increases the surrounding
Li* flux, making a favorable condition for lithium plating [85]. Yang et al. highlighted
that the planar diffusion of electrolytes on the graphite electrode sometimes becomes very
limited due to external pressure or flawed packing. This limited the Li* migration and
distribution results in the inhomogeneous Li* flux and subsequent polarization and lithium
plating. This phenomenon was also observed in the case of pouch cells, where a higher
amount of plating was observed near the tip compared to the central portion [98].

3.2.2. Aging Condition

Previously, people used to think of plating as a fast or low-temperature charging
phenomenon. However, with time, the researcher found many conditions, described in
Table 2, which can initiate lithium plating. Peter et al. reported the observation of plating
phenomena at a mild C rate after long cycling. During long cycling, the plating initiation
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occurs due to the delamination of anodic active electrode material, which increases localized
effective lithium-ion flux [88]. Deichmann et al. experimentally showcased the initiation
of lithium plating when the negative to positive electrode mass (N/P) ratio falls below 1,
as shown in Figure 4e [86]. Dubarry et al. also demonstrated plating nucleation following
a rapid knee-shaped drop in the capacity, as described in Figure 4f, when the negative
electrodes become saturated due to a decline in the sufficient anodic capacity beneath
the positive electrodes at a later cycling stage. This anodic capacity loss was related to
delamination, and the resistance increased, resulting in localized heterogeneity of the Li*
flux [99]. Smith et al. described the close interrelationship between the deactivation of
the anode and separator area with the nucleation of lithium plating [87]. Zhou et al. also
showed deep discharge cycling that negatively impacted the intercalation site, making the
anode vulnerable to lithium plating [90]. Separator deformation can also occur due to local
internal mechanical stress buildup during cyclical electrode expansion [87] and internal gas
evolution [92]. Separator deformation or electrolyte degradation has also caused a localized
increase in flux, which initiated lithium plating commencement under mild C rate cycling,
as evidenced by the knee-shaped decline in discharge capacity in Figure 4f [88].

Table 2. Different external/internal conditions affecting lithium plating.

Plating Condition
Type

Description Causes and Condition Ref

Internal

Manufacturing and Shape manufacturing or non-uniform electrolyte

Localized separator defects due to inconsistent

Defect distribution create current non-uniformity, [15,85,90,91,96-98]

significantly influencing plating.

Internal

Aging drives the delamination of anodic
Aging material and the corresponding reduction in [86—88,99]
active surface area and resulting lithium plating.

External

High CC-CV Charging Rates

Fast charging generates large lithium-ion flux
toward the anode, but the anode solid
intercalation remains slower. This leads to
lithium-ion accumulation at the particle surface.

[46,69,89,100-102]

External

Low temperature reduces electrode diffusivity

Operating Temperature and induces slower kinetics, generating charge [31,43,86,101]

polarization at the anode—electrolyte interface.

External

Overcharging the cell around 4.5 V forces more
Overcharging lithium into the anode, causing accumulation at [31,63,89,103]
the anodic interface.

External /Internal

Pressure clogs the separator pore, increasing

localized current flux and resulting in lithium

plating. In contrast, limited external pressure
causes stable plating growth.

Load [90,91,104]

3.3. External Variable
3.3.1. Effect of High Charging Rate Protocol

Fast charging is becoming increasingly popular across industries, from electric vehicles
to electronics. However, rapid lithium plating, resulting in a capacity drop, as shown in
Figure 1d, is the main roadblock for fast charging utilization. The higher lithium-ion
intercalation flux during fast charging creates charged ion polarization near the anode,
and the following drop-in anodic potential makes the lithium plating favorable compared
to intercalation, as described in Figure 2b [46,69,89,101]. Sarkar et al. showcased rapid
capacity loss with C rates due to plating, as shown in Figure 2c [33,69]. Wang et al. also
experimentally quantified the graphite anode limitation that causes polarization in the
electrolyte during fast charging. Their work showed that the cathode also significantly
contributes to electrolyte polarization [102].
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3.3.2. Operating Temperature
Low Temperature

Plating phenomena under low-temperature charging are widely known. Lithium-ion
battery performance will be substantially diminished in cold temperatures, as shown in
Figure 5a, because of the increased cell impedance and reduced kinetics behavior [60].
Jaguemont and his co-author showed that lithium-ion battery capacity dropped by 39% at
—20 °C compared to 25 °C. At low temperatures, slower lithium-ion diffusion at the anode-
electrolyte interface and slower intercalation cause Li* accumulation, resulting in rapid
lithium plating [105]. Cho et al., using impedance analysis, discovered that a reduction in
charge transfer resistance is the leading cause of cell polarization from —5 °C to 25 °C [106].
Hence, mass transfer limitation due to slower diffusion and limited kinetics results in a
drop in the potential of the anode to below 0 V vs. Li/Li*, causing Li*-ion reduction and a
rapid drop in the available capacity of the cell, as shown in Figure 4c—e [21,31,64,85].
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Figure 5. (a) Remaining normalized capacity vs. equivalent complete cycles number for cells charged
under a range of temperatures at 1C rate [89]; (b) cyclic capacity retention of NCA/C cell at room and
elevated temperature at 0.5C rates [27]; (c) cycling performance between coin cell and pouch cell [83];
(d) dropping of anodic potential due to pore closure [84]; (e) capacity loss (%) vs. externally applied
pressure at fast charging rates [54]; (f) considerable drop in anodic potential during overcharging
conditions at C rate [103].

