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Abstract

A major challenge for lithium-ion batteries based on nickel-rich layered oxide cathodes is capacity fading. While chemo-mechanical degradation and/or structural transformation are widely considered responsible for degradation, a comprehensive understanding of this process is still not complete. For the stable performance of these cathode materials, aluminium (Al) plays a crucial role, not only as a current collector but also as substitutional element for the transition metals in the cathodes and a protective oxide coating (as Al2O3). However, excess Al can be detrimental due to both its redox inactive nature in the cathode and the insulating nature of Al2O3. In this work, we report an analysis of the Al content in two different types of nickel-rich manganese cobalt oxide cathode materials after battery cycling. Our results indicate a significant thickening of Al-containing phases on the surface of the NMC811 electrode. Similar results are observed from commercial batteries (a mixture of NMC532 and LiMn2O4) that were analyzed before use and at the end of life, where Al-containing phases were found to increase significantly at surfaces and grain boundaries. Considering the detrimental effects of the excess Al in the nickel-rich cathodes, our observation of increased Al content via battery cycling is believed to bring a new perspective to the on-going discussions regarding the capacity fading phenomenon of nickel-rich layered oxide materials as part of their complex degradation mechanisms.
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The global demand for electrochemical energy storage systems has led to an increase in research into the development of advanced lithium-ion batteries (LIB).1-6 From fulfilling individual needs for the small-scale storage of electricity in household gadgets, to providing larger-scale storage capacities in electric vehicles, LIBs have now become an intrinsic part of human activities, that promises to increase significantly in the future as we all strive for cleaner energy with a reduced environmental impact.6, 7 To increase the applications of LIBs and facilitate their incorporation into more aspects of modern society, current research goals aim to address current limitations by making LIBs cheaper, safer, more durable, and higher-performing both per unit mass and per unit volume.2, 8 Developments of these technologies must also bear in mind the need for an environmentally friendly circular economy, providing routes to battery recycling.
One of the materials that is currently being investigated to overcome the limited charge storage capacity (< 200 mAh/g) of conventional lithium-ion battery materials (e.g. LiMn2O4, LiFePO4, and LiCoO2 cathodes),9, 10 is nickel-rich layered materials with high-energy densities such as LiNixCoyAlzO2 (NCA) and LiNixMnyCozO2 (NMC).5, 8 Despite the high intrinsic charge storage capacity in NMC (> 220 mAh/g) which can contribute to energy density approaching 800 Wh/kg in battery cells, a major challenge of nickel-rich materials is performance degradation, particularly in terms of capacity fading.9, 11, 12 The primary origin of this fading with the number of charge-discharge cycles, has been explained by their vulnerable nature to chemo-mechanical degradation and detrimental structural transformation compared to their low nickel-containing alternatives.12-15
Analysis of NMC under a wide variety of cycling conditions has revealed an extensive understanding of potential degradation effects. These include oxygen depletion, phase transformations to the spinel and rock-salt structures, transition metal dissolution, and side reactions at the cathode/electrolyte interface.9, 12, 16, 17 While comprehensive mechanisms for how these complex parameters mutually interact and govern overall performance degradation, surface coatings of nickel-rich layered particles such MgO and Al2O3 have already been applied as effective solutions that enhance cyclic performance.17-19 The improved capacity retention created by these coatings is widely believed to be enabled by suppressing both the undesired surface reactions and the structural and chemical transitions within the cathode material.17, 19-21 Nonetheless, there are as yet few reports of the underlying mechanisms through which these coating layers interact with the active cathode particles.17, 20
Along with forming an oxide protection layer (Al2O3) and substitution of electrochemically-active elements (e.g. NCA), aluminium (Al) chemistry in LIBs has also played a crucial role in current collectors within the cathode compartment. When being applied as a thin foil as current collectors for cathodes, metal Al alone is considered to be vulnerable to corrosions such as a hole or pitting formation.22-25 Fortunately, the surface of the initial metal Al can be protected by an Al2O3 passivation layer which can be naturally formed depending on the type of the electrolyte and its impurity content (with impurities such as H2O and HF being present).24-29 Recent studies, however, show that even with an Al2O3 layer, Al current collectors can be still exposed to chemical and anodic dissolution.25, 30 With the presence of HF, the Al2O3 layer can be converted to more stable AlF3, meaning that LiPF6-based electrolytes may have a performance advantage as they generate HF through a decomposition reaction with water.25, 31 However, Zhang et al. reported that the Al current collector in a LiPF6-containing electrolyte is still susceptible to corrosion.23
To understand the role that Al may play in controlling the capacity fading mechanism of nickel-rich layered oxide cathodes in LIBs, here we report the age-driven aluminium contamination process on NMC-type nickel-rich layered oxides by investigating the two different commercially available battery cathodes. Through atomic scale scanning transmission electron microscopy (STEM) observations coupled with time-of-flight secondary ion mass spectrometry (ToF-SIMS) we find that the Al in the system migrates during cycling to interfaces and defects, in some cases leading to nanoscale intergranular films being formed. As such films are known to have a deleterious effect on battery performance, here we discuss the correlation between the observed aluminium contamination to the surface layers on the nickel rich cathodes and the evolution of the properties of the system with cycling history.
