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Abstract

Capacity fading during long-term cycling (>1500×) is still a critical challenge for Li-ion batteries 

that use Ni-rich layered oxides, e.g. LiNi0.8Co0.15Al0.05O2 (NCA), as the cathode. Microcracks have 

been previously recognized as one of the primary reasons for the observed capacity fade. Although 

there exists a generally developed mechanical understanding of microcracks, the role of the 

electrolyte has not been clearly understood, especially after extended cycling and at the atomic 

scale. Here, we unveil the microstructural evolution of spherical NCA secondary particles after 

long-term cycling using scanning transmission electron microscopy accompanied with electron 

energy loss spectroscopy. We found that the microcracks initiated and grew through grain 

boundaries, which then serve as the pathway for electrolyte penetration into secondary NCA 

particles. Additionally, the rock-salt phase reconstruction is prone to occur at the (003) surfaces of 

the primary particles or the crack surfaces, largely due to electrolyte (LiPF6 EC/EMC) corrosion. 

Crack propagation within the NCA grains is primarily a joint consequence from electrolyte 

corrosion and mechanical strain during lithiation/delithiation. During extended cycling, due to the 

distinctive surface facets, the primary grains located in the center of the secondary particles 

experience more intensive electrolyte corrosion, leading to a reduced contact with nearby particles, 

impairing the overall capacity. These results establish the initiation and growth mechanism of 

microcracks and voids in NCA-based cathodes during cycling and point out the role of the 

electrolyte in affecting the degradation of NCA-based cathodes.

Page 3 of 20 Journal of Materials Chemistry A



4

Introduction

The successful implementation of lithium-ion batteries relies on the development of effective 

electrodes with an overall higher energy density, faster charging, safer operation, lower cost, and 

longer life, in which all are vital for technologies that require mobile batteries such as hybrid or 

all-electric vehicles.1-3 Nickel-based layered oxides have witnessed widespread commercialization 

due to their high capacity (~ 200 mAh/g until ~4.6 V vs. Li/Li+) and impressive rate performance. 

LiNi0.8Co0.15Al0.05O2 (NCA) and LiNi1-x-yCoxMnyO2 (NCM, 1-x-y≥0.5) are two representative 

layered oxide materials that attract the most attention. However, NCA exhibits drastic capacity 

fading with a concomitant rise in impedance with cycling and poor thermal stability.4 Even though 

NCM presents a better electrochemical performance, as a substitute material of LiNiO2, Ni-rich 

layered oxides still suffer from much intrinsic structural instability brought by the high Ni 

content.5-11 

Extensive efforts have focused on unveiling the origin of the performance deterioration of 

these layered oxide cathodes upon cycling. Several degradation mechanisms have been proposed 

thus far, e.g., irreversible formation of inactive and highly resistive Ni2+/Ni3+ species like NiO,12-

13 oxidation of electrolyte components,14 and dissolution of the transition metals induced by HF.15 

Based on these findings, multiple strategies have been investigated including surface coatings16-18 

and bulk doping19-20 to stabilize the cathode materials. In addition to the aforementioned chemical 

instability, mechanical failure originating from microcrack generation is another issue causing 

degradation. In both NCA and NCM oxides, cracking has been mainly associated with anisotropic 

lattice changes of materials during extraction and insertion of lithium ions, leading to a separation 

and finally an isolation of primary particles.9, 13, 22-27 Such intergranular cracks not only 

compromise electrical contact which results in loss of active materials, but also accelerate 

cathode/electrolyte side reactions.24 Besides, intragranular cracks were also reported in primary 

particles of NCM electrode. It was suggested that the high cut-off voltage (between 4.5 V and 4.7 

V vs. Li/Li+) is the direct driving force for intragranular crack generation where dislocations act as 

a nucleation site for microcrack incubation.28 Importantly, these cracks expose the fresh surface in 

primary particles to the electrolyte, which gradually degrades the battery performance.28-29 

Recently, the intrinsic origin of both types of cracks in LiNi0.8Co0.1Mn0.1O2 were also revealed 

theoretically using multiscale modeling.23, 29 Despite these in-depth theoretical studies, an 

atomistic insight is lacking for the NCA-based cathode materials after long-term cycling in 
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practical full cells, which is a prerequisite for continuous efforts in determining the relationship 

between i) mechanics, ii) structure, and iii) electrochemistry during the cathode degradation. 