Non-Uniform Temperature Gradient

Generally, lithium plating is not observed during a high-temperature operation. Con-
versely, Wang et al. reported an increase in the plating tendency for a 10° rise in temperature
on the graphite electrode because of shifting the plating equilibrium potential to positive
voltage, which made plating initiation more thermodynamically favorable than intercala-
tion. Thermodynamic plating criteria differ from kinetic limitation at low temperatures and
are responsible for rollover failure under high-temperature mild C rate charging, as shown
in Figure 5b [27]. Dr. Carter’s work also showed a similar plating observation due to the
inter-electrode temperature gradient. They showed the existence of lithium plating around
35 °C due to a 2° inter-electrode temperature difference when the cathode temperature
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was on the higher side [107]. On the other hand, Jialong et al. and Guangxu et al. also
described the reaction of plated lithium with electrolyte at high temperatures, which gener-
ated gas and caused the cell to swell up and increased the charge transfer resistance [26,108].
Yuan et al. also reported a thermal runaway due to the irreversibly plated material reaction
with electrolytes during high-temperature cycle aging [26,101,109]. Regarding the safety
of the battery operation, electrolyte decomposition and swelling up, followed by thermal
runaway, are the primary concerns [110].

3.3.3. Effect of Applied Loads

There is continuous progress toward understanding the effect of pressure on plating
because the cells are stacked on top of each other in the battery pack. The mechanical
pressure on the cell stack in the battery pack and the encasing with the internal spring in
the coin cell also create localized stress and the deformation of the anode and separator.
Most batteries are sealed at vacuum pressure, around 50 mBar. Hence, air pressure also
adds up on the cells. In the case of cylindrical cells, the outer casing is stiffer than the inner
circumference, causing uneven pressure distribution across the cell. High compressive
stress also shows increased overpotential and cell impedance at the anode suitable for
the plating initiation. This accelerates capacity decay in the coin cell case, as shown in
Figure 5¢ [83,111].

Peabody et al. showed that externally applied compressive loading caused localization
of the lithium plating due to separator pore closure near the load’s application point [90,91].
Pan et al. reported on the relationship between a drop in separator porosity and an
externally applied load [93]. Spingler et al. reported that localized compressive loads up to
10 MPa were responsible for separator pore closure, resulting in a negative anodic potential
near the separator at the end of CC charging, as shown in Figure 5d [84]. Gargh et al.
demonstrated that external pressure on the pouch cell during fast charging caused excessive
irreversible lithium plating, which can be seen (Figure 5e) as the rise in the capacity loss
with the externally applied pressure [54]. However, Lee et al. and Fang et al. demonstrated
that uniform stack pressure up to a specific limit could cause stable plating growth and
inhibit dendritic growth, ultimately reducing irreversible plating losses and improving
coulombic efficiency and cell life [112,113]. Cao. et al. also demonstrated a homogenous
plating reaction across the cell (vertically and laterally) due to external pressure during
fast charging [114]. Robert’s research group described the effect of pressure in two stages;
during the initial to moderate stage, the applied pressure induces stress, suppressing
the dendritic of the metallic lithium on the anode. When it reaches a threshold limit,
the pressure starts to close the pore of the separator, causing non-homogenous localized
lithium deposition [68]. Hence, localized load application plays a critical role in the
battery performance.

3.3.4. Overcharging and High State of Charge Condition

Different reports have been published on lithium plating under overcharged condi-
tions. Overcharging of the graphite anode shows a significant drop in the anodic electrode
potential to the negative region during charging, resulting in lithium plating, even at a
smaller C rate [31,63]. Madeleine et al. showed heavy, denser plating layer deposition
near the separator during charging up to a high state of charge [89]. Researchers also
showed that plating is observable under high-voltage conditions, around 4.5-4.586 V, even
at a lower C rate. Figure 5f shows a more significant drop in anodic potential due to
overcharging of the cell. Furthermore, they found a linear correlation between the lithium
plating initiation time and the capacity with an overcharge voltage at 0.2C and 0.5C [103].
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4. Plating Characterization and Estimation

For the last two decades, numerous research works have been conducted to detect
lithium plating [20,40,115,116]. These characteristic techniques are classified as destruc-
tive and non-destructive. The well-developed destructive characterization techniques
are visual microscopy [117], scanning electron microscopy and energy dispersive X-ray
spectroscopy [33], X-ray photoelectron spectroscopy (XPS) [33], nuclear magnetic res-
onance spectroscopy (NMR) 50], neutron diffraction [118], electron paramagnetic reso-
nance (EPR) [33,69,119], atomic force microscopy (AFM) [61], transmission electron mi-
croscopy (TEM) [108,120], Fourier transform infrared spectroscopy (FTIR) [121], and in-
ductively coupled plasma optical emission spectrometry (ICP-OES) [122]. In comparison,
the non-destructive characterization methods, as described in Table 3, include electro-
chemical impedance spectroscopy (EIS) [57,123-127], voltage relaxation plateau analy-
sis [33,46,68,128-130], reference third electrode (RE) [102], dynamic capacity measure-
ment [131,132], incremental capacity and differential voltage curve [31,55,133], coulombic
efficiency (CE) and discharge capacity [33,134,135], and physics-based electrochemical
model prediction [46,136-142]. This article primarily focuses on the recent development
work on electrochemical-based non-destructive electrochemical plating characterization
techniques that can be applied at the whole cell level and are a potential candidate for
future application in battery management systems (BMS) during cycling.

4.1. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance-based sensing is a popular method to obtain an insight
into the electrochemical processes inside a lithium-ion cell. During EIS, AC pulses are
employed to separate the different electrochemical reactions based on the time constant
of each reaction step. The EIS data represented by the Bode plot show the cell’s total
impedance (left axis in Figure 6a) and the corresponding electrochemical phase change
(right axis in Figure 6a). At the end of fast charging during the voltage relaxation, a
continuous EIS scan provided a detailed insight into the impedance evolution because
of the intercalation of metallic lithium due to stripping. It caused the rise of the overall
impedance of the cell due to the decreased higher conductivity of the plated material, as
shown in Figure 6b. At the 1C charging rate, shown in Figure 6a, no impedance evolution
occurred due to a negligible amount of plating. In contrast, impedance change occurred
at 3C due to the higher presence of plated material [57]. The distribution of relaxation
times (DRT) analysis has also been employed to de-convoluted time-dependent impedance
observation of different electrochemical reactions inside the batteries. The spectrum shows
a rising anodic interface resistance during the relaxation period after charging (Figure 6c¢).
During the relaxation period after fast charging, stripping occurs, causing the rise of the
anodic film resistance [57,127]. Researchers sometimes used the equivalent RC circuit
model by comparing experimental and model-predicted EIS spectra to extract information
about different electrochemical mechanisms [57,131].

