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Abstract

:

Among lithium battery cathode materials, Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC) has a high theoretical capacity, but suffers from voltage and capacity fade during cycling. This is partially ascribed to transition metal cation migration, which involves the local transformation of the honeycomb layered structure to spinel-like nano-domains. Determination of the honeycomb layered/spinel phase ratio from powder X-ray diffraction data is hindered by the nanoscale of the functional material and the domains, diverse types of twinning, stacking faults, and the possible presence of the rock salt phase. Determining the phase ratio from transmission electron microscopy imaging can only be done for thin regions near the surfaces of the crystals, and the intense beam that is needed for imaging induces the same transformation to spinel as cycling does. In this article, it is demonstrated that the low electron dose sufficient for electron diffraction allows the collection of data without inducing a phase transformation. Using calculated electron diffraction patterns, we demonstrate that it is possible to determine the volume ratio of the different phases in the particles using a pair-wise comparison of the intensities of the reflections. Using this method, the volume ratio of spinel structure to honeycomb layered structure is determined for a submicron sized crystal from experimental three-dimensional electron diffraction (3D ED) and precession electron diffraction (PED) data. Both twinning and the possible presence of the rock salt phase are taken into account. After 150 charge–discharge cycles, 4% of the volume in LR-NMC particles was transformed irreversibly from the honeycomb layered structure to the spinel structure. The proposed method would be applicable to other multi-phase materials as well.
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1. Introduction


Battery cathode materials based on Li1+δ(Ni1−x−yMnxCoy)1+δO2 are widely investigated in various compositions for the different advantages that specific Li:Ni:Mn:Co ratios can give in capacity and power density. Voltage fade and capacity fade are not yet optimally subdued, partially due to the creation of secondary phases during cycling [1,2,3,4]. Their parent structure is a layered LiCoO2 type, and in the case of lithium-rich compounds (δ > 0)—such as the Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC) studied in this paper—there is a honeycomb order between the lithium atoms and the transition metal atoms in the transition metal layers (Figure 1a). Upon cycling, some of the transition metal atoms migrate into the octahedral positions within the lithium layers via the tetrahedral positions, which can occur in an ordered manner, creating a spinel structure locally [1,5] (Figure 1c). There can also be a further transformation to a rock salt type structure with disorder between the lithium atoms and the transition metal atoms [6] (Figure 1d). Furthermore, surface layers with different compositions, both amorphous and crystalline, can be formed [7].



The complex formation of secondary phases upon cycling is easiest to investigate by transmission electron microscopy (TEM), as this allows the direction observation of the structure at atomic resolution using different high-resolution imaging techniques [4,7,8]. However, it has been demonstrated that these compounds are sensitive to the electron beam, and imaging these particles has the same effect of turning the layered structure into a spinel structure [8,9,10]. Because of this, it is difficult to conclude that a certain change in the structure is due to cycling and not due to the electron beam. Moreover, it has been shown that twins originating from   F m  3 ¯  m   rock salt type structure to   R  3 ¯  m   layered structure (Figure 1d,b) symmetry lowering during synthesis can easily be mistaken for the occurrence of spinel or rock salt phases when relying only on images [11,12,13].



From TEM imaging, the spinel structure is observed at the surface of the particles [1]. In situ synchrotron X-ray diffraction showed that there are also transition metals in the octahedral positions of the lithium layers (corresponding to transition metal positions in spinel but not in layered phases) in the bulk of the particles [2]. X-ray powder diffraction needs modelling and the implementation of various assumptions [2]. However, single-crystal X-ray diffraction cannot be used to determine the evolution of the structure because the lithium diffusion paths are too long to give a representative behavior in single crystals of a large enough size for single crystal X-ray diffraction. TEM imaging techniques are inadequate to detect the occurrence of spinel in the bulk of the crystals because the thickness of the crystals prevents the obtaining of clear images of bulk areas.



Therefore, we suggest using electron diffraction instead. In contrast to single-crystal X-ray or neutron diffraction, single-crystal electron diffraction can be done on submicron-sized crystals, which is the size used in battery cathode materials. When compared to TEM imaging, electron diffraction can readily distinguish whether extra reflections are due to twinning or due to the formation of the spinel phase [11,12,13]. Furthermore, electron diffraction requires lower beam intensities while still giving access to information at the level of atom coordinates, even of the lithium ions [14,15,16,17,18].



