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Intragranular Fracture Mechanism of Highly 

Crystalline Lithium Manganese Oxide (LiMn2O4) 

during Lithium Insertion/Extraction Reactions 

Kingo Ariyoshi* and Nan Ukumori 

Department of Applied Chemistry and Bioengineering, Graduate School of Engineering, Osaka 

City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558-8585, Japan. 

ABSTRACT: Lithium-ion batteries require long cycle lives for efficient automobile and 

stationary applications. Therefore, the lithium-insertion materials used as positive and negative 

electrodes in batteries need to be highly durable. Lithium-insertion materials normally change their 

lattice dimensions during charge and discharge; therefore, particle fracture leading to the 

deterioration of the materials is one of the greatest hindrances to extending the cycle life. Despite 

its importance, no one has experimentally elucidated the fracture mechanism in detail. To avoid or 

suppress particle fracture, it is required to understand the fracture mechanisms, with an emphasis 

on the relationship between the change in lattice dimensions and the generation/propagation of 

cracks on the particles. In this study, we examined particle fracture phenomena using single-crystal 

LiMn2O4 (LMO) having an octahedral shape with a crystal size of ~5 μm. Accelerated cycle tests 

and overcharge tests revealed that during the lithium extraction reaction of LMO in the 4 V region, 

cracks are induced along the {111} fracture planes by stress corrosion cracking, wherein the acid 
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generated by the decomposition of the electrolyte accelerates the crack propagation. During the 

lithium-insertion reaction of LMO in the 3 V region, wherein the structural transformation between 

the cubic and tetragonal lattices takes place, heavy cracks are caused by strong internal stresses at 

grain boundaries, {100} fracture planes at the cubic/tetragonal grain boundary, and {110} fracture 

planes at the tetragonal/tetragonal grain boundary. The results obtained herein suggest that crack 

patterns are closely related to the change in lattice dimensions for lithium-insertion materials. 

These findings provide useful insights into the development of lithium-insertion materials having 

excellent cyclability by designing particle morphology and size. 

Keywords; Lithium-ion battery, Lithium manganese oxide, Highly-crystalline material, Particle 

fracture, Intragranular cracking, Stress corrosion cracking.  

 

1. Introduction 

In recent years, long-life lithium-ion batteries (LIBs) have become crucial for automobile and 

stationary applications, which require a long lifetime (cycle life and calendar life) of at least 10 

years.1–3 Since the lithium-insertion materials used as positive and negative electrodes in LIBs are 

the principal determinants of battery performance, excellent cyclability ensuring that the capacity 

does not fade even after 10000 cycles is required for designing long-lived LIBs. The most critical 

problem hindering long-term cyclability is the deterioration of materials due to the destruction of 

the crystal structure, dissolution of transition metals, formation of a high resistance interphase on 

the particle surface, and particle fracture, among other factors.4–6 In previous studies,7–13 highly 

crystalline LiMn2O4-based materials exhibited superior cyclability to nano-sized materials having 

low crystallinity. The superior cyclability of highly crystalline materials stems from the greater 
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durability of the particle surface against the dissolution of materials and the decomposition of the 

electrolyte. Despite these advantages, the concern remains that the deterioration caused by particle 

fracture will occur for large, highly crystalline micro-scale particles, because a larger particle has 

a greater number of defects in the crystal, which promotes particle fracture. 

As the development of lithium-insertion materials with long cycle lives is crucial, material 

degradation due to particle fracture has received much attention.14–17 The lattice dimensions of 

lithium-insertion materials change during charge and discharge; consequently, internal stress is 

generated due to dimensional mismatch, which causes particle fracture.18–21 The particle fracture 

leads to a disruption of the electron-conduction pathways, causing a decrease in capacity due to 

the loss of electrochemical contact between the particles.22–24 During the past two decades, 

extensive studies have been performed to understand the origin of particle fracture in relation to 

the change in the lattice dimensions of materials by means of acoustic emission histometry,25–28 

dilatometry,29–32 stress evolution measurements,33–36 and direct observation using electron 

microscopy.37–48 In addition to experimental studies, many computational approaches have been 

employed to understand fracture phenomena based on fracture mechanics.49–61 

Despite the experimental and computational attempts to understand particle fracture in lithium-