Some of the BMS systems that are currently available frequently monitor the battery’s
internal impedance using the EIS plot’s low-frequency turning point to detect lithium
plating [123]. Researchers also showed that EIS, an in-situ method, can quantify the degra-
dation, such as lithium inventory loss, conductivity loss, and active material loss [124,125].
Figure 6d schematically shows the result of a dynamic EIS scan during plating nucleation
through a drop-in charge transfer resistance in the Nyquist plots. EIS measurement is
sensitive to the instrument, temperature, state of charge (SOC) of the cells, and applied
AC amplitude [126]. The EIS signal is limited to a qualitative understanding of lithium
plating. Although it can be used as an online detection method, it has specific require-
ments for specialized instruments, which are costly, bulky, and less suitable for adoption in
automobile applications.
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Figure 6. Bode figure showing the pouch cell battery’s impedance evolution during voltage relaxation
immediately following fast charging for EIS scans carried out at charging rates of (a) 1C and (b) 3C;
(c) distribution of relaxation times (DRT) spectra during relaxation voltage after 4C fast charging
rate [57]; (d) a generic change in Nyquist plots due to plating [126]; (e) voltage plateau analysis
during 6c fast charging [33]; (f) relaxation open circuit voltage gradient vs. time plot for different
charging rates during the relaxation period [46].

4.2. Voltage Plateau Analysis (VRP)

Voltage plateau analysis, another common approach, is used to detect the signature
of the lithium plating. It measures the cell terminal potential change to detect the plating.
After the end of charging, the anode potential rises, and when the anode voltage becomes
positive, reversible plated lithium starts to intercalate into the anode [68,128]. The energy
change during this transformation is reflected as a voltage plateau (Figure 6e) and also
by measuring the slope (dV/dt) change of the open circuit voltage (Figure 6f) [33,46,129].
Figure 6e shows the shift of the plateau to a lower time due to the suspension of plating
during the later stage of fast-charge cycling [33,46]. VRP also computes stripping com-
pletion time using the location of the dV/dt maxima peak. The dV/dt peak size can be
easily correlated with reversible plated lithium mass; Figure 6f shows an increase in peak
height and stripping completion time at higher C rates [130]. Conversely, some researchers
found that voltage plateau is the total contribution of phase changes due to stripping and
concentration equalization in the lithiated graphite phase [52]. VRP does not explicitly
quantify the capacity of the reversible plating phase, and it also does not detect stripping
when the reversible plated mass is significantly low [52,125,135].

Table 3. Different types of electrochemical characterization and estimation techniques.

equipment.

Characterization Ex Situ  In Situ Advantages Disadvantages Ref
Types
It required a controlled
Electrochemical . and stable
Impedance X It can detect an.d quantify Fhe electrochemical system [67,114-117,123]
trend of degradation mechanisms. ) -
Spectroscopy with specialized
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Characterization Ex Situ  In Situ Advantages Disadvantages Ref
Types
VRP detects phase change in It cannot quantify the
Voltage Platea.u X reversible lithium during actual plating and [33,46,68,128-130]
(VRP) Analysis . o .
stripping. stripping capacity.
Incremental It does not provide
Capacity (IC) and IC and DV can detect the information on the total
-apacity X stripping lithium and its mass plating loss and the [31,55,133]
Differential Voltage . - . . .
during discharging. stripping mass during
(DV) Curve .
CV charging.
. Most of the battery testers collect It does not differentiate
Coulombic these data as a primar between different losses
Efficiency (CE) and X a primary . . [33,134,135]
Discharge Capacity measurement. A significant drop and fails to quantify
in it signifies lithium plating. them individually.
DCM can dynamically indicate DCM requires a specific
the onset of lithium plating and  frequency. Otherwise, its
Dynamic Capacity X stripping in real time. It can also measured reading will [131,132]
Measurement monitor the change in the be noisy and overlap !
capacitance of the electrical with the cathodic
double layer. background signature.
Physics-based electrochemical It requires specialized
Physics-based and modeling provides insights such domgn knovf/)le dee and
Data-driven X as plating onset time, degradation higher com u’?in [46,136-142]
Modeling quantification, and its behavior & powell*) &

under different conditions.

4.3. Incremental Capacity and Differential Voltage Curve

Incremental capacity (IC) and differential voltage (DV) curve analysis are crucial in
situ measurement methods to detect variations in the cell’s electrochemical characteristics.
These methods assume equilibrium states of the cell when discharging is conducted at
shallow currents around C/25 to C/10. They measure the charge Q and the pseudo-OCV
(pOCV) across the terminal. Differential or incremental capacity (dQ/dV) refers to a change
in cell capacity (dQ) due to a unit change in voltage (dV). This is plotted as (dQ/dV) vs.
voltage, as shown in Figure 7a [26]. The drop in peak height and the shift of peak voltage
usually results from SEI formation, plating loss, particle breaking, and delamination of
active material [133]. The high-voltage plateau in differential capacity plots is related
to reversible plated lithium (during stripping). This high-voltage plateau shrinks and
sometimes vanishes as the cycle count increases, indicating plating suspension. A small
peak shift also occurs due to increased cell impedance [31]. The high-voltage DC peak is
shifted to a higher voltage side during charging and vice versa during discharging due to
the deposition of irreversible plating material, which is responsible for the rise in the cell’s
overall impedance and retards the lithium-ion movement at the interphase [55].

