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Abstract 7 

Layered cathode materials (LCMs), because of their high energy density and 8 

relatively stable performance, represent an important class of cathode materials for alkali 9 

metal ion (e.g., Li+, Na+) batteries. Chemomechanical behaviors of LCMs, which affect 10 

battery performance dramatically, have drawn extensive investigations in recent years. Most 11 

chemomechanical processes have some common chemical and structural origins that are in 12 

the center of materials chemistry, for example, defects and local bonding environments in the 13 

solid state. In this review, we first discuss the chemomechanical breakdown of LCMs by 14 

introducing their categories and negative effects on the battery performance. We then 15 

systematically analyze factors that govern the initiation and propagation of chemomechanical 16 

breakdown and summarize their formation mechanisms. Strategies that can enhance the 17 

chemomechanical properties of LCMs or reduce the destructive effects of chemomechanical 18 

breakdown are then discussed. Finally, light is brought onto the new state-of-the-art 19 

techniques that have been applied to study chemomechanical breakdown. This review 20 

virtually includes most aspects of the chemomechanical behaviors of LCMs and provides 21 

some insights into the important chemical motifs that determine the chemomechanical 22 

properties. Therefore, we believe that advanced design protocols of LCMs can be developed 23 

to effectively address the chemomechanical breakdown issue of LCMs.  24 
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1. Introduction 28 

In order to ensure a green and pollution-free future, harvesting energy from 29 

sustainable resources along with shifting from gasoline-powered vehicles to electric vehicles 30 

(EVs)1 are of prime importance. To achieve these two goals, it is crucial to develop grid-scale 31 

energy storage systems and EVs2. A promising energy storage candidate for grids and EVs is 32 

alkali metal ion batteries (e.g., lithium-ion batteries, LIBs). LIBs have been widely used in 33 

portable electronics because of their high energy density, high power density, superior safety 34 

features, and long cycle life3. However, LIBs cannot satisfy the increasing performance 35 

requirements for modern portable electronics, EVs, and grid-scale energy storage systems. 36 

We have witnessed the impressive progress in integrated circuits (ICs) in the past 50 years, 37 

which has almost followed the Moore's law4 that the number of transistors per square inch 38 

doubles every 18 months. More transistors means faster processing capability and 39 

consequently more energy consumption. However, the performance of the power provider 40 

(LIBs) is lagging far behind. We also witnessed the exciting progress in harvesting different 41 

forms of sustainable energy, such as wind energy5,6, solar energy7,8, hydropower energy9, 42 

biomass energy10,11, and marine energy12. Nevertheless, the aforementioned sustainable 43 

energy resources have the same intrinsic drawbacks: intermittency and unpredictable 44 

fluctuations. Integrating those fluctuating green energy is a huge challenge to the modern 45 

grid13. Storing renewable energy is therefore vital for practical applications14.  46 

To further enhance the performance of LIBs, we need better understanding of their 47 

fading mechanisms. Chemomechanical breakdown (i.e., formation of cracks), one of the main 48 
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fading mechanisms of LIBs, has been widely observed in the anode, solid electrolyte 49 

interphase (SEI), and cathode. Strategies to inhibit chemomechanical breakdown of anode 50 

materials include reducing the particle size15,16,17, surface engineering18, and advanced 51 

nanostructure design19,20. Readers can refer to some recent reviews about the 52 

chemomechanical breakdown of anode materials21,22,23. To resolve the chemomechanical 53 

breakdown problems in SEI, self-healing SEI24, artificial SEI25,26,27, and electrolyte 54 

additives28 were proposed. In contrast, the chemomechanical behaviors of the cathode are 55 

much more complicated. Many different categories of cathode materials have been proposed 56 

in the past three decades29. Among which, LCMs30,31 are considered as one class of the most 57 

promising cathodes, due to their high energy density, high power density, and good cycling 58 

stability. Many factors are responsible for the capacity fading in LCMs32, such as phase 59 

transformations from the layered structure to the rock-salt and/or spinel structure33, undesired 60 

cathode–electrolyte side reactions3,34, lattice oxygen release35,36, transition metal dissolution37, 61 

and chemomechanical breakdown38,39,40. However, by no means can this review cover all of 62 

these factors. We specifically highlight the chemomechanical breakdown of LCMs in this 63 

review.  64 

To improve the volumetric energy density and stability of LCMs (e.g., 65 

LiNixMnyCo1-x-yO2, NMC), most studies aim to form micron-sized spherical polycrystalline 66 

particles consisting of nano-sized single crystals38,39,41,42,43. In addition, great effort has been 67 

made to push the charge cut-off voltage higher than 4.5 V (all voltages in this paper are 68 

against Li/Li+) to reach the capacity that is close to the theoretical limitation38,44. Therefore, 69 

the chemomechanical breakdown of LCM polycrystalline particles can occur due to the 70 

random orientation of the single crystals, anisotropic volume expansion/contraction, 71 

electrolyte infiltration, lattice oxygen release, and heterogeneous phase transformations. 72 
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Chemomechanical breakdown of the cathode leads to the detachment of active particles from 73 

the nearby active particles, conductive carbon matrices, and current collector. The 74 

detachment can lead to reduced electronic conductivity40 and loss of effective active 75 

particles45. Moreover, cracked cathode particles have a larger surface area because the cracks 76 

expose the intact bulk41. The increased surface area and electrolyte penetration result in more 77 

undesired cathode–electrolyte side reactions3,34 and accelerated transition metal 78 

dissolution46,47. Thus, the formation of cracks imposes negative effects on the battery 79 

performance. The formation of cracks is governed by different factors, and here we 80 

categorize the factors as intrinsic and extrinsic factors. The intrinsic factors are related to the 81 

cathode itself, such as the cathode composition41,44 and particle size48,49. The extrinsic factors 82 

are associated with charging and discharging conditions, and examples are depth of 83 

charge/discharge50, cycling-rate51,52, and cycle number40,53. Cracking has been intensively 84 

observed, yet its formation mechanisms have not been completely understood. Evolution of 85 

crystal structure can introduce volume change and subsequent microstrain in the particles54, 86 

and when the strain reaches a certain level, it will be released through the formation of cracks. 87 

Defects (e.g., dislocations) inside the primary particles can propagate and lead to the 88 

formation of intragranular cracks38. Moreover, release of lattice oxygen reduces the stability 89 

of the cathode and is partially responsible for the formation of intragranular and intergranular 90 

cracks35,36. Equipped with the knowledge of crack formation, some strategies have been 91 

designed to mitigate cracking or reduce the negative effects of cracks. Among those strategies, 92 

surface engineering has been shown the most common and effective one55. Other strategies, 93 

such as grain engineering56, elemental substitution57, pre-cycling treatment58,59, reducing 94 

particle size60, and electrolyte additives61 are also covered in this review. Chemomechanical 95 

breakdown of the LCMs for sodium-ion batteries (SIBs) are compared with that in LIBs.62,63 96 
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Finally, some recently developed analytical techniques49,64,65 are reviewed to enlighten the 97 

methodology for studying the chemomechanical properties of LCMs. The purpose of this 98 

review is to summarize the recent progress in characterizing, understanding, and modifying 99 

the chemomechanical properties of LCMs, with an emphasis on the LCMs for LIBs.  100 

2. Categories of cracks and their impact on battery performance 101 

The LCMs are designed to have spherical morphology for the relatively small 102 

surface area. Secondary particles of LCMs consist of densely packed single crystals (i.e. 103 

primary particles) with mostly random orientations (Fig. 1 (a)39). An exception is that LiCoO2 104 

(LCO), one of the LCMs, has large single crystals66. Such structural design can enhance its 105 

volumetric density and alleviate cathode–electrolyte side reactions because of the relatively 106 

small surface area. However, this structural design has an unresolved problem: during the 107 

charging and discharging process, formation of cracks can occur inside and between primary 108 

particles, which can then increase the surface area of the cathode and induce more side 109 

reactions relative to those intact particles. 110 

Based on the physical location, cracks can be divided into two main categories: 111 

intragranular cracks and intergranular cracks, the former occurs within the primary 112 

particles38,41,42,43, whereas the latter occurs between the primary particles (usually along grain 113 

boundaries)39. Intragranular cracks are usually caused by the loss of several transition metal 114 

layers38. The dark straight lines, pointed by the yellow arrows in Fig. 1 (b)38, are intragranular 115 

cracks in a LiNi1/3Mn1/3Co1/3O2 (NMC333) material. It is evident that intragranular cracks are 116 

inside a primary particle, and their length ranges from tens to hundreds of nanometers. 117 

