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LiNi0.8Mn0.1Co0.1O2 cathode material in powder form as well as on 18mm electrode coins was purchased from Custom Cells Itzehoe GmbH.

T-EBSD Analysis

T-EBSD analysis was carried out on a thin, electron transparent lamella extracted from a cracked particle charged to 100% SoC at a rate of C/3, following one formation cycle at a rate of C/10. Kikuchi patterns were collected in transmission geometry at an angle of 45 degrees and their grain orientation indexed using NMC811 unit cell information implemented for this purpose based on literature data [1], as shown in Figure 1. A Tescan LYRA3 instrument was used for the t-EBSD acquisition at a beam energy of 20 keV and a pixel size of 40x40 nm2. The obtained Euler angles in the sample x-y geometry were converted to c-axis vectors, based on which the angle  between the radial particle direction from the particle centre to the t-EBSD measurement location and the local c-axis was determined, as illustrated in Figure 1. Higher statistical occurrences of angles around 90 degrees were accounted for by normalising the angle distribution curve by . 
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[bookmark: _Ref35520629]Figure 1. Illustration of the t-EBSD acquisition  process (left) with subsequent pattern indexing and grain orientation reconstruction (right). Bottom right: illustration of the angle   between radial direction and c-axis vector used for determining the lithium diffusion direction

Operando Single Particle Diffraction

A custom synchrotron beamline setup, as illustrated in Figure 2, was built for the B16 beamline at Diamond Light Source, permitting a single NMC811 particle to be charged in Argon atmosphere, while acquiring diffraction patterns. Samples were prepared by sputter-coating industrial standard nano-manipulator needles with Aluminium, in order to prevent any tungsten oxidation during particle charge. One single particle per needle was attached inside the vacuum chamber of a Tescan LYRA3 XM FIB-SEM instrument using a platinum gas injection system. The samples were stored in a mobile vacuum container with desiccant pad at low vacuum. To mount the sample, it was removed from the container and held underneath a constant stream of argon, before being lowered into the Kapton container filled with Argon. The same procedure was followed for lithium disc, which were individually stored in a sealed vacuum containers until the experiment. A LiTFSI:PYR13 ionic liquid droplet was deposited onto the Li disc in Argon environment through a syringe, avoiding exposure to air. The particle was charged using a BioLogic SP-300 potentiostat in 30 pA constant-current mode, starting from a voltage of 3.0V at a C-rate of 0.025 for a total duration of 15500s. An upper voltage limit of 4.5V was set as termination condition, however, due to increased internal resistance and resulting overpotential caused by the use of low vapour pressure ionic liquid, charging stopped prematurely at a SoC of 10.3%. 

The SoC was determined post-experimentally by estimating the volume of the particle based on SEM images, yielding a particle volume of 2.1310-15 m3. Assuming a density of  [2], the total particle mass was estimated to be 4.6910-12 kg. Assuming a specific capacity of 275.5 mAh/g provided by the powder supplier, combined with the transferred capacity at the end of charge of 28.3 mAh/g, this results in a final SoC of 10.3%. 

KB mirrors were used to focus the 19 keV beam to a vertical and horizontal full width at half maximum of 380 nm and 800 nm, respectively. The vertical scanning path ranged from the lower end of the Al-coated tungsten needle to the lower free edge of the attached particle. Diffraction patterns for 003 and 104 reflections were acquired for 20s using a Photonic Science Image Star 9000 detector with a resolution of 3056x3056 pixels and individual pixel size of 31x31 μm2. A sample-detector distance of 131.67 mm was determined using LaB6 powder diffraction calibration. Image files were calibrated, integrated and reduced using the DAWN Science software package [3] and finally converted to d-spacing using MATLAB. 
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[bookmark: _Ref34397385]Figure 2. Operando synchrotron setup permitting to charge a single particle operando, while acquiring diffraction patterns and ensuring inert gas atmosphere

Full cell operando diffraction

In a second experiment at Diamond Lightsource Beamline B16, a custom cell design was used for operando XRD measurements at an X-Ray energy of 19 keV and a beam size of 10.1x2 mm2. Carbon windows on either side of the cell allowed X-rays to pass through with little attenuation, while also doubling as current collectors. Measurements were carried out in transmission mode. The cell was made into a half cell configuration with NMC 811 being measured vs a Li metal anode. 1M LiPF6 in EC:DMC (50:50) was used as the electrolyte system. The cell was charged from 3.4 to 4.4V at a rate of 0.5C. Following the identical calibration and integration procedure as described for the single particle measurements, the c-axis and a-axis lattice parameter evolution were reconstructed using MATLAB. The results of the average cathode lattice parameter evolution versus SoC are shown in Figure 3.

[image: ]
[bookmark: _Ref48543226]Figure 3. Lattice parameter evolution during full cell charge of NMC811 at a rate of 0.5C. (a) C-axis lattice parameter. (b) A-axis lattice parameter.  

In situ Ptychography and Reconstruction

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Ptychographic imaging was carried out on the I13-1 beamline (coherence branch) at Diamond Light Source, U.K. A similar sample setup as for the operando particle diffraction was built for the experiment. The particle was charged at a C-rate of 0.205 up to an SoC of 17.8% for a total duration of 3100s. As for the diffraction experiment, the voltage reading was not reliable due to overpotential induced by the use of ionic liquid. A particle mass of 5.2310-9 g was determined by multiplying the reconstructed tomography volume with a density of . Assuming a specific capacity of 275.5 mAh/g provided by the powder supplier, combined with the transferred capacity at the end of charge of 49.0 mAh/g, this results in a final SoC of 17.8%.

