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Abstract: Lithium-ion batteries (LIBs) have been widely used in mobile devices, energy storage power
stations, medical equipment, and other fields, became an indispensable technological product in
modern society. However, the capacity degradation of LIBs limits their long-term deployment, which
is not conducive to saving resources. What is more, it will lead to safety problems when the capacity
of the battery is degraded. Failure of the battery is a key issue in the research and application of LIBs.
Faced with the problem of capacity degradation, various aspects of LIBs have been studied. This
paper reviews the electrochemical degradation mechanism of LIBs’ life fade, detection technologies
for battery failure, methods to regulate battery capacity degradation, and battery lifetime prognostics.
Finally, the development trend and potential challenges of battery capacity degradation research are
prospected. All the key insights from this review are expected to advance the research on capacity
fading and lifetime prediction techniques for LIBs.

Keywords: failure; capacity degradation; battery failure detection; battery lifetime prognostics

1. Introduction

The large use of non-renewable resources, such as oil, coal, and natural gas, brings
the potential greenhouse effect, and exacerbates global climate change. In recent years,
renewable energy such as wind and solar are considered major components to build a
sustainable society. Whereas, sustainable society realization depends on the efficiency
and sustainability of energy storage technologies [1]. Energy storage technology can store
intermittent renewable energy and further penetrate into the power system to achieve a
continuous energy supply [2]. Thus, energy storage technology is more important today
than ever before. As a type of mobile energy storage device, LIBs are considered to be a
kind of clean energy carrier with high energy density, long cycle life, no pollution, and
no memory effect [3]. What is more, they are expected to be widely used in stationary
energy storage, smart grid, electric transportation, new technology equipment, and other
applications [4,5]. In recent years, LIBs have made great progress in increasing energy
density, reducing cost, and fast charging. Advances in battery technology also have driven
the development of electric vehicles (EVs). With the continuous improvement of LIBs, EVs
are gradually replacing fuel vehicles, which save non-renewable resources and slow down
the environmental pollution problem [6–8]. However, LIBs still face major problems, the
most important challenge is the inevitable capacity degradation of LIBs in operation [9–11].
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The ideal charging and discharging process of LIBs is a reversible electrochemical reaction.
However, the polarization of the electrochemical reaction and the damage of the active
material during long-term usage will destroy the reversibility of the electrochemical reaction,
which leads to the capacity degradation of the battery.

The degradation of LIBs capacity makes it a great influence in long-term application,
resource saving, and battery safety [12–14]. The use of batteries in extreme conditions, for
example, fast charging and low-temperature cycling, has a greater impact on the life decay
of LIBs. Especially, the EVs pursue a high driving time/charging time ratio. In this case,
the capacity degradation problem is more serious [15]. So, the capacity degradation of
power batteries is the primary problem that must be solved. To achieve the purpose of
reducing capacity decay, it is very important to explore the failure mechanism and predict
the degradation of LIBs [16].

The degradation of battery capacity is complicated by the operation, which is caused
by multiple factors. Unfortunately, these factors do not work independently, but interact
and couple tightly [17]. There are many factors including collapse and micro cracks of the
cathode material, the expansion and pulverization of the anode material [18], the thickening
of the solid-electrolyte interphase (SEI), the inevitable formation of lithium plating, and the
corrosion of the current collector. What is worse is that these problems interact together
to affect the battery performance and capacity. For example, the thickening of SEI will
aggravate the possibility of lithium plating. Changes in the structure and decomposition
of these battery materials may even cause a decrease in the safety performance of the
battery [19,20]. Identifying the aging mechanism in LIBs is the main challenging goal [21].
Therefore, studying the influence of these factors on battery life is the necessary way to
prevent battery failure, slow down the speed of life decay, and establish a life prediction
model [13,22].

This review describes the mechanism for the capacity degradation of LIBs from the
electrochemical reaction of active material. Based on the performance of battery fad-
ing, it lists characterization methods including destructive detection and non-destructive
detection. According to the failure mechanism, a variety of improvement methods for
attenuating capacity degradation are proposed. Finally, the battery life prediction methods
are described to achieve better control in EVs.

2. Battery Failure Mechanism
Failure of Cathode Material

The lithium that provides reversible electrochemical behavior in the battery only
comes from the cathode. In addition, the capacity of the anode is higher than that of the
cathode when the battery is designed, so the capacity of the cathode determines the capacity
of the entire battery. The capacity of the cathode is considered to be the main limiting factor
for the further improvement of the energy of the LIBs [23]. Cathode materials that have
been commercialized at present mainly include LiMn2O4 (LMO), LiFePO4 (LFP), LiCoO2
(LCO), Li[NixCoyMnz]O2 (NCM), and so on (Table 1).

Table 1. Related parameters of common cathode materials.

Cathode Materials Theoretical Capacity
(mAh·g−1)

Potential
(V vs. Li/Li+) Crystal Structure

LMO 148 3.0–4.3 Spinel structure

LFP 170 3.2–3.7 Olivine structure

LCO 274 3.0–4.5 layered structure

NCM 273–285 2.5–4.6 layered structure

NCA 279 3.0–4.2 layered structure

V2O5 294 2.0–4.0 layered structure
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As the earliest commercial cathode material for LIBs, LCO has the advantages of
excellent volumetric energy density, high theoretical capacity, and excellent rate perfor-
mance [24,25]. It still plays an important role in the LIBs market. At present, the main
research on LCO is to improve the charge cut-off voltage, and make it play at a higher capac-
ity. However, with the increase in charging voltage, a series of side reactions will occur, such
as irreversible transformation from O3 phase to H1-3 phase transition, deterioration of pos-
itive electrode interface, dissolution of cobalt element, and precipitation of lattice oxygen,
resulting in increased internal resistance and rapid deterioration of battery performance,
which greatly limits the practical application of high-voltage lithium cobalt [26]. LFP is
another cathode material that has been used on a large scale. As a result of the advantages
of an extended cycle life, excellent thermal stability, and high specific capacity. In the LFP
structure, the PO4 tetrahedron locates between the LiO6 octahedron and FeO6 octahedron,
with only narrow one-dimensional “holes” formed for lithium ions diffusion, which limits
the insertion and extraction of Li in charging and discharging processes. Furthermore, the
lack of a continuous FeO6 octahedral network confines the electrons in the Fe-O-Fe path
during conduction, leading to a poor electronic conductivity of LFP [27–29]. Therefore,
improving material conductivity is the main direction of LFP cathode research.

