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Abstract

:

The effects of electrochemical aging on the mechanical properties of electrodes in lithium-ion batteries are challenging to measure and are largely unknown. Mechanochemical degradation processes occur at different scales within an electrode and understanding the correlation between the degradation of mechanical properties, electrochemical aging, and morphological changes is crucial for mitigating battery performance degradation. This paper explores the evolution of mechanical and electrochemical properties at the layer level in a Ni-rich positive electrode during the initial stages of electrochemical cycling. The investigation involves complementary cross-section analyses aimed at unraveling the connection between observed changes on both macroscopic and microscopic scales. The macroscopic constitutive properties were assessed using a U-shaped bending test method that had been previously developed. The compressive modulus exhibited substantial dependency on both the porous structure and binder properties. It experienced a notable reduction with electrolyte wetting but demonstrated an increase with cycling and aging. During the initial stages of aging, electrochemical impedance spectra revealed increased local resistance near the particle–electrolyte interface. This is likely attributable to factors such as secondary particle grain separation and the redistribution of carbon black. The swelling of particles, compression of the binder phase, and enhanced particle contact were identified as probable factors adding to the elevation of the elastic modulus within the porous layer as a result of cycling.
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1. Introduction


While lithium-ion batteries are the dominant technology in the energy storage market and electrification of transport, many aspects of these batteries are still not understood [1,2]. During the service life of lithium-ion cells, lithium intercalation and de-intercalation result in reversible and irreversible volumetric changes in both electrodes of lithium-ion cells [3,4,5]. The accompanying changes in the mechanical properties of electrodes may have a considerable influence on the electrochemical performance as well as on the overall mechanical response of lithium-ion cells. This interplay between electrode expansion, changes in mechanical properties, and changes in microstructure has an impact on the degradation of lithium-ion batteries. It is therefore of interest to measure the relationship between the mechanical properties of electrodes and their concomitant effects on electrochemical performance.



Several studies on the mechanical behavior of lithium-ion battery electrodes have been conducted at both micro- and macro scales. At the micro-scale, intercalation/deintercalation of lithium ions in the active particles causes mechanical deformation. This deformation can give rise to elevated internal and contact stresses, potentially causing grain fracture, fragmentation, pulverization, and the exposure of surfaces to side reactions. These effects ultimately contribute to the deterioration of battery capacity [6,7,8,9,10,11,12,13]. At the particle level, several models have been developed in the literature to capture these effects [14,15,16]. At the battery level, tackling detailed micro-structure resolution in this type of modeling presents computational challenges [13]. For battery packs, the focus shifts toward phenomenological modeling to capture the system’s response. These models seek to predict the reaction forces generated based on the state-of-charge, cycling, variations between cells, and localized degradations across a broad spectrum of operational temperatures and preloads [13,17,18,19,20,21,22]. However, these models do not provide insight into the mechanical properties of electrodes that change during service life, which is necessary to guide the development of better electrode materials and electrode architectures and for the development of better computational models [23,24,25]. In recent studies, ultrasound measurements have been conducted to explore the interaction between electrochemical performance and the mechanical characteristics of cells. This includes parameters such as Young’s modulus, electrode expansion, and alterations in porosity observed during cycling and aging. It’s important to note that while this method is designed to measure properties at the cell level, drawing conclusions about the specific properties of individual electrodes is limited to qualitative inferences [13,26,27]. Moreover, studies on coupled transient mechanical and electrochemical behavior at the electrode level in lithium-ion battery cells are missing in the literature to a considerable extent. These investigations are essential for characterizing the constitutive behavior of electrodes, providing crucial input for computational models assessing the performance of various battery cell types under electrochemical loadings for system integration [13]. The cyclical expansion and contraction of electrodes induce mechanical deformations and stresses, potentially causing non-uniform electrochemical states. This, in turn, can give rise to spatially varying pressure and aging within the cells [13,28].



There is substantial interest in the development of lithium-ion battery electrodes with exceptional resistance to degradation. The microscopic mechanical properties of electrode materials such as Young’s modulus, indentation hardness, and fracture strength and their effect on electrochemical performance have been characterized in the literature [25,29,30,31,32,33] with the aim of improving electrode structural stability, mechanical integrity, electronic and ionic conductivity, and cyclic performance [34]. However, to date, little is known about the macroscopic mechanical behaviors of lithium-ion battery electrodes and how the mechanical response of electrodes affects electrochemical performance. The characterization and modeling of the constitutive behavior of active layers within batteries are crucial for both cell-level and pack-level modeling. The impact of electrochemical cycling on the properties of these active layers remains largely unexplored. Moreover, there is a deficiency of appropriate test methods capable of capturing the mechanical behavior of active layers. Difficulties are related to the porous structure, the small thicknesses, and the non-linear and time-dependent characteristics of the active layers [13].



