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SUMMARY

The manufacturing of commercial lithium-ion batteries (LIBs) in-
volves a number of sophisticated production processes. Various
cell defects can be induced, and, depending on their structural
and chemical characteristics, they could lead to acute failure and/
or chronic degradation. Although tremendous efforts have been
devoted to develop a robust quality control (QC) procedure, the
functional role of the cell defects is not well understood. Here, we
address this question through a systematic experimental study of
commercial 18650-type LIBs that have failed the QC inspection
due to a self-discharging effect. We identify and recover
the defective regions from the cell and conduct a comprehensive
investigation from the chemical, structural, and morphological per-
spectives. Our results reveal how the structural defects affect the
cell performance, which is highly important to industry-scale battery
production.
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INTRODUCTION

With its advantages in high energy and power densities, long cycling span, and envi-

ronmental friendliness, the lithium-ion battery (LIB) has become one of the most

promising energy storage configurations for electric vehicles (EVs).1,2 To meet the

requirements in acceleration power and endurance mileage, a large number of

LIBs are connected in parallel or in series to constitute a battery pack.3 Given the

high degree of complexity of a battery pack, a dedicated battery management sys-

tem (BMS) is often used to supervise its state and executive function.4,5 For example,

through a process termed ‘‘active equalization,’’6 the BMS proactively coordinates

the states of all of the cells in the pack to prevent operating any of the cells at over-

charged or insufficiently charged states, which could lead to safety hazard7–9 or ca-

pacity loss,10 respectively. This approach is crucial to both the safety and the service

life of the EVs.

The active equalizationmethod is oftenmodel based. Themodel formulates an elec-

trochemical procedure and applies it to a certain cell based on the measurement of

its electric signals.6 If a certain cell behaves differently from its peers in the same bat-

tery pack, the BMS may not recognize this situation because its model does not

apply to this defective cell. For example, by treating a defective cell with internal

soft shorts as a normal cell, the BMS could further enhance the damage by draining

the energy through this cell in a cascade fashion, forming a vicious circle. It is, there-

fore, critically important to identify defective cells in a LIB assembly line, and this has

motivated the development of rigorous quality control (QC) procedures.
Cell Reports Physical Science 2, 100554, September 22, 2021
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Figure 1. The complexity in commercial battery manufacture and multiscale morphology

(A) Schematic illustration of the industrial battery manufacturing process.

(B) The multiscale structural hierarchy of a Li-ion battery for electric vehicle application.
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To improve the overall industrial LIB production yield and to make the QC process

more effective and efficient, an in-depth understanding of the functional mecha-

nisms of various structural defects in a LIB is essential. In particular, it is vitally impor-

tant to discern different defect types, identify their respective sources and formation

mechanisms, and understand their respective influences on the battery’s state of

health (SOH).11–13 This knowledge can critically inform the battery production pro-

cedure with specifics on different manufacturing steps for minimizing different de-

fects. It would also reduce the probability of having mildly defective cells slipping

through the QC inspection due to the fact that their symptoms are rather unnotice-

able in early stages of the battery lifetime, but could escalate in the practical oper-

ations involving temperature fluctuation and uneven current distribution.

In this work, a suite of state-of-the-art experimental techniques are applied to systemat-

ically investigate the defects in 18650-type cells structurally, chemically, andmorpholog-

ically. Using multiscale X-ray tomography, we identify and visualize different structural

defects in 18650-type cells that failed the routine assembly line QC inspection. After

electrochemical cycles, we extract defective regions of interest from the 18650-type cells

and conduct a suite of synchrotron-based comprehensive characterizations. In partic-

ular, we identify different impurity particles in the composite cathode and reveal their

roles in the battery functionality. Our data suggest that the defect particles in the LIB

cathode could affect the local chemistry directly through engaging in the redox reactions

or indirectly through affecting the particles’ self-assembling process. Our study gives in-

sights on the nature of the chemical and morphological defects in LIBs, contributing to

the improvement of the industry-scale battery manufacturing processes.