The actual use capacity of NCM cathode has reached 160–220 mAh g−1, so NCM
cathode materials have been widely used in the field of EVs [30]. In the NCM material,
nickel is the main element of the redox reaction; therefore, increasing the content of nickel
can improve the specific capacity of the material, and the Ni-rich ternary material has
become an important development direction. However, Ni-rich materials are prone to
problems such as cation mixing, cracking, and structural collapse during cycling [31]. At
the same time, with the increase in nickel content, the alkalinity of the material’s surface
increases; therefore, it is more sensitive to air and carbon dioxide, which requires stricter
requirements for the storage of materials and the production of electrodes [32]. In this
section, we will summarize the failure modes and mechanisms from the bulk and surface of
cathode materials. Layered transition metal (TM) oxides have a regular layered α-NaFeO2
type crystal structure. In this structure, TM and Li+ alternately occupy octahedral sites in
a cubic close-packed oxygen lattice [33]. It will cause the material structure from layered
change to defect spinel or disordered rock-salt [34–36]. Lin et al. [37] explored the structural
and chemical evolution of the layered Li[Ni0.8Co0.1Mn0.1]O2 (NCM811) at the atomic scale
in detail. They found the structure of cathode materials changes gradually from a well-
layered in the bulk to disordered layered, defective rock-salt, and eventually rock-salt
phase near the surface in which the Li diffusion paths have been entirely blocked by TM
cations (Figure 1a–c). The rock-salt phase of the cathode material is more advantageous
at higher voltages, and the highly oxidative environment triggers the loss of oxygen in
the material. The ionically insulating rock-salt phase may lead to kinetic sluggishness and
thus deteriorated capacity retention [38]. JooNoh et al. [39] studied the electrochemical
properties and thermal stability of Ni-rich materials and obtained a function of Ni content
with electrochemical properties and thermal stability (Figure 1d–i). With the increasing Ni
content, the particle size significantly decreases which will lead to an increase in the contact
area between the material and electrolyte. Whereas, the increase in Ni content leads to a
rapid decrease in thermal stability so that the advantage gained by the increased discharge
capacity is quickly negated by the deterioration of the battery safety (Figure 1j–k). Moreover,
due to the anisotropy inside the secondary particles, the expansion and contraction of crystals
occurring during the charging and discharging cycle will gradually form microcracks, which
will result in parasitic reactions [40,41]. It has to be clear that NCM materials will be
simultaneously subjected to the above-mentioned reactions during the life cycle. From
the above content, it can be seen that the synthesis of more stable cathode materials by
modification is an effective method to alleviate material failure.
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Figure 1. (a−c) Atomic-resolution STEM-HAADF and ABF images captured on NMC811 cathode
after 100 cycles with cut-off voltage of 4.5 V in <010> zone projection. The STEM-HAADF images
at different regions from bulk to surface. The white dashed lines denote the surface reconstruction
layer at different stages; Reprinted with permission from Ref. [37]. 2018, Elsevier. (d−i) SEM images
of the Li[NixCoyMnz]O2 powders: (d) x = 1/3, (e) x = 0.5, (f) x = 0.6, (g) x = 0.7, (h) x = 0.8 and
(i) x = 0.85; (j) DSC results of the Li[NixCoyMnz]O2 materials (x = 1/3, 0.5, 0.6, 0.7, 0.8, and 0.85).
(k) A map of relationship between discharge capacity, and thermal stability and capacity retention of
Li/Li[NixCoyMnz]O2 (x = 1/3, 0.5, 0.6, 0.7, 0.8, and 0.85). Reprinted with permission from Ref. [39].
2013, Elsevier.

What is more, the safety problems caused by the failure of cathode materials should
not be underestimated, especially thermal runaways that occurred in ternary materials
batteries. Low thermal stability is typically caused by detrimental oxygen release from
the cathode, which will lead to significant safety concerns [42]. Hou et al. [43] revealed
the thermal runaway mechanisms of LIBs with the NMC811 cathode. They considered
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the cathode-generated oxygen to be the core process of the thermal runaway. Approxi-
mately 41% of thermal-induced O2/O* reacts violently with ethylene carbonate (EC) at
the cathode/electrolyte interface with 16% heat generation. This part of heat accelerates
the self-heating of LIBs, which further triggers thermal runaway. What is more serious is
that the remaining O2/O* spreads to the anode, they react with the lithiated anode and
generate a lot of heat (65%), making the LIBs to the highest temperature during thermal
runaway. (Figure 2a–c). It can be seen that the failure of cathode materials brings not only
the degradation of battery capacity but also the safety problem. Therefore, more attention
should be paid to the failure study of cathode materials, and the reliability of cathode
materials should be improved from the perspective of materials.

Figure 2. Reaction heat of fully charged NMC811|Gr pouch cell and partial cells during thermal
runaway. Reproduced with permission Reprinted with permission from Ref. [43]. 2021, Elsevier.
(a) Temperature dependence of dT dt−1 (dT dt−1 vs. T) for full battery and partial cells, where
the characteristic temperatures of T1, T2, and T3 are marked and compared.; (b) Proportion of heat
generation of partial cells to the full battery at T1, T2, and T3.; (c) Heat generation (Qtotal) of the full
battery and partial cells during thermal runaway.

3. Anode Materials and Their Interface Failure Problems

Cathode material is an effective carrier of reversible lithium in LIBs. The electrochemical
performance of the anode has a profound impact on the Coulombic efficiency and the cycle life
of the battery. Although the specific capacity of the anode material (330 mAh g−1) is higher
than that of the cathode material (150–200 mAh g−1), it is still expected to find an anode
material with a higher specific capacity to improve the bulk energy density of the power
battery. However, this kind of anode material faces a more serious failure phenomenon in
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the actual use process. According to the current application and research status, the anode
materials of LIBs and their basic properties can be listed in Table 2.

Table 2. Anode materials of LIBs and their basic properties.

Anode Materials Theoretical Capacity
(mAh·g−1)

Potential
(V vs Li/Li+)

Volume Expansion Rate
(%)

Graphite 372 0.01–0.2 12

Li4Ti5O12 175 1.4–1.6 1

Si 4200 0.2 300

Sn 994 0.6–0.1 260

Graphite has dominated LIBs anode materials since the birth of LIBs because of the
abundant reserves and excellent cycle performance, especially the considerable specific
capacity and low de-lithiation potential [44,45], Graphite is the layer structure material
which can store lithium through the intercalation/de-intercalation reaction, which Li-ions
can reversibly intercalate and de-intercalate into the lattice of layer materials without
destroying the crystal structure [46]. During the initial lithiation of the graphite electrode,
The electrolyte solvents and salts will decompose on the graphite surface and form a thin
layer known as the solid electrolyte interphase (SEI) on the surface [47]. The ideal SEI
as a passivation layer can prevent further interfacial reaction of electrolytes. However,
the formation of SEI consumes reversible Li-ions from the cathode, which leads to an
irreversible active materials loss. In addition, graphite will expand by 12% in volume
after intercalated, which can easily lead to the rupture of SEI. The graphite contacts the
electrolyte again and forms a new SEI during the charging process. The ever-thickening
SEI will lead to the loss of active lithium and an increase in the internal resistance, making
the battery capacity drop rapidly [48,49]. What is worth studying is to establish a reliable
and stable SEI, which can better promote the electrochemical performance of the anode
and delay the degradation of battery capacity.