insertion materials, the relationship between particle fracture and lithium-insertion mechanism 

remains unclear. Li insertion reactions are classified into homogeneous phase reactions and two-

phase coexistence reactions, and the mechanism of stress generation inside the particle due to 

dimensional mismatch is also different between the two mechanisms (Fig. S1). For the single-

phase reaction, the concentration gradient in the particle results in a continuous dimensional 

change in the particle, because the lattice dimension depends on the amount of Li ions in the 

structure. Conversely, for a two-phase reaction, a large dimensional mismatch occurs at the grain 
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boundary. Consequently, the internal stress for the two-phase reaction is expected to be larger than 

that for the single-phase reaction. In addition, the change in lattice dimension accompanying an 

insertion reaction has some variety: an isotropic change versus an anisotropic change consisting 

of a mixture of elongation and shrinkage along different lattice axes. To suppress particle fracture 

and establish design guidelines for long-lived materials, it is crucial to clarify the relationship 

between such structural changes and particle fracture from a crystallographic perspective. For 

example, along which crystal plane (crystal orientation) the crack is generated, how the orientation 

of the crack corresponds to the structural change, and how a crack forms and propagates of a crack 

are based on fracture mechanics. 

In this study, the relationship between the lithium-insertion reaction mechanism and particle 

fracture mechanism was investigated for LiMn2O4 (LMO) using two different reaction 

mechanisms having different insertion schemes:62 a single-phase reaction versus a two-phase 

reaction, isotropic structural change versus anisotropic structural change. To clearly observe the 

particle fracture phenomenon, highly crystalline large-sized octahedral LMO particles ~5 μm in 

size were used. By observing the fracture of highly crystalized LMO particles under severe 

conditions such as constant-voltage charge–discharge and overcharge tests, the mechanism of 

fracturing of lithium-insertion materials during charge–discharge is discussed from a 

crystallographic perspective. 

2. Experimental Section 

Lithium manganese oxides were prepared using a solid-state reaction. Stoichiometric LiMn2O4 

was prepared from Li2CO3 and Mn3O4 in a one-to-two ratio of lithium and manganese. The 

reaction mixture was heated in air at 950 °C for 10 h, following which, the temperature was 
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decreased to 700 °C and maintained thereat for 20 h. Li[Li1/3Ti5/3]O4 (LTO),63 used as a negative 

electrode material, were obtained from Ishihara Sangyo Kaisha, Ltd., Japan (LTO; LT855-17C lot. 

0042). 

 

The particle morphologies of the samples were observed using scanning electron microscopy 

(SEM, VE-7800, Keyence Co. Ltd., Japan). The samples were placed on a conductive adhesive 

tape. The acceleration voltage was 8 kV. The particles contained in the electrode following the 

cycle tests were also observed using SEM. Following the cycle tests, the cells were opened in a 

glove box, and the positive electrode was washed using dimethyl carbonate (DMC) to remove the 

electrolyte. SEM was performed on the surface at the center of the electrode. Typical images 

collected from a few hundred sample particles are shown in the figures. 

 

To prepare the LMO electrodes, acetylene black (AB) and polyvinylidene fluoride (PVdF) were 

mixed with LMO powder in an LMO:AB:PVdF ratio of 88:6:6. The mixture was diluted using N-

methyl-2-pyrrolidone (NMP) to obtain a slurry. This slurry was cast onto a piece of aluminum foil 

(loading weight of approximately 24 mg cm2). Following heating at 140 °C overnight in a vacuum 

to volatilize NMP, the LMO electrode was punched into disks of 2 cm2 area (1.6 cm diameter). 

The resulting LMO electrodes were tested in electrochemical cells (Type TJ-AC, Tomcell, Japan) 

consisting of a separator and lithium metal or LTO electrodes. The electrolyte used was 1 M LiPF6 

dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) in an EC:DMC ratio of 3:7 

by volume (Kishida Chemical Co. Ltd., Japan). All cells were assembled in an Ar-filled glove box. 
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3. Results and Discussion 

3.1.  Internal stress caused by dimensional mismatch in LMO particles during lithium 

insertion/extraction reaction 

The structural and electrochemical properties of the synthesized LMO were characterized using 