RESULTS

Identification of battery defects with X-ray microtomography

Since LIBs were first commercialized by Sony Corporation in the early 1990s,14 the

battery industry has been persistently putting in an immense effort to optimize

and standardize the LIB manufacturing process. These efforts have significantly

improved the product quality and production efficiency, thereby reducing the

defect rate and the manufacturing cost. Figure 1A is a schematic overview of the
2 Cell Reports Physical Science 2, 100554, September 22, 2021
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industrial battery manufacturing procedure, which starts from the raw electrode ma-

terial processing and goes all the way to the cell grading and battery pack assem-

bling. Although this schematic seems straightforward, in practice, every single

step in this workflow is highly intricate. Various structural and chemical defects can

be induced into the battery, even if the practice of QC is rigorously executed. For

example, a very mild tab burr could occur if the welding process is not perfect.15

This tender defect can easily slip through the assembly line inspection. During pro-

longed battery operation, the tab burr could be incubated and become hazard-

ous.16 Another good example is the material’s impurities, which are quite ubiquitous

in many steps of the manufacturing workflow of the LIB.13 The impurities could sim-

ply be inactive phases that have no significant functionality or become a seeding

feature that provokes catastrophic cell damage during the cycling.

In addition to the sophistication in the LIB manufacturing process, the structure of

the commercialized LIB for EV application is also highly complex, featuring a multi-

scale hierarchy, as illustrated using our data in Figure 1B. The desired cell-to-system

level battery properties (e.g., excellent electrochemical performance, consistency,

safety) are ultimately determined by the structural hierarchy of the battery. For

example, the electrochemical redox heterogeneity,17,18 mechanical robustness,19,20

and the interplay among different structural components (e.g., active materials,

conductive carbon, binder, the interconnected pore structure)21 need to be ad-

dressed at the micro- (the electrode level) and the meso- (the particle level) scales.

Fundamentally, the electrochemical cycling of a LIB concerns the diffusion of Li ions

within and between the two composite electrodes. Therefore, the atomic-scale ma-

terial properties (e.g., cation mixing,22 strain,20 lattice distortions,23 crystal de-

fects,23 local phase transition24) have a very significant role to play in affecting the

cell-level electrochemical performance. The hierarchical structural complexity of a

LIB accentuates the need for an in-depth, multiscale, and multimodal experimental

investigation. The present study is a good example of this kind.

We combined a suite of state-of-the-art X-ray microscopy and spectroscopy tech-

niques to study a defective 18650-type cell that was singled out by the QC inspec-

tion process due to a problematic self-discharging effect25 (see Figure S1). Starting

at the macroscale, we studied the cell using X-ray computed tomography,

which offers the capability of nondestructive three-dimensional (3D) imaging with

multiscale spatial resolutions. In the studied cells, we captured several different

structural defects as summarized in Figure 2. For example, the anode’s Cu current

collector is clearly deflected near the positive terminal of this cell (Figure 2A). We

also observe the presence of burrs on the anode tab (Figure 2B). Randomly and

sparsely distributed material impurities are observed in both cathode (Figure 2C)

and anode (Figure 2D) electrodes. Finally, non-uniform active particle packing (Fig-

ure 2E) and electrode delamination (Figure 2F) are also detected by nano-resolution

synchrotron tomography. All of these defects could profoundly influence the battery

performance in practical applications. In this work, we chose to focus on the battery

cathode and investigate the direct and indirect and immediate and long-term func-

tional mechanisms for the impurities, which are ubiquitous and universal to LIB,

regardless of the cell configuration.

Inspection of electrode defects with X-ray and Raman spectroscopy

As described above, we carried out microtomography measurements for a cell over-

view. Using these data, we identify and locate defective regions of interest within the

18650-type cylindrical LIB with LiNi0.5Co0.2Mn0.3O2 (NMC532) as the active cathode

material and graphite as the anode. We purposely conducted an electrochemical
Cell Reports Physical Science 2, 100554, September 22, 2021 3



Figure 2. An overview of various structural defects in the commercial 18650-type Li-ion battery

(A) The deflected Cu current collector, an example of cell component deformation.

(B) Burrs on the tab.

(C and D) Examples of impurity particles in the cathode and anode, respectively.

(E and F) High-resolution visualizations of the defective electrode regions with non-uniform

cathode packing and delamination, respectively.

ll
OPEN ACCESS Article
cycling of the cell with a 1C/2C rate (Figures S2–S4). The cell was then charged to

4.2 V before it was disassembled in an Ar-filled glovebox. Based on the tomographic

data, we located and cut out a few regions of 13 0.5 cm2 from the unrolled electrode

(Figures 3A and 3B). The harvested cathode samples were double-checked usingmi-

crotomography to confirm their existence and to label the precise positions of the

impurities and void defects (see Figure 3C). In the raw transmission image, the impu-

rity is darker than the baseline area, suggesting that it is composed of high-Z ele-

ments with strong X-ray attenuation. To identify the chemical composition of these

impurities, we conducted X-ray fluorescence (XRF) characterization with a focus on

the identified defective particles within the field of view (FOV). Figure 3D illustrates

the baseline XRF signal (associated with the normal area) and its peak fitting results.