What is more, it is worth noting that the unit mass capacity of graphite (372 mAh g−1)
is still not enough. Yoshio et al. [50] found that increasing the capacity of the anode mate-
rial has a very large contribution to the mass energy density of the battery in the range of
300–1200 mAh g−1. Pursued for their higher mass-specific capacity, silicon-based anodes
have become the focus of LIBs research, and it is very promising to be applied in commercial
LIBs anode material [20]. Unlike graphite which relies on intercalation, the mechanism of
lithium storage in the silicon anode is the reaction of silicon particles with lithium to form
lithiated silicide structures, which have a mass special capacity of 4200 mAh g−1. However,
the repeated lithiation/de-lithiation reaction during the charging and discharging process
leads to the breaking/recombination of Si-Si bonds, which can cause the change of the Si
particles, More seriously is lithiated silicide volume expanded to 300%, when the battery
is fully charged [51], and huge volume change can lead to the pulverization of silicon
particles, loss of electrical contact, and SEI rupture [52–55]. Using scanning transmission
microscopy, Wetjen et al. [56] observed the morphology of silicon anodes with a different
number of cycles (Figure 3a). Before the charge and discharge cycle, the silicon particles
showed an irregular shape, consisting of a dense crystal structure. After the first cycle, the
shape and size of the silicon were still very similar, while the silicon surfaces tended to be
less smooth and the edges less sharp. What is more, it could be noticed that the change
in silicon particle morphology became less and less significant as the number of cycles
increases. He et al. [20] found that the gradual growth of solid electrolytes into silicon anode
leads to capacity degradation, and revealed the related structure and chemical evolution
of Si and SEI in three-dimensional space (Figure 3b–e). Through transmission electron
microscopy (TEM), McDowell et al. [57] observed the time-varying lithiation and fracture
of large nanoparticles (initial diameter ~450 nm), (Figure 3f–n). The speed of lithiation of
large particles was lower than that of small particles, and the large particles were prone to
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fracture and become electrically isolated during the process of lithiation. The huge volume
expansion of the silicon anode and the inward penetration of SEI accelerate the failure of
the anode and hinder the further development of the silicon anode.

Figure 3. (a) Scanning transmission microscope image of silicon particles cycling with different
number of cycles Reprinted with permission from Ref. [56]. 2018, Iopscience. (b–e) Time-series of
images of the lithiation and fracture of a large (∼450 nm initial diameter) nanoparticle. The lithiated
lithium source is to the left of the frame. (b) Lithiation has just started to occur, with the LixSi
phase visible around the edges of particle #1. Particle #2 has already become partially lithiated.
(c) The crystalline Si core is clearly visible as the darker-contrast region in the center of particle #1.
(d) Fracture initiates at the left surface of particle #1. (e) After fracture, the interior Si region of the
particle is quickly lithiated and the crack grows, tearing the particle apart. Reprinted with permission
from Ref. [20]. 2012, Wiley. (f–n) Segmented viewing of 3D cryo-STEM-EDS chemical composition
from two directions, Segmented view parallel to the wire axis after the 1st cycle (f), 36th cycle (g),
and 100th cycle (h). Slice thickness is 5 nm. Segmented cross-section view for the 1st (i), 36th (j), and
100th (k) cycles. The 3D view for the 1st (l), 36th (m), and 100th (n) cycles. Reprinted with permission
from Ref. [57]. 2018, Nature.
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The market share of Li4Ti5O12 (LTO) in the field of LIBs anode materials is second
only to graphite [58]. Excellent cycle stability, rate capability, and thermal stability are
its biggest advantages. Of course, there are also low capacity and gassing issues and
other disadvantages [59–61]. The gases generated by LTO during the cycle and storage
process mainly contain H2, CO2, and CO. These gases come from the interfacial reaction
between LTO and the alkyl carbonate solvents. Serious expansion will lead to safety
problems [62]. In addition, Sn-based anode is another promising material with high
theoretical capacity, but its commercialization is limited by the dramatic volume changes
during lithium insertion/extraction [63]. The volume change brings about a series of
problems, including pulverization of active particles, continuous breaking and regeneration
of SEI, thus consuming lithium sources, etc. [64,65].

To sum up, the traditional mature graphite anode has the limitation of specific capacity
and fast charging performance, while the silicon and Sn-based anode with very high specific
capacity has the volume expansion problem and other problems that may be found in
future research. What is more, the capacity of LTO is low and there is a flatulence problem.
At the same time, the construction of SEI also plays a non-negligible role in battery cycle
and battery safety. Therefore, research on these aspects will be a focus of future work.

4. Lithium Plating

In the current field of LIBs, graphite has an unshakable position in the anode material.
The mechanism of graphite intercalation is intercalate/de-intercalate, and because the
potential of lithium intercalation into graphite is in the range of 0.2 to 0.065 V vs. Li/Li+,
when the sum of the equilibrium potential and the overpotential becomes negative vs.
Li/Li+, the lithium deposition on the graphite will happen, and this phenomenon called
Li-plating [46,66]. Li-plating not only is a predominant cause for capacity decay during
the fast charging of LIBs but also brings hidden danger for the thermal runaway of the
battery. Moreover, because lithium metals tend to form as lithium dendrites, the dendrites
are likely to pierce the separator, causing a short circuit in the LIBs, even leading to thermal
runaway [66–68]. Therefore, we must understand the mechanism of Li-plating and detect
the amount of Li-plating in real time. According to past research, the phenomenon of
Li-plating occurrence depends not only on charging speed but also on temperature during
the cycle and electrode design [66,69–71]. In this section, we will carefully analyze the
factors that lead to the occurrence of lithium plating.

Li et al. [71] researched the effect of the areal capacity ratios of negative to positive
electrodes (N/P ratio), they circulated the LIBs for 5 cycles in the voltage range of 2.75–4.2 V
at a rate of 3 C at room temperature. The LIBs after circulation are disassembled, and
Li-plating on the anode surface can be observed by SEM. They found that Li-plating
becomes less with increasing N/P ratio (Figure 4a–f). A too-high N/P ratio will lead to
excessive SEI and consume a lot of active substances, while a low N/P ratio will lead
to Li-plating. Therefore, choosing an appropriate N/P ratio is key to optimizing battery
design and improving battery cycle capacity. In addition, whether in the field of EVs or
electronic products, fast charging has become an important goal to pursue. However, at
high charging currents, the separator and anode interface experience large ion fluxes, which
can easily lead to Li-plating, reducing capacity and causing safety problems [72,73]. Ren
et al. [12] chose four aging paths of high-temperature storage, low-temperature cycling,
high-temperature cycling, and fast charging at room temperature for experiments, and
studied the anode of LIBs after cycling, and found that SEI growth results in the loss of
recyclable lithium. At the same time, the intercalation of Li-ions in the graphite particles
and the Li-plating on the particle surface are competing. The high charge current or low
temperature causes slow migration resulting in limited charge transfer at the particle/SEI
interface. Lithium electroplating occurs when the graphite potential drops below 0 V
relative to Li/Li [74]. What should be paid more attention to is that Li-plating will not
only bring the attenuation of battery capacity, but more serious is that the more Li-plating,
the more heat the battery generates, and the more prone to thermal runaway. Li et al. [75]
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obtained the same conclusion by cycling the battery at different rates to obtain the battery
with different amounts of Li-plating and then carried out the thermal experiment of absolute
heat (Figure 4g,h) it is obvious that the self-generated heat temperature (T1) and the trigger
temperature of thermal runaway (T2) will be much lower for batteries with more Li-plating
quantity. Li-plating is a serious problem in LIBs, and various strategies to reduce Li-plating
are also a research hotspot.

Figure 4. (a−f) Images showing the graphite SEM of different N/P battery; Reprinted with permission
from Ref. [71]. 2018, Elsevier. (g,h) accelerated rate calorimetry (ARC) tests the thermal runaway
behavior of batteries at different charging rates (0.33 C, 1.5 C, and 3 C). Reprinted with permission
from Ref. [75]. 2019, ACS Publications.