While the structure of the commercially available LIBs varies from a single-stack coin cell to multi-stack pouch or cylindrical cells, the layout inside the batteries is almost identical; consisting of a cathode (or positive electrode), an anode (or negative electrode), a porous separator, and current collectors (schematically described in Figure 1A). In the case of commercial LIBs with NMC cathodes, graphite is generally the anode material, with Al and copper (Cu) current collectors in the cathode and anode, respectively. The Targray NMC811 cathode particles used in this work have a typical morphology of spherical secondary particles consisting of primary particles12, 15, 32 as presented by scanning electron microscopy (SEM) (see also Supporting Information, Figure S1); the primary particles within a size of ca 0.1-0.2 µm are densely packed, forming spherical secondary particles of a size of about 4-20 µm (Figure S1A-B).
The average capacity retention performance of the NMC811 cathodes from two LIB coin cells is shown in Figure 1B. To investigate the origin of the capacity fade in these cathode materials, the samples were collected after 1 and 300 battery ageing cycles at 4.2 V and subsequently reassembled in lithium half-cells and delithiated to the same charged state (4.3 V vs Li). Then, we examined several secondary particles from the sample after 300 cycles by continuous cross-sectioning via a focused-ion beam, FIB. As demonstrated by one of these examples (see also Supporting Information, Figure S1C), we have found no visible sign of crack formation in the investigated samples. These results are consistent with our previous study by in-situ XRD and imply that chemo-mechanical degradation is not a governing factor for the capacity fading in these materials.33 A rather convincing explanation for at least one source of capacity fade (of the cathode) is the surface reconstruction on the edge of the NMC811 particle from the initial layered rhombohedral (, Figure 1C) to face-centered cubic ()  structure. The formation of a surface rocksalt structure orthogonal to Li diffusion channels can pin the lattice planes of the  layered structure and lead to a limited maximum state-of-charge for lithium deintercalation.33 
To investigate further avenues for performance degradation in nickel-rich layered oxides materials, three NMC811 electrodes at different ageing conditions were examined for ToF-SIMS analysis: the pristine Targray electrode, and the Targray cathodes after 1 and 300 cycles at 4.2 V in a full-cell configuration. In a negative acquisition mode, Al was found on a large area of the surface (250 µm x 250 µm) of all samples as evidenced by Al+, AlO-, AlO2-, and AlF4- fragments (Supporting Information, Figure S2-3). These fragments can all be identified as components that could originate from the Al2O3 NMC coatings, these coatings reacting with HF to give AlF3, or the Al current collector and its Al2O3 natural oxide.21, 24-26, 34-36 The formation of AlF3 or Al2O3 may have also been enabled by additional sources of Al in the electrolyte (as a poison or an additive). However, the concentration of Al in the pristine electrolyte was below the detection limit of our inductively coupled plasma atomic emission spectroscopy (ICP-OES) measurement (< 3.5 µg/L or < 175 ng in the 50 µl of electrolyte used per cell); details in Supporting Information Table S1. Taking the upper-bound of the potential Al contamination in the pristine electrolyte, this would correspond to < 3.0 x 10-5 ratio of Al to transition metals in the NMC811 cathode and would not likely be challenging to quantify on a bulk scale by the STEM-EDX measurements discussed later.  A more significant source of Al is corrosion from the Al-current collector (at the cathode).  ICP-OES measurements have shown Al µg-level deposits on the anode after cycling, indicating that there is significant Al dissolution, migration and deposition in these cells (Supporting Information, Figure S6).  We also note that significant deposits of nickel, manganese and cobalt also were measured at the anode in agreement with other studies on NMC cathodes.37, 38 