Intragranular cracks are widely observed in LCMs, such as in NMC33338, LCO67, 118 

LiNi0.6Mn0.2Co0.2O2 (NMC622)68, and even in olivine-type cathode materials such as 119 

LiFePO4 (LFP)69. Although it is challenging to quantify the negative impact of intragranular 120 
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cracks, it ultimately leads to the formation of large cracks that act similar to intergranular 121 

cracks. The density of intragranular cracks is usually orders of magnitude higher than that of 122 

intergranular cracks70. Intergranular cracks form between the primary particles, and usually 123 

along grain boundaries35. Fig. 1 (c)41 shows the intergranular cracks (irregular void regions 124 

inside the secondary particle) in Ni-rich NMC material. Intergranular cracks have a much 125 

larger size comparing to intragranular cracks. Intergranular cracks are also widely reported in 126 

LCMs, for example, LiNi0.8Co0.15Al0.05O2 (NCA)40, LiNiO2 (LNO)50, NMC33371, and 127 

olivine-type LFP72,73.  128 
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 129 

Fig. 1 (a) Illustration of primary and secondary particles: scanning electron microscopy (SEM) 130 

of uncycled NCA primary and secondary particles39. (b) An example of intragranular cracks: 131 

low magnification high-angle annular dark-field (HAADF) images of NMC333 (after 100 132 

cycles at 4.7 V cut-off voltage), showing the intragranular cracks (yellow arrows) inside the 133 

primary particles38. (c) An example of intergranular cracks: cross-sectional SEM image of the 134 

Li1-δNi0.95CoyMn0.05−yO2 cathode particle (first fully charged state at 4.3 V cut-off voltage)41. 135 
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Used with permission from ref. 39, 38, and 41. 136 

The formation of intragranular and intergranular cracks is inevitable in most LCMs, 137 

and their occurrence commonly accompanies with decreased electrochemical performance. 138 

Four main negative impacts are included in this review (Fig. 2): poor electronic conductivity, 139 

loss of active material, more severe cathode–electrolyte side reactions, and dissolution of 140 

transition metals. The four main negative effects are not independent to each other and the 141 

electrochemical performances of LIBs are compromised by the synergistic effect of the four 142 

negative impacts.  143 

 144 

Fig. 2 Schematic representation of the four negative impacts induced by intragranular and 145 

intergranular cracks. The irregular yellow regions stand for primary particles and the red lines 146 

stand for grain boundaries. Primary particles have random orientations and they packed 147 
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tightly to form the secondary particle. The green stripes inside the primary particles are 148 

intragranular cracks, while the green gaps between primary particles are intergranular cracks. 149 

Poor electronic conductivity 150 

During charging process, electrons in the cathode material move across primary 151 

cathode particles and then travel to the anode through the external circuit. Intergranular 152 

cracks in cathode particles can lead to the detachment of the active material from the nearby 153 

active material, conductive carbon black, and current collector, which is responsible for the 154 

inferior electronic conductivity. The reduced electronic conductivity leads to dramatic 155 

increment of Rct (charge-transfer kinetic resistance), which is considered as an important 156 

factor for significant capacity drop.40,74,75  157 

The inferior electronic conductivity can further lead to state-of-charge (SOC) 158 

heterogeneity in individual particles. SOC heterogeneity means the non-uniform oxidation 159 

state distribution of a transition metal (e.g., Ni)76, which accounts for accelerated crack 160 

formation49,77. Liquid electrolyte is a good Li ion conductor but not an electron conductor, 161 

while the solid cathode particles can conduct both electrons and Li ions. This means Li ions 162 

can diffuse through the cathode and electrolyte, while electrons can only be conducted 163 

through the solid cathode. Before cracking, the Li ions and electrons at the same spot share 164 

the same geometrically optimal pathway (Fig. 3 (a) green lines). Therefore, there is no path 165 

length differences between the Li ions and electrons at the same physical site. On the contrary, 166 

cracking and electrolyte infiltration induce the path length difference between the Li ions and 167 

electrons. During the charging process, the Li ions diffuse to the surface of solid cathode, and 168 

then be conducted through the liquid electrolyte, which possesses higher Li ion conductivity 169 

than the solid cathode. When the electrolyte penetrates the cracked cathode particles, it 170 

reduces the path length of Li ions that are inside the particles (Fig. 3 (a) blue lines). 171 
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Meanwhile, the cracks generally increase the path length of electrons. Cracks are physical 172 

barriers to electrons, which means the electrons need to detour and travel longer distance to 173 

reach the surface (Fig. 3 (a) red lines). The path length difference between the electrons and 174 

Li ions at different spot can be calculated and the result is shown in Fig. 3 (b). Intergranular 175 

cracks lead to different degrees of path length difference based on the geometry of cracks and 176 

electrolyte infiltration effect. Moreover, the difference in the diffusion time of Li ions and 177 

electrons lead to charge heterogeneity at the secondary particle level. The electrons in the 178 

cathode particle need to move to the surface during charging process, and after crack 179 

formation (Fig. 3 (c)), different regions of the surface have different electron traffic because 180 

of the electron detour effect (Fig. 3 (d)). Recently, Tian et. al observed charge heterogeneity 181 

for NMC622 particles after electrochemical delithiation (Fig. 3 (e))76. The inhomogeneous Ni 182 

oxidation states were partially due to the disruption of electronic wiring and subsequent 183 

particle isolation.  184 
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 185 

Fig. 3 (a-b) Simulation of the electrolyte infiltration effect. (a) Schematic representation of 186 

the diffusion pathways for: electrons and Li ions before the crack formation (green lines), 187 

electrons after crack formation (red lines), and Li ions after crack formation (blue lines). The 188 

gray domains are cathode materials, the void regions between cathode materials are 189 
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intergranular cracks, and the cyan background is the liquid electrolyte. (b) Color map 190 

showing the path length difference between Li ions and electrons induced by cracking and 191 

electrolyte infiltration. The path length difference is calculated by subtracting the path length 192 

of Li ions from that of electrons at the same spot. Blue represents small difference and red 193 

means large difference. (c) 3D rendering of the NMC622 particle that has been cycled for 50 194 

times at 10 C. (d) Traffic load (the number of electrons passing through a specific surface 195 

area) map of the particle in (c).49 (e) Color mapping of Ni oxidation state heterogeneity of 196 

electrochemically charged NMC622 electrode, where blue represents low oxidation state and 197 

red indicates high oxidation state76. Used with permission from ref. 49 and 76. 198 

Loss of active material 199 

Disconnection in LCMs, induced by intergranular cracks, can lead to etched surface 200 

after cycling (Fig. 4 (a) and (b)), and part of the etched surface will further separate from the 201 

bulk region and form fragmented pieces (Fig. 4 (c)). The fragmented pieces are “dead regions” 202 

of the cathode for two reasons. One is that once the fragmented pieces detach from the bulk 203 

region, the electrons in fragmented pieces cannot reach the surrounding conductive matrices. 204 

The fragmented pieces thus cannot contribute to the electrochemical reaction anymore. The 205 

other reason is that Mn ions in the fragmented pieces are permanently reduced from Mn4+ to 206 

Mn2+, most likely in forms of redox inactive rock-salt phases. Electron energy loss 207 

spectroscopy (EELS) spectra (Fig. 4 (c), (d), and (e)) indeed show that Mn ions in the 208 

fragmented pieces were Mn2+, while the Mn ions in the bulk were Mn4+. The “dead regions” 209 

cannot intercalate or de-intercalate Li ions anymore, which is partially responsible for 210 

capacity fading. 211 
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 212 

Fig. 4 (a-c) Etched surface of Li[Li0.2Ni0.2Mn0.6]O2 cathode after cycling. (a) Overview image 213 

of the surface after cycling. (b) Zoomed-in image of the white rectangle region in (a). (c) 214 

