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Summary 

Calendering is a crucial manufacturing process in the optimisation of battery performance and lifetime due to its 
significant effect on 3D electrode microstructure. By conducting an in-situ calendering experiment on lithium-ion 
battery cathodes using X-ray nano-computed tomography, here we show that the electrodes composed of large 
particles with a broad size distribution experience heterogeneous microstructural self-arrangement. At high C-rates, 
the performance is predominantly restricted by sluggish solid-state diffusion, which is exacerbated by calendering due 
to the increased microstructural and lithiation heterogeneity, leading to active material underutilisation. In contrast, 
electrodes consisting of small particles are structurally stable with more homogeneous deformation and a lower 
tortuosity, showing a much higher rated capacity that is less sensitive to calendering densification. Finally, the 
dependence of performance on the dual-variation of both porosity and electrode thickness is investigated to provide 
new insights into the microstructural optimisation for different applications in electrode manufacturing.  
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Introduction 

Lithium-ion batteries (LiBs) have played a predominant role in energy storage for a range of applications from portable 
electronics and hybrid/electric vehicles to power grids, due to their unrivalled combination of high energy and power 
density1. Despite such success, technical challenges associated with durability, cost, performance and safety remain, 
and consequently substantial effort has been made by the scientific community to ameliorate these aspects from the 
perspectives of both electrode microstructural design and manufacturing2-4. Calendering is a critical step in the 
production of LiB as it reduces the electrode thickness compressively to achieve high energy density, which 
significantly determines the driving range and thus the market penetration of electric vehicles. Moreover, it greatly 
enhances contacts between the constituents of electrode to increase the electrical and thermal conductivity5, which 
is particularly critical in thick electrodes that have a weak solid-phase percolation network6,7. Calendering is also known 
to affect the electrolyte wettability8,9, which could be favoured by low calendering ratio (approx. 10%) by changing the 
pore structure of specific size ranges so that the long-term cycle stability and electrochemical performance was 
improved10,11. However, the rate capability of the LiB is known to drop with calendering process due to the increased 
lithium-ion mass transport resistance in the electrolyte12,13. Thus, a deep understanding of the calendering ratio and 
the resultant 3D microstructure of the electrode, and its interplay with electrochemical performance is required for 
rational electrode manufacturing. 

Electrodes are often optimised to distinct microstructures for different applications assisted by calendering. For 
power-oriented cells, thin electrodes, small active particle size and high porosity are favoured structures to alleviate 
mass transport resistance5,14 and facilitate reaction kinetics, as opposed to those required for high energy density cells, 
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as small particle size leads to high side-reaction rates and faster degradation whereas high porosity reduces the 
volumetric energy density. In simple terms, densifying the electrode introduces high energy density at the cost of 
power performance due to mass transport limitations and charge transfer capability. The reaction kinetics and mass 
transport dynamics are intertwined with both the 3D arrangement of all electrode constituents as well as the 
morphology of individual phases15-17. Rearrangement and deformation of active particles under incremental 
calendering could also affect the battery performance18. Understanding the effect of calendering on the 
microstructural evolution, the resultant electrochemical parameters and the battery performance are critical in 
rationalising manufacturing processes for battery design and optimisation. However, it is resource intensive to conduct 
a comprehensive experimental investigation to link the electrode microstructures with the corresponding calendering 
processes and their effect on the electrochemical performance. 

Taking this into consideration, numerical approaches have been widely used to complement experimental work and 
provide additional insights into the influence of calendering during the manufacturing process. For instance, Lenze et 
al.6 applied a pseudo-2D battery model to extract material parameters of electrodes subjected to different degrees of 
compression. Spherical particles were used to study the mechanical responses and porosity variation of the electrode 
under different calendering steps19. However, these studies were conducted based on simplified electrode geometries 
that were artificially-synthesised with spherical particles, ignoring the influence of particle shape and orientation on 
mass transport and electrochemical performance. More importantly, the carbon-binder domain (CBD), which is critical 
in determining the microstructural heterogeneities and electronic conductivity20,21, especially under compression, was 
not taken into account. It is of great necessity to develop a model, based on a representative electrode microstructure, 
so that the effect of calendering on the microstructural heterogeneities and their electrochemical impact (e.g. non-
uniform reaction and Li+ ion transport) can be reliably assessed. 

This necessitates non-destructive imaging techniques such as X-ray computed tomography (X-ray CT), which has been 
widely adopted as a valuable technique to image the 3D microstructure of battery materials22,23.  However, a technical 
challenge in imaging electrode materials is the ability to distinguish micro-pores from CBD due to the similarity of the 
X-ray attenuation coefficient between air and carbon. The contrast is further reduced in the presence of embedded 
highly attenuating active materials. To circumvent this, various numerical algorithms based on different physical 
models have been used to generate stochastic CBD phases that are then incorporated into the reconstructed 
electrode17,24-26, which casts doubt on the representativeness of the structure. To reconstruct the full microstructure 
of the NMC electrode, a novel dual-scan superimposition (DSS) technique has been developed as described 
elsewhere27,28 to resolve the low-absorption carbon-binder and nano-pore phases. 