The normalised ToF-SIMS depth profiles no deeper than ~500 nm from the surface obtained via Cs+ sputtering (Figure 2A, point-to-point normalised to the total counts) show a general tendency in all samples that the AlO- signals increase at the beginning of the sputtering and start decreasing after reaching the peak values. The same trend was observed for the AlF4- signal from the sample after 300 cycles while the monotonous weakening of the AlF4- signal can be perceived for the pristine electrode and the sample after the 1st cycle. These tendencies indicate the presence of an Al and F containing layer on the surface of the secondary NMC particles and Al and O containing layer underneath. These results are consistent with the related Li-ion battery studies that AlF3 layers can be formed on the Al2O3 layer through a reaction with HF.21, 25, 26 Based on the ToF-SIMS data for the pristine electrode, the possible structure of the NMC primary particle was schematically illustrated in Figure 2B; the illustration is not precisely scaled with the actual size of the phases, the size of the primary and secondary particles are roughly estimated based on the SEM images (Supporting Information, Figure S1).
As the cycle number increases (Figure 2A), the signal intensities for AlF4- and AlO- gradually enhance, implying that Al is introduced to the NMC particles from additional Al sources. While the presence of these fragments is consistent with other related studies regarding Al2O3 and AlF3 passivation layers,18, 21, 24-26 the increased Al content in Nickel-rich cathodes after battery ageing processes has not been reported so far. Also, we found that the peak of AlO- signal shifts to higher sputtering cycles at higher battery cycling numbers while no such shift was observed for the AlF4- signal (see also Supporting Information, Figure S2B). The shift of AlO- signal may originate in the thickening of the cathode electrolyte interface (CEI) consisting of species like LiF, Li2CO3, and LixPOyFz.39-42 The CEI layer can be effectively investigated based on F containing signals such as Li2F3- and LiF2- (Figure 2C, see also Supporting Information, Figure S3).39 The profiles of these signals, however, did exhibit only a fraction of a shift as compared to the AlO- profile. Therefore, the peak shift from the AlO- is considered to be caused more likely due to the thickening of the Al-containing layer rather than due to the growth of the CEI layer. 
The cathode materials described above have also been analysed by Z-contrast imaging404342424240 and energy dispersive X-ray spectroscopy (EDX)41 in the scanning transmission electron microscope (STEM). The ~1 nm spatial resolution of the Z-contrast images, which allow variations in mass-thickness to be easily observed, and the EDX spectra, which allow the composition variations to be quantified to ~2-5 % accuracy, permit the locations of the Al phases observed by ToF-SIMS to be identified within the microstructure of the cathode materials. To investigate this spatial distribution, we examined 5 random areas from the various primary particles in the size of 0.1-2.0 μm for each sample via STEM-EDX. The elemental signal mapping data (Figure 3A) indicates that particles in all samples (pristine NMC811 powder, electrodes after 1 and 300 cycles) contain O, Mn, Co and Ni, which are core elements of the NMC cathode. Consistent with the ToF-SIMS, there is a trace level of Al in the pristine electrode,21 and an increased concentration of Al distributed within and upon the aged cathode materials (Supporting Information, Figure S4).
[bookmark: _GoBack]A further detailed demonstration of the statistical analysis, the elemental composition of Ni, Mn, Co, and Al is shown in Figure 3B (see also Supporting Information for the entire elemental composition containing oxygen, Figure S5A). The analysed data shows a relatively homogeneous stoichiometry of Ni, Mn, and Co (ca. 8:1:1) for all investigated samples as also evidenced by uniformly distributed mapping signals (see also Supporting Information, Figure S4B). Interestingly, the distribution of the higher Al content (Figure 3B, inset) after an increased number of battery cycles suggests that Al is present not only at the outer shell of the secondary particles but also in the primary particles beneath the surface (see also Supporting Information for the detailed evidence of Al, Figure S4C-F).