5. Battery Failure Detection

With the aging cycle of LIBs, the occurrence of battery deterioration cannot be avoided.
The detection of battery deterioration is expected to extract important deterioration identi-
fication eigenvalues. On the one hand, these eigenvalues are the most important theoretical
basis for us to study the deterioration mechanism, promote material research and develop-
ment and cell design; on the other hand, learning the deterioration eigenvalues can achieve
early identification of battery deterioration and prevent the harm caused by battery deteri-
oration. In this review, failure detection is divided into two parts: destructive detection
and non-destructive detection. Destructive detection can go deeper into the mechanism,
and non-destructive detection can analyze the battery without damage.
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6. Destructive Detection

Destructive detection may be the most direct method for revealing the mechanism
of the battery failure. This method archive disassembles a large number of batteries with
different lifetimes and uses different characterization methods for analysis. Common
battery material characterization tests include X-ray diffraction (XRD), scanning electron
microscopy (SEM), inductively coupled plasma atomic emission spectroscopy (ICP-AES),
high-resolution transmission electron microscopy (HR-TEM), and so on. Accurate, compre-
hensive, and in-depth analysis of battery materials will produce a more accurate failure
mechanism.

First, the loss of active lithium is an important factor causing capacity fading; therefore,
detecting the loss of active lithium is an important part of failure detection. Sreenarayanan
et al. [76] quantified Li-Si and SEI in Si anode using titration gas chromatography (TGC)
in both half-cell and full-cell systems. In order to determine the relative amount of dead
lithium produced during the battery cycle, Li et al. [77] weighed the anode surface material
and used it for the TGC experiment to characterize the SEI and dead lithium composition
on the surface of the lithium metal electrode; that is, the loss amount of active lithium.
In addition to the loss of active materials, the failure of the cathode material also has a
great impact on the battery performance. For the deterioration of cathode material, Kong
et al. [78] tested the section of the cathode material after dismantling the full-charge battery
through SEM. It can be seen that the inner part of the single-crystal (SC) material is relatively
regular and there is no obvious crack, while for the polycrystalline (PC) material, due to the
existence of a crystal gap, obvious shrinkage occurs during the charging process, leading
to the formation of holes. (Figure 5b−e). In addition, the effect of different charge and
discharge rates on battery failure is undoubtedly inconsistent. For the failure study of
different cycle rates, Zhang et al. [79] displayed the distribution of the thickness of the
deposited layer and surface morphology of the material at 1 C, 2 C, and 3 C charging C-rates
by SEM of anode/cathode (Figure 5f). It is easy to find that more Li-plating occurs on the
surface of the anode material as the magnification increases and the structural collapse of the
cathode material is more obvious. In addition to material structural changes, composition
analysis of the material surface of LIBs is also very necessary in failure analysis. XPS is an
important technology to identify the deterioration mechanism, which is often used to detect
the composition of the material surface. Yang et al. [80] designed asymmetric temperature
modulation for extremely fast charging of LIBs, and high-resolution XPS tests were further
carried out to study the SEI structure of the battery at different charging temperatures,
XPS spectra showed higher concentrations of C, F, and P and lower concentrations of O
and Li in the 60 ◦C cell compared to the 26 ◦C cell (Figure 5g,h). Contrary to conventional
wisdom, their proposed study significantly improved the life cycle with increasing charge
temperature, which will mitigate Li-plating at elevated temperatures. Through various
means, we can go deep into the material level, deeply analyze the mechanism of battery
failure, and provide guidance for battery design and material modification.
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Figure 5. (a) Schematic diagram of TGC detection. Reprinted with permission from Ref. [76].
2021, ACS Publications; (b–e) SEM test results of the cross-sections tests of four materials at 4.3 V;
(b) SC-NCM622, (c) PC-NCM622, (d) SC-NCM811, (e) PC-NCM811. Reprinted with permission
from Ref. [77] 2022, Elsevier; (f) the deposited layer and surface morphology of the cathode/anode
material at 1C, 2C, and 3C charging C-rates by SEM. Reprinted with permission from Ref. [79]. 2020,
Elsevier; (g) high-resolution XPS spectra of C 1s, Li 1s, P 2p, and F 1s of the anode samples from the
26 ◦C and 60 ◦C cells; (h) elemental concentration of the anode samples from the 26 ◦C and 60 ◦C
cells. Reproduced with permission. Reprinted with permission from Ref. [80]. 2019, Elsevier.

7. Nondestructive Detection

Destructive detection can provide clear and visual evidence of battery deterioration,
but this damage is irreversible for the battery. It is believed that the battery cannot be recov-
ered after destructive detection. This is not a quick and direct method for the deterioration
detection of power batteries. Besides, the cost of such methods is too high in the actual
use process or research, but non-destructive testing can infer the failures in the battery
through the measurable data of batteries or some advanced equipment. This method
is economical, fast, harmless, and accurate, so non-destructive detection is particularly
important. Wang et al. [81] used magnetic field scanning imaging to identify small current
imbalances within a battery pack to assess the capacity uniformity of the cell within the
pack. It can achieve the purpose of accurate battery replacement. Deng et al. [82] developed
ultrasound imaging technology as a valuable non-destructive method for characterizing
electrolyte status. Its principle is that in the electrode or separator with insufficient wetting,
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the ultrasonic attenuation speed is faster than that of the electrode or separator with good
wetting. What is more, gas can also block the transmission of ultrasound. Therefore, this
technique can be used to study aged cells and find evidence for electrolyte “un-wetting”
without disassembling the LIBs. (Figure 6a). In non-destructive testing, the LIB could be
considered a black box, which only exports limited information, such as voltage, current,
and capacity. By processing voltage and capacity data over the lifetime of a battery, we
can use capacity increment (IC) analysis to determine failure information of LIBs [83,84].
Li et al. [85] obtained the change of LIBs material by analyzing the IC curve and com-
paring it with the standard curve with only testable data. Firstly, at about 3.5V, the peak
of NCM811 material is significantly shifted to high potential, which indicates that the
cathode material has deteriorated markedly. Besides, a rapid decrease in the reaction peak
around 3.7 V was observed. By comparing the reactions of silicon materials, it can be
determined that the reaction peak is the Li4SiO4 reaction. The more Li4SiO4 is produced,
the more lithium is consumed irreversibly. Shironita et al. [86] identified the reasons for
the capacity degradation of calendar degradation and LIBs after low-temperature cycling
through IC curve analysis. There is also a class of non-destructive testing that places the
sensor directly in contact with the battery to provide real-time characterization [87]. For
example, Peng et al. [88] proposed a new high-precision battery strain sensor method based
on a fiber Bragg grating (FBG) sensor, which connected the FBG sensor to the outer surface
of the battery for strain monitoring. In addition, the method avoided sensor corrosion and
improved reliability while successfully detecting. What is more, many methods have been
applied in practice. There are also some recent improvements in 3D imaging, such as X-ray
computed tomography (XCT), which allows researchers to look at the microstructure of
porous materials with enough resolution to figure out why battery materials fail [89,90].
Taiwo et al. [91] showed microstructure evolution, phase transition, and fracturing of
silicon-based electrodes captured by X-ray tomography microscopy during electrochemical
lithification. The technology enables the non-destructive real-time study of the degrada-
tion and failure process of battery materials. Electrochemical impedance spectroscopy
(EIS) is also a very effective battery diagnosis technology and plays a great role in life
assessment [92–94]. Teliz et al. [95] presented a method to identify and measure the aging
mechanism of commercial 18650 LIBs using EIS technology. They correlated ohm resistance
with conductivity losses, SEI layer resistance and charge transfer resistance with lithium-ion
losses, and Rw with active material losses, respectively. In addition, the battery impedance
reflects valuable electrochemical information about the battery life [96]. Smith et al. [97]
showed how to successfully track battery aging using EIS assisted by a microscope. Data
from the two methods were connected in an electrochemical finite element model (FEM) to
extract variations in inherent battery parameters, such as double-layer capacitance, thin
film resistance, exchange current density, and particle radius. Non-destructive testing of
battery failure has realized the diagnosis of the failure of battery internal materials through
some non-destructive testing parameters or new technical means, which has contributed a
lot to the research and use of batteries.
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Figure 6. (a) Illustration of the principle and structure of the scanning ultrasonic instrument;
Reprinted with permission from Ref. [82]. 2020, Elsevier; (b–e) the incremental capacity analy-
sis of the battery under different life stage. The percenter label in the figure corresponds to cycle of
discharge capacity equal to the percenter initial capacity. Reprinted with permission from Ref. [85].
2018, Elsevier.