Still, whereas the amount of transition metal atoms in tetrahedral positions can be obtained using least squares refinement from three-dimensional electron diffraction (3D ED) data for Ni-rich LiNi1−x−yMnxCoyO2 compounds [19], least squares refinement of LR-NMC from 3D ED data has not yet been successful due to the presence of strong diffuse streaks along the c* axis in the electron diffraction patterns. The intensity maxima along the diffuse streaks are caused by twins originating from extra   R  3 ¯  m   (Figure 1b) to   C 2 / m   (Figure 1a) symmetry lowering. The diffuse streaked character of these reflections is due to the nanoscale stacking of slabs of the different twins. When the samples are cycled, the occurrence of spinel and rock salt phases further complicates the refinement. Refining the phase ratio of spinel to honeycomb layered structure from the intensity profile of the diffuse streaks [20,21,22,23] is not a possibility for LR-NMC, since the spinel and honeycomb layered characteristic reflections form separate rows.



In this paper, we demonstrate the difference in sensitivity to the electron beam between pristine and charged LR-NMC type materials, demonstrate that it is possible to obtain electron diffraction patterns without introducing extra spinel, and provide a strategy to determine the ratio between the different phases present in a particle from 3D ED when least squares refinement does not give a solution due to a complex microstructure. Using this method, we determine the percentage spinel present in the volume of a submicron sized LR-NMC crystal in the discharged state after it has been cycled 150 times.




2. Materials and Methods


The details on the synthesis and cycling of Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC) and Li1.2Ni0.13Mn0.513Co0.13Sn0.027O2 (Sn-doped LR-NMC) are given in reference [24]. Both materials were galvanostatically cycled between 3.0 and 4.55 V vs. Li/Li+ at C-rates of C/20 during the initial two cycles and C/10 during the subsequent cycles. The effect of the electron beam was tested on both pristine and one time charged Sn-doped LR-NMC. For the application of the phase ratio determination method explained in this paper, a 150-times cycled LR-NMC sample was used in the discharged state.



All electron diffraction patterns were taken on Tecnai transmission electron microscope (Thermo Fisher, Eindhoven, The Netherlands) operated at 200 kV. The experiments with charged and discharged particles were done using a vacuum transfer holder (Gatan, Pleasanton, CA, USA) to prevent exposing the particles to air; the pristine sample was studied using a conventional double tilt holder (Gatan, Pleasanton, CA, USA).



In-zone electron diffraction patterns were acquired with precession electron diffraction (PED) using a Digistar precession attachment (Nanomegas, Brussels, Belgium), with a precession angle of 1°. Three-dimensional electron diffraction (3D ED) data were acquired with the manual electron diffraction tomography method, at intervals of 1° tilt. All electron diffraction patterns were recorded using an FEI Eagle 2k CCD camera (Thermo Fisher, Eindhoven, The Netherlands).



For validation of the method, in-zone electron diffraction patterns of core-shell particles were calculated using DISCUS (version 6.00.02) [25,26].



The reconstruction of the reciprocal space sections and the extraction of the intensities of the reflections were done using PETS (version 2.0) [27,28]. For the experimental data, the intensities were integrated using the fit profile option. For the data calculated in DISCUS, the intensities were integrated using the maximum intensity option. The fit profile option applies corrections, such that the resulting intensities I in the (hkl, I)-lists agree with the formula I(hkl) = F(hkl)F*(hkl)—with F(hkl), the structure factor for electron scattering, and F*(hkl), its complex conjugate. The maximum intensity option does not apply corrections. As DISCUS calculates the intensities using I(hkl) = F(hkl)F*(hkl), no corrections should be applied for the analysis of the calculated data.



For the analysis of the intensity ratios from the (hkl, I)-lists, an in-house written Matlab code “Crystalblender” was used, which is available upon request. Refinements were done using JANA2006 (version 25/10/2015) [29]. Fitting of the histograms to acquire the mean value and standard deviation were done using Fityk (version 1.3.1) [30].