On the other hand, differential voltage analysis (dV) refers to a change in voltage for
a unit change in capacity (dQ). This is plotted as dV/dQ vs. Q (capacity), as shown in
Figure 7b [31]. The observed peaks are formed due to the several stages of the intercalation
process. The different peaks provide significant evidence of the multiple-phase transition
of lithium carbon compounds inside electrodes during cycling [133]. The plateau in the
high voltage zone signifies the capacity loss due to plating. The shrinkage of the differential
voltage plots indicates a lower availability of cyclable lithium. Low-capacity peaks in
dV plots have also been used to detect the reversible capacity of plated lithium during
stripping [115]. This technique can be used as a post-processing tool, but it lacks real-
time application.
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Figure 7. (a) Incremental capacity curves at different SOH from the capacity test [26]; (b) differential
voltage plots during low-temperature cycling due to LLI loss (A-D refers to different stages of phase
change within cathode/anodes during lithium deintercalation/intercalation) [31]; (¢) coulombic
efficiency variation during fast charging [33].

4.4. Discharge Capacity and Coulombic Efficiency (CE)

Discharge capacity is a measure of available recoverable capacity during discharging.
Typically, the loss in discharge capacity is prolonged due to SEI growth, but when plating
happens, the irreversible part causes a rapid drop, as shown in Figure 1d [33]. On the
other hand, the ratio of the energy (Qd) that a LiB releases during discharge to the energy
(Qc) that a LiB absorbs during charging is known as the coulombic efficiency (CE). After
plating, some plated lithium is not available for stripping [134]. Due to this cyclable lithium
loss, coulombic efficiency falls drastically, as shown in Figure 7c. This rapid decrease in
coulombic efficiency during fast or low-temperature charging and rapid discharge capacity
loss are primary indicators of the plating deposition on the graphite anode [33,135].

4.5. Dynamic Capacity Measurement and Differential Current Analysis

With the development of sensing technology, the plating initiation can also be observed
during charging. Single-frequency dynamic EIS, also known as DCM, was used by Xu et al.
to monitor the change in electrochemical active surface area (ECSA) and the electrical
double layer (EDL) capacitance to detect the onset of lithium plating using the change
in capacitance, as shown in Figure 8a. The increase in the capacitance of the EDL on the
anode surface is used as a quantitative indicator for Li plating. They reported that the
characteristic frequency of the graphite anode’s charge transfer mechanism was 15.0 Hz; it
was used to monitor the dynamic capacitance variation on the graphite anode. The ECSA
linearly rises with the initiation of Li plating [131]. Koseoglou et al. observed a fluctuation
in the magnitude of the charging current during plating initiation using differential current
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analysis (dI/dt). They found that the decaying constant voltage (CV) current suddenly
became constant during lithium plating and increased during stripping. This change in the
slope of the terminal current can be analyzed with differential current-to-capacity or time
analysis, as shown in Figure 8b. They combined the equivalent circuit method with the
charging current study as a qualitative tool to understand the onset of plating deposition
during CV charging. The current fluctuation can be related to the plating onset following
the stripping of plated material during charging [132].
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Figure 8. (a) Using single-frequency dynamic capacitance measurement (DCM); capacitance at the
negative electrode due to increased localized surface area when plating deposition occurs [131].
(b) Variation in the slope of the terminal current during CCCV charging due to plating [132].
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4.6. Physics-Based and Data-Driven Modeling

Physics-based numerical models are great tools for understanding a chemo-physical
system’s internal dynamics. These are used to study interaction mechanisms in lithium-ion
batteries. These models are used as a forecasting and analytical tool to analyze plating
degradation in LiBs. They also estimate cycle life, capacity loss, and suitable conditions
to minimize the batteries’ plating degradation. The pseudo-2D model (1993) proposed by
Doyle-Fuller-Newman and the reduced-order SPM model are commonly used to study
lithium batteries [136,137]. A physics-based model can predict the Li deposition’s onset
time for a particular charging condition. It can also correlate the Li deposition’s tendency
towards ionic localization and current density at the electrode—electrolyte interface [138].
Yang et al. [143] and Sarkar et al. [69] incorporate the plating mechanism in a single
particle model as a reversible Butler—Volmer kinetics mechanism, as shown in Equation (4),
correlating concentration-based overpotential and interface kinetics. In the single-particle
model, the electrode was considered a single particle with linearized current distribution
across the electrode, as shown in Figure 9. They also introduced a stripping mechanism
as a function of plating volume, as shown in Equation (5). Their model distinguishes the
contribution of the different electrochemical kinetics during fast charging [46].

Anode Separator
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lectrolyte

i (@] @‘
e .
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Figure 9. Single-particle model for LiBs with linearized current distribution. (The red line signifies
electrode current, blue line refers to electrolytic current).

Duan et al. also focus on a similar modeling strategy for the plating. However, they
model the lithium stripping as a function of lithium concentration in electrolyte and anode
material. Their model can effectively capture the onset time for lithium plating, which
will help to design a charging strategy for lithium-ion batteries [144]. Latz et al. proposed
a physics-informed model that correlated well between the affected parameters, such as
anode overpotential and cell overall potential, with the onset of lithium plating at different
temperatures. They also reported a simpler equivalent circuit model using the interrela-
tionship between anodic overpotential and cell voltage [145]. Equivalent circuit modeling
focuses primarily on current distribution analyses with RC (resistance-capacitor) equiv-
alent circuit-based models. These models have limitations in establishing a relationship
between the electrochemical processes with physical parameters [80,84,138]. Zhao et al.
incorporated a thermal runway into the plating model to study the gas generation due
to the reaction of plated material with the electrolyte [110]. It demonstrated the effect of
plating and SEI growth with thermal heat generation. Gao et al. also reported a coupled
electrothermal model with a heat temperature impact to study the heat generation dur-
ing battery cycling. They focused on the early plating formation and its severity during
low-temperature operation [139,140]. Liang et al. also examined the electrode particle size
effects on plating degradation using a similar P2D model [141]. Mukul et al. reported
on another type of macro-scale model with a porous electrode system that can capture
plated lithium concentration at the tip of the cell [142]. Physics-based models are good in
terms of accuracy, but they are computationally extensive. To close the gap, the data-driven
model has also been developed. However, the data-driven model has limited use due to
its accuracy.
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Conversely, there is an increase in reported literature on data-driven-based battery
modeling. They utilized battery-generated data to predict the performance of LiBs. These
models only work within their data range and fail significantly outside their domain.
Researchers have also devised a solution incorporating physics-based information in a
data-driven model. Dufek et al. used physics-based signatures, such as drop-in coulombic
efficiency, anodic potential, differential capacity, and voltage plateau, after charging to
develop a machine-learning algorithm to detect plating from an extensive training set [146].
In addition to this, Weddle et al. also reported another constructive approach to creat-
ing a deep learning-based battery health estimation model by incorporating estimation
from physics-based information related to measured LLI and LAM loss. Their developed
model showcases a higher range of efficacy for battery health prediction during rapid
charging [147].