8. Methods to Prevent Battery Failure
8.1. Modification of Electrode Structure

The electrochemical failure origin from the side reactions of the material and interface,
which will bring capacity degradation and even safety hazards to LIBs. Therefore, the
modification of materials will be important research for mitigating failure.

8.2. Modification of Cathode Materials

The modification of cathode materials usually includes ion doping, surface coating,
structural design, etc. Ion doping refers to the introduction of other ions into cathode
material without changing its original structure, which improves the crystal structure
stability of cathode materials [98]. Sun et al. [99] explored the effects of the oxidation states
of various dopants (Mg2+, Al3+, Ti4+, Ta5+, and Mo6+) on the electrochemical and structural
properties of an Ni-rich cathode material. They doped Li[Ni0.91Co0.09]O2 (NC90) with
1 mol% of Mg2+, Al3+, Ti4+, Ta5+, and Mo6+ to obtain cathode materials Mg-NC90, Al-NC90,
Ti-NC90, Ta-NC90, and Mo-NC90. The charging and discharging cycles of LIBs showed
that the cathode with high oxidation state dopants is significantly more excellent than
the undoped cathode. In particular, the LIBs with Ta5+ and Mo6+ doped NC90 cathodes
showed the best performance (Figure 7a,b). Kim et al. [100] doped an appropriate amount
of Al to NCM materials, and the newly synthesized materials are superior to NCA and
NCM materials with a similar nickel content in cycling and thermal stability. Zhu et al. [101]
reduced the charge transfer resistance of LFP through Na doping, increased the diffusion
coefficient of lithium, and effectively improved the dynamic performance of LFP. Liu
et al. [102] prepared a series of LiFe1−xMnxPO4/C composites by a simple hydrothermal
method. The effect of Mn doping on its microstructure and electrochemical properties was
studied. The results showed that a small amount of Mn doping can reduce the electrode
polarization and electrochemical impedance of the sample, and improve the electrochemical
performance. By doping Ti, Sun et al. [103] stabilized the structure of LCO and suppressed
the phase transition during the cycle. At a cut-off voltage of 4.5 V, Ti-doped LiCoO2 showed
a capacity of 205 mAh g−1. After 200 cycles, the capacity retention rate can reach 97%.

Surface coating is a simple, common, and effective method to improve the properties
of battery materials. It involves coating a layer of material on the surface of the battery
material; the coating materials investigated to date include carbon, metal oxides, metal car-
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bonates, metal aluminates, metal phosphates, metal fluorides, metal oxyfluorides, etc. [104],
to prevent contact between the battery’s active material and the electrolyte, so that side
reactions are decreased [98]. These surface coatings can also improve the wettability of the
electrolyte to the electrode, thereby reducing the interfacial charge transfer resistance [105].
There is also a part of the coating that can eliminate corrosive HF and other impurities that
bring deterioration to the cathode material [106]. Yang et al. [40] synthesized a more stable
single-crystal NCM811 material via the molten-salt route (SC-NCM811@RS). Compared
with polycrystalline NCM811 (PC-NCM811), the electrochemical performance and cycle
stability of SC-NCM811@RS were significantly improved under the same cycling conditions.
Meanwhile, it has better multiplier performance and smaller interfacial charge transfer
resistance. (Figure 7c–j). Li et al. [107] compared the TiO2-coated NCM cathode. It is easy to
find that the adverse reactions on the particle surface of the TiO2 material after coating are
inhibited. Moreover, the electrochemical performance and safety at high cut-off voltage are
improved (Figure 7k–p). For the coating of LFP materials, mainly coating materials with
excellent electrical conductivity, it can not only improve the electrical conductivity of the
surface but also inhibit the excessive growth of particles. Yi et al. [108] prepared Ga-coated
LFP cathode material. Ga has good electrical conductivity and can rapidly conduct electrons
inside LFP cathode material under the synergistic action with C coating, thus improving the
electrical conductivity of LFP cathode material. Zhang et al. [26] prepared an all-fluorinated
electrolyte, which enabled LCO to form a robust cathode electrolyte interphase (CEI), ef-
fectively preventing element dissolution and electrolyte penetration, and protecting the
reversible plane sliding along the (003) plane in the cathode of single-crystal LiCoO2. The
modification strategies and properties of cathode materials are listed in Table 3.

Table 3. Modification of cathode materials.

Electrode Material Method of Modification Performance Reference

LCO All-fluorinated electrolyte
improving CEI

The fabricated 4.5 V high loading (4 mAh cm−2)
LiCoO2||graphite full cell delivered an energy density
of 430 Wh kg−1, with an excellent capacity retention of

80% after 500 cycles.

[26]

NCM811 Facile molten-salt route NCM811 material realizes high capacity of 92% after 200
cycles at 0.5 C. [40]

NC90 Doping with various dopants
(Mg2+, Al3+, Ti4+, Ta5+, Mo6+)

After doping Ta5+ and Mo6+ for 3000 cycles at 200 mA
g−1, NC90 can still maintain about 81.5% of its initial

specific capacity.
[99]

NCM Doping Al to NCM materials The capacity of NCMA cathode is 228 mAh g−1, 85% of
the initial capacity after 1000 cycles.

[100]

LFP Doping Na to LFP materials

Na doping increased the diffusion coefficient of LFP
(Li1−xNaxFePO4 (x = 0, 0.05, 0.1, 0.2) 1.21 × 10−16, 1.06

× 10−14, 7.95 × 10−15, and 9.17 × 10−15 cm2 s−1,
respectively).

[101]

LFP Doping Mn to LFP materials
The LiFe0.98Mn0.02PO4/C specific discharge capacity

reached 156.0 mAh g−1 at a rate of 0.1 C, even at a high
rate of 5 C, it can still reach 110.0 mAh g−1.