Overview image of fragmented pieces and cycled bulk of the cathode. (d-f) EELS results of 215 

cycled bulk (blue) and fragmented pieces (red): (d) O K, Mn L, and Ni L edges, (e) Mn L 216 

edge, and (f) Mn M and Li K edges.45 Used with permission from ref. 45. 217 

Accelerated cathode–electrolyte side reactions 218 

Secondary particles of LCMs are designed to have spherical morphology to reduce 219 

their specific surface area. Intergranular cracks can produce fresh surfaces and expose the 220 

formerly intact grain boundaries to the liquid electrolyte. The fresh surfaces can react with the 221 

liquid electrolyte and form more surface reconstruction layers. Surface reconstruction layers 222 

are electrochemically inactive with relatively inferior ion conductivity, which partially 223 

accounts for the resistance buildup and capacity fading in LIBs40,41.  Surface reconstruction 224 

involves the structural change from a R-3m layered structure to a Fm-3m rock-salt (Fig. 5) 225 
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and it has been intensively observed for LCMs33,78,79,80, including stoichiometric layered 226 

materials and Li/Mn-rich layered oxides. The degraded surface layer form instantly after the 227 

cathode particles are soaked in liquid electrolyte, and its thickness can increase after cycling. 228 

This proves that the surface reconstruction process involves both cathode–electrolyte 229 

reactivity and electrochemical activation.33 Moreover, the surface construction predominantly 230 

occurs along the Li-diffusion direction, and examples include LiNi0.4Mn0.4Co0.2O2 (NMC442) 231 

(Fig. 5 (a))33 and Li/Mn-rich layered oxides (Fig. 5 (b))78. The surface reconstruction is 232 

mainly induced by lattice oxygen release and the preferential migration of Mn and Ni ions 79. 233 

It was observed that the removal of Li ions accompanies with the loss of lattice oxygen ions 234 

at the surface. As a result, some surface transition metal ions only coordinate with five 235 

oxygen ions, and the destabilized transition metals will then move to the empty Li sites and 236 

form the rock-salt structure. When Mn ions migrate to the bulk, the Mn-to-Ni ratio increase 237 

from the surface to the bulk, as shown in Fig. 5 (c)79.  238 
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 239 

Fig. 5 (a) Observation of surface reconstruction layers of NMC442 particles (after 1 cycle, 240 

2.0-4.7 V) with annular dark-field scanning transmission electron microscopy (ADF-STEM). 241 

The scale bar is 2 nm.33 (b) The surface reconstruction layers in cycled Li/Mn-rich 242 

Li[Ni1/5Li1/5Mn3/5]O2.
78 (c) The surface reconstruction layers, chemical maps, and evolution 243 

of the Mn and Ni atomic concentration in Li/Mn-rich Li1.2Mn0.61Ni0.18Mg0.01O2 (after 50 244 

cycles under C/2).79 Used with permission from ref. 33, 78, and 79. 245 
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Dissolution of transition metals 246 

The dissolution of transition metals, such as Ni, Co, and Mn, is more severe after 247 

chemomechanical breakdown. Among the three aforementioned transition metals, the 248 

dissolution of Mn ions was reported to be the easiest46,47 and it can occur through two 249 

possible mechanisms. The first mechanism is the Mn3+ disproportion reaction according to 250 

the 2Mn3+→ Mn2+ + Mn4+ route81,82. The second mechanism is the HF attack on cathode83,84. 251 

LiPF6, a common component of the liquid electrolyte, decomposes easily as LiPF6 → LiF + 252 

PF5. With trace of water, PF5 can further decompose as PF5 + H2O → 2HF + POF3
84. HF can 253 

then react with the cathode, leading to the dissolution of transition metals. Moreover, H2O is 254 

another product from the cathode–HF reaction, and H2O promotes the decomposition of PF5 255 

and produce more HF, which makes the transition metal dissolution reaction auto-catalytic85. 256 

The dissolution of Mn ions has two main negative impacts. Mn ions dissolved in the 257 

electrolyte can re-deposit on the cathode surface86, which induces a resistive layer for 258 

electrons and Li ions. The dissolved Mn ions can also migrate to the anode surface through 259 

the electrolyte87 and interrupt the SEI layer88. Transition metals deposited on the anode work 260 

as catalysts for the decomposition of SEI components, which leads to the formation of 261 

inactive layer on the anode surface and cracks in the SEI layer88. The decomposition of 262 

(CH2OCO2Li)2 (one of the SEI components) promotes the formation of Li2CO3, which can 263 

react with LiPF6 to produce LiF and CO2
89. Moreover, the decomposition of (CH2OCO2Li)2 264 

can induce some cracks in the SEI, and the cracks contribute to more SEI formation. As a 265 

result, the dissolution of transition metals interrupts the SEI layer and induces more SEI 266 

formation, which lead to decreased electrochemical performance. 267 

The dissolution of Co ions is widely observed in Co containing cathode 268 

materials90,57, though it is not dominant. Moreover, the dissolution of Ni ions from the surface 269 
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usually accompanies the surface transformation from layered structure to spinel and/or 270 

rock-salt structure. Although the dissolution of Ni is not dominant, it can be accelerated by 271 

high Ni-content, high cut-off voltage, and elevated temperature37. An example is that the 272 

degree of Ni dissolution in LiNi0.9Mn0.05Co0.05O2 is an order of magnitude higher than that in 273 

NMC62244. Interestingly, the dissolution of Co and Mn ions is also more severe in high 274 

Ni-content samples. Even though the Co and Mn concentration in LiNi0.9Mn0.05Co0.05O2 is 275 

only one-fourth of that in NMC62244, the dissolution of Co and Mn ions are much more 276 

obvious in the former. The possible reason is that LiNi0.9Mn0.05Co0.05O2 has more cracks, 277 

which provide channels for electrolyte infiltration and induce more cathode–electrolyte 278 

reactions.     279 

 280 

3. Factors affecting the crack formation and crack formation mechanisms: 281 

Even though how intriguing the phenomenon of crack formation can be, there are 282 

limited number of reports on the formation mechanisms of cracks. The factors affecting the 283 

crack formation can be traced down to intrinsic and extrinsic factors. Intrinsic factors mainly 284 

relate to the properties of cathode particles. To the best of our knowledge, Ni-content and 285 

particle size are reported to affect the formation of cracks. Extrinsic factors can be referred to 286 

charging and discharging conditions, such as state of charge, cycling rate, and cycle number. 287 

Intrinsic and extrinsic factors affect crack formation mainly based on three different 288 

mechanisms: evolution of crystal structure, propogation of defects (e.g., dislocations), and 289 

lattice oxygen release.  290 

3.1 Intrinsic factors: 291 

Ni-content  292 

Undesired side reactions, such as surface reconstruction and transition metal 293 
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dissolution, are more severe in Ni-rich materials (LiNixMnyCo1-x-yO2, x > 0.8). Ni-rich 294 

materials41,91,92,93,94 have more severe phase transition near the end of charge, which leads to a 295 

higher extent of anisotropic volume change and produces more freshly exposed surface area. 296 

The severe anisotropic volume change, however, can be suppressed when x (the Ni-content) 297 

is less than 0.8 (Fig. 6 (a)). At the beginning of charging process, the c axis of samples with 298 

different Ni-content expands the same length. However, near the charging end, the c axis of 299 

NMC622 shrink only 2.6 %, while LiNi0.95Co0.025Mn0.025O2 shrink by 6.9 % in the c axis (Fig. 300 

6 (b)). This dramatic difference accounts for the larger size and higher density of cracks in 301 

Ni-rich samples. The cracks in the Ni-rich sample, indicated by the red lines in Fig. 6 (a), 302 

provide more channels for electrolyte infiltration. Fresh cathode surfaces can then react with 303 

electrolyte and form NiO-like layers at the surface and in the interior of cathode particles. 304 

The NiO-like layer can impede Li ion diffusion and lead to impedance increment (Fig. 6 (c)). 305 

Higher Ni-content can enhance the initial discharge capacity, however, it deteriorates the 306 

stability of NMC material, as shown in Fig. 6 (d). NMC622 had an initial capacity around 307 

180 mAh/g at 0.5 C, and the capacity retention was 96.5% after 100 cycles, whereas the 308 

initial capacity of LNO was around 230 mAh/g at 0.5 C and the capacity retention was only 309 

74.9% after 100 cycles.  310 
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 311 