X-ray diffraction (XRD), SEM and electrochemical measurements. From the XRD pattern (Fig. 1 

a), all diffraction lines can be indexed by considering a cubic lattice. The XRD pattern was 

identical to that of the spinel structure, indicating that Li ions are located at the tetrahedral sites 

and Mn ions at the octahedral sites in the cubic-close-packed oxygen array. The cubic lattice 

parameter of LMO (8.24 Å) agrees well with the reported value.62 The particle morphology of 

LMO was observed using SEM (Fig. 1 b). Since LMO was prepared at a high temperature, the 

particles grew in an octahedron surrounded by smooth {111} facets. This indicates that the LMO 

surface was enclosed by an oxygen close-packed plane. Highly crystalline particles having large 

sizes and smooth facets are advantageous for monitoring particle fracture during a reaction. In 

addition, the particles were single crystals, lacking grain boundaries. Therefore, only single-

particle fracture (intragranular fracture) occurs in these particles, which allows the investigation 

of the fracture mechanism in relation to structural changes. 

 

Lithium insertion/extraction reactions of LMO proceed along two pathways, expressed in 

Equations 1 and 2:62 

LiMn2O4 → Mn2O4 + Li+ + e− in the 4 V region      (1) 

LiMn2O4 + Li+ + e− → Li2Mn2O4 in the 3 V region.      (2) 
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During the reactions, the cubic lattice of LMO undergoes isotropic or anisotropic dimensional 

changes (Fig. 1 c). During lithium extraction from LMO (Eq. 1), the cubic lattice parameter 

decreased to 8.04 Å, corresponding to 2% isotropic contraction. During lithium insertion into the 

LMO (Eq. 2), cubic lattice changes to a tetragonal lattice with lattice parameters of aT = 8.00 Å 

and cT = 9.25 Å, resulting in the anisotropic distortion of the cubic lattice, 3% contraction along 

the aT-axis and 12% expansion along the cT-axis. The lithium-insertion reaction proceeded in two 

phases. These dimensional changes cause internal stresses in the particles which fracture them. As 

described earlier, lithium insertion/extraction proceeds in LMO proceeds via different two-phase 

and single-phase reaction mechanisms in the 3 V and 4 V regions, respectively (anisotropic versus 

isotropic structural change), which allows us to elucidate the relationship between the fracture 

mechanism and the lithium insertion mechanism. 
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Figure 1. (a) XRD pattern and (b) SEM image of LMO. The morphology of LMO particles 

consists of a large octahedral single-crystal having smooth (111)-facets. (c) Change in lattice 

dimension of LMO during lithium insertion and extraction reactions. 

 

3.2.  Particle fracture of LMO during reaction in the 4 V region 

A charge–discharge cycle test for highly crystalline LMO was performed in the 4 V region to 

examine the particle fracture (Fig. 2 a). Following 100 cycles, the reversible capacity decreased 

from 125 mAh g–1 to 85 mAh g−1. According to the ex-situ XRD analysis of LMO electrodes (Fig. 

S2), the voltage plateaus at 4.5 V on charge and 3.3 V on discharge resulted from the formation 

and disappearance of a double hexagonal phase.64 The SEM images of LMO particles following 
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the cycle test (Fig. 2 b, c) show that the extent of fracturing of the octahedral LMO particles during 

the cycle test was insignificant, because the dimensional change was approximately 3% in this 

region. Minute cracks parallel to the octahedral edges were observed, and there was no 

pulverization, indicating that highly crystalline LMO is very resistant to particle fracture. To 

accelerate particle fracture, LMO was examined under severe conditions, accelerated cycle tests, 

and overcharge tests. 

 

Figure 2. (a) Charge–discharge curves of a Li/LMO cell operated at a rate of 0.25 mA cm−2 at 