[102]

LCO Doping Ti to LCO materials
Ti-doped LiCoO2 exhibits a capacity of 205 mAh g−1 at
a cut-off voltage of 4.5 V. After 200 cycles, the capacity

retention rate is 97%.
[103]

NCM523 TiO2-coated NCM cathode

The trigger temperature of thermal runaway for the
battery using TiO2-coated NCM523 as cathode material
was 257 ◦C, which was higher than NCM523 cathode

(251 ◦C).

[107]

LFP Ga-coated LFP cathode The discharge capacity of 152.6 mAh g−1 at 1 C after 100
cycles and a discharge capacity retention rate of 98.77%.

[108]
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For the development of ternary material systems, Ni-rich is not the only development,
while single crystallization is also an important research direction of various research
institutions and battery enterprises. Compared with PC particles, SC particles have uni-
directional shrinkage or expansion characteristics, which is a great advantage to reduce
crack formation. Therefore, SC materials can improve the stability of materials. Kong
et al. [78,109] studied the storage properties and thermal stability of SC-NCM and PC-NCM
cathode materials. They found that SC-NCM has better storage performance than PC-NCM
materials. It has a lower calorific value and is more stable in the cycle process. This is
because the primary particles of SC-NCM materials do not have grain boundaries in the
internal structure, which effectively alleviates the formation of microcracks and maintains
the integrity of the structure [110–113]. Fan et al. [114] developed the quasi-SC-NCM
with primary particles of 3–6 um diameter. The battery they assembled retained 98.7% of
its initial capacity after 500 cycles. Dai et al. [31] obtained single-crystal LiNi0.9Mn0.1O2
(SC-NM91), in which the capacity retention reached 85.3% after 300 cycles at 1 C. It was
significantly higher than that of PC-NCM (65.8%) (Figure 7q–x). SC-NM91 will not expe-
rience surface crushing and cracks after a long cycle, while the structure of PC-NM91 is
seriously degraded, leading to microcracks. Meanwhile, the crack will result in a large
impedance of PC-NM91 and a serious reduction in cycle stability. For the modification of
cathode materials, the pursuit of high energy density and structural stability is the most
important task in the modification of cathode materials.

In addition, the development and application of new binders also have a great con-
tribution to the performance improvement of cathode materials. The most commonly
used PVDF binder for the positive electrode has some shortcomings such as poor binding
affinity, electrical insulation, and high cost [115,116]. For the lithium iron phosphate pos-
itive electrode with poor electrical conductivity, Huang et al. [117] designed a new type
of water-based lithium ionomer adhesive for lithium-ion batteries. More Li is attached
to the molecular chain, increasing the conductivity at the interface between the electrode
and the electrolyte. Qiu et al. [118] used cotton as the raw material and synthesized novel
functional carboxymethyl cellulose lithium (CMC-Li) material. CMC-Li could increase
the content of Li ions in the whole battery, with LIBs exhibiting excellent electrochemical
performance. The large structure/volume change and poor conductivity of traditional
binders are serious problems. New binders with high concentrations of carboxyl groups
can improve electrode stability, and conductive polymers can achieve good conductivity
without external conductive agents, which is considered a promising dual-function binder
for high-performance lithium-ion batteries [119].



Energies 2022, 15, 9165 16 of 28

Figure 7. (a) Cycling of NC90, Mg-NC90, Al-NC90, Ti-NC90, Ta-NC90, and Mo-NC90 cathodes in
pouch-type full cells within the voltage range of 3.0–4.2 V versus graphite at 1 C (200 mA g−1) and
25 ◦C. (b) Cross-sectional images of recovered NC90, Mg-NC90, Al-NC90, Ti-NC90, Ta-NC90, and
Mo-NC90 cathodes in the discharged state of 2.7 V after 1000 cycles. Reprinted with permission
from Ref. [99]. 2021, Nature; (c–j) Electrochemical performance comparison of SC-NCM811@RS and
PC-NCM811. (c) Rate-capability tests of SC-NCM811 and PC-NCM811 electrode. The differential
capacity curves of (d) SC-NCM811@RS and (e) PC-NCM811 in region of 3.0–4.3 V for 200 cycles.
Cycling performance at 1C in the voltage region of (f) 3.0–4.3 V and (g) 3.0–4.5 V. (h) The comparison
between the Ni-rich cathode batteries and this work in terms of capacity retention and cycle life. The
EIS profiles of (i) SC-NCM811@RS and (j) PC-NCM811 electrode at charging potential Reprinted
with permission from Ref. [40]. 2018, Springer; (k,l) Thermally induced phase transformation of
charged (k) NCM523 and (l) TiO2-NCM523 cathode materials, (m) the cycling of NCM523-and TiO2-
NCM523-based full batteries, (n) the rate performances of NCM523 and TiO2-NCM523-based full
batteries, (o,p) impedance spectrum evolution with an inset image of the equivalent circuit model of
(o) TiO2-NCM523 and (p) NCM523-based full batteries Reprinted with permission from Ref. [107].
2018, Elsevier; (q–x) SEM and cross-section SEM on the cathode side after 200 cycles under 4.5 V of
(q,r) PC-NM91 and (s,t) SC-NM91 and under 2 C of (u,v) PC-NM91 and (w,x) SC-NM91. Reproduced
with permission ]. Reprinted with permission from Ref. [31]. 2018, ACS Publications.

9. SEI Design and Modification of Anode Materials

In the cycle process of LIBs, SEI is formed in the first turn, so part of the active lithium
will be consumed and the capacity will be attenuated to a certain extent [120]. In addition,
both silicon cathode with high energy density and commercialized graphite are facing the
problem of volume expansion during lithiation and delimitation, SEI of cathode material
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surface cannot cope with expansion and contract stresses, this will lead to the cracking
of SEI, exposing the active substances to new reaction cross-sections, thus causing the
regeneration of SEI. Lithiation and de-lithiation repeatedly result in repeated formation
and destruction of the SEI leading to the thickening of the SEI layers [121,122]. What is
more, SEI is especially important for the next generation of lithium metal batteries with
higher energy density [77]. So many researchers have spent a lot of time on SEI design.
Yu et al. [123] used a facile graphite pre-lithiation method by preforming SEI layers on the
surface of graphite powders utilizing a specially designed flow cell. The results showed that
the initial Coulombic efficiency of LiFePO4 cells increased by 10% (pristine graphite anode
cells’ initial Coulombic efficiency is 40.4%). This practice, called cathodic pre-lithiation,
can greatly compensate for the loss of lithium, thereby increasing the energy density of
the cell. In addition to reducing lithium loss, building a stable SEI makes sense. Some
additives containing fluorine can also improve SEI formation on anode materials. For
example, fluoroethylene carbonate (FEC) additive has been widely used. A lot of research
suggests a smoother and more stable SEI layer structure is generated by the introduction of
the FEC additive to the electrolyte [48,124]. The various degradation mechanisms observed
in high-capacity silicon anode materials are mainly due to expansion/contraction during
cycling. Continuous volume changes, as well as particle cracking and comminution, result
in the fragmentation of the original SEI film and the formation of new SEI layers on the
surface of these broken particles. The SEI reformation is accompanied by electrolyte and
lithium-ion depletion, which is particularly problematic for commercial applications given
the limited inventory of Li in batteries. Therefore, it is particularly important to build a
stable SEI for silicon-containing anode materials [122,125]. Wang et al. [126] constructed a
structure of MoSe2-coated Si and used the electrolyte additive FEC to establish SEI. MoSe2
coating can promote the catalytic decomposition of FEC to form a strong and stable SEI,
which has high ionic conductivity, and abundant polymerized ethylene carbonate and LiF.
Revealing the failure mode of SEI film and guiding high energy density battery to construct
stable SEI will play a significant role in accelerating the application of LIBs with higher
energy density.