As shown in Figure 1 and discussed earlier in this paper, the initial layered structure of NMC can be converted into a spinel and/or rock salt-like structure when the NMC cathode undergoes long-term electrochemical cycling.14, 33, 44 Interestingly,33 the samples used in this work did not undergo such major structural transformations; instead, a partial transition from the layered structure to the face-centered cubic structure was observed at the surface layer after 300 cycles at the cell voltage of 4.2 V. This surface-reconstructed area is shown in ADF-STEM images Figure 3C to exist over no more than a few unit cells at the particle surfaces associated with a surface covering of alumina. Based on the crystal structure and the distribution of Al content (Figure 3A, see also Supporting Information, Figure S6B), it seems unlikely that the high Al content after cycling is contained only within the rock-salt structure, but rather that the alumina surface layer controls the formation of this surface phase.45, 46 Given the nature of the cathode materials, i.e. polycrystalline, a possible location for the Al-containing phase is along the grain boundaries between the primary particles. 
One means to be able to see the Al presence at grain boundaries would be to further cycle the materials and increase the Al content even further. Unfortunately, this was not possible with the raw materials available for the controlled cycling study shown above, end of life came shortly after the current number of cycles. However, we can access the distribution of Al after extended cycling by using the STEM-EDX method to characterise highly aged commercial batteries which consist of similar cathode materials. Figure 4 shows EDX maps obtained from 1st generation Nissan Leaf batteries. The first set of maps is from a pristine battery cathode from a quality control (QC) failed cell, while the second set of maps is obtained from an end-of-life cell that had been driven in a Nissan Leaf for many years. While these battery materials do not have the controlled history of the samples shown in Figure 1-3, all samples were dismantled in glove boxes and used powders from the same source (in this case there are additional variables, as in the first generation of Nissan Leaf batteries used a mixture of LMO and Al doped NMC (532) for its cathode materials). Of key importance in these results is the observation of a more uniform distribution of Al at low-levels in the pristine material, that is transformed into a higher concentration at specific locations in the end-of-life battery. The large deposits of Al-containing phases seem to correspond to “pockets” at major intersections between the grains of the primary cathode particles.  However, such large Al agglomerates were not observed in the case of the NMC811 in the initial 300 cycles (probably due to the higher starting Al content in these real-world materials). A likely scenario here is that the amount of Al2O3 in the grain boundary is not sufficient to be quantified by EDX (anything less than ~2% will likely be below the noise threshold) for the latter case. Nonetheless, the similarity in the pristine materials and the extension of the same behaviour in both these samples indicates that the mobility of the Al-containing phases in the cathode is a real effect that must be considered for degradation and given that these are now distinct phases that are present, also for the recycling of LIBs.
While the ToF-SIMS and STEM-EDX analysis evidently indicate the increasing Al content during ageing/degradation, the exact origin of Al is unclear at this stage. The possible sources of Al could be Al2O3 surface layers on the primary cathode particles and the Al current collector. Based on the previous studies regarding the Al current collector in LIBs, 23, 25, 30 24-29 perhaps the most obvious route is the dissolution of the current collector to the electrolyte (see also Supporting Information, Figure S6), but identification of the exact mechanism will be the subject of future work. While the origin of the excess Al may not be easily identifiable, there is no doubt from the different sets of results that it is present upon cycling, and as such we can speculate as to its role in degradation processes. Considering the electrically insulating feature and redox inactive nature of Al2O3 for the lithium battery operations, the thickness of the protective aluminium oxide layer has been shown to be optimised at a value of ~2 nm.47, 48 For instance, Zhu et al. systematically investigated the influence of Al2O3 coating layer on NMC811 via atomic layer deposition and observed a detrimental effect of the coating layer to lithium storage capacity when the thickness exceeds 5 nm.48 Hence, only the adequate amount of Al on the coating layer seems to be beneficial, which can help with the diffusion of Li into the NMC while at the same time suppressing the formation of a CEI layer, improving cyclability of the material.47 In addition, as discussed here, there also appears to be a decrease in the formation of secondary phases during cycling when Al is present, further decreasing the capacity fading of the system. The presence of the Al-containing phase at grain boundaries may offer another benefit. Intergranular films have for many years been used with polycrystalline ceramic oxides and nitrides to reduce crack propagation and improve overall mechanical properties.49 The lack of chemo-mechanical deformation in these samples may be an indication of this effect. The grain boundary effect is also supported by the presence of larger Al deposits in the end-of-life commercial battery. It is known that diffusion typically takes place in intergranular films resulting in large deposits at the triple points in the grain boundary networks.50 The continual supply of Al from other parts of the battery structure may turn the advantageous Al2O3 interface layer that helps suppress capacity fading at the start of life into a process that accelerates it as the battery continues to age and these phases increase beyond the critical thickness.