In addition to the anticipated transition metals, we observe signals of Ar and Au,

which are from the atmosphere and instrument (the Au target). The Ka and Kb peaks

of Mn, Co, andNi between 5,900 and 8,267 eVwere fitted with good fidelity, in good

agreement with the nominal cathode composition (NMC532). We then compared

this baseline spectrum to the signals coming from a few defective regions centered

on the impurity particles (Figure 3E). It is interesting to note that there are mainly two

types of impurities in terms of the chemical composition (Figure 3E). The first type is

Fe/Cr-based particles, such as impurities #1 and #2, which contains elements that

one could find in stainless steel. While some of them are exclusively made of Fe

and Cr (#1 in Figure 3E), the others could contain additional metal elements (e.g.,

Cu and Zn; #2 in Figure 3E). Looking back at the battery manufacturing process,

this type of impurity may originate from the raw material or from the instruments’

abrasion during the manufacturing process. Another type of impurities are Zr-based

particles (#3 in Figure 3E), which also show a trace of Hf. This type of impurity particle

is likely zirconium oxide compounds, which may have been imported when zirconia

milling balls were used during the production of the NMC cathode materials. It is

useful to note that Zr doping is a broadly adoptedmethod for improving the cathode

performance.26 Some residual Zr-based compounds could also be induced if the
4 Cell Reports Physical Science 2, 100554, September 22, 2021



Figure 3. Schematic illustration of our experimental process for harvesting defective regions of interest from a 18650-type Li-ion battery

(A) Representation of the region of interest (ROI) extracted from the battery.

(B) The recovered ROI with defect particles.

(C) Micro-CT image of (B), in which the impurity and void defects are observed.

(D and E) The XRF analysis for the impurity defects with different chemical compositions on the detached cathode.

(F–H) The impact of defects on the cathode by depth-dependent absorption spectra analysis.
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electrode manufacturing instruments were used for processing this type of material

in the past.

To elucidate these impurity particles’ functional mechanisms, depth-dependent syn-

chrotron spectroscopy techniques were used to fingerprint the valence state of Ni

near the defective regions (for #1 and #2 impurities, Fe/Cr-based particles). Here,

we focus on the #1 and #2 impurities because they could be chemically active

and, therefore, could have a more direct impact on the spectroscopic signature of

Ni. The Zr-based #3 impurities, although they may not exhibit a direct chemical ac-

tivity, could have an indirect impact, which we discuss later. Figures 3F and 3G show

the soft X-ray absorption spectra, in total electron yield (TEY) and partial fluores-

cence yield (PFY) modes, centered on and away from the impurities in the 4.2-V

charged cathode. The TEY offers an exceptional surface sensitivity, with the de-

tected signal confined to an �5-nm surface.27 The PFY signal, however, can reach
Cell Reports Physical Science 2, 100554, September 22, 2021 5



Figure 4. SEM-Raman characterization of the defective regions on NMC electrode

(A–F) The contrast imaging (A) and EDS mapping (B–F) of the defective regions.

(G) The Raman spectrum on and off defective regions. Blue and green profiles represent 2 different positions close to the defect; orange and red profiles

represent 2 different positions far away from the defect.
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up to �100 nm in depth, covering some sub-surface chemical information.28,29 We

note here that a superconducting transition edge sensor (TES) detector was used in

our fluorescence yield measurements, which allows us to reject unwanted phonons

for suppressing the self-absorption induced spectrum distortion.28 In our data, the