In the present work, the mechanical behavior of a LiNi0.6Mn0.2Co0.2O2 (NMC-622) positive electrode is comprehensively investigated at the electrode level. A reliable test method is first needed to obtain the constitutive behavior of the electrode active layer. Several efforts have been made in the literature to obtain the constitutive behavior of the active layer using tensile tests, indentation tests, etc. [35,36,37,38,39]. However, the tensile behavior is heavily influenced by the metal foil in the electrode, which leads to uncertainties when attempting to extract the properties of the active layer. Additionally, it has been noted that electrode failure often occurs prematurely during these tests. Bending tests have an advantage over tensile tests as the stiffness contribution of the active layer is significantly larger under bending as compared to tension. As a result, extraction of the properties of the active layer is less affected by experimental variability in bending tests than in tensile tests. Additionally, compressive properties can be accurately determined in bending tests without the issues of buckling and indeterminate contact conditions that arise in the hardness tests. Recently, a U-shape bending test method that enables separate measurements of the tensile and compressive properties of the electrode was developed [40,41]. The elastic modulus of the active layer in the electrode was determined by applying linear elastic beam theory, relying on small strains and accommodating large rotations. This method surpasses the constraints of previously reported techniques and effectively captures hysteresis effects. These effects arise from the presence of polymeric binders and the potential evolution of microstructural contacts.



It has been shown that the capacity of lithium-ion batteries decreases over successive charge/discharge cycles and is sensitive to operating conditions and the electrode and electrolyte composition [25,42,43]. In the present study, we utilized the previously developed U-shape bending test method [40,41] to assess the in-plane mechanical properties of the positive electrode throughout electrochemical cycling. The influence of electrolyte immersion on the mechanical characteristics of the active layer has direct implications for cell design [25]. We first investigated the mechanical behavior of electrodes using U-shape bending by immersing the electrode in an electrolyte and drying it overnight in a vacuum chamber. In contrast to a dry electrode, the mechanical properties of an electrode immersed in the electrolyte provide a baseline for evaluating the mechanical characteristics of the active layer throughout electrochemical cycling. Following the assembly of the battery cell, it undergoes varying numbers of electrochemical cycles, and subsequently, the mechanical properties of the active layer are assessed. Ongoing efforts aim to comprehend the mechanisms underlying the observed alterations in macroscopic mechanical behavior [13].



To complement the mechanical characterization, electrochemical impedance spectroscopy (EIS) is measured on a reference system in equivalent conditions to mechanical testing. Electrochemical impedance spectroscopy (EIS) can clarify shifts in electrochemical properties and contribute to the comprehension of the connection between mechanical alterations and the electrochemical system.



To guide the better design of electrodes, it is also important to observe how the microstructure evolves with electrochemical cycling to obtain a better understanding of the system’s transient response. We visualize the morphological changes in terms of particle and binder cracking, delamination between the electrode and current collector, and the size and circularity of particles at distinct stages of electrochemical cycling by cross-sectioning samples using a broad-ion beam (BIB) and imaging using a scanning electron microscope (SEM). Efforts have been made to understand the relationship between changes in the macroscopic and microscopic mechanical properties of electrodes.




2. Materials and Methods


2.1. Mechanical


2.1.1. Experimental Samples


The material assessed in this study was a single-side coated LiNi0.6Mn0.2Co0.2O2 (NMC-622) electrode supplied by CUSTOMCELLS®, Itzehoe, Germany. The electrode consisted of an active layer that was 111 μm thick calendared on an aluminum current collector that was 20 μm thick. The Youngs’ modulus of the used aluminum foils was estimated to be 70 GPa using tensile tests. The electrode was calendared to obtain a porosity of 51.80%. The active layer was made up of NMC particles (86%), a PVdF binder (7%), and conductive carbon (7%). Note that the studied electrodes have higher porosities and inactive material volume fractions than those commonly used in commercial energy-optimized cells. However, the qualitative trends and mechanisms presented in this work should not be impacted by the different material volume fractions. The study used rectangular samples with dimensions of 10 cm × 1 cm, which were cut from a larger electrode sheet using a Rexel ClassicCut™ CL420 cutter. The samples were examined using the U-shape bending test method, and a slight variation of ±0.4 mm in the specimen widths was observed. However, the data was normalized by the specimen width, so it did not affect the reliability or repeatability of the measurements.