Fig. 6 (a) Schematic figure showing the capacity fading mechanism of Ni-rich NMC cathodes. 312 

Higher Ni-content results in higher extent of anisotropic volume change and subsequently 313 

more cracks in the cathode particles. More and larger cracks provide more channels for 314 

electrolyte infiltration, which leads to more severe surface degradation. Evolution of (b) 315 

c-axis lattice parameter, (c) charge transfer resistance, and (d) discharge capacity of Ni-rich 316 

NMC materials with different Ni-content (x = 0.6, 0.8, 0.9, 0.95, and 1).41 Used with 317 

permission from ref. 41. 318 

In addition to more crack formation for higher Ni-content samples, it also leads to 319 

thicker surface degradation layers. A comparison between NMC622 and 320 

LiNi0.90Co0.05Mn0.05O2
44 depicts that increasing the Ni-content in NMC leads to thicker 321 
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NiO-like surface degradation layer. Fig. 7 (a) and (b) are the transmission electron 322 

microscopy (TEM) images for NMC622 with a cut-off voltage of 4.3 V and 4.5 V, 323 

respectively. The thickness of the surface degradation layer is about 3 nm. By increasing the 324 

Ni-content to 0.9, the surface degradation layer increases and a thin amorphous layer also 325 

forms above the NiO-like rock-salt structure layer. As seen in Fig. 7 (c) and (d), the surface 326 

degradation layer is about 5 nm for LiNi0.90Co0.05Mn0.05O2 with a cut-off voltage of 4.3 V and 327 

4.5 V, respectively. The amorphous layer is formed by the release of oxygen.  328 

 329 

Fig. 7 Comparison of surface degradation layers in NMC622 and LiNi0.90Co0.05Mn0.05O2 at 330 

different cut-off voltages based on TEM images. TEM images of NMC622 charged to (a) 4.3 331 

V and (b) 4.5 V. TEM images and Fourier transform of LiNi0.90Co0.05Mn0.05O2 charged to (c) 332 
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4.3 V and 4.5 V.44 Used with permission from ref. 44. 333 

Particle size 334 

Particle size, including primary and secondary particle sizes, is thought to be 335 

another intrinsic factor that affects the formation of cracks. Our recent study49 shows that the 336 

size of secondary particles positively correlates with the degree of cracking, as attested by the 337 

transmission X-ray microscopy (TXM) data (Fig. 8 (a) and (b)). Obviously small particles are 338 

more robust against crack formation, however, nano-sized secondary particle design cannot 339 

be adopted for practical cathodes, because nano-sized secondary particle has inferior packing 340 

density48 and more severe cathode–electrolyte reactions. The reason why larger secondary 341 

particle leads to more cracks has not been understood yet. The consensus among material 342 

scientists is that micro-fracture in ceramics can be suppressed if the grain size is under a 343 

material-specific size.95 With an analytical micromechanical model, Chiang60 and coworkers 344 

showed that when the primary particle size is smaller than some critical value, grain 345 

boundary micro-fracture formation in LCMs would be suppressed. Fig. 8 (c) shows the 346 

critical sizes for LCO, NCA, and NMC, under which micro-fracture will not grow. 347 
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 348 

Fig. 8 (a) Visualization of crack formation in NMC secondary particles of different sizes. All 349 

the particles were cycled at 10 C for 50 times. (b) Quantification of the porosity and the 350 

specific crack surface area of particles in (a).49 (c) SOC-dependent critical sizes for selected 351 

LCMs60. Used with permission from ref. 49 and 60. 352 

 353 

3.2 Extrinsic factors：：：： 354 

State of charge  355 

During the charging process, Li ions de-intercalate from the cathode and intercalate 356 

into the anode. Charging the cathode to higher voltage can extract more Li ions from the 357 

cathode and deliver higher discharge capacity96. However, higher cut-off voltage correlates to 358 
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more phase transformation processes and subsequently more crack formation. The phase 359 

transformation process will be discussed in detail later. 360 

LNO particles remain intact when they are cycled at low cut-off voltage (4.1 V), as 361 

shown in Fig. 9 (a) and (d). When increasing the cut-off voltage to 4.2 V, crack formation 362 

becomes obvious (Fig. 9 (b) and (e)). Moreover, if the cut-off voltage reaches 4.3 V, the crack 363 

formation increase dramatically, as seen in Fig. 9 (c) and (f).50 The underlying mechanism for 364 

such observation is the phase transformation process under high cut-off voltage, which can 365 

generate mechanical strains and accelerate the formation of micro-cracks57. The dQ/dV plot 366 

of the samples with different cut-off voltage is shown in Fig. 9 (g), (h), and (i). The repeated 367 

H2 → H3 phase transition44,97 at 4.15 V is considered as the primary factor that causes crack 368 

formation. Capacity fading can be mitigated by limiting the cut-off voltage of LNO to 4.1 V. 369 

In addition, higher cut-off voltage leads to more severe crack formation is also observed in 370 

NMC materials.75,98 371 
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 372 

Fig. 9 Cross-sectional SEM images of the first charged LNO cathode at (a) and (d) 4.1 V, (b) 373 

and (e) 4.2 V, and (c) and (f) 4.3 V. The dQ/dV curves from the initial charge and discharge 374 

curves at upper cutoff voltages of (g) 4.1 V, (h) 4.2 V, and (i) 4.3 V.50 Used with permission 375 

from ref. 50. 376 

 377 

Cycling-rate 378 

Fast charging and discharging capability is an important parameter for practical 379 

batteries, especially for those designed for EVs. Fast charging and discharging is usually 380 

correlated with more severe crack formation in the cathode, as observed in NCA51 and 381 

NMC52 materials, which leads to decreased electrochemical performance. The intrinsic 382 
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reason may be that fast charging and discharging process accompanies rapid volume change, 383 

which produces a strain that cannot be accommodated accordingly in a considerably short 384 

period. Our recent study49 showed that higher cycling rate leads to dramatic increment of crack 385 

formation at the secondary particle level.  386 

However, some researchers hold an opposite opinion that the crack formation is 387 

independent of fast charging and discharging. Zhao et al.75 argued that the mechanical 388 

disintegration caused by fast charging was not obvious. They pointed out that higher 389 

cycling-rate could limit the total amount of Li ions inserted or extracted from the layered 390 

structure, which would reduce the volumetric change of the cathode and thus lower the 391 

disintegration extent of the secondary particles. Their observation of reduced RSEI (Li ion 392 

transport resistance through the SEI) and Rct for fast charging and discharging samples 393 

proved that less fresh surface was produced because of the lower extent of crack formation. 394 

Another example is that for NMC333, 0.1 C and 1 C made no difference to crack formation 395 

when the cell was cycled at a low cut-off voltage38. Furthermore, in situ acoustic emission 396 

experiments60 showed that the C-rate independent crack formation is also valid in LCO. 397 

Therefore, these contradicting studies signify the need for more investigations to better 398 

understand the relationship between fast charging and crack formation. 399 

 400 

Cycle numbers 401 

It is believed that chemomechanical breakdown occurs only after long term 402 

cycling.99,100 However, researchers have observed crack formation even after the first 403 

cycle40,53. The fracture and fragmentation evolutions in NCA materials40 were successfully 404 

characterized using the SEM-focused ion beam (SEM-FIB) snapshot approach. Fig. 10 (a) to 405 

(d) show the same particle in the as prepared condition and after the first, second, and third 406 
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cycle. It is evident that the as prepared sample had an intact secondary particle, and the crack 407 

formation and intergrain separation occurred after the first cycle and increased as a function 408 

of cycle number. Furthermore, elastic modulus and hardness of NMC materials98 showed the 409 

most dramatic reduction after the first cycle, and then they decreased gradually as a function 410 

of cycle numbers. This means most chemomechanical breakdown occurred during the first 411 

cycles, and afterwards cracks grew at a much slower speed. The mechanism behind such 412 

observation has not been proposed yet. Here, we propose a possible mechanism called 413 