Among the material parameters that are affected by the calendering process, pore phase tortuosity plays a critical role 
in determining the rate capability29,30. It is dependent on both the porosity and the morphology of the solid materials. 
While some studies have discussed the anisotropic tortuosity related to the particle shape, the lack of resolution of 
the CBD due to the aforementioned technical challenge means that the pore phase is misrepresented and the 
influence of active particles on Li+ ion transport is underestimated31,32. Linking the porosity and pore network tortuosity 
to the incremental calendering steps with the inclusion of CBD on the same sample is particularly critical in guiding 
microstructure control for desired performance. This microstructural parameterisation is the key information required 
by control-oriented battery models33,34 used in battery management systems (BMSs) for online diagnosis and 
prognosis35,36.  

In this study, we use in-situ X-ray nano-computed tomography to monitor different microstructural responses during 
the calendering process for LiNixMnyCozO2 (NMC) electrodes constituted of large and small active particles respectively. 
Assisted by the DSS technique previously developed by the authors to resolve the CBD phase and active 
material/electrolyte interface at nanoscale, key material metrics such as porosity, tortuosity, pore size distribution and 
solid/electrolyte interfacial area are quantified. High-fidelity fully microstructure-resolved battery models are then 
employed to investigate the interplay between the resultant electrochemical performance and the 3D microstructure 
at incremental calendering steps. Finally, a correlation between cell performance and the dual-variation of porosity 
and electrode thickness is conducted to underpin the microstructural design and manufacturing of battery electrode. 

 

Results and discussion 
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Microstructural evolution as a function of calendering process 

To replicate the calendering densification process in electrode manufacturing, a bespoke nano-mechanical test stage 
was integrated into the X-ray nano-CT system37,38. The stage fixture and experiment setup are shown in Fig. 1a and b. 
Two samples, namely the as-prepared electrode (i.e. NMC + CBD, Fig. 1c) and stand-alone CBD (Fig. 1d) are compressed, 
scanned and reconstructed separately, followed by DSS27,28 to reconstruct the full 3D microstructure of the electrode, 
including the CBD. More details about the methodology and DSS technique can be found in the Experimental section. 
Fig. 1e-g shows the microstructural evolution of an electrode composed of large particles (AM_L) at incremental 
calendering steps. Apart from the decrease of pore size, particle deformation and rotation (Fig. 1g, h, details of the 
colour-coded cylinders in (h) are discussed later) are observed as well, which is consistent with the previous 
speculation18. This is in contrast with the electrode consisting of smaller active material particles (AM_S), which is 
displayed in Fig. 1i-k with the non-particle domain overlaid by a colourmap showing the change of inter-particle 
distance as a function of progressive calendering. Unlike AM_L, free particle movement and localised deformation are 
not evident in AM_S, possibly as a result of the more stable structure formed by the small particle size. Direct 
comparison of the particle size distribution is intuitively visualised in Fig. 1l, assisted by the 3D distribution of the 
particles colour-coded proportionally to the actual size. The mean particle size Dmean for AM_L and AM_S is 7.3 µm 
(STD 3.1 µm) and 5.2 µm (STD 1.8 µm) respectively, with the former having a broader size distribution. The distribution 
of diffusion time constant of the particles for AM_L and AM_S is shown in Figure S1, which indicates that 50% of the 
particles in AM_S can reach a maximum C-rate of 5C (C50) and 90% of them can reach 1.8C (C90), much higher compared 
to those in AM_L (C50 = 3C and C90 = 0.8C).  

 

Fig. 1 In-situ electrode calendering experiment using X-ray nano-CT and the resultant microstructural evolution. (a) 
Experimental set-up showing the relative position of the X-ray source, loading stage and detector; (b) alignment of the 
electrode pillar under compression pinhead; (c) X-ray radiograph of the electrode before compression; (d) X-ray 
radiograph showing a stand-alone CBD (no NMC particles); (e)-(g) reconstructed virtual slices showing the 
microstructural change of the AM_L electrode under incremental compression, following a DSS procedure to include 
the deformation of CBD. Red arrows indicate the particle deformation; (h) structural self-arrangement (from top to 
bottom) via particle rotation and deformation. Details of the cylinders to characterise particle orientation are 
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introduced later; (i)-(k) reconstructed virtual slices overlaid with colourmap showing the change of the inter-particle 
gap under incremental calendering of the AM_S electrode; (l) comparison of the particle size distribution between 
AM_S and AM_L. The standard deviation for AM_S and AM_L is 1.8 and 3.1 µm respectively. The insets display the 
morphology of the colour-coded particles, highlighting the average size difference. Subset (a), (b) and (h) are 
reproduced from the previous work27.  