2.1.2. U-shape Bending Test


A previously established the U-shaped bending technique was introduced to assess the in-plane mechanical characteristics of the active layer [40,41]. The method is based on an experimental setup, shown in Figure 1a, where the electrode sample is subjected to the U-shape bending test inside a tensile testing machine. The specimen was placed symmetrically between crossheads by taping the ends of electrodes to the faceplate such that there was no sliding between the faceplate and the electrode sample. The investigation focused on electrodes with a single-sided coating, considering that the placement of the coating (on the outer or inner side of the bending curvature) influences whether the layer experiences tension or compression during a U-shaped bending test [40,41]. In this study, all the samples were tested with the active layer subjected to compression, as shown in Figure 1b.



The experiments were carried out utilizing a ZwickRoell tensile testing machine, which was equipped with a 50 N load cell. The initial separation between the faceplates was set as 30 mm. The faceplates were moved with a fast displacement rate of 30 mm/min so that the relaxation effects and/or time-dependent effects were minimized. The correlation between the applied load, denoted as P, and separation of the faceplates, Δ, is given in [44] as:


  P = E I       1.695   Δ       2   ,  



(1)







This relationship has been deduced through the application of linear elastic beam theory, considering small strains and substantial rotations. In this context, EI denotes the bending stiffness of the entire specimen, encompassing both the active layer and the current collector [40,41].



This method enables the calculation of the bending stiffness of the electrode by measuring the force and the distance between the faceplates. The elastic modulus of the active layer was determined by calculating the slope of the P vs. 1/∆2 curves. The bending stiffness, denoted as EI, for the entire electrode can be expressed in terms of the elastic modulus of the porous active layer (    E   1    ) and the elastic modulus of the aluminum current collector (    E   2     = 70 GPa).



The bending stiffness is defined by the following relationship:


  E I =   E   2       b   t   2   3     12   + b   t   2         y  ¯  −     t   2     2       2   +     E   1       E   2         b   t   1   3     12   + b   t   1             t   1     2   +   t   2     −   y  ¯      2       ,  



(2)




where the position of the neutral layer (    y  ¯   ) is given by:


    y  ¯  =       E   1       E   2           t   1     2   +   t   2     b   t   1   +     t   2     2   b   t   2         E   1       E   2     b   t   1   + b   t   2     ,  



(3)







Here, the thickness of the dry porous active layer and the aluminum current collector is denoted by (    t   1     = 111 µm) and (    t   2     = 20 µm), respectively. The thickness of the porous active layer changes with electrochemical cycling and must be considered while evaluating the bending stiffness of the active layer. Equations (1)–(3) have been used to evaluate the elastic modulus of the active layer (    E   1    ) from measurements of bending stiffness, EI, according to Equation (1) and known values of     E   2    , b,     t   1    , and     t   2    .





2.2. Electrochemical


2.2.1. Cell Preparation


For electrochemical cycling, pouch cells were prepared with an NMC 622 positive electrode (nominal loading = 3.5 mAh/cm2) and a graphite negative electrode (nominal loading = 3.9 mAh/cm2, CUSTOMCELLS®). Further specifications of the positive electrode are given in Section 2.1.1. Electrochemical cycling was performed on pouch cells constructed from 10 cm × 1 cm positive electrodes and 10 cm × 1.1 cm negative electrodes. A 20 µm thick separator (Celgard) and LP40 electrolyte (ethylene carbonate: di-ethylene carbonate, 1:1 by weight, Solvionic, Toulouse, France) were used. Additionally, a subset of cells was subjected to 50 cycles, where 2 wt% tris(trimethylsilyl) phosphite (TTSPi, >95%, Sigma Aldrich, St. Louis, MO, USA) was added to the LP40 electrolyte to inhibit aluminum corrosion on the positive electrode current collector [45]. Such current collector corrosion was observed in pre-study experiments (see Supplementary Figure S1). All 50 cycle cells used a 300 µm Whatman glass fiber separator to improve cycling stability.



The same electrode materials were used for 18 mm disk electrodes assembled in an El-cell three-electrode setup to measure half-cell potentials and impedance against a lithium reference electrode.