“positive feedback effect”. During the charging and discharging process, charge 414 

heterogeneity is induced by crack formation, as shown in Fig. 3 (d) and (e). The charge 415 

heterogeneity, in turn, induces more micro-strain, which can accelerate the crack formation 416 

process. Overall, more cracks promote higher extent of charge heterogeneity and higher extent 417 

of charge heterogeneity induces more micro-strain, which can accelerate the crack formation 418 

process. This positive feedback theory can explain that at the beginning of crack formation 419 

process, the strain was accumulating, and when the strain reached a specific level, the number 420 

of cracks would increase dramatically. Fig. 10 (e) shows that the length of cracks increased 421 

dramatically in the beginning and gradually afterwards. The former result is consistent with 422 

Carter’s acoustic emission experiment (Fig. 10 (f))60, which proved that crack formation 423 

increased dramatically in the middle of first charge cycle. The acoustic emission experiment 424 

also showed that crack formation was highly concentrated in the first charge cycle. The 425 

possible reason is that after the drastic crack formation process, large volume of cracks can 426 

accommodate the volume change of the cathodes. Complete understanding of the 427 

microstructural evolution at the early stage needs further investigation. 428 
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 429 

Fig. 10 (a-d) The evolution of particle fracture and fragmentation as a function of cycle 430 

numbers. These SEM-FIB snapshot images show the same particle in the (a) as-prepared 431 

condition and after the (b) first, (c) second, and (d) third cycle.40 (e) The evolution of crack 432 

length for four independent cracks as a function of time under thermal abuse condition.35 (f) 433 

Cumulative acoustic counts for sintered and thick composite pellet LCO electrodes during the 434 
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first charge at a C/50 rate.101 Used with permission from ref. 40, 35, and 101. 435 

 436 

3.3 Crack formation mechanisms 437 

Evolution of crystal structures 438 

During the electrochemical cycling processes, the lattice structure of LCMs 439 

experience periodic changes54,92,102,103, which lead to micro-strain accumulation104 and 440 

subsequent crack formation. The in situ synchrotron X-ray diffraction (XRD) patterns of 441 

NMC622 material in Fig. 11 (a) shows that the peak positions changed periodically and had 442 

high reversibility. The corresponding lattice parameters and unit cell volumes are shown in 443 

Fig. 11 (b) and (c), respectively. For H1 phase, the a, b, and c lattice parameters showed 444 

negligible changes. For H2 phase, as Li ions de-intercalated from the structure, the c lattice 445 

parameter first increased while a/b lattice parameter decreased. With more Li ions removed 446 

from the lattice (cur-off voltage higher than 4.2 V), the c axis contracted dramatically while 447 

a/b lattice parameter increased slightly. The calculated unit volumes are shown in Fig. 11 (c), 448 

and the volume change is about 4%, which proves that the bulk crystal structure is stable 449 

during electrochemical cycling processes. However, in the vicinity of the particle surface, 450 

after the removal of surface Li ions, transition metal ions could move to those vacant Li sites, 451 

which resulted in the phase transformation from layered (R-3m) to spinel (Fd-3m) and/or 452 

rock-salt (Fm-3m) phase.79,105,106 The phase transformation process produce strains that can 453 

promote the formation of cracks. Other examples, such as LCO, also prove that phase 454 

transformation under high cut-off voltage accounts for structural instability and crack 455 

formation.57 To conclude, evolution of crystal structure is one of the primary reasons for 456 

crack formation. 457 
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 458 

Fig. 11 (a) In situ synchrotron XRD patterns of NMC622 (cycled at C/10 between 2.5-4.7 V) 459 

showing the periodic changes of crystal structure. The evolution of (b) a and c-axis parameters 460 

and (c) the unit cell volume change of NMC as a function of charge/discharge depth during the 461 

first cycle.54 Used with permission from ref. 54. 462 

 463 

Propagation of dislocations 464 

Intragranular cracks have negative impacts such as lattice oxygen release, transition 465 
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metal and Li mixing, and rock-salt structure formation70. The nucleation and propagation of 466 

intragranular cracks is mostly related with dislocations. Primary particles have random 467 

orientations and they are densely packed. Processes such as electrochemical cycling and high 468 

temperature calcination can produce strains between primary particles. The induced strains 469 

cannot be consistently accommodated which leads to the generation of dislocations. The 470 

propagation of dislocation38,64,96,107 can lead to the formation of two categories of 471 

intragranular cracks: premature intragranular cracks (pink arrows in Fig. 12 (a)) and mature 472 

intragranular cracks (yellow arrows in Fig. 12 (a)).38 It is believed that the mature 473 

intragranular cracks are developed from the premature ones. The HAADF-STEM image in 474 

Fig. 12 (b) shows that the width of the premature cracks was about 0.72 nm, which was 475 

caused by the splitting of two neighboring transition metal slabs and propagating along the 476 

(003) planes. This observation explains how the intergranular cracks were predominantly 477 

parallel to (003) planes in the layered structure. Furthermore, the annular bright-field (ABF) 478 

STEM image in Fig. 12 (c) shows that the inter-slab between two transition metal layers was 479 

not empty, which proves that the premature cracks were formed by the loss of transition metal 480 

layer. The inserted circles in Fig. 12 (d) are the TEM images for the cathode particles cycled 481 

at different cut-off voltages. From Fig. 12 (d), the authors pointed out that the propagation of 482 

dislocation is an electrochemically activated process, because intragranular crack formation 483 

directly correlate with high voltage cycling. However, this argument might not be strong 484 

enough, since more Li ions can be extracted from the cathode material under high cut-off 485 

voltage condition, inducing more volume change and microstrain, which might also be 486 

responsible for the intragranular crack formation. Fig. 12 (e) is an overall scheme showing 487 

the intragranular crack evolution process: electrochemical and thermal process initiated the 488 

occurrence of dislocations, which then propagated along the transition metal layer direction 489 
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and formed intragranular cracks. Nevertheless, the actual formation mechanism is still not 490 

well understood and there are very few reports on the topic. Thus, more investigation is 491 

required for better understanding.  492 
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Fig. 12 (a) Observation of the intragranular cracks along (001) plane in NMC333 cathode 494 

from HAADF images. The yellow arrows indicate mature cracks and the pink arrows indicate 495 

premature cracks. The scale bar is 50nm. The STEM images of the same premature cracks 496 

under (b) HAADF and (c) ABF mode. (d) The HAADF-STEM images showing that 497 

intragranular crack formation in NMC333 is governed by cut-off voltage. (e) Schematic 498 

illustration of the dislocation-assisted crack incubation, propagation and multiplication 499 

process.38 Used with permission from ref. 38. 500 

 501 

Lattice oxygen release  502 

Lattice oxygen release from cathode material35,70,108 also contributes to 503 

intragranular and intergranular crack formation since it is related with phase transformation 504 

(from the layered structure to spinel and/or rock-salt structure)79 and strain accumulation109. 505 

Lattice oxygen release can be induced by overcharge of cathode material110,111 or thermal 506 

abuse conditions35. Moreover, lattice oxygen release is not homogeneous35,112 (Fig. 13 (a)) at 507 

the secondary particle level due to the different orientation-dependent oxygen release rate106. 508 

We observed inhomogeneous Ni valence state distribution at the secondary particle level, 509 

which is an indication that the oxygen release is also heterogeneous, since oxygen release are 510 

associated with the reduction of Ni due to the Ni3d-O2p hybridization113,114. The oxygen 511 

release induced strain, such as mismatch strain and shear stress, cannot be accommodated by 512 

the randomly orientated primary particles and it can be released through the formation of 513 

cracks along the weakest regions – grain boundaries (Fig. 13 (b)). Grain boundaries are the 514 

weakest regions since primary particles are randomly orientated and volume change is 515 

anisotropic. The intergranular crack formation can ultimately lead to the detachment of 516 

primary particles, as mentioned earlier in this paper. Furthermore, the oxygen vacancy 517 
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evolution showed that the surface is subjected to more oxygen loss and subsequently more 518 

volume change (Fig. 13 (c)). The induced tensile stress between the bulk and the surface 519 

further adds up to the grain boundary strain and initiate a radical intragranular crack from the 520 

bulk (Fig. 13 (d)), in addition to the observed intergranular crack.  521 

 522 

Fig. 13 (a) Finite element modeling (FEM) model of multiple randomly orientated NMC 523 

grains. (b) Phase transformation induced evolution of shear stress and formation of 524 
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intergranular cracks along the grain boundaries. (c) Surface and bulk oxygen vacancies 525 

distribution. (d) Oxygen release induced nucleation and propagation of intragranular cracks in 526 