To conclude, we have investigated the role of Al contamination on the battery ageing process using ToF-SIMS and STEM-EDX analysis. Pristine NMC 811 samples possessing a sub-nm coating of Al2O3 are found to be increasingly covered with thicker layers of Al-containing phases as the cycling and ageing process proceeds - evidence suggests the thickening is an increase in an Al-containing phase on the primary particle grain boundaries with a relatively constant and thin AlF3 or aluminium oxyfluoride layer on top. While the presence of a small amount of aluminium in the cathodes is widely believed to enhance the stability of nickel-rich layer oxides, detrimental effects are also expected for an excessive amount of Al2O3 and the incorporation of Al in the NMC structure. Our results, therefore, suggest that at some point during the ageing process, the increasing level of Al-containing phases may switch from preventing capacity fading to, perhaps, enhancing it. Given that intergranular films can affect both the mechanical, electrical and chemical properties of polycrystalline systems, determining which effect is predominant under specific conditions will require further study, including the detailed roles of Al contamination in the nickel-rich layered oxides with other reported phenomena such as oxygen depletion, phase transition, and transition metal dissolution. 
Methods
Materials
The graphite electrodes and polycrystalline NMC811 are fabricated and provided by the Argonne National Laboratory CAMP facility. Briefly, the NMC cathode (batch code A-C020) is composed of 90 wt% NMC811 (Targray), 5 wt% carbon black (Timcal C45), 5 wt% PVDF binder (Solvay 5130), and the graphite electrode consists of 91.83 wt% graphite powder (Hitachi MagE3), 0.17 wt% oxalic acid, 6 wt% PVDF binder (Kureha 9300), and 2 wt% carbon black (Timcal C45). These laminate electrodes were then punched into 14 mm (NMC811 cathode) and 15 mm (graphite electrode) circular disks, respectively. Then, these circular electrodes were dried further at 120 °C for 12 h under dynamic vacuum (~10-2 mbar) in Büchi oven and transferred to glovebox without air-exposure. As electrolytes, 1 M LiPF6, EC/EMC 3/7 (LP57, SoulBrain MI, USA) was used in this work, and the separator was Celgard 3501. The Celgard separator was punched into 16 mm disks, washed in ethanol three times and dried at 50 °C under vacuum.
The pristine battery material was obtained from a first generation Nissan Leaf battery pack that had undergone QC fail (not because of the material quality but due to the mechanical failure in the contacts) and was never cycled. The end-of-life battery material was obtained from a first generation Nissan Leaf battery pack that was used in a road vehicle for many years. All samples were extracted using a glove box to ensure no atmospheric degradation processes took place.
Battery assembly and cycling
Long-term cyclability were all performed in NMC/graphite full-cells using 2032 coin cells (Cambridge Energy Solution). Coin-cells were assembled in an Ar-atmosphere (O2 < 1ppm, H2O < 1 ppm) glovebox. Full cells were composed of a 14 mm NMC cathode, 16 mm separator and 15 mm graphite anode, and 50 µL electrolyte was added to each coin cell. The electrolyte used in polycrystalline NMC/graphite full-cells was LP57. The cells were aged at a rate of C/2 (calculated based on a reversible capacity of 200 mAh g-1 of NMC cathode) between 4.2 V and 2.5 V at room temperature (20±1 ºC) using CCCV (constant current constant voltage) charging and CC (constant current) discharging protocol. CCCV charging was composed of a constant current step followed by a constant voltage hold at the upper cutoff voltage, i.e. 4.2 V, until the current dropped below the value of C/20. Prior to the ageing cycles, one tap charge process and two formation cycles were applied. Tap charge was performed by holding the cells at 1.5 V for 15 min, followed by a long rest of 6 h to allow cells to be fully wetted. Formation cycles were conducted at C/20 rate also using CCCV charging (current limit of the CV step is C/40) and CC discharging protocol. For post-mortem samples at certain voltage or state-of-charge after extended ageing, full-cells were disassembled inside a glovebox.