A sketch of the geometry of the pouch cells is given in Figure 2. After cycling, the pouch cells were disassembled inside the glovebox, washed with dimethyl carbonate (DMC), and dried at room temperature for at least 12 h. This ensured that no ethylene carbonate remained in the porous structure. To study the direct impact of electrochemical cycling on the electrode properties, reference samples were immersed in LP40 over 12 h but not electrochemically cycled. For every sample, the electrode thickness was determined after disassembly using a digital micrometer. Cells were fastened between two acrylic plates under isostatic pressure to ensure good contact during operation.




2.2.2. Electrochemical Cycling


Galvanostatic cycling of pouch cells was carried out on a high precision coulometry setup previously described by Smith et al. [46]. Cells were cycled for one, three, or fifty cycles between 3.0 and 4.2 V at C/3 rates (1.17 mA/cm2), where the C-rate was the current normalized by the theoretical capacity of the sample. At the end of the test, cells were discharged to 3 V. After cycling the cells, electrode samples were harvested and dried overnight for further mechanical testing. A list of tested samples is provided in Table 1.



El-cell impedance measurements were conducted on a Biologic VMP3 potentiostat. The galvanostatic cycling was controlled on the positive electrode between 3.6 V and 4.2 V at a C/3 rate. At 3.8 V vs. Li/Li+, a 1 h constant voltage step followed by a 1 h rest was set. After the rest, galvanostatic electrochemical impedance spectroscopy (EIS) was measured. The cell was perturbed by an AC potential signal (10 mV amplitude) with frequencies between 10 mHz and 20 kHz and the resulting current and phases were measured. We sampled ten frequencies per decade and averaged over two repetitions per frequency.



All electrochemical experiments were carried out in a 25 °C temperature chamber.




2.2.3. Microstructural Imaging


The samples were cross-sectioned using a broad-ion beam mill (Hitachi AirBlade 5000, Hitachi High-Tech, Tokyo, Japan). The milling parameters used were 6 kV Acc. voltage for a milling time of 1.5 h and a second finer polishing of 4 kV for 1 h with a dead-time of 10 s between the mills. Subsequently, the cross-sections were imaged using secondary electrons with the Zeiss Sigma HD at 5 kV for the positive electrode. The SEM micrographs underwent processing in ImageJ, involving segmentation, cleaning, and quantification. A comprehensive discussion of the imaging and subsequent analysis methodology can be found in [47].






3. Results


3.1. Mechanical Characterization


Rectangular specimens of dry, pristine electrode samples were first taken and subjected to the U-shape bending test described in Section 2.1.2. To determine the mechanical properties of the active layer, the unloading stiffness (compressive modulus) of the active layer was measured under different bending strains using Equations (1)–(3). Initially, the faceplate separation was set as 30 mm, and small unloadings were performed when faceplate separations reached 25 mm, 22.5 mm, 20 mm, and 17.5 mm with 1 mm retraction. Ultimately, when the faceplate separation reached 15 mm, the specimen was completely unloaded to the initial faceplate separation (Δ = 30 mm). A rapid displacement rate of 30 mm/min was employed to mitigate the time-dependent effects of the polymeric binder [40,41].



Plots for force vs. displacement (Δ) and force vs. 1/∆2 for the pristine dry electrode are presented in Figure 3a,b. At each unloading step, a straight line was fitted to the initial linear part of the unloading in force vs. 1/∆2 curve and the slope of the line gave an estimate of the bending stiffness of the electrode (cf. Equation (1)).



It is important to highlight that, at each unload step, the active layer experiences varying bending strains. The volume average of bending strain in the active layer was computed using linear elastic theory, as illustrated in Figure 3c. This procedure was replicated for all sample categories outlined in Table 1.



In the literature, investigations have been carried out to measure in-plane strains in the constrained positive and negative electrodes using DIC (digital image correlation). On average, these analyses reveal a range of approximately 1–2% strains during the phases of lithiation and delithiation [48,49]. The elastic modulus of the active layer for the dry pristine positive electrode during compression was calculated to be in the range of 1.46 GPa to 2.74 GPa when subjected to bending strains of 1.00–1.41% (see Figure 4). It should also be noted that the elastic modulus does not change with bending strain when the active layer is subjected to tension [40,41], and hence only the compression modulus is reported here.



To characterize the evolution of the compressive modulus at different strain levels, the samples listed in Table 1 were subjected to U-shape bending tests. Figure 4a shows a comparison of force vs. 1/∆2 response for samples subjected to a different number of charging–discharging cycles, and Figure 4b shows the evolution of the compressive elastic modulus of the electrode active layer under various bending strains. It must be noted that the tests were performed with multiple samples and an average of the results has been presented here.