NMC.35 Used with permission from ref. 35. 527 

        Three main crack formation mechanisms are reviewed in this section. First, 528 

evolution of crystal structure produces strain in the cathode material because of the volume 529 

expansion/contraction. The accumulated strain is released through the formation of cracks. 530 

Second, the initiation of defects (e.g., dislocations) is inevitable and associated with the 531 

material synthesis process. The propogation of dislocations induces the formation of 532 

intragranular cracks. The growth of intragranular cracks can potentially lead to the formation 533 

of intergranular cracks. Third, oxygen release, which leads to the phase transformation and 534 

strain accumulation, can also promote the chemomechanical breakdown of LCMs. Here we 535 

emphasize that these crack formation mechanisms are not independent to each other. For 536 

example, evolution of crystal structure can produce strain that promotes the initiation of 537 

dislocations.  538 

 539 

4. Ways to enhance the chemomechanical properties: 540 

Chemomechanical breakdown of LCMs is thought to be one of the key reasons that 541 

lead to capacity fading of LIBs and it has been intensively observed. To date, there has been a 542 

limited number of reports that investigate how to enhance the chemomechanical properties of 543 

LCMs or reduce the negative effects of cracking. We summarized current methods that can 544 

either mitigate the crack formation or reduce the negative impacts of cracks. 545 

 546 

Surface engineering 547 

        Surface engineering115 can mitigate undesired cathode–electrolyte side reactions 548 
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and reduce surface crack formation. Two main mechanisms are proposed for the function of 549 

the coating layer. The first mechanism behind coating is that the coating layer can work as a 550 

barrier to electrolyte infiltration effect. Solid electrolyte Li3PO4 (LPO) coating to NMC 551 

primary particles68,116 was achieved by atomic layer deposition (ALD)117 and low temperature 552 

annealing (Fig. 14 (a))116. The solid electrolyte layer could prevent the electrolyte infiltration; 553 

thus the extent of cathode–electrolyte reactions was reduced. The second mechanism behind 554 

coating is that the coating layer works as an HF scavenger. HF is a strong acid and it can react 555 

with LCMs which can lead to transition metal dissolution and electrolyte decomposition. By 556 

consuming the hazardous HF, the undesired reaction between electrolyte and active cathode 557 

material can thus be mitigated.118,119,120 Methods that adopt the second mechanism include: 558 

MgAl2O4 coating to LCO121, Al2O3 coating to NMC122,123,124, and Co3(PO4)2 coating to 559 

NCA125 . The Al2O3 coating layer is chemically inactive to electrolyte and it works as a 560 

protection layer for NMC material under high cut-off voltage (>4.4 V) condition, since it 561 

mitigates the side reaction between the electrolyte and the highly active Ni sites.  562 

A novel method, gradient structure design, can also be categorized as a surface 563 

engineering method. Mn-rich NMC material is highly stable with low discharge capacity 564 

since Mn is electrochemical inactive. Ni-rich NMC material, on the contrary, is low in 565 

stability with high discharge capacity. A core-shell structure design of cathode material was 566 

achieved with Mn-rich NMC as the shell and Ni-rich NMC as the core at the secondary 567 

particle level (Fig. 14 (b))126. This design significantly improved the stability of NMC 568 

materials. The core-shell structure was further developed to full concentration gradient 569 

structure127,128, in which the Ni-content decreased linearly and the Mn content increased 570 

linearly from the core to the surface (Fig. 14 (c)). With the full concentration gradient 571 

structure, the initial capacity of LiNi0.75Co0.10Mn0.15O2 could reach ~215 mAh/g with a 572 
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capacity retention of more than 90% after 1000 cycles at 1C. The primary reason for the 573 

excellent performance is that the near surface region was stabilized with the Mn-rich NMC 574 

material. 575 

 576 

Fig. 14 (a) Synthetic procedure of LPO coated NMC. NMC particle is coated with LPO by 577 

ALD, followed by annealing process.55. (b) Schematic diagram of NMC particle with Ni-rich 578 

core and Mn-rich shell structure126. (c) Schematic diagram of NMC particle with full 579 

concentration gradient structure. The Ni-content decreases linearly while Mn content 580 
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increases linearly from the bulk to the surface127. Used with permission from ref. 55, 126, and 581 

127. 582 

 583 

Grain engineering  584 

In a secondary cathode particle, most primary particles are randomly orientated. 585 

During the electrochemical cycling process, anisotropic volume change induced microstrain 586 

cannot be concordantly accommodated, which initiates the formation of cracks. Sun and 587 

co-workers successfully enhanced the chemomechanical properties of cathode particles by 588 

grain engineering56,129. The grain engineering method is based on two-sloped full 589 

concentration gradient (TSFCG) design and rod-shaped primary particles. Cathode particles 590 

with the TSFCG design have two gradient slopes: from the core to near-surface region, the 591 

concentration gradients for each transition metal are smooth, whereas from the near-surface 592 

region to surface, the concentration gradients for transition metals change abruptly. The 593 

TSFCG design can be achieved with co-precipitation method by tuning the ratio of transition 594 

metals in the reagent.130,131 In addition to the TSFCG design, another important feature of this 595 

advanced design is the columnar grains, which is formed by the rod-shaped primary 596 

particles129. Without grain engineering, primary particles have random orientations, which 597 

makes the secondary particle mechanically unstable (Fig. 15 (a-c)). Grain engineering 598 

significantly enhance the chemomechanical property of cathode material (Fig. 15 (d-f)). The 599 

underlying reason for the enhanced chemomechanical property is that the highly correlated 600 

particle orientation can reduce the anisotropic internal microstrain (Fig. 15 (g)).  601 
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 602 

Fig. 15 (a-f) High-magnification cross-section SEM images of LiNi0.82Co0.14Al0.04O2 (NCA82) 603 

and TSFCG-LiNi0.85Mn0.10Co0.05O2 (TSFCG85) cathode particles. All of the cathode were 604 

charged to 4.3 V first, and then soaked in the electrolyte for different length of time. 605 
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Cross-section SEM images of the NCA82 cathode particles soaked in electrolyte for (a) 0 day, 606 

(b) 1 day, and (c) 3 days. Dramatic crack formation were observed in the NCA82 particle. 607 

Cross-section SEM images of the TSFCG85 cathode particles soaked in electrolyte for (d) 0 608 

day, (e) 1 day, and (f) 3 days. No obvious crack formation were observed in TSFCG85 609 

cathode particles. (g) Schematic representation of the NCA82 and TSFCG85 cathode 610 

particles. After grain engineering, the uniformly orientated rod-shaped primary particles in 611 

TSFCG85 can enhance the chemomechanical property.129 Used with permission from ref. 612 

129. 613 

Elemental substitution 614 

Elemental substitution, which is normally known as doping, has been intensively 615 

investigated, and is an effective strategy to mitigate chemomechanical breakdown. The 616 

underline reasons for improved chemomechanical property can be attributed to less phase 617 

transformation and/or higher structural stability. La and Al co-doping to LCO was proposed 618 

recently to reduce phase transformation.57 The chemomechanical property of LCO was 619 

improved by mitigating the order-disorder transition at low voltage and the H1-3 phase 620 

transformation at high voltage. The rearrangement of Li vacancies was blocked by the Al3+, 621 

which served as a fixed charge center due to its smaller size and higher charge over Co2+. 622 

Readers are referred to more reports on suppressing phase transformation by elemental 623 

substitution: Na substitution at Li site in NMC132, Al substitution at the Mn site in Li and Mn 624 

rich material133, K doping to Li rich material134 and Zr doping to NMC622135 and LNO136. 625 

Elemental substitution can also enhance the chemomechanical property of cathode material 626 

by enhancing its structural stability. In situ synchrotron XRD measurements showed that Mg 627 

substitution to NCA could mitigate the drastic c axis shrinkage, thus reducing crack formation 628 

under high voltage.137 The overall volume change after doping was considerably reduced 629 
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after elemental substitution. Some more reports are: Al doping to NMC138 and Mo6+ doping 630 

to NMC333139.  631 

 632 

Pre-cycling treatment, reduced particle size, and electrolyte additive 633 

Pre-cycling treatment means increasing the cut-off voltage from low to high, and an 634 

example is increasing the cut-off voltage from 4.5 V by 0.1 V every two cycles to 4.8 V. 635 