3. Results and Discussion


3.1. Effect of the Electron Beam on the Spinel Ratio in LR-NMC Battery Cathode Materials When Using Electron Diffraction


While the effect of the electron beam on the spinel content in Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC)-type materials has been well documented for TEM imaging techniques [8,9,10], no literature is available on the effect of electron diffraction on the amount of spinel. Electron diffraction can be performed with a good signal-to-noise ratio using much lower electron doses than TEM imaging [18,31,32,33]. Therefore, we first investigated the effect of the electron beam in electron diffraction setting using a pristine and a charged sample of the same material at different beam intensities. For this experiment, we used Li1.2Ni0.13Mn0.513Co0.13Sn0.027O2 (Sn-doped LR-NMC), which is a typical doped LR-NMC compound that rapidly transforms to the spinel phase under the electron beam conditions used for imaging [24]. If the particles can be illuminated by electron diffraction at appropriate intensities for a long enough time without the creation of the spinel phase, three-dimensional electron diffraction (3D ED) data can deliver reliable information on the change in spinel content due to charging and discharging.



To make a first visual evaluation during the ongoing experiment, we chose to observe [010]H = [0  1 ¯  1]SP (H—honeycomb layered phase, SP—spinel phase) in-zone electron diffraction patterns during irradiation (See Figure S1 for the relations between the different in-zone patterns based upon the transformation matrices described in Section 3.2). This zone includes lattice points, where reflections only occur in the presence of the spinel phase. We used particles that were almost in-zone and thus required only minimal orientation, to avoid as much irradiation as possible before the first in-zone pattern could be recorded. Since the particles did not show pronounced anisotropy, a small diameter should be associated with a small thickness. Therefore, we chose particles with a small diameter, around maximally 200 nm in diameter, to keep the contribution of dynamical scattering low. For typical lithium battery cathode materials, the kinematical approach in treating 3D ED or precession electron diffraction (PED) data is adequate, due to the low atomic number of the elements (inherent to battery requirements to keep the portable batteries as light as possible) [16,31,32,33,34]. A selected area aperture of 500 nm was used, which allowed the particles to fit completely in the aperture with some room for movement while still maintaining a sufficient quality signal-to-noise ratio, with as low as possible background from both the central beam and from diffraction on the amorphous carbon support. PED patterns were taken directly after in-zone orientation was obtained (Figure 2a,c). The particles were then irradiated using a beam with 45(14) e−/Å2s—similar to the intensity we normally use for 3D ED, where no special care needs to be taken concerning beam sensitivity, and similar to what is used for conventional selected area electron diffraction. PED patterns were then acquired every 5 min for 60 min. We saw no changes for either the pristine or the charged particles (Figure 2b,d). For the charged particles we then focused the electron beam to obtain a high intensity (1.1(4).104 e−/Å2s). The focused beam had the size of the particle, to ensure that the entire particle was homogeneously irradiated. During this irradiation, new PED patterns were taken every 5 min. Only with this higher electron dose rate did the spinel-only reflections appear after 20 min (Figure 2e) and keep increasing in intensity (Figure 2f). Thus, our data showed it was possible to acquire the necessary dataset for the determination of the spinel content present in the crystal without observably affecting it during at least 60 min, using normal electron diffraction settings. A manually obtained 3D ED series takes less than 60 min, and automated ones take only a few minutes [35,36,37,38,39], while an in zone PED pattern takes mainly the time necessary to orient the pattern. Therefore, 3D ED series and in-zone PED patterns can be obtained without affecting the spinel content. Note that for these LR-NMC materials it is not even necessary to use conditions such as those used for beam sensitive materials, as used for example by Palatinus et al. for hydrogen-containing materials [40], Kolb et al. for organics [41] or by Kodjikian et al. [42]—although this would also still be a possibility for ensuring a lower beam effect if deemed necessary.