Our previous work30 compared the long-term cycling performance of NCA and NCM 

cathode materials in high-voltage graphite full cells. We found that NCA, in contrast to NCM, 

suffered from more secondary particle pulverization after 1500 cycles despite its slightly higher 

capacity retention. Instead of intragranular cracks, which prevail at higher delithiation states, only 

intergranular cracks were observed since the cut-off voltage was set at 4.4 V vs. graphite (~4.5 V 

vs. Li/Li+).28 Thus, it is critical to expose the origin of intergranular cracks formation with the 

associated structural evolution especially after long-term cycling. Still, unveiling the origin of 

intergranular cracks request techniques with superb spatial resolution.

Advanced scanning transmission electron microscopy (STEM) combined with electron 

energy loss spectroscopy (EELS) provide chemical and structural information at a necessary high 

spatial resolution and energy resolution. The local structure and chemical evolution can be clearly 

identified, however, was hardly achievable by previously applied characterization techniques like 

X-ray absorption spectroscopy31-32 and X-ray diffraction.24 Taking advantage of electron 

microscopy, the structural changes near grain boundaries of NCA secondary particles were 

previously explored by Zheng et al., while the evolution of the surface crystallographic and 

electronic structure of NCA particles with depth of charge was examined by Hwang et al.33 

Nevertheless, both works primarily focused on the first cycle of NCA in a half cell configuration. 

It is well known that the adverse effects of microstructural evolution (e.g., microcrack generation) 

on cell performance tend to become dominant only during long-term electrochemical operation.24, 

30 Although it has been shown that the electrolyte penetrates all the way into the interior of 

secondary particles even in the initial cycle,21 the mechanical degradation of NCA electrodes has 

been predominantly linked to anisotropic strain changes.9, 13, 21-24 Less attention has been paid to 

the essential effect of electrolyte.34 Herein, we combine scanning electron microscopy/focused ion 

beam (SEM/FIB), STEM, and EELS to analyze the NCA-based cathode before and after 1500 

cycles in a full cell with graphite as the anode and Lithium hexafluorophosphate in ethylene 

carbonate and dimethyl carbonate (LiPF6 EC/DMC) as the electrolyte. Detailed information 

regarding chemical and structural evolutions at the atomic scale demonstrates the relationships 

among mechanical degradations, electrolyte-induced corrosion, and inner structural characteristics 

of NCA particles. 
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Experimental Methods

The sample preparation and electrochemical testing details of LiNi0.8Co0.15Al0.05O2 (NCA) 

materials are described elsewhere.30 NCA electrode was harvested from pouch-type graphite full 

cell after 1500 cycles at 25 °C under C/5 rate using a high cut-off voltage of 4.4 V. The cathode 

electrode was infused with electrolyte of 1 M LiPF6 in ethylene carbonate-ethyl methyl carbonate 

(EC:EMC, 3:7 by weight) with 2 wt% vinylene carbonate. TEM specimen was then prepared by 

FIB lift out using a FEI Nova 200 dual beam microscopy. The STEM/EELS study was conducted 

on an aberration-corrected FEI Titan S 8-300 TEM/STEM equipped with a Gatan Image Filter 

Quantum-865 operated at 300 kV. HAADF-STEM imaging was collected with a probe 

convergence angle of 30 mrad and a large inner collection angle of 65 mrad. EELS analysis was 

carried out in STEM mode using dual EELS mode with a 5 mm aperture with a spectrometer 

collection angle of 40 mrad and a dispersion of 0.3 eV/channel.  Energy shift of each EELS 

spectrum was calibrated by using its simultaneously acquired zero-loss spectrum. FIB slice and 

view tomography was performed on a Helios Hydra UX DualBeam using Xe+ Plasma FIB (PFIB) 

at Thermo Fisher Scientific Inc. , which allows high throughput milling for large volume 

characterization, with minimized contamination of the sample. It’s noted that more than 50 regions 

on multiple particles and specimens were studied to show similar phenomena. Representative 

results are presented in this manuscript. 