Pre-cycling method was shown to be effective in mitigating the formation of microcracks at 636 

the particle surface58,59. With pre-cycling treatment, the discharge capacity of 637 

Li[Ni0.17Li0.2Co0.07Mn0.56]O2 after 50 cycles reached to 250 mAh/g, while the untreated one 638 

only delivered about 200 mAh/g. However, the physicochemical meaning of this pre-cycling 639 

method has not been understood yet.  640 

Moreover, one can also tune the primary and/or secondary particle size to enhance 641 

its chemomechanical property. Chiang et al.60 proposed that when the primary particle is 642 

under some specific size, the formation of cracks would be dramatically reduced. From our 643 

recent study49, we know that small secondary particles are more robust. However, this comes 644 

with the cost of inferior tap density and larger surface area. Based on this information, it is 645 

recommended to reduce the primary particle size, and at the same time, find a balance 646 

between the secondary particle size and better electrochemical performance.  647 

Electrolyte additive is another method to enhance the chemomechanical stability of 648 

cathode material. Some electrolyte additive can form a protective layer on the cathode, which 649 

can mitigate the undesired side reactions such as transition metal dissolution140,141. This 650 

underlying mechanism is similar to that of surface engineering. Moreover, electrolyte 651 

additive that works as artificial HF scavenger can be added61 to prevent the HF attack on the 652 

cathode material. By limiting the presence of HF, chemomechanical breakdown of the 653 
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cathode can thus be limited. Furthermore, electrolyte additives may help eliminate the surface 654 

oxygen loss to effectively limit the intragranular cracks reported in our previous study35.  655 

Each of the aforementioned methods has its own advantages and disadvantages. 656 

Surface engineering is a good way to mitigate the side reactions between the cathode and 657 

liquid electrolyte, and thus the secondary particles are intact after long cycling. However, 658 

some surface engineering methods – such as ALD – can be expensive and have high 659 

requirements for precursors, which makes it not less appealing for industry scale material 660 

synthesis. We are aware of increasing efforts to improve the manufacturability of the ALD 661 

technique for batteries.  Furthermore, some coating layers have low electronic conductivity, 662 

which can potentially reduce the cyclability of the cathode. Mechanistically, the exact 663 

functions of coating layers are still debatable. It is still unclear how the ion transport takes 664 

place across the layers. More studies are needed to address this fundamental question. The 665 

gradient structure design, a novel surface engineering method, on the contrary, is relatively 666 

cheap, easy to accomplish at large scale, and more importantly, has good electronic 667 

conductivity. Nevertheless, the gradient structure design also has its own drawback: the 668 

Mn-rich surface induces more Mn dissolution during the cycling process, which can be 669 

detrimental to the overall cell performance including the integrity of the SEI on the anode 670 

surface. Grain engineering can effectively enhance the chemomechanical properties of 671 

cathode materials, but the synthesis of rod-like primary particle can potentially lead to higher 672 

cost. Elemental substitution is easy to achieve and is widely used in battery materials 673 

chemistry. Certain elemental substitutions may improve the electronic properties of layered 674 

oxides. For example, they may improve the oxygen stability142,143 and inhibit the oxygen 675 

release induced chemomechanical breakdown. In summary, we believe that combining the 676 

aforementioned methods may lead to dramatically enhanced chemomechanical properties. 677 

Page 42 of 66Journal of Materials Chemistry A



 

 

 

 

43

 678 

5. Chemomechanical breakdown of Na-cathode materials 679 

Na, being in the same alkaline group as Li, has similar electrochemistry as Li and 680 

SIBs is another type of the most promising energy storage devices for the future, based on the 681 

abundant Na resource and low cost144,145. Many Na cathode has been proposed in a very short 682 

time, and some examples are: O3 type NaMnO2
146, NaTiO2

147, and 683 

Na0.9[Cu0.22Fe0.30Mn0.48]O2
148; P2 type Na0.5[Ni0.23Fe0.13Mn0.63]O2

149, 684 

Na0.6Co0.25Fe0.25Mn0.5O2
150, and Na2/3Ni1/3Mn2/3O2

151. Here we point out that the explanation 685 

of notation system of layered structure, such as O3 and P2 can be understood through 686 

Delmas’s investigation152. 687 

Chemomechanical breakdown of Na-cathode materials has also been reported, and 688 

similar formation mechanism as that in LIBs has been proposed: cathode–electrolyte side 689 

reactions and evolution of crystal structures. NaPF6, similar to its counterpart LiPF6 in LIBs, 690 

leads to the inevitable formation of HF, which can give rise to undesired side reactions 691 

between the Na cathode and electrolyte. These side reactions will lead to the 692 

chemomechanical breakdown of the Na cathode, such as cracking and exfoliation62. Along 693 

with the investigations of chemomechanical breakdown, the concomitant investigations on 694 

cathode material stabilization against crack formation are also very significant. Some of such 695 

stabilization techniques including surface engineering, such as Al2O3 coating151,153, and 696 

Al2O3/multi-walled carbon nanotube hybrid networks153, were proved to be an effective way 697 

to reduce those unwanted side reactions. The Na cathode also experience volume change due 698 

to the intercalation and de-intercalation of Na ions63. The volume change can produce strains 699 

that is hard to accommodate, which can be released by the formation of cracks. Some novel 700 

Na cathodes, such as Na3TiP3O9N
154 and Na2FeSiO4

155 were proposed since they have 701 
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relative small volume change and negligible strain. Researchers in the Na cathode area are 702 

still exploring new material and ways to enhance the discharge capacity and stability, topics 703 

like chemomechanical breakdown of Na-cathodes materials need further investigation. 704 

 705 

6. Analytical techniques to study chemomechanical properties 706 

Chemomechanical breakdown of battery particles is considered as 707 

three-dimensional defects that involves complicated chemical and structural transformations 708 

at multiple length scales. These defects are delicate enough that it can be interrupted by the 709 

experimental operation. Therefore, the characterization of these defects requires a range of 710 

nondestructive and 3D sensitive analytical techniques. X-ray and electron microscopic 711 

techniques are suitable for visualizing cracks, which have been done extensively in the 712 

field156,157. Only very recently, the field has moved from the descriptive microscopic analysis 713 

to the quantitative determination of cracks49. As elaborated above, the outcome of crack 714 

formation can induce chemical and structural transformations that start from the crack surface 715 

and propagate into the subsurface. These processes are similar to the surface degradation in 716 

most cathode materials. The characterization of these processes is similar to any surface 717 

chemistry analysis in battery materials. Over the last few years, we have witnessed many new 718 

and improved techniques that are suitable for analyzing chemomechanical breakdowns. This 719 

review is by no means to cover all of these techniques, thus we selectively discuss the ones 720 

that are emerging and relatively unexplored by the broad battery community. Readers are 721 

recommended to refer to some of the recently published comprehensive review articles 722 

regarding advanced characterization of battery materials158,159,160,161,162,163,164.  723 

Electron microscopy (EM) represents one of the most popular techniques that are 724 

widely available in a standard academic laboratory. Many of the aforementioned studies 725 
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relied solely on EM. In general, EM can provide quick assessments of chemomechanical 726 

properties by directly visualizing the cracks. TEM and SEM are complementary to each other 727 

in terms of spatial resolution. The powerful structural analysis capability of electron 728 

diffraction and EELS can reveal the most relevant information about the local chemistry. 729 

However, battery materials, in particular LCMs, are usually electron beam sensitive165. 730 

Special attention is recommended when analyzing the delicate local chemistry in the vicinity 731 

of cracks. Fractured particles can be observed with TEM5,11 and FIB-SEM 41. 732 

Synchrotron X-ray based imaging techniques have experienced a rapid 733 

development period over the last few years. The associated imaging processing and data 734 

analysis, especially with the big data and machine learning approach, are capable of 735 

pinpointing some finer details that were possible in the past. Spectroscopy-based X-ray 736 

imaging, coupled with 3D reconstruction, allows for almost nondestructively visualizing the 737 