In addition, two additional samples were charged to 30% or 60% state-of-charge (SOC) after the first cycle. The results are presented in the supplementary material in Figure S2.



In the literature, it has been established that for secondary particles, immersion in electrolyte results in minimal changes in mechanical properties, including Young’s modulus, hardness, and fracture strength [13,25]. To observe this effect at the layer level, the electrodes were immersed in an electrolyte, dried overnight in the vacuum chamber, and subsequently subjected to a U-shape bending test. The immersion of the electrode in the liquid electrolyte resulted in an augmentation of the active layer thickness, as shown in Table 1, and a significant drop in the compressive modulus was also observed, as shown in Figure 4b. Changes in the thickness of the layer can significantly affect the porosity and distribution of NMC particles within the layer. It must be noted that the thickness of the active layer was measured to calculate the unloading compressive modulus at different strain levels (cf. Equation (3)). From Figure 4b, it is also evident that the compressive modulus of the active layer increased gradually over the cycles. While differences in the measured compressive modulus are small between the immersed, one-cycle, and three-cycle samples, a drop in modulus between the pristine and immersed samples, as well as a steady increase in the modulus during cycling, was observed.



Especially at higher bending strains, the compressive modulus of the active layer increased significantly for the fifty-cycle samples. To understand the evolution of changes in the compressive modulus, it is necessary to investigate concomitant electrochemical and microstructural changes, which are discussed in subsequent sections.




3.2. Electrochemical Characterization


The 10 cm × 1 cm cells lost a maximum of 10% C/3 capacity after 50 cycles. A subsequent C/10 cycle showed only minor irreversible capacity losses. We therefore concluded that the 10 cm × 1 cm cells’ poorer cyclability and apparent capacity loss stems from polarization and poor electrolyte wetting in the unconventional cell geometry necessitated by mechanical testing. The evaluated discharge capacities and coulombic efficiencies are presented in Figure 5a. A reference experiment was conducted on 18 mm diameter pouch cells constructed using electrodes from the same batch. The equivalent discharge capacities and coulombic efficiencies are presented in Figure 5b. The 10 cm × 1 cm cells suffered higher capacity loss than the reference cells, allowing us to conclude that this geometry was not suitable for long-term experiments. However, as most of the capacity could be recovered with a slow discharge, we concluded that the material could be qualitatively compared with the circular electrodes used in the EIS experiments.



The electrode material was also investigated through electrochemical impedance spectroscopy (EIS) after one, three, and fifty cycles at 3.8 V of NMC622 vs. Li/Li+. The Nyquist plot is presented in Figure 6, which shows that the impedance decreases between one and three cycles. The high-frequency resistance (HFR), determined using the x-axis intercept, decreases, and the charge transfer rate, represented by the size of the semi-circle, increases. This is likely an activation of the material happening during the first cycles. After 50 cycles, the HFR and the charge transfer resistance increased significantly.




3.3. Microstructural Characterization


To understand the evolution of macroscopic compressive modulus with electrochemical cycling, it is important to observe the changes in microstructure. Cross-sectional images of different samples were taken as per the specifications given in Section 2.2.3 and are presented in Figure 7. Several observations can be made through qualitative comparison of the given images. In comparison to the dry pristine electrode shown in Figure 7a, the electrode immersed in the electrolyte shows a larger porosity and more void spaces, as shown in Figure 7b. This is also reflected in the increased thickness of the active layer (see Table 1). The cycled samples in Figure 7d showed more delamination between the active layer and the current collector compared to the pristine and immersed samples. This correlates with the increase in HFR observed in impedance measurements. The fifty-cycle sample shown in Figure 7d has a visible surface layer at the separator interface.



Energy dispersive X-ray analysis (EDX) (provided in the supplementary material (Figure S3)) showed that this layer did not contain significantly more fluorinated species but did contain a higher nickel content compared to the bulk porous electrode. We therefore believe it could be evidence of dissolved and redeposited transition metals from the active material.