Results and Discussion

Cathode-dominated capacity fading of full-cells

To obtain samples for post-mortem microstructure examination, NCA electrodes were dissembled 

from pouch-type graphite full cells after long-term cycling at 25 °C with a C/5 charge-discharge 

rate. Detailed and comprehensive analyses on the electrochemical performances of the same 

samples have been discussed in our previous work.30 Here, we are primarily focusing on the 

microstructural evolution for the NCA particles before and after the 1500 cycles. As we previously 

reported30, with the initial capacity of 191 mAh/g at C/10 (1 of the 5 formation cycles), the 
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retention of the 1500-cycle discharge capacity is 80% for the NCA electrode. During cycling, the 

NCA electrode shows a continuous capacity fade and an increase in the voltage polarization, as 

the data we previously published.30 Similar behaviors can be observed in reference half-cell testing 

of NCA electrode harvested from pouch full cells before and after long-term cycling which implies 

the capacity loss and voltage decline mainly originate from the cathode. This insight is also 

supported by electrochemical impedance spectroscopy (EIS) results, where the full-cell impedance 

is predominantly contributed by the cathode side. Obviously, NCA suffers from more particle 

cracking and pulverization than Ni-rich NCM cycled with a broad Li content range (2.5–4.4 V vs. 

carbon) after 1500 cycles.30 Therefore, we conducted further investigations in this work on the 

microstructural degradations of NCA.

Microstructure of pristine LiNi0.8Co0.15Al0.05O2 

Figure 1 shows the high-angle annular dark-field HAADF-STEM images and EELS spectra of the 

pristine NCA material. A transition-metal co-precipitation method is used to prepare micrometer-

sized secondary NCA particles comprised of 100-200 nm primary particles as shown in Figure 1a. 

Such a “meatball” design not only decreases the lithium diffusion distance (small primary particles) 

but increases the tap density (uniform secondary-particle size distribution), which together enable 

an excellent electrochemical performance.35 The layered structure, with a R m space group, is 3

clearly seen in a representative primary particle accompanied with a fast Fourier transform (FFT) 

pattern (Figure 1b). The bright and dark spots belong to the slabs of transition metal (TM) ions 

and Li ions parallel to the (003) plane, respectively. It is noted that the Li ions are much lighter 

than TM ions such that contributes less to the HAADF contrast. Figure 1c shows a representative 

grain boundary (GB), which is located at the dark region, between two primary particles. EELS 

spectra acquired at the bulk and GB are compared in Figure 1d-f. No obvious difference was 

observed, as the Ni/Co-L edge and O-K edges match well with the reported electronic structures 

of layered NCA, 30, 33 suggesting  a uniform distribution of the crystallographic and chemical 

structures throughout the pristine secondary particles. It should be noted that the pristine NCA 

particles synthesized at 800 °C is not perfectly dense and there exist loosely contacted primary 

grains as shown in Figure S1. Most likely, it is the preference position for the generation of grain 

separations during early charging/discharging processes, possibly providing preferred paths for the 

electrolyte. 
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Figure 1. HAADF-STEM images and EELS spectra of the pristine NCA cathode. (a) Cross-
section of a secondary particle. (b-c) High-resolution STEM images and FFT patterns of NCA at 
the bulk and a representative grain boundary. (d-f) EELS spectra measured at the points indicated 
in panel b and c.

Electrolyte-controlled structural degradations near cracks/voids

Figure 2 presents SEM and HAADF-STEM images of the cycled NCA material after 1500 cycles 

in pouch-type full cells with graphite as the anode. Microcracks along the GBs and the presence 

of voids primarily in the central part of are revealed within a representative cycled NCA secondary 

particle (Figure 2a). Supplemental Video 1 shows a series of slice-and-view scanning electron 

microscopy (SEM) images during FIB slicing of a secondary particle of NCA after 1500 cycles. It 

is clearly revealed that the voids are primary located in the center of the secondary particle and 

propagate radially outwards under extended cycles. More images of secondary particles are 

provided in Figure S2. Interestingly, as shown in Figure 2a, cracks preferentially occur at specific 