3D chemical and morphological information.166 With a single voxel of 30 nm*30 nm*30 nm, 738 

there are numerous spectra in a single battery particle, thus the data analysis can become 739 

enormous without a high-throughput analysis method. To overcome such challenge, Liu and 740 

coworkers167 have developed a machine learning methodology to identify functionally 741 

important minority phases (e.g., metallic Co) in LCO battery particles after cycling. They 742 

achieved this with a dataset of over 10 million spectra collected from more than one hundred 743 

particles. This approach and the associated novel clustering algorithms opens up the door for 744 

analyzing the local chemistry with spatial resolution in the vicinity of cracks. They also 745 

enable the path towards decoupling local chemistry from the global chemistry. The TXM, 746 

with a similar spatial resolution to SEM, can probe the distribution of microcracks inside 747 

battery particles.  748 
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Recently, we studied the dependence of crack formation on the charging rate (Fig. 749 

13). After being cycled for 50 cycles at different rates, active particles were collected from 750 

the electrodes and analyzed by TXM. We observed that the crack density increased with the 751 

increase of charging rate (Fig. 16 (a)). We then mathematically processed the tomography 752 

data and quantified the porosity and surface area of these particles, which increased as the 753 

crack density increased (Fig. 16 (b)). To the best of our knowledge, this was the first time that 754 

the chemomechanical breakdown was quantified three dimensionally. We believe that such a 755 

quantification is important to understand the impact of crack formation on the cathode–756 

electrolyte interfacial chemistry. The increased surface area can potentially improve the 757 

infiltration of electrolytic solution in the active particles, but it also inevitably increases the 758 

likelihood of cathode–electrolyte interfacial side reactions, such as surface reconstruction, 759 

electrolyte oxidation, and metal dissolution. Furthermore, the formation of microcracks in 760 

individual active particles can interrupt the continuity of electron transport, as electrons can 761 

only travel through the solid but not in the microcracks (Fig. 16 (c)). As the charging rate 762 

increased, the travel distance for electrons from inside the particle to the surface got longer.  763 
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 764 

Fig. 16 Qualitatively and quantitatively characterization of cracks in NMC particles. (a) 765 

Reconstructed 3D and 2D particles from TXM data. The particles are at the as-prepared state 766 

and after 50 full cycles at 1 C, 2 C, 5 C and 10 C. The 2D slices are through the centers of the 767 

particles. Evolution of (b) the porosity and the specific crack surface area, (c) the crack 768 

induced diffusion deterrent and the unaffected regions as a function of cycling rates.49 Used 769 

with permission from ref. 49.  770 

In the earlier part of this review, we have discussed TXM for mapping the charge 771 

distribution in battery secondary particles and the method can be well integrated with the 772 

analysis of cracks. There is a complex interplay between internal stress and charge 773 

distribution. The heterogeneous distribution of internal stress can lead to non-uniform charge 774 
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distribution. On the other hand, the non-uniform charge distribution causes spatially 775 

dependent structural changes thus internal stress. The outcome of this interplay is the 776 

formation of microcracks. Further studies can combine the crack quantification with charge 777 

distribution mapping to establish the relationship between crack density and charge 778 

heterogeneity.  779 

Although synchrotron X-ray spectroscopic imaging offers a powerful tool to study 780 

chemomechanical properties, it has a few drawbacks that need further development. First of 781 

all, the speed of data collection handicaps the in situ capability. Most X-ray spectroscopic 782 

imaging techniques need tens of minutes or even hours to complete a meaningful dataset for 783 

the area of interest. However, the chemomechanical processes are usually dynamic and take 784 

place at a small time scale. Therefore, in situ monitoring of cracks, especially their inception, 785 

is probably the next frontier. Second, the spatial resolution limits to only observing 786 

intergranular cracks for polycrystalline materials.  787 

At the atomic scale, the formation and propagation of microcracks are mediated by 788 

the line defects such as dislocation. Some progress has been made in mapping dislocations 789 

inside battery particles (Fig. 17 (a-c))64. Bragg coherent diffraction imaging is a powerful tool 790 

in characterizing the edge dislocation displacement field. The evolution of dislocation lines 791 

under different charge states can then be built based on the displacement field64. 792 

Understanding the topological defects dynamics provides valuable information for future 793 

defect manipulation. In addition, studying the spatial distribution of strain dynamics in 794 

battery particles has been made possible (Fig. 17 (d))65. With knowledge on strain dynamics, 795 

we can further find the correlation between strain evolution and other factors, such as charge 796 

depth and chemical composition. The information from strain dynamic is also instructive for 797 

future material design. 798 
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 799 

Fig. 17 (a-c) Topological defect evolution in a cathode particle under operando condition. (a) 800 

Displacement field for a cross section in a cathode particle. (b) Direct view of the edge 801 

dislocation line evolution under different charging states. (c) Direct view of the same edge 802 

dislocation line evolution as in (b) from a different direction.64 (d) Evolution of the strain 803 

distribution inside a cathode particle under different charging conditions. Blue and red 804 

represent the α and β phases, respectively, for the cross sections at 8.143 and 8.142 Å.65 Used 805 

with permission from ref. 64 and 65. 806 

 Moreover, many other state-of-the-art characterization methods are applied to study 807 

the structural evolution and mechanical properties. Neutron diffraction168 has been applied to 808 

study the evolution of crystal structure. Nanoindentation169,170,171 has been used to measure 809 
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the elastic, plastic, and fracture properties of cathode materials. All those aforementioned 810 

characterization methods provide significant insights into our future work. 811 

 812 

7. Conclusions and perspectives 813 

Alkali metal ion batteries have drawn much attention due to their current and future 814 

application in energy storage systems of different scales. However, chemomechanical 815 

breakdown of LCMs, which is partially responsible for the capacity fading in alkali metal ion 816 

batteries, remain unsolved. This review summarizes recent progress in characterizing, 817 

understanding, and modifying the chemomechanical behaviors of LCMs in alkali metal ion 818 

batteries. Details of the negative effects, impacting factors, formation mechanisms, 819 

modification methods, and characterization techniques of chemomechanical breakdown have 820 

been discussed in this review. Intragranular and intergranular cracks in LCMs can lead to 821 

poor electronic conductivity, loss of active material, more severe cathode–electrolyte side 822 

reactions, and higher extent of transition metal dissolution and SEI interruption. Intrinsic 823 

factors (Ni-content, primary and secondary particle size) and extrinsic factors (charge depth, 824 

charging and discharging rate, and cycle number) can affect the formation of cracks. 825 

Formation mechanisms of cracks, such as the evolution of crystal structure, propagation of 826 

dislocation, and oxygen release are addressed in detail. In addition, surface engineering, 827 

elemental substitution, pre-cycling treatment, reducing particle size, and electrolyte additive 828 

are good ways to mitigate the formation of cracks. Cracks in SIBs are also briefly covered in 829 

this review. Finally, light is brought onto the new analytical techniques that have been applied 830 

to the study of cracks.  831 

The successful commercialization of LIBs has profoundly improved the quality of 832 

our lives in the past three decades. To make our society a sustainable one, large energy 833 
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storage system has imposed much stricter performance requisites on LIBs and SIBs. 834 

Therefore, chemomechanical breakdown of cathode materials, one of the main capacity 835 

fading mechanisms, must be restrained for higher performing LIBs and SIBs. 836 

Chemomechanical breakdown of layered oxides has been intensively observed, yet its 837 

formation mechanism remains vague.  838 

The LCMs provide a good platform for the fundamental crystallography research 839 

because of the diverse phases transformation during electrochemical cycling. The LCMs, 840 

except LCO, are formed by randomly orientated single crystals. During charging/discharging 841 

process, LCMs experience nucleation and propagation of defects (e.g., dislocations). Better 842 

understanding these properties of the LCMs not only provides scientific insights into cracks 843 

formation but also further enriches our knowledge in crystallography. Moreover, the interplay 844 

between charge heterogeneity, compositional heterogeneity, and crack formation needs more 845 

studies. Understanding the formation mechanisms will give us valuable information 846 

regarding the next-generation advanced design principles. Based on current knowledge, 847 

reducing the primary particle size, surface engineering, and advanced nanostructure design 848 

are possible solutions. State-of-the-art techniques, such as TXM in combination with machine 849 

learning methodology, need further improvement on their spatial and temporal resolution to 850 

quantitatively study crack formation under practical operating conditions. 851 
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