A Fresnel zone plate with beam stop and order sorting aperture were used to focus coherent X-rays at an energy of 9.7 keV onto the sample which was place slightly downstream of the focus. Diffraction patterns were collected in the far-field 9.47m from the sample using an Excalibur detector, which features an array of Medipix3 chips and has a 55 x 55 pixel size. For each angular projection 256 diffraction patterns were generated by raster scanning with an aperiodic 1 step over an area of 16 x 16 . Ptychography scans were repeated for 600 evenly spaced angular positions of the sample rotated though 180°.

The diffraction data was cropped to 512 x 512 pixels around the optical axis in order to include only statistically significant counts. Ptychographic reconstructions were performed using 500 iterations of the ePIE algorithm [4] which resulted in a sample pixel size of around 43 x 43. Prior to tomographic reconstruction the sample phase was unwrapped and had a phase ramp subtracted. Alignment of the projection stack was based on the sequential re-projection algorithm with the tomography reconstructions carried out using the standard filtered back-projection algorithm. 

Modelling and Simulation

A simplified model of a secondary particle was realised by creating a 90° circle sector and applying appropriate symmetry conditions, resulting in a 2D particle slice under plane strain approximation. The particle radius R was chosen to be 10μm, while the values for density ( [2]), Young’s modulus ( [5]) and Poisson ratio ( [6]) were obtained from literature. The diffusion coefficient of Li in NMC 811 was adopted from literature ( [7,8]) and assumed constant. Subsequently, diffusion and expasion dicrections for both random particle orientation and core-shell type particles were prescribed. Core-shell type particles were modelled by prescribing homogenous diffusion (blue area in Figure 5a) and expansion (blue area in Figure 5b) properties in the core of the particle, thus approximating a secondary particle core composed of small primary particles with random crystal orientations. The nanorod shell was modelled to permit diffusion exclusively in radial direction (red area in Figure 5a) and expansion only in hoop direction (red area in Figure 5b). This radial diffusion behaviour was mathematically expressed by the diffusion coefficient of a core-shell particle : 

	
.
	(1)



 and  are two smooth Heaviside functions, which describe the transition from homogenous to radial diffusion properties and are depending on the location x, y, as well as the transition radius RT and the transition width w. H’ dominates the diffusion behaviour up to RT for the particle core, after which the diffusion for the shell is described by H. Figure 4 shows an example of the horizontal diffusion coefficient component Dx, along with all parameters used to define the Heaviside function. The transition width w was chosen to be 0.1μm, as the core-shell particles usually exhibit a rather abrupt change in morphology between core and shell. 
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[bookmark: _Ref21003085]Figure 4. Example of the diffusion coefficient definition for the horizontal diffusion coefficient component Dx in horizontal direction for a core-shell particle.

The randomly oriented particle, in contrast, was assumed to permit homogenous diffusion and expansion across the entire particle (Figure 5c). The diffusion coefficient for a random particle  was therefore defined as:

	.
	(2)




[image: ]
[bookmark: _Ref20923208]Figure 5. Diffusion and expansion directions for core-shell and homogenous, randomly oriented particle. (a) Diffusion coefficient of a secondary core-shell particle transitioning from homogenous properties (blue) to radial diffusion properties (red). (b) Expansion directions of a core-shell secondary particle transitioning from isotropic expansion (blue) to hoop expansion (red) perpendicular to the diffusion direction.

The general time-dependent diffusion equation for a concentration u solved in this model is given by:
	
	(3)



To simulate a full charge followed by discharge, boundary conditions were selected according to experimental charging and discharging profiles found in the literature [9], which indicate that reversible linear charging behaviour is possible in a lithiation state ranging from around 20% to slightly below 100%. For a full charge of the NMC811 particle the initial lithiation state within the particle was set to 100%. A Dirichlet boundary condition prescribing a Li saturation of 20% outside the particle was applied at the particle boundary. The diffusion problem was then solved. In a second step, the diffusion state was linked to a volumetric expansion of the linear-elastic material by prescribing eigenstrain [10,11], assuming a volumetric unit cell contraction of  upon full charge [12]. A radial diffusion direction in the shell of core-shell particles was assumed for enhanced lithium diffusion towards the particle centre. The expansion/ contraction direction of the unit cells was therefore prescribed in hoop direction, perpendicular to the diffusion direction (Figure 5b). The core of the core-shell particle was modelled isotropic, resulting in euqi-biaxial expansion without shear strain. The expansion coefficient for a core-shell particle  was defined as (4):



With the same H and H’ as employed for the diffusion problem. Similarly, the expansion coefficient for a randomly oriented particle  was defined as
	
	(5)



Finally, based on the lithiation state u, the strain tensor  was defined as
	
	(6)



based on which the stress distribution within the particle was caclulated.

The same procedure was followed to determine the strains, stresses and lithium concentration distribution upon discharge, for which the boundary conditions were modified. The lithium saturation within the particle was set to 20%, while the Dirichlet boundary condition was set 100%, simulating lithium diffusion into the particle upon discharge. All simulation results are presented in the following section. 
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