GBs, which were likely between those initially loosely contacted primary grains (Figure S1). These 

cracks are aligned along the radial direction to form a line from the particle surface to the central 

voids, which can be related to the transport process of the dissolved cations (e.g., Li+) in the liquid 

during battery cycling. This observation is in good agreement with the findings of a recent work 
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by Yan et al.,34 where it was suggested that intergranular cracks are essentially caused by not only 

the build-up of lattice microstrain, but also the liquid electrolyte that penetrates into the GBs and 

dissolves the cathode. Two commonly noted observations can also support the overlooked 

electrolyte “aggression” towards corroding the cathode and causing intergranular cracks. First, 

high-density cracks are gradually generated during extended cycling, which is widely reported for 

NCM and NCA cathodes.18, 24, 28, 36  In the case of anisotropic strain being the sole cause for the 

propagation of cracks, one would expect many cracks in the initial cycles. To mitigate this issue, 

outer surface coatings, such as Li3PO4,34 were used to modify the cathode secondary particles 

without modifying the GBs; collectively, this strategy partially blocks the electrolyte penetration 

into the cathode and suppresses the dissolution/structural degradation process.24 Still, not much is 

known with regards to i) the connection between electrolyte penetration and dissolution/structural 

degradation in NCA and ii) the atomic configuration of microcracks after extended cycling. 

The relationship between electrolyte penetration and intergranular cracking was evidenced 

by the structural degradations at different GBs and central voids. Figure 2b shows an STEM image 

of a typical GB at the crack line, which is highlighted in Figure 2a. Below the microcrack (dark 

contrast), there is a white surface layer of about 2 nm in thickness which possesses obvious 

structural differences when compared to the bulk region (layered structure). Such a surface 

reconstruction is due to the transformation of the original R m layered structure into a NiO-type 3

Fm m rock-salt phase.9-10, 30, 33 It is noted that these results specifically highlight the microcracks 3

at GBs where the electrolyte penetrated deep into the cracks. Even intact GBs, beyond the crack 

line, suffered from some extent of reconstruction, see Figure 2c. Here, the extent of surface 

reconstruction is significantly diminished (e.g. no obvious rock-salt phase is present) when 

compared to the microcracks presented in Figure 2b. However, the reconstruction from the ordered 

layer structure (Figure 2b) to the partially ordered structure (Figure 2c) with extra TM ions at the 

Li sites is still evident when comparing the grain interior and the GB. Thus, these results could 

serve as prime evidence for electrolyte penetration through compact GBs. The chemical state 

evolution at the surfaces close to GBs of the primary particle was examined by EELS. The spectra 

were acquired at different points, as indicated in Figure 2c. The spectra for the reconstruction layer 

(A, red) and the bulk (C, blue) were selected to illustrate the trend. The shift of the Ni-L2,3 edge 

towards a lower energy loss indicates the partial reduction of Ni3+ (Figure 2d).36 The increased 

I(L3)/I(L2) ratio (point C: 1.42; point A: 1.81) from the bulk to the reconstructed layer additionally 
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indicates the change in the oxidation state of Ni between the grain interior and the GB. Cobalt, on 

the other hand, is more stable than Ni as no obvious energy shift in Co-L2,3 edges was observed, 

as shown in Figure 2e.32-33, 37 The O-K pre-edge peak near 530 eV is ascribed to the transition of 

electrons from the O 1s state to the 2p states hybridized with the 3d states in TMs (mostly Ni 

here).38 The disappearance of this pre-edge in the reconstruction layer (point A) agrees with the 

occurrence of Ni reduction.20, 39 It has been suggested that electrolyte can penetrate towards the 

interior of NCA secondary particles instead of contacting just the periphery of the particle, which 

is responsible for not only high Li+ mobility but also a corresponding increase in capacity in the 

initial cycles.21, 34 This performance readily explains the observed local structural reconstruction 

at intact GBs, which are still accessible to liquid electrolytes. Consequently, inactive phases, such 

as NiO, are generated especially during charging due to side reactions between highly reactive 