3.2. Determination of the Amount of Spinel in a LR-NMC Submicron-Sized Crystal


Whereas we showed in the previous section that electron diffraction gives a reliable representation of the amount of spinel in LR-NMC crystals, quantification of the amount of spinel is far from routine. As explained in the introduction, the multitude of defects and phases in LR-NMC has so far prevented a refinement of the phase ratio or the occupancy of the positions from electron diffraction single crystal data. Refinements of the occupancies have been performed using powder X-ray diffraction, but need extensive modelling and assumptions [2].



Therefore, we propose to use the pair-wise intensity ratios of the reflections in electron diffraction data to obtain the phase ratio. For most reflection pairs, a certain intensity ratio will correspond to a unique phase ratio. Therefore, the phase ratio can be obtained from the intensity ratio. If such analysis was done based on conventional in-zone electron diffraction patterns, there would be several sources of errors—most importantly deviations in the intensities due to slight misorientation and deviations due to dynamical scattering. Therefore, we will use 3D ED data, for which the reflection intensities are integrated over several out-of-zone frames, which considerably reduces the dynamical contributions, and in-zone PED data, where the precession reduces dynamical scattering. We only studied particles that fit entirely within the 200 nm selected area aperture as a criterium of their size, to further limit the dynamical scattering contribution to the intensities. The phase ratio is calculated by comparing the experimental intensity ratio with the theoretical intensity ratio curve calculated for varying spinel content. Each pair thus results in a contribution to the distribution of the experimental spinel content. The standard deviation σI of the intensities is taken into account by calculating the standard deviation of the experimentally determined spinel content using error propagation and building a normal distribution, with μ being the mean spinel content and σ its standard deviation. Thus, instead of comparing one value (the experimentally determined intensity ratio) with the (spinel content, intensity ratio) curve, an entire distribution is compared, resulting in a likewise distribution for the spinel content.



For obtaining a single (hkl, I)-list containing all reflections of both the spinel and the honeycomb layered phase, both unit cells need to be transformed into a common supercell. A similar procedure was used for indexing twins in 3D ED data [43].The supercell is only used to allow indexing of all reflections, after which the transformation matrices are used to calculate the structure factor per volume unit using the corresponding reflections in the original unit cells. This allows for the user to use the original cell’s CIF files and not spend time developing CIF files for the supercell. The intensities are then calculated corresponding to a continuously changing phase ratio by parametrizing the structure factor using the phase’s volume percentage x as:


   F V  = x      F A     V A    +   1 − x      F B     V B     



(1)




with FA(B) the structure factor originating from phase A(B), and VA(B) the volume of the respective unit cells A(B), which leads to an intensity:


  I = k     x      F A     V A    +   1 − x      F B     V B       2  .  V 2  ,  



(2)




with k a scale factor depending on the thickness of the crystal and the beam intensity. The scale factor will be eliminated when taking the ratio of the intensities. Details on the derivation of this formula can be found in the Supplementary Materials. The relation of the basis vectors of the common supercell to the basis vectors of the honeycomb layered (H) unit cell and the spinel (SP) unit cell is indicated in Figure 3. The transformation matrices for both phases to this common supercell are:


   P  H → s u p e r   =      1   1   1      − 1    1   0     0   0   3       



(3)






   P  S P → s u p e r   =       0.5     0.5     − 1       0.5     − 1     − 1       − 1     0.5     − 1        



(4)







Note that this common supercell also allows the indexing of all rock salt reflections, since these overlap with spinel and honeycomb layered reflections, as the rock salt structure is the parent subcell of the honeycomb layered structure and the spinel structure (Figure 1). For clarity and comprehension, several calculated main zone electron diffraction patterns are included in Figure S1, showing next to each other the indices in honeycomb layered, spinel and rock salt structures, and in the common supercell. For the remainder of this paper, all indices will be given relative to the supercell axes, as indicated by the subscript S.



To test the approach, we used in-zone electron diffraction patterns calculated in DISCUS. Spherical core-shell particles with a honeycomb layered (C2/m) core [44] (ICSD 237940) and a spinel (Fd  3 ¯  m) [45] (ICSD 40485) shell were modelled with varying ratios. For reasons of feasibility, no stacking faults or twinning were included in the model. All transition metals (ZMn = 25, ZCo = 27, ZNi = 28) were approximated as Mn for the DISCUS calculations to avoid artefacts from the short-range transition metal order. To build a core-shell model in DISCUS, the cell parameters for both phases need to be identical. This was achieved by transforming both structures to the same common supercell as we used for the indexation of the experimental 3D ED series. Figure 4 shows the cross-section of a spherical crystal with 10 × 10 × 10 supercell unit cells and a spinel/honeycomb layered ratio of 50:50.