5. Mitigation and Countermeasures

Scientists worldwide are working to counter and mitigate the plating tendencies of
lithium-ion batteries. Since the last decade, reports have emerged on methods that can be
incorporated at the cell level to minimize the plating. Reviews have been conducted that
summarize those measures in the previous decade [40]. However, more comprehensive
reviews about commercially feasible technology for plating mitigation are still needed. This
part summarizes all the methods, as described in Table 4, reported in this decade to reduce
the plating tendency of all lithium-ion cells.

5.1. Electrolyte Engineering
5.1.1. Solvation Behavior Modification

Lithium deposition occurs due to the slower kinetics at the anode—electrolyte in-
terface, a rate-limiting step during fast or low-temperature charging [148]. The study
by Persson et al. showed that diffusion limitation caused by the slower Li* desolvation
process and slower kinetics makes a favorable condition for lithium plating [149]. Their
work showed an accelerated desolvation process by adding weakly solvating solvents or
highly concentrated electrolytes, eventually lowering the binding energy. This eventually
enhanced the low-temperature performance of the batteries [150,151]. Lei et al. reported
that a weakly solvated electrolyte, including super-concentrated liquids, such as LiFSI,
acetonitrile, and Fluorobenzene, accelerates the Li* desolvation process, as depicted in
Figure 10a. This method showcased a 91.1% capacity retention over 200 cycles during
a —40 °C temperature operation [148]. However, the mass acceptance of LiFSI is pretty
limited due to its tendency to corrode the current collector. Further research is needed
in this direction, and investigation is also necessary to understand the behavior of this
electrolyte under different extreme conditions.

Gao et al. used an M9F1 carboxylate-ester-based electrolyte system, which showed a
capacity retention of 82.5% at a 4C rate over 1000 cycles, compared to a 73.2% retention for
the Gen 2 electrolyte. The M9F1 system provides quick, targeted lithium-ion transport and
facile desolvation to reduce the liquid phase polarization during high-rate charging [152].



Energies 2024, 17, 5930

18 of 31

Prohibiting the L plating 110 Constant-current
o (b) 4mAh cm” (C) 1 -
100 -
90 -4
804
2
—_— o 704
—C] N © 60
—= I 2
£ 501 .
v sible Li plating on graphites S @ Neat electrolyte (1 mAh em™) -
3 —— 2 =
8 40+ @ FEC electrolyte (1 mAh em™) <
e @ FEC+KNOs electrolyte (I mAh cm®) g
£ o > Aot 30 iy o c
= Q o e @ FEC+KNOs electrolyte (4 mAh em”) 15}
3w b g
R | —— 204 £
g wff—, o] 5
] o] o wice 10 L .
o % g 2c T T T T T T ] O 16 8] ereresessessirann:
! A —— 0 20 40 60 80 100 E 90 1660 S
e e - 3 ACCC Fui i n
Bal bt Cycle number 8 0 6CPC 7 " ouemmn
o % 10 160 200 240 0 ’ 5 i 1’0 i 1’5 i 2‘0 i 25
Cycle number
Cycle number
(d) B —_ (e)
}s ! 21000 -
4 0 1 N Interaction 7 [ = —— )
i Z i P
> & S » & é 8001 . GDY charge capacity i 80 2
=y § — . 3 = *  GDY discharge capacity 2
— s Remove v “.5.3 £ %1 . Graphite charge capacity |60 =
B s S Interaction T 2 400] ¢ Graphite discharge capacity | S
!:7_‘5 / Stimulus = 8 40 .E
8. / £ 20 £
H D fr—— g
' - S
o
8 i - sspaney ('B‘"““‘ Bond b . 1000 2000 3000 4000
Cycle number
i D
T ) Bond length of a < Bond length of b Ion
Cyos
(f) (g) £
£ o, < Baseline cal
§ - \\;imm free col
2 §
k] g % wf >oa)
z" h; S il Cyeling with 3.5C charging at 0°C ambient
i 5 0 %00 1000 1500 2000 2500 3000 3500 4000 4500
o] 2 Cycle number
& _5 00
L S

b5

s

Li metal stripping

2% Initial condition Step 1: Rapid Intemal Heating Step 2: Fast Charging at Li —a—Baseline cell, 25°C
2% 50 % 100 125 150 (Tear<Tyer, Switch close, all Plating Free (LPF) o —— Baseline cell, 0°C
Cyele number currents go through nickel foil) Temperatures +— Li plating free cell, 0°C

(Teea>Tepr, switch open,

After 3,5 charging to 80%S00)
charge current goes into cell) 5 10 15 20 25 3¢

5 10 15 20 25 30
Time after charge (min)

Time derivative of voltage (mV/s)

&
o

Figure 10. (a) Schematic diagram of the solvation process and following intercalation into the
graphite anodes and lithium plating during fast charging [153]; (b) coulombic efficiency of Lil| | Cu
electrochemical cells with different additive additions [154]; (c) higher coulombic efficiency due to
PC charging than CC charging [155]; (d) capacity retention in the presence of magnetic field [125];
(e) diagram illustrating the self-expanding charge ion transport channels made possible by the
chemical bonds’ reversible transition between differing lengths and the corresponding increase in
discharge capacity [156]; (f) increase in fast charging capacity retention due to 3 different porous layers
across the anode [157]; (g) internal heating using external heating element before fast charging [42].