The volume expansion phenomenon in the process of charging and discharging anode
materials is the most important material failure problem to be solved [127]. In order to solve
the problem of volume expansion, various studies and works have emerged. At present,
the resolution of such problems includes material structure (mainly nanostructures and
morphological structures) design and new binders. The main type of nanostructured Si that
was proposed in the past decades can be classified into 0D (nanoparticles), 1D (nanowires,
nanotubes), 2D (thin film), and 3D (porous structure) [128]. Yang et al. [129] demonstrated
hollow Si/SiOx nanosphere/nitrogen-doped carbon superstructure electrodes that are
capable of accommodating huge volume changes without pulverization during cycling.
Benefiting from the unique double-shelled hollow superstructure, this structure can fa-
cilitate the formation of a highly stable SEI layer and provide superior kinetics toward
Li-ion storage. The diffusion-controlled process and the capacitance-type reaction can work
together to endow the battery with remarkable electrochemical characteristics. Hwang
et al. [130] developed an electrospinning technology to produce core–shell fiber electrodes
(SiNP@C). In the core–shell fibers, commercially available nanoparticles in the core are
wrapped by the carbon shell. The unique core–shell structure resolves various issues of Si
anode operations, including pulverization, unstable SEI, and fragile contacts between Si
and C. The expansion of electrode material was not much difference after 50 and 500 cycles,
and the material showed excellent battery performance of the gravimetric capacity as high
as 1384 mAh g−1 and cycle life of 300 cycles with almost no capacity loss (Figure 8a–e).
An et al. [131] made an ant-nest-like bulk porous silicon structure (AMPSi@C). This struc-
ture can prevent silicon anode pulverization and accommodate volume expansion during
cycling. The battery cycle performance has been significantly improved: the capacity
retention rate was 90% after 1000 cycles, and the expansion rate was 17.8% at the high area
capacity of 5.1 mA cm−2 (Figure 8g–i).
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Figure 8. (a–d) SEM images of SiNP@C after cycling. (a,b) SEM images of the sidewall and the
cross-section of SiNP@C after 50 cycles, (c–e) SEM images of the sidewall and the cross-section
of SiNP@C after 500 cycles, (f) cycling performance of SiNP@C measured at 3C rate (2.748 A/g)
Reprinted with permission from Ref. [130]. 2012, ACS Publications; electrode swelling measurements
of AMPSi@C; (g–i) cross-sectional SEM images of the AMPSi@C electrode films (g) before cycling,
(h) after full lithiation, and (i) de-lithiation, respectively. Reprinted with permission from Ref. [131].
2019, Nature.

In the research of new binders, we hold the opinion that the ideal electrode binder
is expected to have the following capabilities: (1) inherent electronic conductivity under
the LIBs environment; (2) mechanical adhesion and ductility with inexhaustible tolerance
of large volume change; (3) electrolyte uptake to warrant high ionic conductivity [54].
Wang et al. [132] prepared a porous scaffold of sodium carboxymethyl cellulose using
slurry spray technology. As the binder of a silicon anode, the abundant carboxyl group
increased the interaction between the binder and Si particles, so that its cyclic stability and
rate performance were significantly improved (At 250 mA g−1 charge/discharge rate, the
battery can retain a capacity of 930 mAh g−1 after 85 cycles). Kovalenko et al. [133] reported
that an alginate extracted from brown algae can well stabilize the silicon anode. The
reversible capacity of silicon in the electrochemical cycle is eight times that of the graphite
anode. Su et al. [134] reported a multifunctional polymeric adhesive which consists of
a conductive polymer and a stretchable polymer ether thiourea. The multifunctional
polymer binder can bend on the surface of nano-silicon particles to form an interwoven
continuous 3D network, which is beneficial for electron transfer and mechanical stability.
This multifunctional polymer performs superior long-cycle stability (2081 mAh g−1 after
300 cycles). There are also some excellent studies [125,135–137] listed in Table 4.
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Table 4. Binder to improve battery performance.

Modified Binder Electrochemical Performance Reference

Incorporation 5% polyrotaxane to
conventional polyacrylic acid

binder

Average Coulombic efficiency of 99.92% in the
cycle numbers of 2 to 50. [125]

Sodium carboxymethyl cellulose
porous scaffold

At 250 mA g−1 charge/discharge rate, the
battery can retain capacity of 930 mAh g−1

after 85 cycles.
[132]

Mixing Si nanopowder with
alginate

At a current density of 4200 mA/g, the
reversible Li extraction specific capacity of an
alginate-based Si anode is in the range of 1700

to 2000 mAh g−1.

[133]

A multifunctional polymeric
binder synthesized by the

cross-linking of conducting
polymer and poly (ether

thioureas).

2081 mAh g−1 after 300 cycles and
908 mAh g−1 at 8 A g−1.

[134]

Novel conducting polymer based
on polyfluorene polymers and

introduced carbonyl and
methylbenzoic ester

Composite anodes based on this polymer and
commercial Si particles exhibit 2100 mAh g−1

in Si after 650 cycles without any conductive
additive.

[135]

Multifunctional polyaniline
hydrogel 83% capacitance retention after 10,000 cycles [136]

Modified sodium alginate

Without the conductive additives, the
resultant batteries have achieved the

theoretical specific capacity of LiFePO4 (C/10)
and 120 mAh g−1 at 1 C for more than

400 cycles.

[137]

10. Optimization of Charging Strategy

With the growing demand for EVs, research and development work of LIBs is now
mainly focused on extending the endurance mileage and shortening the charging time.
However, on the one hand, fast charging technology will accelerate battery failure and lead
to rapid capacity degradation, on the other hand, heat generated during fast charging is
often difficult to dissipate quickly, especially in the power battery pack of EVs. It is worth
noting that excessive heat generation is more likely to cause safety problems [138]. The new
charging strategy is to minimize the anode impact on the battery (such as lithium plating,
high temperature, etc.) while shortening the charging time [139,140].

The traditional charging method is mainly constant current (CC) charging, constant
voltage (CV) charging. However, there are many new charging strategies that have been
proven to save more time, have less heat, or have longer life [138]. The new charging
strategies include multistage constant current (MCC) charging strategy, pulse charging
strategy, variable current charging strategy, and so on. Using these new charging strategies,
it is usually possible to achieve fast charging, reduce heat generation during charging and
discharging, avoid Li-plating, and reduce concentration polarization [141–143].