The [   1 ¯  10  ]S (and [100]s) electron diffraction patterns were calculated in DISCUS for a spinel content of 2, 5, 10, 20 and 50% (examples shown in Figure 5; Figure S2 for [100]S). These patterns can be compared to Figure S1 for the origin of each reflection. Subsequently, the intensities of the reflections were extracted using PETS2 software [28] to get an (hkl, I)-list. Figure 6 shows the lattice points where PETS2 extracted the intensities using the supercell.



We tested different sets of reflection pairs: purely spinel over purely honeycomb layered, purely spinel over combined spinel and honeycomb layered, combined spinel and honeycomb layered over purely honeycomb layered, and combined spinel and honeycomb layered for both reflections (Figure S3). Only the pairs where one reflection was purely spinel and the other had a contribution from both the honeycomb layered and the spinel structure resulted in the correct spinel content. Using such reflection pairs, the (spinel content, intensity ratio) curve always shows a monotonous behavior that can be used for pinpointing which phase ratio corresponds to a certain intensity ratio. Reflection pairs in which both reflections have contributions from both phases often have multiple solutions for the spinel content, while for the other failing combinations, presumably, the effect of variations in spinel content is too small for reliable spinel content determination.



Figure 6 shows the (spinel content, intensity ratio) curve for an example reflection pair    1 ¯   1 ¯  5  :006, where    1 ¯   1 ¯  5   is purely contributed by the spinel structure and 006 is a reflection common to both the spinel structure and the honeycomb layered structure. There is a good agreement of the curve obtained using the proposed equation I = |    x      F A     V A    +   1 − x      F B     V B     |2 to the discrete points obtained from Discus calculations for the core-shell particle.



The histograms corresponding to the datasets for the different spinel contents are shown in Figure 7, in which the frequency is the frequency of the corresponding x values where each reflection pair’s intensity ratio can be represented with a distribution (taking its standard deviation into account). Drawing randomly from this distribution (weighing with their respective likelihood) thus gives rise to a distribution in x, as every one of the drawn values is mapped unto its corresponding x value. It was found that 100 drawings from the intensity ratio distribution was enough to represent it accurately—hence the factor of 100 between frequency and number of considered pairs. A clear peak is visible for the ratios of 2, 5, 10 and 20%, located at resp. 0.021(6), 0.05(1), 0.10(2) and 0.17(3). For the 50% spinel ratio, there are two peaks—the reason for this remains elusive to us—at 0.29(3) and 0.54(5). The numbers in the brackets are the half-width-half-maximum of the peaks. Thus, the proposed method gives reliable results for up to 20% spinel, which is well suited for the expected amount of spinel based on synchrotron X-ray data [2].



The calculated patterns are from idealized particles without twins, stacking faults, or rock salt structure contributions. This allows us to also attempt a conventional refinement to compare the results. The same (hkl, I)-lists were used as input for the refinement using JANA2006 [29]. We first attempted a two-phase least squares refinement with all structural parameters fixed to the literature values for the two phases, only refining the amount of the different phases and the scale factors. The refinement converged to incorrect, lower spinel contents (e.g., 1.1% instead of 10% of spinel, 4.9% instead of 20% of spinel and 32.8% instead of 50% of spinel, Table S1). An explanation for this can be found in the assumption in the least squares refinement that the intensities are due to separate crystals of the two phases, with the intensities being the sum of the separate intensities. However, in the core-shell particles, modelled after real observations made for LR-NMC cycled particles, both phases are present in the same particle. In our pair-wise intensity ratio approach, we have translated this into a contribution of both phases into the structure factor (Equation (5)) instead of a contribution only at the level of the intensities (Equation (6)). As described in Section 3.2, this results in intensities of supercell reflections as according to:


  I = |   x      F A     V A    +   1 − x      F B     V B     | 2   



(5)




instead of:


I = (x)IA+(1 − x)IB,



(6)




which gives a resulting combined intensity I that is closer to that of a core-shell particle. As can be seen on Figure 6b, using Equation (6; red line) would result in lower apparent spinel contents than Equation (5; blue line) for the same intensity ratios.