5.1.2. Additive Addition

Tris(trimethylsilyl) phosphite (TMSP) is a multifunctional additive that improves
the cell’s overall chemical stability and forms a stable hybrid solid electrolyte layer on
the anode [158]. This multifunctional electrolyte additive (fluoroethylene carbonate and
potassium nitrate) forms a self-healing electrostatic shield that can suppress the lithium
dendrites at the anode. A spontaneous reaction occurs between this multifunctional
electrolyte additive (FEC and KNOj3) and lithium metal, generating a stable electrostatic
barrier using the K* ions. This eventually improves the battery performance, reflecting
the high coulombic efficiency shown in Figure 10b [154]. Yao et al. also developed FEC-
based electrolyte LITFSI, which shows limited capacity loss of up to 5.2% over 500 cycles
at 4C [159].

Nan et al. used low-polarity-solvent electrolytes (2.0 M LiFSI-EMC/TTE) to improve
the Li* ion charge transfer kinetics between electrode-electrolyte interfaces at low tempera-
tures. Their result showed that this electrolyte permits the NMC811 | | Gr cell to function
in a broad temperature range from 25 °C to —20 °C with an 81% discharge capacity re-
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tention [160-162]. A few works have been published on adding esters such as methyl
acetate (MA) to the LiPF¢-based carbonate electrolyte and have demonstrated stabilized
fast-charge cycling performance, increased overall conductivity, and reduced electrolyte
viscosity [163,164].

5.2. SEI Layer Modification

SEI layer modification is another chemical-based approach to minimizing plating
by introducing an engineered solid—electrolyte interface (SEI) layer at the anode surface.
Extensive research has been conducted on developing a solid—electrolyte interface in lithium
metal batteries [165]. Xinyang et al. showed that localized high-concentration electrolyte
induces a LiF-rich SEI layer on the graphite anode. This inorganic SEI layer controls the
lithium intercalating diffusion flux across the electrode, as shown in Figure 10a. The LiF-
rich SEI also has an advantage due to its high Young’s modulus, which also mechanically
inhibits dendritic formation on the anode surface by restricting the volume expansion
during plating. This lower change in anode surface area provides uniform Li* flux during
fast charging, showcasing high reversibility (84.4% capacity retention) and nearly stable
coulombic efficiency (Figure 10a) over 150 cycles [153].

Table 4. Different mitigation strategies for lithium plating.

Type of Factor Mechanism Effectivity and Limitation Ref
Changing the chemical composition
of the electrolyte by adding methyl Ensured better-charged transfer at low
Solvation Behavior acetate, fluorobenzene-based temperatures and fast charging rates. The
Modification electrolyte, and acetonitrile solvents higher cost of production limits its [148,150,151]
to form a stable SEI layer that can application. It is also challenging to find
transport lithium quicker and strongly bound solvents for lithium ions.
enhance the desolvation process.
It improves the coulombic efficiency and,
eventually, higher capacity retention after
Additives fast cycling. It also (a) improves high
(LIBFEP, LPSE) act as a deoxidizing ~ °/'2/8in& rate performance, (b) increases
agent in the electrolyte, and they (a) ionic conductivity, and (c) enhance.s
. low-temperature performance. This
accelerate lithium-ion transport at the eventually replicates into higher capacit
Additive Addition to interface and (b) suppress its [ty Tep ghet capactty
the Electrolyte dendritic growth. In addition retention, increased power densities, and ~ [158-164,166-170]
additives also hel . (o) to re duC’e reduced anodic interface resistance.
viscosity and ( d)pim rove the However, this process is costly and not
trans fe};ence numbgr of the suitable for larger scales. Adulterated
electrolvte electrolytes sometimes react with the
yre: current collector and generate gases. It
still needs to be commercially used and
needs proper optimization.
Artificially formed LIF-rich, thin SEI . . .. .
laver controls the lithium flux and It improves cycling efficiency during fast
SEI Layer Modification I}rllechanicall inhibits dendritic charging. More literature is needed in [153,165]
}})Ila ting this direction.
?Eﬁgﬁf?;gxzfst?}?aiggr;(?f;?ii ;?é;e Pulse charging has the potential for rapid
which ultimately reduces plating ’ adaptability. However, limitations
AC Pulse Charging Pulse heating generates heat an d. included the unavailability of low-cost [43,155,171-174]
rovides an o %irium temperature for ICs for switching high currents. Pulse
p r;harging P heating is still limited in lab-scale studies.
Adaptive charging has great potential,
Adaptive Charging Variable charging rates in real time  but the current application is limited due [126,145,175]
Strategy using a feedback controller. to the unavailability of a cheap, fast, and T

intelligent feedback controller.
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Table 4. Cont.

Type of Factor Mechanism Effectivity and Limitation Ref
External magnetic field affected the . e
. g . Research shows it can result in significant
Externally Applied movement of charged lithium ion due . . . .
Field to Lorentz force and reduced the capacity gain. More literature is needed [135,176,177]

in this direction.

non-uniformity in lithium plating.

Surface Engineering

Engineered pore increases anode
porosity. Sometimes, making a
flexible ionic transport channel

reduces the charge overpotential and

This method is still far from commercial

use due to its customization. [156,157,178-181]

limits the plating.

Internal Heating
Arrangement

It shows minimal degradation. The main

Adding an external heating element  drawback of this design is the addition of

into the battery enhances the an extra heating element to the cell [42,182]
electrolyte mobility and electrode design, which increases the cost and ’
kinetics. weight. Cell fabrication also has a critical
role to play.