L3 edge of Ni splits into two peaks with competing intensities, representing the rela-

tive concentration of low-valence Ni and high-valence Ni, respectively. The TEY

signal shows a lower valence Ni on the defective area, suggesting an enhanced lat-

tice reconstruction effect27 (from layered to spinel and/or rock salt structures) near

the #1 and #2 impurities. A similar tendency also appeared in the PFY data. Since

the PFY probes up to 100 nm into the electrode surface, it is a mixture of surface

signal and subsurface chemistry. The fact that the PFY signal over the defective re-

gion shows a slightly reduced Ni valence could be attributed to a combined effect

of the surface reconstruction and the reduction of the bulk Ni due to a charge trans-

fer between the active cathodematerial and the impurity particles. To further amplify

the bulk signal, hard X-ray near-edge absorption spectroscopy (XANES) measure-

ments were conducted in the transmission mode. The XANES data shown in Fig-

ure 3H confirm that the bulk Ni is slightly reduced in the defective regions, as it is

indicated by the >0.5 eV shift of the XANES spectrum (see inset in Figure 3H). These

depth-dependent spectroscopic investigations clearly suggest that the Fe/Cr-based

impurities are chemically active. They affect the local Ni valence state by affecting

the degree of surface reconstruction and by inducing a local discharging of the

NMC cathode, thereby exacerbating the local electrochemical redox heterogeneity.

To further support the above inference, scanning electron microscopy (SEM)-Raman

measurements were performed, and the results are shown in Figure 4. By large FOV en-

ergy-dispersive X-ray spectroscopy (EDS) mapping (Figure S5), we detect a specific im-

purity particle cluster centered around an Fe particle of �3 mm on the electrode. We

observe a strong Fe signal and weak signals for O, Ni, Co, and Mn, which suggests

that it is a metallic Fe cluster rather than Fe oxides (see Figures 4A–4F and S6). Due to

the adverse effect of the presence of Fe-based impurities (Figure S7), we evaluated its

impact on the local NMC particles by conducting Raman spectroscopy with a focused

laser probe. The ‘‘on defect’’ Raman spectrum is collected with the laser beam centered

on a Fe-rich spot, while the regions without any impurity signals are called ‘‘off defect.’’
6 Cell Reports Physical Science 2, 100554, September 22, 2021
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We sampled many different locations, and the representative spectra are shown in Fig-

ures 4G and S8. Compared to the spectrum collected at off defect positions, the on

defect spectra show decreased peak intensity at �490 cm�1 and a new peak at

�610 cm�1. These Raman features imply that there is a higher concentration of Li in

the NMC particle near the Fe impurities, indicating a local discharging effect.30 As re-

vealed by the SEM image, the large Fe particle at the cluster center features a rather

irregular shape and is located near the cathode-to-separator interface. It has the poten-

tial to trigger micro-short circuit because the multilayer structure is rather compact and

would swell during the electrochemical cycling.
Visualization of electrode defects with X-ray nanotomography

Wefurther investigate themicromorphologyof theNMCcomposite cathodeusingnano-

resolution holographic X-ray computed tomography (HXCT). We carried out this mea-

surement over several regions with and without the above-discussed structural defects

(e.g., impurity particles). Figure 5A shows a randomly selected 3D rendering of an impu-

rity-free region recovered from a defective 18650-type Li-ion battery. After quantitative

phase retrieval and tomographic reconstruction, the gray level of the voxels is directly

proportional to the local electron density. The bright gray materials are the NMC parti-

cles, whereas the dark gray regions represent the conductive and porous carbon-binder

domain (CBD). The irregularly shapedNMC particles at�4–5 mmexhibit a very different

degreeof cracking, as shown in the virtual slice inFigures5Band5C,with theundamaged

particles labeled with red contours. The structural disintegration of the NMCparticle not

only deteriorates the electric conductivity and the mechanical stiffness of the electrode

but also facilitates the infiltration of the liquid electrolyte along the interconnected cracks

and aggravates the undesired surface degradation. In addition to the heterogeneous

particle cracking, our data on the defective electrodes show several different types of im-

purities, as presented in Figures 5D–5F. Figure 5D shows a large spherical NMC particle

embedded in the electrode. While the composition of this large NMC particle is very

similar to the other active cathode particles in the electrode, it demonstrates a clear

and substantial impact on the local particle assembly. This is related to the self-assembly

process of the cathode particles during the drying of the slurry, which is a dynamic and

highly complicated process that entails delicate control of the electrode solidification

conditions.31 A similar effect can be observed in Figure 5F, which centers on a Zr-based

large impurityparticle (seeFigureS9 for theXRFmappingandfitting results). InFigure4E,

however, even though a Zr-based particle does exist, it was not capable of causing the

particles to change their self-assembly behavior due to its small size and limited mass.