Next, we attempted to refine the phase ratio using mixed occupancies in the supercell. This was not successful, as the number of refinable parameters was too high for the small number of reflections present in the single in-zone patterns. As a result, the refinement did not converge. Since this method assumes mixing of the phases at the structure factor level, we would expect that the least squares refinement of the occupancies would result in the correct spinel content. Unfortunately, simulating a full 3D ED series with the core-shell model in DISCUS to have sufficient reflections for the number of refinable parameters was not feasible.



Finally, the same ratio used as input could be successfully retrieved (although not by a real “refinement”) by comparing the R factors for the agreement of the intensities for different fixed occupancies, leaving only the scale factors as refinable. Supercell models for 0–100% of spinel content with steps of 1% were created and tested versus the intensities obtained from the calculated diffraction patterns. This allowed us to pinpoint the correct phase ratio, as shown for example in Figure 8. In the case of the [100]S zone, the determined ratio was correct for 2, 5 and 10% of spinel, whereas for 20 and 50% the refined ratio was smaller than the correct one. Compared with the method based on pair-wise intensities, this phase ratio determination using the R factors demanded considerably more time and handling.



Thus, for calculated data, the pair-wise comparison of intensities and a search for the lowest R-factor using fixed-ratio input models gave comparable and correct results for the spinel contents of the two-phase honeycomb layered-spinel crystals up to, respectively, 20% and 10%, whereas two-phase least squares refinement with fixed structures gave too-low spinel contents.




3.3. Application to Experimental Data


We applied the phase ratio determination by pair-wise comparison of intensities on both an in-zone [100]S PED pattern and a 3D ED series acquired on the same LR-NMC crystal that was 150 times cycled and left in the discharged state (Figure 9). In contrast to the diffraction patterns calculated from the core-shell particle in the previous section, cycled LR-NMC crystals might also contain the rock salt phase. Therefore, all (hkl, I)-lists were filtered in Excel to remove all reflections for which all h, k and l are even and simultaneously h + k + l = 6n in the supercell indexation, which covers all rock salt structure reflections (this can be easily verified on Figure S1). We cannot remove possible residual rock salt contributions present in the other reflections by multiple scattering, and we assume this effect is negligible. Besides the rock salt phase, the cycled LR-NMC crystals we studied contained stacking faults and twins caused by   R  3 ¯  m   to   C 2 / m   symmetry lowering (extra details on the twinning in this material can be found in the Supplementary Materials). In such cases, each reflection that is due to only the layered phase in the (hkl, I)-lists will always have a contribution from only one twin, while the reflections overlapping with spinel contain contributions from all twins together. The intensities contributed by the different twins to the listed hkl will be different because the actual hkl for those twins at those positions will differ. Therefore, we expanded the calculation to take into account those different intensities by splitting up the layered intensities to consist of 1/3 of each twin. The estimate of 1/3 is based on a visual interpretation of the [100] PED pattern and 0kl section of the 3D ED data. Additionally, thermodynamically it is likely that the three twins occur in equal amounts. The results with and without taking the twinning into account are shown in Figure 10. Not taking the twins into account results in a histogram with multiple peaks (Figure 10), while introducing the twins results in a clear single peak with only slight signs of a shoulder and tail. The latter are probably due to residual contributions from the two other twins if our equal distribution was not perfectly valid, as well as due to residual dynamical scattering. Dynamical scattering will redistribute the intensity from the strong reflections to the weaker reflections. In electron diffraction patterns of LR-NMC, the strongest reflections are the reflections common to both honeycomb layered and spinel, while the reflections purely from the spinel structure are among the weakest. Dynamical scattering could thus increase the apparent spinel content from many reflection pairs. A third possible contributor to the shoulder and tail is the presence of a small number of twins of the type created by   F m  3 ¯  m   to   R  3 ¯  m   symmetry lowering during synthesis (more details in the Supplementary Materials).