Ni4+ species and the electrolyte.17, 39 

It is also noted that the oxygen K-edge has an obvious change with pre-peak intensity from 

the bulk of the particle to the surface the grain after long-term cycles. After the normalization of 

both surface and bulk spectra to their total intensity, an integration of the O-K edge between 520 

and 570 eV is calculated which shows an 8% intensity decrease at the surface compared to bulk 

(see Figure S3), indicating a reducing oxygen concentration at surface and suggesting the 

occurrence of oxygen evolution. It has been reported that oxygen release occurs at the surface of 

the Ni-rich oxide cathode accompanied by irreversible phase transformation, layered structure to 

rock salt. Several mechanisms have been proposed to explain the oxygen evolution process, 

notably: 1) an overpotential results in activation energy for oxygen 2p band and the formation of 

O-O bonds that evolves as O2 gas, and 2) a local increase in the temperature triggers the transition 

metal migration that breaks TM-O bonds and favors the O-O reformation.40-41 The increase of the 

Ni content in the oxide cathode facilitates oxygen release, as well as the extent of delithiation.

In addition to the surface reconstruction, earlier studies have also connected the structural 

degradation partly to slow dissolution of the TM ions at the particle surface resulting from HF 

attack.42-43 Previous X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary-ion 

mass spectrometry (TOF-SIMS) mapping analyses have clearly shown the transmission metal 

species on the graphite anode after long-term cycling.30 Figure 2g estimated the variation of Ni 

concentration from the bulk to the GB based on the EELS spectra. For NCA cathode materials, the 

leaching of Ni ions from the particle was reported to be much more pronounced than that of Co,17 
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which is consistent with the superior stability of Co3+ in the layered structure mentioned above. 

Therefore, negligible Co dissolution is considered. The decreasing trend in Ni content from point 

C to A (bulk to GB) can serve as additional evidence of electrolyte aggression towards TM 

dissolution. It is believed that structural degradations can develop internal stresses large enough to 

initiate or aggravate intergranular cracks in NCA.17, 24

HAADF-STEM images and EELS spectra acquired at regions near a central void are also 

provided in Figure S4, where similar but more dramatic structural evolutions (compared with that 

near cracks) can be observed. The rock-salt phase layer reaches up to 20 nm thick near the void 

(Figure S4b-d), and even Co3+ show signs of reduction as demonstrated in Figures S4f. The 

surrounding voids cut the number of electron pathways to the primary particles in the center (away 

from the binder/carbon medium) which initially relied on GBs for electron transport. As a result, 

these central particles gradually become electronically isolated and thus electrochemically inactive 

despite the enhanced accessibility to lithium ions due to electrolyte penetration.21, 44 In turn, the 

primary NCA particles have an increased contact area with the electrolyte. Further dissolution and 

reconstruction at the surface, thereby, will enlarge the separation between the particles and 

eventually result in completely isolated “dead” particles. Taken collectively, the electrolyte 

penetration accounts for the observed local surface reconstruction at GBs or near voids. Combined 

with direct metal dissolution, it can initiate/enlarge particle disintegration apart from the effect of 

intrinsic anisotropic strain changes. These cracks and voids can lead to excessive formation of 

cathode-electrolyte interphase and damage the electrical conduction network. In addition, potential 

oxygen release at the surface of the primary particle may facilitate the cracking of the secondary 

particles.
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Figure 2. SEM (a) and HAADF-STEM images (b-c) of NCA after 1500 cycles. (a) Cross-section 
image of a secondary particle. Two representative GBs (b) at and beyond (c) the microcrack line 
indicated in panel (a). EELS spectra of Ni L-edge (d), Co L-edge (e), and O K-edge (f) acquired at 
the points indicated in panel (b). (g) Normalized Ni concentration (relative to Co) from the GB to 
the bulk derived from EELS spectra.

Formation mechanisms for radial cracks and central voids

The microstructural evolution, in the form of cracks and voids, is largely associated with the 

observed capacity fade in NCA particles after long-term cycling. Nevertheless, the corresponding 

formation mechanisms remain to be explored and elucidated. Here, we propose that the appearance 

of radial cracks and central voids are intrinsically related to the spatial distribution of the 

orientation of the primary particles.