In addition, a statistical analysis of the images captured at different stages was performed. This analysis assumes isotropic properties throughout the sample. Firstly, an equivalent particle diameter was calculated from the observed particle area and is shown in Figure 8a. The pristine sample was observed to have a mean diameter of 5.2 µm, but after three cycles, the mean diameter was estimated to be 4.4 µm. After fifty cycles, the mean diameter increased to 4.75 µm. This trend follows the observed moduli in Figure 4b, where the highest compressive modulus was observed for the pristine material. The evolution of the circularity of the particles, defined as   4 π A /   p   2    , where   A   is the particle area and   p   is the particle perimeter, is shown in Figure 8b. The lower the circularity, the larger the deviation of the particle shape was from a perfect circle/sphere. A significant reduction in circularity was observed between the pristine and three-cycle samples, and an increase was then observed between three and fifty cycles. As these two observations show the same trend as the measured mechanical properties, they are likely strongly related. Five areas of the same cross-section were analyzed, and the sample averages and 95% confidence intervals suggest that the material is not fully isotropic.





4. Discussion


In the present work, we investigated the macroscopic mechanical properties of single-side coated NMC622 battery electrodes using complementary techniques. For a pristine dry electrode, the compressive modulus was reported in the range of 1.46 GPa to 2.74 GPa, which is low compared to the elastic modulus of electrode active particles [50]. This suggests that macroscopic mechanical behavior is mainly controlled by the porous structure of the active layer and the binder. With increasing bending strain, a stiffening effect in compression is also observed. The contribution of the current collector to the measured modulus is taken into consideration in Equations (1)–(3) assuming a no-slip condition, which remains valid on a macroscopic scale unless the active layer is entirely separated from the current collector within the electrode. The force–displacement curves also show significant hysteresis, which can be explained by viscoelastic and/or plastic deformations in the binder [40,41] as well as frictional effects.



The electrode samples were subjected to electrochemical cycling, and they were mechanically tested using the presented U-shape bending technique. Duplicate samples were then analyzed through BIB-SEM and electrochemical impedance spectroscopy. Mechanical measurements show two distinct trends. Firstly, it was observed that for the samples immersed in the electrolyte, the compressive modulus of the active layer dropped by up to 60% and the thickness of the active layer increased by approximately 7% compared to the pristine dry electrodes. This is likely due to the relaxation of residual and contact stresses in the active layer generated during electrode calendaring [51] and binder swelling [52] which is reported in the literature. The second major observation is that the compressive modulus increases during the initial utilization of the electrode up to 50 cycles. Previous work [53] notes the binder’s role in mitigating the volumetric expansion of particles during cycling. The increase in compressive modulus during cycling could thus be caused by an increased volumetric expansion in the particles.



These two trends are shown in a statistically significant manner in Figure 4b. The first trend concerns the modulus drop between the pristine and the immersed sample for all strain rates whereas the second trend involves a progressive increase in the modulus between immersed, one- or three-cycle, and fifty-cycle samples. However, the difference between immersed, one-, and three-cycle samples is only statistically significant for the 1% strain. We therefore refrain from drawing conclusions from the difference between immersed, one-, and three-cycle samples and only show the three-cycle sample in the cross-section analysis in Figure 8.



Electrochemical impedance spectroscopy was measured at the equivalent cycling stages. Between one and three cycles, a decrease in semi-circle size and HFR was observed. This is commonly reported in the literature and is associated with the activation and wetting of the electrode material [54,55]. After fifty cycles, both the HFR and semi-circle size increased. Previous reports have linked the increase in semi-circle size to the redistribution and de-activation of the carbon black additive [56]. The insignificant mechanical changes between one- and three-cycle samples suggest this electrochemical process does not alter mechanical properties.



Cross-sectioning and subsequent image analysis show a significant change in particle and binder phase properties. Between three cycles and fifty cycles, a slight increase in the active layer thickness could be observed. The particle swelling is likely caused by the cyclic expansion during lithiation and delithiation and the resulting separation of primary particles in the secondary particle agglomerates. This is in line with recent investigations, where synchrotron tomography was used to capture the morphology of cycle-aged lithium-ion battery electrodes [57]. The image analysis also revealed a decrease in particle diameter after immersion and then an increase during cycling (see Figure 8). Note that the box plots shown in Figure 8a,b represent distributions of properties, meaning a change in the distribution properties, i.e., in the median and the quartiles, cannot be disqualified as insignificant by similar box size or whisker length. Instead, a statistical test should be used to assess the likelihood that the two independent sample sets are, in fact, samples drawn from the same distribution. We employ the Kruskal–Wallis test [58]. We dismiss this 0-hypothesis, as the evaluated likelihood that the samples are drawn from the same distribution is below 0.1%.