For both the 3D ED data and the in-zone PED data, the highest peaks on the resulting histograms are best fitted using Gaussian peaks complemented by two extra smaller Gaussian peaks at higher x value describing the shoulders and tail. For both the PED in-zone data and the 3D ED data, the fit results in a peak at x = 0.04 with a half-width-half-maximum of 0.04 and a height resp. of 6418 (64 reflection pairs) and 1,069,885 (10,698 reflection pairs).



Long duration in situ synchrotron X-ray powder diffraction (SXRD) showed a continuous and irreversible increase in the number of transition metal atoms at the octahedral positions in the Li-layers–up to 5% after 100 cycles [2]. This is close to the 4% spinel content found in our study using particles that were 150 times cycled and observed in the discharged state. The slight difference might be due to the experimental errors but could also be due to transition metal atoms being at the octahedral positions in the Li-layers, but not in an ordered manner. These transition metal atoms would not contribute to spinel reflections (4% spinel from 3D ED and PED) but would contribute to the occupancy factor of those positions (5% from SXRD).



In our single-crystal electron diffraction data, the spinel reflections are present in the (hkl, I)-lists, supporting the observation from TEM imaging [1,5,25] that the spinel structure is present in the cycled LR-NMC particles. Since the conventional settings used for electron diffraction do not influence the formation of spinel, the 3D ED and PED data confirm that the spinel phase was formed during cycling and not induced by the electron beam.



The proposed method could also be applied to other combinations of phases as long as some reflections belong to only one of the two phases. For the current paper, the 3D ED data were acquired manually, but several methods are freely available that allow the taking of 3D ED series of many particles in a short time, such as fast electron diffraction tomography [38], ultra-fast electron diffraction tomography [46], fast-ADT [35], Instamatic [36,47] and InsteadMatic [37]—all part of the modern 3D ED family [14]. By combining such fast data collection with the simple phase ratio determination presented here, it should be possible to evaluate in a short time the phase ratio in a statistically relevant number of crystals or for the different stages of phase transformations taking place inside the transmission electron microscope during in situ experiments.





4. Conclusions


Electron diffraction data can be recorded without affecting the amount of spinel phase in Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC). This allows estimation of the relative volume of different phases in LR-NMC crystallites using the intensity ratios of reflections in precession electron diffraction (PED) patterns or in three-dimensional electron diffraction (3D ED) reconstructions. There has to be a careful consideration of the reflections that will be used, to have sufficient contributions from each phase and exclude other possibly present phases, and to exclude reflection pairs for which the intensity ratio does not show monotonous behavior.