25 °C for 100 cycles. The weight and thickness of the electrode-mixture are 53.2 mg and 112 μm 

for LMO. (b, c) SEM images of LMO particles taken following the 100-cycle test. 
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An accelerated cycle test was performed, wherein an LTO/LMO cell was charged at a constant-

voltage of 3.5 V (5.0 V vs. Li for LMO) for 6 min and discharged at 1.5 V (3.0 vs. Li for LMO) 

for 6 min (Fig. 3 a). The cell was cycled 2000 times. The current density deceased as the cycle 

number increased. The capacity at the 2000th cycle was approximately 47 mAh g−1, corresponding 

to 32% of the theoretical capacity of 148 mAh g−1. Since the charging and discharging rates are 

very high, a large concentration gradient of Li ions is developed in the particles. During the 

extraction of lithium from LMO, the lattice constant decreases as the Li ion concentration becomes 

low. Consequently, the internal stress should increase during the accelerated cycle test. Many small 

cracks were observed on the particle surface of LMO following 2000 cycles (Fig. 3 b), although 

no pulverization was noted. The cracks were parallel to the octahedral edges, indicating that the 

fracture planes were {111} planes (Fig. 3 c). To investigate the effect of complex phase change of 

LMO in the 4 V region on the particle fracture, we performed the same accelerated test, which 

entailed a cubic single-phase reaction over the entire region, on Li[Li0.1Mn1.9]O4.
64 The results 

depicted in Fig. S4 indicate that cracking parallel to the octahedral edges occurred and that the 

cracking pattern was identical to that of LMO. This implies that the observed cracking pattern is 

characteristic of materials having spinel structures undergoing a cubic single-phase reaction.  
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Figure 3. Charge-discharge curves of an LTO/LMO cell charged at a constant voltage of 3.5 V for 

6 min and discharged at 1.5 V for 6 min. Current decays are shown for the 10th, 500th, 1000th, 

1500th, and 2000th cycles. (b) SEM image of LMO particles taken following the accelerated cycle 

test. (c) Schematic of the crack pattern; yellow lines indicate cracks formed on the particle surface 

(blue). 

There are two possible mechanisms for the particle fracture of LMO during cycling: fatigue 

cracking and stress corrosion cracking.66, 67 The former is derived from large cyclic strains, and 

the latter is derived from the combined influence of tensile stress and a corrosive environment. 

Because the LMO was charged at a high potential (5 V vs. Li) during the accelerated cycle test, 
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the acid generated by the decomposition of the electrolyte may affect the particle fracture. To 

determine whether the particle fracture of LMO is caused by fatigue cracking or stress corrosion 

cracking, an overcharge test of LMO was carried out (Fig. 4 a). In the overcharge test, the Li/LMO 

cell was charged at a constant current up to 6.0 V. Following the lithium extraction reaction at 4 

V, the electrolyte was decomposed at voltages above 5 V. An excess capacity of ~700 mAh g−1 

was observed until the cell voltage reached 6.0 V. Although the LMO electrode charged 

immediately, many heavy cracks were observed in the LMO particles following the overcharge 

test (Fig. 4 b). The octahedral shape was maintained. The fracture pattern was identical to that 

observed following the accelerated cycle test: the cracks were parallel to the octahedral edges. This 

result indicates that particle fracture during overcharging is related to electrolyte decomposition in 

the high-voltage region. During overcharging, the LMO particles were dissolved only at the cracks. 

If small cracks are present on the particle surface when it is exposed to an acid in the electrolyte, 

the cracks are propagated by stress corrosion cracking (Fig. 4 c). The constant-current cyclic 

testing results, in which LMO particles showed less cracking (Fig. 2), further demonstrates stress 

corrosion cracking occurring at high voltage. As the cell does not hold in the high voltage range 

(> 4.8 V) during constant-current cyclic testing, only a small amount of HF is generated, resulting 

in no significant LMO-particle cracks. More remarkable cracks are expected to be observed after 

constant-current cycle testing if fracturing proceeded by the fatigue mechanism. Therefore, the 

fracture mechanism of LMO is deduced to be stress corrosion cracking instead of fatigue cracking. 

Stress corrosion cracking progresses during initial crack-formation and subsequent crack-growth 

processes. According to TEM observations of the crack-formation process at the atomic level, 

oxygen defects play an important role in crack nucleation.68 In general, large particles contain 

more defects; therefore particle fracturing is more pronounced. However, LMO-particle fracturing 
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proceeds during stress corrosion cracking caused by the presence of HF in the 4 V region. 