As previously shown in Figure 1, along the radial directions of a NCA secondary particle, 

the outer grains are typically elongated. In sharp contrast, the central grains are obviously 

suppressed. A representative region with a void of the cycled secondary particle is shown in Figure 

3. High-resolution STEM images (Figure 3b-c) reveal that the radial direction is generally parallel 

to the a-direction, which is perpendicular to the [003] direction of lithium ion intercalation. On 

one hand, for distorted HCP structure with c/a> 1.633 (e.g., NCA), the bonding among atoms 

within a layer is stronger than that between layers.45 Therefore, from the perspective of electrolyte 

aggression, corrosion of the (120) facet is expected to be easier when compared to the (003) facet. 

Thus, the rock-salt phase forms at the surface through the TM cations inward diffusion along 

Page 12 of 20Journal of Materials Chemistry A



13

lithium channels. This result is further supported by the observation in Figure 3b-c, where the 

(120) facets exhibit a surface reconstruction layer extending more than 10 nm to the particle bulk. 

In contrast, the GB (on the top) parallel to the (003) facet maintains the original layered structure. 

It is noted that the contrast of (003) surface is brighter than the (003) grain boundary in Fig. 3b, 

which could be contributed by both surface reconstruction and the fact that the electron probe is 

focused on GB region but off on the surface region. Fig. 3c reveals the structure of (003) surface 

more clearly, which show that the layered structure is remained with a slightly brighter contrast in 

the three outmost surface Li layers, indicating a partial occupancy of TM ions at the Li sites. On 

the other hand, it should be noted that the expansion of the void along the [120] direction is also 

facilitated by anisotropic volume change. During charging, the layered structure mainly expands 

along the c axis and contracts along a/b axes. A recent computational study on NCM811 suggested 

that separation typically occurs on the interfaces between contracted primary NCM particles.23 In 

regard to both electrolyte-induced corrosion and strain within the particles, intergrain separations 

(cracks and voids) are expected to initiate and proceed at radial GBs especially between those 

loosely packed grains in pristine state (Figure S1). 

Figure 3. (a) HAADF-STEM images of a typical void in the center of a secondary particle after 

cycling. (b) Atomic resolution STEM image of the primary particle at the void. (c) A magnified 

STEM image showing the reconstructed surface phase. 

It is generally accepted that the central primary grains are prone to lose electronic contact 

with surrounding primary particles upon the propagation of intergranular cracks.21, 44 One possible 

scenario is that these grains may suddenly become electrochemically inactive, e.g., at the charged 
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state, as a result of lattice contraction along the tangential direction as illustrated in Figure 4. Unlike 

peripheral grains that generally recover physical contacts with neighboring grains during the next 

discharge, these inactive central grains will remain isolated. Consequently, the initial separation 

will be widened by continuous electrolyte-induced corrosion (e.g., TM dissolution and side 

reactions between instable Ni4+ and the electrolyte). Ultimately, large voids eventually form in the 

cathode after extended cycling, leading to capacity loss.

Based on the microstructural observations of NCA materials before and after long-term 

full-cell cycling, we summarize some interesting findings as follows. (1) In cycled secondary 

particles, major cracks form along certain radial GBs, which are connected with large voids in the 

center, implying intergranular cracking is initiated through GBs. (2) The primary particles near 

central voids experience a significantly thicker surface reconstruction layer (with clear evidence 

of Ni reduction and layered-to-rock salt phase transformation) than the surface of NCA near cracks. 

Additionally, minor surface reconstruction was revealed near GBs which are free of cracks, 

suggesting that the electrolyte could penetrate throughout a secondary particle. (3) The primary 

grains were observed to grow with (003) plane parallel to the radial direction of the secondary 

particle, along which lithium insertion/extraction occurs. Lattice contraction upon delithiation 

along the a-axis results in separation of grains and more surface contact with electrolyte, which in 

turn facilitates electrolyte-induced corrosion along the ab facet. (4) The large inner voids within 

secondary particles essentially arise from the limited electronic path to the central part of primary 

particles. Once excluded from the conduction network, these inactive grains with existing 

unrecoverable intergrain separation will gradually develop voids due to electrolyte-assisted 

dissolution and side reactions between the NCA cathode and the electrolyte.