We suggest mechanical and chemical mechanisms responsible for the observed mechanical, electrochemical, and microstructural changes. From the calendaring stage, significant residual stresses exist in the pristine samples. During calendaring, the binder phase is compressed and plastically deformed. After the release of the calendaring force, a springback results, and it can be expected that the particles are subjected to compressive forces from particle–particle contacts [34,59]. The binder will instead, on average, be loaded with tension. When the electrode is immersed in electrolyte, the binder swells and softens [32,60] and built-in residual stresses are largely released. This results in a thickening of the binder–particle contacts and thereby an increase in the thickness of the electrode, which also is observed in the data (see Table 1). The softening of the binder, an expected decrease in the number of particle–particle contacts, and a lower particle volume fraction will also result in a decrease in the electrode stiffness for soaked and dried electrodes, which can also be observed in Figure 4b.



The calendaring stage results in certain particles cracking. However, due to the compressive forces between neighboring particles, many of the cracked particles are left more or less intact. The release of tensile binder stresses in the electrolyte immersion stage also causes a release of compressive particle–particle forces. This release of the compressive forces, combined with the overall volume expansion that results from immersion with electrolyte, makes it possible for cracked particles to be more distinctly divided into “separate” particles. This could be an explanation for the decrease in average particle diameter and circularity after immersion in the electrolyte and initial cycling (see Figure 8). The separation of cracked particles could also be a contribution to the observed decrease in stiffness (Figure 4b). This is likely a prominent mechanism in energy-optimized electrodes with lower porosity and a larger number of particle–particle contacts. In the pristine stage, primary particle adhesion could be overcome by tensile stresses in the binder, resulting in a slight expansion of the particles. The binder pulls on the primary particles, slightly increasing primary particle grain separation in the secondary particle agglomerate. The release of these stresses during electrolyte immersion releases the tension on primary particles in the secondary particle agglomerates and thereby causes the observed drop in particle size (Figure 8). It is likely that both effects occur in parallel; however, given the current evidence, we cannot discern which one dominates, and further work is required to validate the proposed mechanisms.



During subsequent electrochemical usage, the particles expand cyclically, which is known to cause grain separation and particle cracking [57,61]. In Table 1, it is noted that there is an irreversible expansion of the active layer thickness with the number of cycles. This type of irreversible swelling has been observed in several experimental investigations [3,5,62]. The increase in average particle diameter with the number of cycles (cf. Figure 8a) is most likely the major cause for the increase in layer thickness. Remembering that the active layer is constrained by the current collector, an increase in particle diameter will lead to an increase in particle–particle contacts, which is reflected in a higher compressive modulus with the number of cycles (see Figure 4b). The particle expansion also causes a rearrangement of the binder/carbon additive phase, which is reflected in the expansion of the charge-transfer semi-circle in the measured impedance spectra (Figure 6) with the number of cycles.



As our study focuses only on the earliest stage of the battery lifetime, it is likely the layer-level modulus will change significantly for a higher number of cycles where considerable particle cracking is expected. Microscale testing techniques can be employed to evaluate the individual mechanical properties of the electrode components to explain the changes in macroscopic properties [63]. A drawback of the U-shape bending technique is that only the average macro-mechanical properties can be calculated. Detailed micromechanical studies of the interaction of binder and particle phases are therefore needed to study individual components of the electrode and validate the mechanisms proposed above.



It must also be noted that the measurement of the evolution of the tensile modulus is equally important, since inside the battery cell, the stress state changes continuously during charging and discharging. However, we restricted our studies to the investigation of compressive modulus only. The presented methodology is general and can be used to study the macroscopic behavior of an electrode with different material compositions and porosity, under both compression and tension.




5. Conclusions


In this study, the U-shape bending test method was used to determine the macroscopic mechanical properties of an electrode active layer during early-stage cycling. The following observations were made:




	
Mechanical characterization of pristine material overestimates the elastic modulus. The compressive modulus of the electrode dropped significantly after being immersed in the electrolyte overnight compared to the pristine electrode.



	
There was an observed increase in the elastic modulus during the initial stages of cycling in nickel-rich battery electrodes.



	
Electrochemical impedance spectra show an increase in characteristic semi-circle size and high-frequency resistance. The increase in semi-circle size corresponds to a rise in local resistance near the particle–electrolyte interface.



	
Qualitative and quantitative analyses of cross-sections show that particle properties change significantly between pristine and cycled samples. After electrolyte exposure, first a decrease and then a subsequent increase in particle diameter and circularity during cycling was observed.