Therefore, suppressing stress corrosion cracking on the surface is important for extending the cycle 

life of LMO; accordingly, large particles with small surface areas are appropriate. Furthermore, 

particles coated with substances resistant to HF can improve cyclability.69-71 

 

Figure 4. (a) Charge-discharge curves of an Li/LMO cell overcharged to 6.0 V at a rate of 0.25 

mA cm−2 at 25 °C. The weight and thickness of the LMO electrode were 108.7 mg and 233 μm, 

respectively. (b) SEM image of LMO particles taken following the overcharge test. (c) A schematic 

illustration of the stress corrosion cracking mechanism in which an acid generated by the 

decomposition of an electrolyte attacks the tips of cracks by dissolving the material. 

 

3.3. Particle fracture of LMO during reaction in the 3 V region 
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To investigate particle fracture of the LMO during lithium insertion, wherein the cubic lattice is 

distorted to the tetragonal lattice, a Li/LMO cell was cycled at a rate of 0.25 mA cm−2 over a 

voltage ranges of 2.5–3.3 V at 25 °C (Fig. 5 a). The reversible capacity was ~55 mAh g−1, 

corresponding to 37% of the theoretical capacity. In this voltage region, the structural change of 

LMO is significant; the transformation between the cubic and tetragonal phases with 3% shrinkage 

along the aT-axis and 12% elongation along the cT-axis (Fig. S7). The anisotropic distortion of the 

crystal lattice induces a large dimensional mismatch at the grain boundary, resulting in particle 

fracture. Following 10 cycles, heavy cracks caused by intragranular fractures were observed in 

most particles (Fig. 5 b). The isolated LMO particle debris exfoliated by significant particle 

fracturing does not form electrical contacts. The loss of electron-conduction pathways has been 

reported to result in a capacity decrease associated with a rapid increase in polarization.72 

Therefore, the capacity fading of LMO in the 3 V region is ascribable to the loss of electron-

conduction pathways due to particle fracturing. Smaller particles containing fewer defects are 

expected to suppress particle fracturing in the 3 V region owing to the lower internal stress 

associated with dimensional mismatching. As shown in Fig. 5, two crack patterns were observed: 

one set of cracks was parallel to the edge, whereas the other was perpendicular to the edge (Fig. 5 

c). The crack pattern observed in LMO operated in the 3 V region was different from that in the 4 

V region, suggesting that the fracture mechanism is also different. 
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Figure 5. Charge and discharge curves of an Li/LMO cell operated at a rate of 0.25 mA cm−2 in 

the voltage range from 2.5 to 3.3 V at 25 °C for 10 cycles. (b) SEM image of LMO particles taken 

following the cycle test in the 3 V region. (c) A schematic illustration of the crack patterns; the 

cracks are formed parallel and perpendicular to the octahedral edges. 

To reveal the fracture mechanism by monitoring the change in particle morphology, LMO was 

discharged to different extents, and the resulting LMO particles were observed using SEM (Fig. 6 

a–c). As the lithium-insertion reaction proceeded, the octahedral particles were distorted by the 

bending of their edges. Cracks were small in the initial stage of the reaction, but were enlarged as 

the reaction proceeded. Since the initial LMO particles were single crystals having an octahedral 

shape with no grain boundaries, the particle shape is expected to change to a vertically stretched 
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octahedron that reflects the crystal system of the tetragonal lattice following the lithium-insertion 

reaction. However, the LMO particles in the fully discharged state were not shaped like a distorted 

octahedron, but instead like a three-dimensional star. This indicates that the LMO particles become 

polycrystalline following discharge, combining several tetragonal phases with different crystal 

orientations. 

 

Figure 6. (a–c) SEM images of LMO particles discharged (Li insertion) to (a) 50, (b) 100, and (c) 

140 mAh g−1 of capacity. (d–f) Schematic of the structural transformation from cubic (blue) to 

tetragonal (red) phase. Tetragonal phases are nucleated at the vertex of the octahedron and expand 

into the particle. 



 17 

The proposed mechanism for structural transformation from cubic to tetragonal phase to explain 

the particle shape change is illustrated in Fig. 6 d–f. When Li ions are inserted into octahedral 

LMO particles, tetragonal phases nucleate at the vertex of the octahedron. As the reaction proceeds, 

the grain boundaries between the cubic and tetragonal phases move toward the interior. At the end 

of discharge, the cubic phase disappears, and grain boundaries are formed between tetragonal 

phases. Overall, the octahedral single crystal of LMO particles in the initial state transforms into a 

three-dimensional star-shaped polycrystalline structure consisting of six tetragonal phases with 

different crystal orientations. We infer from the change in the particle shape that the 

cubic/tetragonal two-phase reaction proceeds via a nucleation-and-growth mechanism. 