Material characterisation
[bookmark: _Toc503897043]All NMC811 samples were stored and prepared in the Ar glove box. The morphology of NMC811 samples was investigated by a JEOL JSM 7001F field emission scanning microscope (FE-SEM) at an acceleration voltage of 15 kV and SEM-FIB (FEI Helios Nanolab 600i). The dark-field scanning transmission electron images (DF-STEM) were taken with an aberration-corrected JEOL JEM-2100 operated at 200kV. With the latter setup, EDX data was obtained by EDAX Octane T Optima windowless 60 mm2 SDD EDX detector with a dwell time of 0.1 μs. For STEM and EDX analysis, the samples were crushed and placed on lacey-carbon-coated Au grids. 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), a SIMS 5 spectrometer (IONTOF GmbH, Münster, Germany), was applied for the chemical analysis. The analysis was performed in the high current bunch mode (HCBM) with a 25 keV Bi+ primary beam over an area of 250 µm × 250 µm for all NMC samples. For sputtering, a 1 keV Cs+ sputtering beam was applied with a raster area of 500 µm × 500 µm. The beam current of Cs+ was consistent during sputtering for all three samples. Additionally, all the samples were mounted in an Ar-filled glovebox and were transferred into the instrument within a vacuum suitcase which was opened in the loadlock chamber until the pressure was lower than 10-5 mbar in order to avoid the influence from ambient environment.  
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Figure 1: (A) Schematic illustration of a lithium-ion battery cell. For simplicity, the binding material is not illustrated. However, in our study, we applied PVDF binder for NMC811 cathodes. (B) Capacity fading of NMC811 Targray cathodes (C-D) ADF-STEM images of the NMC811 Targray particle. (C) Layered rhombohedral structure of the pristine electrode in [001] zone axis. The scale in the main image is 2 nm, and 0.5 nm in the inset on the right (D) Rock salt is formed orthogonal to the lithium diffusion channels of the layered structure.
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Figure 2: ToF-SIMS data and schematic illustration of NMC811 Targray electrode. A) Depth profiles for AlO- and AlF4- fragments obtained by Cs+ sputtering for the pristine NMC electrode and the NMC Targray cathode after 1 and 300 cycles at 4.2 V in a full cell. The intensity is point-to-point normalised to the total counts. (B) Schematic illustration of the cathode compartment in a full cell, a secondary particle with Al2O3 and AlF3 coating layers, and the detailed illustration for the pristine and the aged sample; from left to right. (C) Depth profiles for AlO- and Li2F3- fragments.
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Figure 3: STEM-EDX analysis of the pristine NMC811 Targray powder and NMC811 Targray cathodes after 1 and 300 cycles at 4.2 V in a full cell. (A) Elemental EDX mapping based on signal integral. (B) Statistical elemental composition based on EDX analysis. (C) ADF-STEM image of the particle after 300 cycles presented in (A) in the bottom row. Insets show ADF-STEM atomic resolution images for the areas labelled as left, middle, and right; the unfiltered images in the top row and FFT-filtered images in the bottom row.
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Figure 4: STEM-EDX maps showing the presence and distribution of Al in (A) a pristine and (B) an end-of-life cathode from a first generation Nissan leaf battery. Over the extended cycling of the battery, Al containing phases appear to increase and form primarily at grain boundary triple pockets. Care was taken to acquire samples away from the Al current collector to avoid contamination artifacts, and all sample preparation took place in a glove box. The formation of large Al phases has an effect on degradation, recycling and second life applications of LIBs. The scale bar is 0.5 and 2.0 µm for the pristine and the end of life electrode, respectively.
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