The heterogeneity in the local packing density of the active materials could escalate

the charge heterogeneity in the electrode, which leads to different degrees of electrode

utilization upon battery cycling. The defective regionsmay also exhibit unbalanced elec-

tron and ion conductivity, causing local over-charging/discharging and deactivation. To

qualify theuniformityof the activeparticlepacking,wecalculate the spatial distributionof

the porosity over the regions that correspond to Figures 5D and 5E (see Figures 5G and

5H, respectively). Visual assessment suggests thatFigure5Ghasa larger color variation in

comparison with Figure 5H, suggesting that the packing density is more heterogeneous

in the presence of large impurity particle(s). This observation is further quantified in Fig-

ure5Iby showing theprobability and the spreadof the localpackingdensity valuearound

the particles in Figures 5D and 5E. Affected by the presence of a large particle, the local

porosity distribution exhibits a lower value and a higher variation.
DISCUSSION

Although the consensus is that the ubiquitous structural and chemical defects in a

LIB are functionally very important, their functional mechanisms are not well
Cell Reports Physical Science 2, 100554, September 22, 2021 7



Figure 5. Nanoresolution X-ray holotomography of NMC composite cathode recovered from a defective 18650-type Li-ion battery cell

(A–C) (A) 3D rendering of a randomly selected region, with its central slice shown in (B) and 2 ROIs with different degrees of damage enlarged in (C). The

scar bar in (A) and (B) are 8 and 5 mm, respectively.

(D–F) Regions with various types of defect particles. Scale bar, 5 mm.

(G and H) The packing density around particles with abnormal and normal sizes, respectively.

(I) Representation of the packing density around an abnormal-size particle (particle 1) and a regular size particle (particle 2).
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understood. In this study, we investigate the defects in commercial 18650-type LIB

using a suite of cutting-edge X-ray tomography, SEM-Raman spectroscopy, and

synchrotron-based analytical techniques. Based on our multiscale and comprehen-

sive experiments, we summarize our observations and interpret the degradation

mechanisms associated with the presence of impurities in the battery (see Fig-

ure 6). Depending on the composition, the metallic impurities can be directly

involved in the chemical reactions. They could alter the surface chemistry and
8 Cell Reports Physical Science 2, 100554, September 22, 2021



Figure 6. A schematic illustration of the functional mechanisms of the battery defects concluded from our study

The presence of defect particles in the 18650 cells could lead to multiscale degradations, for example, at the active particle level (lattice reconstruction),

the electrode level (redox heterogeneity and non-uniform packing), and the battery level (micro-short circuit).

ll
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intensify the surface reconstruction effect of the NMC particles, leading to an

increased electrochemical impedance and polarization. These impurities can also

engage in the redox reactions in the bulk at the electrode level. Local electro-

chemical redox heterogeneity can be further exacerbated, which could, in turn,

accelerate the electrode degradation. If the impurities are located near the sepa-

rator (see Figure S10), then the risk of internal short circuit will be significantly

amplified because these conductive particles could pierce through the separator.

Once established, the internal short circuit will induce a large local current and

provoke a thermal runaway. To prevent such problems, it is important to reinforce

the QC throughout the LIB production procedure. Examples include choosing

high-quality raw materials with good purity, reducing dust and equipment abra-

sion during fabrication, and enhancing the capability of removing magnetic

impurities.

Besides impurities, non-uniform active particle packing is another common form of

morphological defect in the LIB electrode. This type of defect can easily appear in

the electrode when particles with distinct sizes coexist. Particle packing at the elec-

trode level plays a significant role in affecting the lifetime of the battery. Poor me-

chanic robustness and deactivation of NMC particles due to contact failure will arise

in the presence of non-uniform packing. It is worth noting that mixing active cathode

particles of different sizes (e.g., blending polycrystal and single-crystal NMC parti-

cles) has been explored as an effective approach to improve the overall performance
Cell Reports Physical Science 2, 100554, September 22, 2021 9
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of the electrode. Our results suggest that the coexistence of particles of very

different sizes could cause complexities in the self-assembling process, and this

approach shall be adopted with caution. To conclude, a comprehensive understand-

ing of the structural and chemical defects of the LIB and their functional mechanisms

constitutes a research front that is of both scientific and industrial significance. Our

systematic investigation offers valuable insights for improving the industrial LIB

manufacturing processes.
EXPERIMENTAL PROCEDURES

Resource availability
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