 

The two different crack patterns observed for discharged LMO particles (parallel and 

perpendicular to the octahedral edges) can be explained based on the change in particle shape (Fig. 

7). In the initial stage of the lithium-insertion reaction, internal stresses are produced at the grain 

boundary between the cubic and tetragonal phases. In this case, cracks form along the [100] 

direction. The cubic/tetragonal grain boundary forms a plane perpendicular to the vertex, so that 

the fracture plane is the {100} plane (Fig. 7 c). In the deep discharge state, internal stress is 

produced at the grain boundary between two tetragonal phases. Consequently, the crack forms 

along the [110] direction, and the fracture plane is the {110} plane (Fig. 7 d). These results indicate 

that for intragranular fractures, the patterns of the cracks formed on the surfaces of lithium-

insertion material particles are closely related to the internal stresses generated at the grain 

boundaries, where a large dimensional mismatch occurs. 
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Figure 7. (a) Schematic illustration of crack formation at the grain boundaries of (green) 

cubic/tetragonal and (orange) tetragonal/tetragonal phases. (b) Two kinds of cracks formed on the 

surfaces of LMO particles. Fractures along (c) {100} and (d) {110} planes formed at the grain 

boundaries of cubic/tetragonal and tetragonal/tetragonal phases, respectively. 

 

4. Conclusions 

This study used highly crystalline single-crystal LMO spinel particles to infer the particle fracture 

mechanisms during lithium insertion/extraction reactions from the formation and propagation of 

cracks on the particle surface. In the reaction in the 4 V region of LMO where the isotropic 

dimensional change takes place, cracks occurred in the [111] direction parallel to the edges of the 

octahedral crystal, although the extent of fracture was unremarkable following 2000 charge–

discharge cycles at a high rate. From the results of the overcharge test, the cracking progresses in 

the stress corrosion fracture mechanism involving the acid generated by the decomposition of the 

electrolyte. In the 3 V region, where LMO proceeds along a two-phase reaction pathway in which 

the crystal lattice changes anisotropically from a cubic to a tetragonal lattice, the tetragonal phase 
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nucleates at the vertex of the octahedron at the beginning, and the grain boundary of the 

cubic/tetragonal phases moves toward the interior of the crystal. Consequently, the octahedral 

LMO single crystal changes to a polycrystal having a star-shaped particle following lithium 

insertion. Furthermore, fracture due to internal stress occurs at the grain boundary with a large 

dimensional mismatch. The fracture planes are the {100} planes at the cubic/tetragonal grain 

boundaries and the {110} planes at the tetragonal/tetragonal grain boundaries. This study clarifies 

for the first time that the fracture mechanism of lithium-insertion materials differs depending on 

the reaction mechanism. To understand the fracture mechanism of lithium-insertion materials, it is 

necessary to consider various factors involved in the lithium insertion/extraction mechanism, 

particularly the structure of the grain boundary caused by the nucleation-and-growth mechanism, 

where the internal stress is significant because of the dimensional mismatch between the crystal 

lattices. Examining particle-fracturing phenomena from a macroscopic viewpoint provides a 

comprehensive understanding of fracture mechanisms that aid in the design of highly durable 

lithium-insertion materials when combined with atomic-level analyses.  

Finally, we analyzed LMO particle sizes from the perspective of material improvement. 

Particle fracturing proceeds through the stress corrosion cracking mechanism in the high voltage 

region (above 4.5 V), although highly crystalline LMO particles exhibited no significant fracturing 

during cyclic testing in the 4 V region. This observation is indicative of a crucial problem for 

battery operation under severe conditions, such as float-charge and overcharge. Using LMO 

particles with small surface areas and smooth facets can suppress particle fracturing caused by 

stress corrosion cracking; this implies that highly crystalline materials likely exhibit better 

cyclability than nano-sized materials. In addition, large particles have lower contact resistances at 

the interfaces between the active materials and the current collector, which is a main component 
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of the resistance of a lithium insertion electrode.73 Accordingly, we conclude that highly crystalline 

materials afford both improved cyclability and high power. 
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