Following these findings, possible strategies can alleviate the abovementioned 

degradation in NCA cathodes. First, engineering the GBs could effectively block electrolyte 

penetration while maintaining sufficient electronic and ionic pathways to individual primary 

particles. For instance, Kim et al. improved the performance of NCA via a LiCoO2-containing 

glue-nanofiller that can protect the surface of primary particles and narrow the intergrain gaps.36 

Although the improved grain-to-grain contact helps the interfacial electron transport via LiCoO2, 

the low Li-ion conductivity of LiCoO2 might restrict the accessibility of inner primary particles to 

lithium ions. One may argue that the electrolyte can penetrate all the way to the interior of 

secondary particles.21, 28 However, this penetration may be questionable, especially since such 
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interfacial coatings may limit the penetration to large GBs. On the other hand, Yan et al. designed 

a solid electrolyte coating of Li3PO4 that can be infused along GBs within Ni-rich NCM secondary 

particles. The infused layer was suggested to simultaneously stabilize the surface while providing 

fast Li-ion transport, thereby achieving a significant improvement in the cycling stability.34 

Nonetheless, this may not solve the poor electronic connection suffered by central primary 

particles. Thus, we suggest that new coating agents with mixed ionic/electronic conductivity to be 

explore for advanced cathode materials in batteries. Another possible approach lies in reducing the 

generation of radial cracks by tuning the intrinsic structural features such as the grain-orientation 

of the primary particles. Recent work by Yang et al. demonstrated that the grain-orientation 

characteristics of NCM622 can be successfully inherited from Ni0.6Co0.2Mn0.2(OH)2 precursors.46 

More importantly, exposure of more (100) or (010) to lithium insertion/extraction was found to 

favor fast lithium diffusion and a low cation mixing.46 This performance potentially constitutes a 

tradeoff between the fast Li-ion transport and less particle disintegration (from electrolyte-induced 

corrosion and mechanical contraction). Future efforts in addressing this issue may open new 

opportunities to decipher better structural designs of cathode materials.

Figure 4. Schematic illustration of forming aligned cracks and central voids in NCA particles after 

long-term cycling.

Conclusions

In conclusion, the formation mechanism of microcracks and large voids within the 

secondary particle of NCA cathode was systematically investigated through electron microscopy 
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and EELS analysis. After charging/discharging for 1500 cycles of practical full-cells, the 

microcrack was found to initiate and grow along GBs, all the way from the surface to the interior 

of the NCA secondary particles. Such intergranular cracks ultimately become connected and 

induce the formation of large central voids. Despite the well accepted mechanical aspect, in this 

work, it is suggested that the overlooked electrolyte impact is another non-negligible reason 

causing the microstructure evolution, which results in battery degradation upon long-term cycling. 

It is evident that not only the surface at the microcracks, namely the separated GBs, but also the 

intact GBs, to some extent, experience structural reconstruction by electrolyte-induced corrosion. 

Accordingly, GBs are the pathway of electrolyte penetration into the NCA secondary particle. In 

turn, the electrolyte facilitates the microcrack initiation and growth during repeated 

extraction/expansion of the primary particles upon cycling. We also discovered that the rock-salt 

phase forms thicker along (003) planes, through the lithiation/delithiation channels, compared to 

that of the perpendicular direction. This result indicates that the facets parallel to the [003] direction 

are vulnerable to the electrolyte. Considering the irregular geometry of primary particles, 

mechanical strain, as well as electrolyte-induced corrosion are expected to cause loss of electronic 

and ionic contact, especially in the interior of secondary particles. At certain stages, the primary 

particles cannot recover after charging. Thereby, the cracks grow and ultimately isolate the primary 

particles, resulting in large voids. Our work has unveiled the overlooked impact of the electrolyte 

on the formation of microcracks and voids. The insight from this work will serve as guidance to 

mitigate microcrack generation and improve the long-term cycling performance of next-generation 

Li-ion batteries.
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