5.3. Alternating Current Pulse Charging and Pulse Heating

During conventional CC-CV fast charging, lithium ions accumulated at the anode in-
terface causing the anode potential to drop. Hence, to mitigate plating during fast charging,
Jeong et al. used the idea of intermittent charging. They provided a specific rest period be-
tween each high C rate pulse, allowing some time to redistribute accumulated lithium ions
at the anode—electrolyte interface, eventually reducing cell polarization. They compared
the result of 6C pulse charging with 4C CC-CV charging measurement. Figure 10d shows
higher coulombic efficiency and lesser plating loss in the case of pulse charging compared
to conventional charging [43,155]. Qin et al. charged a battery quickly using pulse charging
at lower temperatures till 3C at 0 °C and 1.5C at —10 °C without plating deposition [173].
Wau et al. also reported the linear capacity loss as an effect of high temperature on pulse
charging applications [174]. This signifies the limitation of implementing a pulse charging
strategy during mass application. Furthermore, integrating ICs with pulse charging capa-
bility needs a complex control algorithm to ensure the safe operation of the charger, which
eventually requires a high cost for implementation.

On the other hand, lithium plating dominates as a nonlinear accelerated aging mech-
anism when the average charging temperature is below 30 °C [174]. Hence, the battery
is heated via an electrochemical process by applying an external current that produces
a steady temperature increase inside the battery [171,182]. The heating caused by high
charging/discharging currents and AC (alternative current) pulses is considered as internal
heating. Continuous current heating causes a significant SOC and SOH fall, even though it
can swiftly raise the battery temperature. Conversely, AC pulse heating shows minimal
SOH decrease. The power loss of AC pulse heating is also significantly lower than that of
continuous current heating [172]. Li et al. developed a physics-based AC pulse heating
protocol to estimate the potential of the negative electrode and battery internal temperature
evolution. The result showed a significant reduction in lithium plating nucleation [140].
More research must be carried out to understand the interaction of the various physical
parameters during pulse heating.

5.4. Adaptive Charging Strategy

Other charging strategies have been developed in the last few years. These are
feedback loop-based dynamic charging methods. Katzer et al. proposed the idea of an
adaptive fast-charging strategy using an impedance-based feedback loop. This method
controls the charging rates with output from impedance results [66,126]. In this method, the
cell is initially forced to be charged marginally above the kinetic limitation of anodic charge
transfer. Then, it will move to the regulated charging current regime controlled by the prior
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impedance-based result related to the onset of the lithium plating. Their result showcased
the high efficacy of this method, with +46% faster charging and a mild degradation rate
of 1.29% compared to standard CC-CV charging. This charging strategy can be a suitable,
highly efficient, and reliable plating reduction method [175].

Zoerr. et al. used a similar polarization-based charging strategy to mitigate plating
using a linear correlation with cell voltage and anode potential. The voltage threshold,
plating SOC, and onset time were decided with an electrochemical model that kept the
anodic potential above 10.0 mV. The model output was used in a feedback controller to
control the charging rate so that the anode voltage could be maintained above the threshold
limit [145]. However, it has inherent limitations when processing a large set of data in short
time intervals.

5.5. External Magnetic Field

Some researchers have published work on the effect of a charged lithium-ion under
a magnetic field. They reported that the movement of Li* is affected by the external
magnetic field. Kang et al. introduced external magnetic fields to suppress the dendritic
growth of plated lithium. The external field helps to create the Lorentz force, producing
a magnetohydrodynamics effect inside the Li-ion cell [176]. The charged lithium ions
traveling parallel to the applied field’s direction experience no MHD forces (v x B =0).
This spiral motion of transverse lithium ions due to the Lorentz force eliminates the chances
of charge localization and reduces the chance of dendritic formation on the lithium metal
anode. Sarkar et al. also demonstrated the magnetohydrodynamics effect in the case
of LCO/C cells during fast charging, causing uniform lithium deposition. They also
showcased a significant increase in capacity retention up to 20% with a 5C fast charging
rate under a magnetic field, as shown in Figure 10d [135].

5.6. Surface Engineering
5.6.1. Surface Channeling

Researchers found that acceleration of solid-state diffusion, particularly in the an-
odes, can lower polarization by keeping the anode potential away from plating nucle-
ation [178-183]. The previous literature suggests that lower particle size and thinner anode
thickness decrease the plating tendency of the graphite electrode [69]. Researchers at Shan-
dong University created a unique solution to increase the solid-state diffusion pathway in
lithium-ion batteries. They utilized graphdiyne (GDY) as the anode material for fast charg-
ing with self-expanding lithium-ion transport channels. These channels lowered the energy
barrier for Li* transport in the GDY electrode. The mechanism behind self-expansion is
possibly due to the Li*-m interaction, which induces reversible alkyne-alkene complex
transition during the anode intercalation process. The out-of-plane Li*-ion migration to
stimulate solid-state lithium diffusion through the expanded channels is driven by the
reciprocal repulsion of the adsorbed Li* at the conjugate sites of benzene rings and bu-
tadiyne triangular-like pores. Figure 10e schematically shows the ease of ion transport in
the expanded channel and the corresponding 93% capacity retention at 3C over 500 cycles,
as shown in Figure 10e [156].

Adapting the electrode architecture to control tortuosity is another way to boost active
material use and increase high-rate capabilities. Goel et al. created highly ordered laser-
patterned electrodes with vertical pores to facilitate quick lithium-ion transport through
graphite electrodes. This pattern exposes the larger surface area for lithium intercalation,
eventually reducing lithium flux and plating [184]. The size of an electrode increased for the
same power density due to the presence of a hole acting as a limitation during application.
Sander et al. proposed aligning the pore with external magnetic force inside the graphite
particle. This formed directed pores, allowing quicker charge transport kinetics [179].
Parikh et al. created a low-tortuosity electrode with high structural stability, leading to
shorter diffusion routes using a scalable frozen tape cast (FTC) technique. Compared to the
conventionally coated electrode at 5C, the bilayer hybrid FTC electrode demonstrated a
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20% increase in specific charge capacity, indicating exceptional rate performance in cases
of extremely fast charging [180]. Toigo et al. demonstrated a 12% increase in capacity
retention with 3C charging after 100 cycles using a galvanic 3D structured Cu collector
attached to an LTO electrode [16].