The results of the application of this phase ratio determination method on experimental data obtained from 150 times cycled LR-NMC examined in the discharged state allowed the derivation of an amount of spinel in line with the amount of transition metal atoms found in octahedral positions in the lithium layer using synchrotron X-ray powder diffraction.
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The following are available online at https://www.mdpi.com/article/10.3390/sym13111989/s1, Figure S1: overview of the main zones (and relations between them) for all phases involved, indexed in original honeycomb layered, spinel and rock salt indices and in the supercell indices. Figure S2: [100]S electron diffraction patterns calculated for, respectively, 5%, 20% and 50% of spinel, for a spherical crystal with a size of 10 × 10 × 10 supercell unit cells. Figure S3: histograms of the resulting phase ratios for the calculated (hkl, I)-lists using different sets of reflection pairs. Clarification of the occurrence of twins in the compounds and how to recognize them. Figure S4: the relationship between the parent rock salt structure and the two common layered structures. Figure S5: equivalent zones in the cubic system. Figure S6: equivalent zones in the cubic system. Table S1: Details of the two-phase refinement of the spinel content in LR-NMC from ED patterns simulated using a spherical core-shell particle.
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Figure 1. Crystal structure of Li1.2Ni0.13Mn0.54Co0.13O2 (LR-NMC). In pristine LR-NMC, (a) there is a honeycomb order between the lithium atoms and the transition metal atoms in the transition metal layers, compared to the layered LiCoO2 type structure in (b). During cycling, a spinel type structure (c) and a rock salt type structure (d) can be formed. The green and purple atoms represent Li and transition metals (TM = Ni, Mn, Co), respectively. For clarity, oxygen atoms are not shown. 
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Figure 2. Selected area precession electron diffraction (PED) patterns of the [0  1 ¯  0]H zone of a pristine particle after (a) 0 min and (b) 60 min at electron dose rate of 45(14) e/Å2s, showing no change. PED patterns of the [010]H zone of a one-time charged particle after (c) 0 min and (d) 60 min at electron dose rate of 45(14) e−/Å2s, showing no change; (e) after an extra 20 min at electron dose rate 1.1(4).104 e−/Å2 s, weak reflections belonging to the spinel phase have appeared; (f) after 198 extra minutes at electron dose rate 1.1(4).104 e−/Å2 s, showing very clear reflections from the spinel phase. Slight differences in background intensity are due to adjustments of the total grey level interval for best visualization of all reflections. 
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Figure 3. Relation between the basis vectors of the honeycomb layered structure (blue), the spinel structure (red) and the common supercell (black), projected along the c-axis of the supercell. The rock salt structure axes are the halved spinel axes. The labels a and b, indicating the basis vectors, are placed at the ends of the basis vectors, the origin is at the center of the scheme. 
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Figure 4. Cross-section of a spherical core-shell LR-NMC particle used for calculating electron diffraction patterns using DISCUS. The particle has a size of 10 × 10 × 10 supercell unit cells with a honeycomb layered core and a spinel shell. The spinel/honeycomb layered ratio used for the simulation of this particle is 50:50. Green, purple and red spheres represent lithium, transition metals and oxygen, respectively. 
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Figure 5. [  1 ¯  10]S electron diffraction patterns calculated for, respectively, 5%, 20% and 50% of spinel, for a spherical crystal with 10 × 10 × 10 supercell unit cells. 
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Figure 6. (a) Calculated [   1 ¯  10  ]S zone for a spherical honeycomb layered–spinel core-shell particle with 2% of spinel. The circles indicate the positions of all reciprocal lattice points corresponding to the supercell (I > 3σ—green, I < 3σ—yellow). Red circles indicate the reflections used for the graph in (b), which shows as an example the intensity ratio of the    1 ¯   1 ¯  5   to the 006 reflection versus the spinel content x (in percentage) as calculated in Discus (discrete dots), using Crystalblender with the formula I = |    x      F A     V A    +   1 − x      F B     V B      |2 implemented in this paper (blue line), and for comparison with the alternative formula I = (x)IA+(1 − x)IB (red line). 
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Figure 7. Histogram plots obtained using Crystalblender for the calculated DISCUS [  1 ¯  10]S patterns with ratios of, from top to bottom, 2, 5, 10, 20 and 50% spinel. For these intensity ratios, the reflection pairs considered are all combinations of only reflections that only have      F A      > 0.0005,      F B    < 0.0005   for the numerator, and only reflections with      F A     ,      F A    > 0.0005     for the denominator, and with h, k, l < 15. The frequency refers to the frequency of the x-values when the ratios are represented by 100 drawings from distributions of the intensity ratios with their standard deviations. The number of contributing pairs is the frequency divided by 100, as explained in the main text. 
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Figure 8. Results for least squares refinement using models with fixed ratios. (a) R factors obtained for the 2% spinel model. (b) Spinel contents with lowest R factor for the different [100]S and [  1 ¯  10]S patterns with different spinel contents simulated in DISCUS. 
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Figure 9. (a) [100]S in-zone PED pattern and (b) 0kl section of a 3D ED series of the same 150× cycled discharged LR-NMC crystal used for the phase ratio determination (orange arrowheads point to the reflections from another domain). 
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Figure 10. Histograms showing the estimated spinel content in 150× cycled discharged LR-NMC crystals. The left-side histograms show the results when including only a single honeycomb layered twin, while the right-side histograms show the improved results by including also the 120° and 240° rotation twins. The results are shown for both the PED data (top) and 3D ED data (bottom). The number of pairs contributing to each histogram bar is the frequency divided by 100. 
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