Zhang et al. [144] studied the effect of the charging strategies on the cycle life of
a commercial 18650 Li-ion cell using three methods: CC charging, constant power (CP)
charging, and MCC charging. It was concluded that the low-rate current is more suitable
for the beginning of charging and the end of charging, because the impedance of the battery
is larger when the SOC is small, and the high current at the end of charging is prone to
Li-plating, which has a great impact on the life of the battery. In addition to changing the
charging strategy, the change in ambient temperature during the charging process also has
a significant impact on the battery. Yang et al. [145] designed a self-heating structure to
preheat the battery to high temperature and then start charging to speed up the transmission
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process inside the battery and improve the reaction rate. By limiting the working time
of the battery at high temperature to 10 min, the attenuation of the battery material was
slowed down, and the capacity of the battery remained 91.7% after 2500 cycles. There is a
polarization problem in the battery charging process. What is more, the polarization effect
will reduce the power density and cycle stability of the battery [146]. For the polarization
problem in the process of battery charging, Li et al. [147] proposed that the pulse charging
scheme could reduce the concentration polarization and the charging time, improve the
utilization of active materials, and thus produce higher discharge capacity and longer cycle
life. For the problem of Li-plating in LIBs at low temperatures, Qin et al. [148] proposed
a fast charging strategy without Li-plating, which combines the pulse heating method
with the optimal charging method by precisely controlling the battery state (including
SOC, temperature, and anodic overpotential). A good power battery fast charging strategy
should not only improve the charging speed of the battery, but also not have a bad impact
on battery life, and more importantly, ensure safety. Better and more versatile charging
strategies deserve further research.

11. Battery Failure Prediction

Electrochemical failure occurring during the life cycle almost cannot be avoided.
Moreover, battery safety is usually related to capacity. State of health (SOH) diagnosis
and remaining useful life (RUL) prediction can help EVs to monitor battery health in real
time and maintain the battery pack before failure [149]. However, the diversity of aging
mechanisms of power batteries and the coupling of aging factors, as well as the dynamic
operation of batteries in the actual use process, make the accurate life management of
power batteries extremely a huge challenge. With the development of computer technology
in recent years, a large number of methods for RUL prediction of LIBs have been proposed,
which make RUL prediction of batteries more reliable [150].

RUL prediction for the battery can be achieved by both model-based and data-driven
approaches [151]. Model-based methods predicting battery RUL are a way based on off-
line training data. In the 1990s, the pseudo-two-dimensional(P2D) model was proposed,
which accurately described the electrochemical reaction and physical process in LIBs with
a series of partial differential equations and algebraic equations, and laid the foundation
for the electrochemical mechanism model. This model describes the characteristics of LIBs
battery through lithium-ion diffusion in the liquid phase, lithium-ion diffusion in the solid
phase, liquid-phase Ohm’s law, solid-phase Ohm’s law, charge conservation equation,
and Butler–Volmer equation [152,153]. In addition, there are equivalent circuit models,
fractional order models, and multi-model fusion ideas to achieve more accurate and simple
models [154]. Based on the significant physical loss mechanism of a graphite anode, Jin
et al. [155] deduced the reduced-order capacitance loss model of the graphite anode. This
model captures the two main degradation mechanisms that occur in the graphite anode
of LIBs: capacity loss due to SEI layer thickening, and capacity loss due to the production
of inactive lithium. The error between the model and the experimental results of capacity
degradation is within 20%. The numerical simulation method has been able to accurately
simulate the electrochemical reaction in the LIBs. The form of multi-physical field coupling
gives more possibilities to numerically simulate the battery life decay under working
conditions. Although this numerical simulation model can achieve the full life cycle output
of battery internal parameters, it is a huge challenge to build a multi-dimensional and high-
precision model, which includes not only the detailed acquisition of battery parameters but
also the coupling relationship between parameters [156].

Thanks to the development of computer technology, the algorithm applied to machine
learning has been verified, making machine learning once again lead the boom. The non-
linear attenuation of battery capacity makes capacity prediction a challenge. Data-driven
machine learning can solve this problem well. The content of the data-driven prediction
method is data mining, practice, and promotion based on the capacity decay curve. For
example, use raw input signals (current, voltage) for training. Moreover, preprocessed
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features from voltage, current, impedance, or power curves also can be input to machine
learning models for training. Machine learning does not need a comprehensive understand-
ing of the mechanism of power batteries and electrochemical, and has the great advantages
of simple process and small computation [157]. Machine learning (ML) methods include
supervised learning and unsupervised learning to deal with regression, classification, clus-
tering, and other problems. Among ML methods, adaptive state estimation methods, such
as the particle filter (PF) algorithm and Kalman filter (KF) method, have been frequently
utilized for battery SOH and RUL prediction [158]. Wang et al. [159] conducted accelerated
cycle life studies on commercial LIBs. The influence of test parameters (time, temperature,
depth of discharge) was studied in depth. The life model was used to describe the effect
of temperature and service time on battery capacity fade. Wu et al. [160] defined RUL by
analyzing the voltage curve of the battery terminal under different cycles in the charging
process. In addition, they used a feedforward neural network (FNN) to simulate the rela-
tionship between RUL and the charge curve, which proved that the method was simple
and effective. Considering the nonlinear characteristics of the LIBs charging curve, the
importance sampling (IS) method is employed for FNN input. On this basis, an online
RUL estimation method according to FNN and IS are proposed. Finally, experiments
and numerical comparisons are conducted to validate the proposed method. However,
unlike LIBs that maintain a constant operating state in the laboratory, in the real world,
the operating state may change throughout the battery life cycle. EVs’ batteries experience
temperature differences that include seasonality, inter-battery variations within the battery
pack, and a constantly changing SOC window related to travel distance, and depending on
driving conditions, the charge and discharge current/power levels can influence battery
degradation [157,161] Song et al. [162] proposed a kind of real data of EVs based on a big
data platform, and constructed an intelligent SOH estimation framework. This method
extracts health features from historical operation data, and then implements deep learning
in a feedforward neural network driven by degradation index. The effectiveness of the
proposed method was verified by monitoring 700 vehicles with different driving modes
for one year. The results showed that the proposed framework can effectively estimate
SOH with a maximum relative error of 4.5%. RUL prediction is an important part of
BMS. The RUL prediction function in BMS can play a great role in battery life and safety
management. Accurate prediction can completely avoid failure by removing, isolating, or
replacing batteries that enter the predicted risk area, thereby mitigating the hazard without
sacrificing the system performance that typically accompanies alternative safety materials
and safety equipment [163]. The development of more accurate and less computational
models is an important direction of LIBs management, which is the key to improving the
performance of EVs.

12. Summary and Prospect

This paper systematically analyzed the mechanism of LIBs electrochemical failure and
summarized the detection methods of battery failure, failure prediction, and protection
methods. Based on the change of the bulk phase, surface, and interface of the material,
combined with the characteristics of the side reaction that occurred in the porous electrode
and the characterization methods, the failure mechanism was described in detail. According
to the electrochemical reaction foundation and material science, the response methods to
battery failure, including materials, cells, and battery management system (BMS), are fully
analyzed. In addition, we also introduced the main methods of battery failure prediction in
detail to achieve a comprehensive understanding of battery failure.

In our view, battery failure is inevitable, which can only be slowed down. In order to
achieve this goal, the optimization of the material is essential, containing active material
and electrolyte. However, the development of new materials cannot be solved overnight.
Therefore, better performance of batteries during their actual use depends on the excellent
monitoring and prediction capabilities of the BMS.
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In a word, to alleviate the electrochemical failure of LIBs, we need to focus on battery
materials, battery design, life prediction, and management systems. The best option is to
maintain battery capacity while improving battery safety.
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