5.6.2. Gradient Porosity Distribution

In addition to kinetics, mass transport to the anode also plays a critical role during
fast charging [185]. Yang and his colleagues successfully integrated the porosity gradient
(high porosity in the top layer and low porosity in the bottom layer) to increase the mass
transport into a thick, three-layered graphite electrode [157,181]. This engineered porous
structure facilitated Li-ion transportation and improved overall cell performance even
at rates up to 4C. In addition, cells with a three-layered porous structure show a much
longer cyclic life than single-layer anode (Figure 10f) [59,157]. There are some reports
on surface improvement to eliminate mechanical surface defects, such as placing higher
disorder graphite structure at the electrode—electrolyte interface to reduce the chances of
dendritic formation [63]. Here, it is important to mention that a few research groups utilized
irreversible plating deposition during fast charging due to mass transport limitation as a
lithium concentration method for the lithium recycling of commercially used end-of-life
batteries [185,186]. Hence, anode porosity enhancement and structural modification also
could affect the efficacy of those methods.

5.7. Internal Heating Arrangement

Earlier discussion showed a reduced plating tendency of lithium-ion cells at high tem-
peratures. Chao-Yang's group reported a solution for lithium plating using a customizable
cell with a heating attachment, as shown in Figure 10g. They showcased that the plating
phenomenon can easily be reduced if cells are heated above 50 °C before charging. They
used an external circuit element to control the temperature before charging to achieve a
plating-free operation for low-temperature charging or fast-charging applications. This
group also designed a customized cell with a nickel heating element. Their invention
offered a practical solution for the eradication of dead lithium plating through a regulated
state of charge (SOC) and elevated cell operating temperatures, resulting in a significant
enhancement of cyclic life up to 4500 cycles at a 3.5C rate (Figure 10g) [42,182]. The addi-
tion of extra heating elements and incomplete charging are some of the limitations of this
method. On the other hand, Haijun et al. proposed the idea of an initial rapid heating of
the cell for a small duration; then, they proceeded to charge it at a low-temperature. Their
work showed a capacity retention of 98.6% for 500 cycles [182].

6. Conclusions

This paper summarized the reported studies on several aspects of plating. The rapid
capacity drop of LiBs is the primary concern for the industry, which limits their use in fast
and low-temperature charging applications. Various electrochemical side reactions further
complicate the safe operation’s criticality during rapid charging. Lithium plating is the
main contributor to capacity loss during fast and low-temperature charging, and it also
has other secondary effects, such as the reaction with electrolytes and the production of
gas inside the battery. Hence, the challenges due to plating are a significant concern for the
battery community.

In this review, we incorporated the investigations reported during this decade on
different conditions for plating and their underlying mechanisms, electrochemical detec-
tion techniques, and mitigation strategies. We reviewed different conditions that impact
lithium plating. We briefly described the plating mechanism using kinetics and thermo-
dynamics behavior for various situations. This discussion is also concise with regard to
how different variables accelerate or decelerate plating. This discussion also explains the
internal dynamics of each variable and the mitigation techniques. In this review, our focus
is mainly on the electrochemical in situ detection techniques because of their potential for
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future utilization in a BMS system. There are different electrochemical strategies available
to detect lithium plating. However, only some promising detection methods can work
in real time and provide quantifiable outcomes on lithium plating. Although they have
limitations, they have a bright future in terms of their potential utilization in mass applica-
tions. Further investigation is needed in this direction to improve the electrochemical base
characterization methods.

In addition, we reviewed the different reported physics-based and data-driven model-
ing approaches and their efficacy. Models can be used as predictive tools for lithium plating
under various conditions. The discussion also includes the limitations of both types of
modeling approaches. Future research on creating quick and intelligent optimal charging
methods based on physics-informed adaptive learning approaches looks promising. This
review also incorporates different mitigation strategies that can be incorporated in batteries
to mitigate lithium plating. This review includes the optimization of electrolyte composi-
tion, engineered electrode structure and interface, external application of a magnetic field,
external heating, and improved charging protocol. Before introducing them in the mass
applications, electrolytes or additives must be tested in all extreme cases. Currently, all
the compounds are tested at a basic lab scale. The application of the external magnetic
field also looks promising, but efficiency is relatively low, and more study is needed in
this direction. The specialized anode also comes with the inherent limitations of the spe-
cialized material design during manufacturing. It also increased the production cost and
led to manufacturing challenges because customized techniques, such as patterning, tape
casting, and artificial priority distribution, require specialized tools to produce the final
product. On the other hand, the structure’s integrity is also a significant concern due to
its highly porous nature. All development work should consider the fact that the battery
must remain stable under different temperatures and extreme mechanical (external loading,
vibrational) conditions. Customization of the manufacturing system for the electrode with
3D architecture is another big challenge. On the other side, adding a heating element is a
commercially viable option, but extra weight, cost, and incomplete charging are some of its
current limitations. Out of all the possible alternatives, this internal heating method has
shown a promising future for mass applications. This method uses initial heating up to a
specific temperature to ensure zero plating susceptibility during fast or low-temperature
charging. This is an excellent advantage in terms of scaling and wide deployment for
electric vehicle manufacturers, considering its high efficacy of 80% state of charge retention
for more than 4000 cycles during fast C rate cycling.

These developed techniques to prevent lithium plating during charging require further
advancement in different extreme situations. Developing cutting-edge detection techniques
that are simpler to utilize in engineering applications but can provide an in-depth under-
standing of the lithium plating mechanism under various operational conditions can be
very useful and will eventually help the scientific community to design a better system
that significantly limits degradation during rapid charging and achieves long-term service
life goals.
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Nomenclature

«, p = Constant

I = Current density

k = Kinetic constant

¢ = Lithium concentration

F = Faraday number

T = Temperature

R = Universal gas constant
1n = Overpotential

Uocp = Open circuit potential
R = Resistance

m = Mass of plated material
suffix

e = Electrolyte

s = Solid

n = Negative electrode

pl = Plating

st = Stripping

el = Intercalating

surf = Surface
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