Swelling of particles and an augmented number of particle–particle contacts are probable factors contributing to the rise in the elastic modulus of the porous layer induced by cycling [13]. These observations allow us to conclude that layer-level mechanical properties change significantly during the utilization of the battery. The significant drop in modulus between pristine and immersed samples and the steady increase during early cycling are not sufficiently well understood and have not been previously reported. Our results show that interactions between particles and the binder dominate macroscopic properties, implying that the commonly measured particle stiffness only plays a minor role in macroscopic mechanical properties. Instead, future research should focus on methods capable of measuring interactions between the binder and individual particles directly. Furthermore, it is of interest to understand this system not only in a pristine state but also under the effects of immersion and electrode utilization, as our results show a softening due to electrolyte immersion followed by subsequent stiffening due to electrochemical utilization. The link between electrochemical utilization and mechanical properties is similarly challenging and in operando methodology must be developed to validate proposed mechanisms.
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Figure 1. (a) Test set-up with an electrode sample taped to faceplates in the tensile testing machine; (b) Schematic of the electrode sample with an active layer subjected to compression [40]. 
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Figure 2. Pouch cell geometry showing the graphite counter electrode and the 10 cm × 1 cm NMC622 electrode that were investigated in this study. 
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Figure 3. Results for the dry pristine electrode sample U-shape bending tests with unloading steps: (a) force vs. faceplate separation (Δ), (b) force vs. 1/∆2, (c) root mean squared strain in the positive electrode active layer vs. faceplate separation. 
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Figure 4. (a) Force vs. 1/∆2 plot for pristine samples, immersed samples, and samples subjected to different cycles; (b) Comparison of the compressive elastic modulus of samples subjected to different cycles with different bending strains. The mean compressive elastic modulus is indicated by vertical bars and the error bars denote the standard deviation. 
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Figure 5. Two 10 × 1 cm cells (a) and two 18 mm diameter pouch cells (b) during 50 galvanostatic cycles at 25 °C. The markers denote the coulombic efficiency, and the lines show the capacity fade. The 10 × 1 cm pouch cells lose less than 10% C/3 capacity during 50 cycles in (a), whereas the more conventional geometry in (b) loses a maximum of 5% capacity. 
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Figure 6. Electrochemical impedance spectroscopy of NMC622 at 3.8 V vs. Li/Li+ at 25 °C. Bode plot showing (a) the average and deviation over two samples and a Nyquist plot in (b) with the average impedance of the two cells in (a). Impedance is shown after one, three, and fifty cycles. In (a), two independent samples are included, the maximum and minimum are shown as error bars, and the mean is shown by the markers. In (b), only the mean is shown. Impedance decreases from one to three cycles and increases again after fifty cycles. All impedance spectra were measured in the El-cell three-electrode setup. Note that due to limited cycling stability in this three-electrode cell, only one-cycle and three-cycle samples were cycled directly in this setup, whereas the fifty-cycle sample was harvested from a pouch cell. 
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Figure 7. SEM cross-section micrographs of pristine (a), immersed (b), three-cycle (c), and fifty-cycle (d) electrodes. Note that the carbon black and binder phases are porous and thereby contribute to the electrodes’ porosity. 
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Figure 8. Image analysis-derived particle size distribution (a) and circularity (b) at various stages. In (a,b), the median particle property is indicated by a horizontal line and the mean is denoted by a circle. The whiskers contain the maximum and minimum values of the distributions, and the colored boxes denote the second and third quartiles. In (a), the pristine sample shows the largest particles. In the three-cycle sample, the mean particle size decreased significantly (by ~1 µm). After fifty cycles, the average particle size increased again. A similar trend is observed for the particle circularity in (b). Particles in the pristine sample are mostly circular but contact with the electrolyte and subsequent electrochemical utilization causes cyclic stresses and shape changes in the particles. The statistics were derived through image analysis of the cross-sections shown in Figure 7. 
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Table 1. Positive electrode samples subjected to different levels of electrochemical cycling. Note that the thickness of the active layer is calculated by subtracting the known thickness of the aluminum current collector (20 µm) from the measured thickness of the electrode. The average and standard deviation of three measurements are given and all samples were cleaned with DMC and dried in the glovebox for a minimum of 12 h.
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	Specification of Samples
	Measured Thickness of the Active Layer (µm)





	Pristine
	111 ± 1



	Immersed
	118 ± 1



	1 cycle
	119 ± 1



	3 cycles
	120 ± 1



	50 cycles
	121 ± 1
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