 

To further highlight the particle size-related microstructural evolution under calendering, detailed particle morphology 
analysis has been conducted (Fig. 2), by extracting the eigenvalues and eigenvectors of the moments of inertia matrix 
for each of the individual NMC particles39. The size, orientation (corresponding to the orientation of the largest 
eigenvector of the particle geometry) and shape (described here as “ovality”, equal to 1 - b/a; b/a is the ratio of the 
shortest to longest axis of an equivalent ellipsoid) are represented by the size, axis orientation and colour (blue to red: 
low to high ovality) of the cylinders for individual particles in Fig. 2a (AM_L) and Fig. 2b (AM_S). By comparing the two 
electrodes, it is shown that NMC particles in AM_S are generally smaller and more elliptical. An exemplary particle 
that experiences rotation and compressive deformation (evidenced by the change of colour) simultaneously is 
highlighted in Fig. 1h. It finally settles down with the long axis aligning parallel to the horizontal direction, impeding 
ion transport. To illustrate this, a comparative study of three types of electrodes with differently oriented particles 
and shapes is conducted and their impact on flow streamlines and flux are presented (Figure S2). This adverse effect 
could be amplified in high mass loading cathodes when heavily calendered. The particle rotation and deformation 
could also exert a lateral compressive force on adjacent particles (yellow arrows). By applying the morphological 
analysis to both types of electrodes, a distinctly different response to the calendering is revealed by comparing the 
shape distributions of the particles before and after calendering. Firstly, the ovality distribution of AM_L particles is 
fairly wide (Fig. 2c), suggesting a high microstructural heterogeneity compared to AM_S particles, which show a 
narrower and preferential shape distribution with the particle ovality around 0.7 (Fig. 2d). Secondly, the random 
fluctuation of shape change (red columns) implies that AM_L was undergoing macroscopic self-arrangement, with 
some particles becoming more spherical at the expense of less elongated ones and vice versa. This phenomenon 
occurred concurrently with inter-particle sliding and rolling, as shown in Fig. 1h. This observation is in good agreement 
with the previous speculation that active particles undergo rearrangement, deformation and finally fracture under 
incremental calendering process18. However, the random fluctuation of the shape change with small magnitude also 
indicates that the particle deformation is heterogeneous and mild (i.e. each region behaves differently).   

In comparison, the calendered AM_S displays a remarkable spike at 0.75, primarily coming from the less (0.6) and 
more elongated (0.85) particles, with approx. 60% of particles falling within the ovality range between 0.65 to 0.8. This 
implies that particles deformed collectively to form a preferential orientation and shape, possibly due to the high 
lateral constraints from neighbouring particles as a consequence of high specific area and small inter-particle gap. The 
orientation distributions before and after calendering for AM_L and AM_S are plotted in Fig. 2e, f and Fig. 2g, h 
respectively (for the out-of-plane angle, 0° means long axis of the particle aligns vertically to the current collector), 
with the symbol colour and size corresponding to the actual particle size. It is intuitive to see that the particles are 
randomly distributed in AM_L without preferential alignment, even after calendering. The particle represented by the 
yellow symbol aligned more towards the horizontal plane but the in-plane orientation stayed unchanged, meaning a 
vertical rotation. Some other particles behave differently. Nonetheless, AM_S manifests a strong preferential 
arrangement of the particles even before calendering, evidenced by the clusters around 90° and 270°. After 
calendering, there is a tendency that particles initially located at the inner circle move outward (i.e. orienting more 
horizontally) and the preferential orientation becomes more pronounced, in accordance with Fig. 2d.  
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Fig. 2 Shape and orientation of NMC particles under calendering. (a)-(b) Representation of individual NMC particles by 
cylinders with size and colour corresponding to the particle size and ovality (blue to red: spherical to flake) for AM_L 
and AM_S respectively. An exemplary particle that experienced rotation and deformation under incremental 
compression is shown in Fig. 1h. (c)-(d) Fractional particle distribution as a function of particle ovality for two types of 
electrodes. The red bars indicate the change before and after calendering at each ovality level; (e), (f) and (g), (h) 
representing the orientation distribution before, after calendering for AM_L and AM_S electrode respectively. The size 
and colour of the symbols correspond to the actual particle size. 

 

Apart from the NMC particles, pore phase also shows distinct behaviour between the two electrodes under 
calendering. Fig. 3a-d compares the changes of inter-particle gap size and percolated network before and after 
calendering using colour-coded skeletons. It shows that the inter-particle distance is significantly larger in 
uncalendered AM_L than AM_S, whereas AM_S displays more complex interconnections of the pore phase. The broad 
range of the gap size in AM_L is attributed to the wide distribution of particle size and shape, affecting the 
homogeneity of the CBD and pore size distribution, as opposed to AM_S, where the microstructure is more 
homogeneous. Pore connectivity analysis is conducted for both electrodes before and after calendering (Figure S3). 
The results show that the AM_S has two times more pore segments and junction nodes than AM_L. Calendering affects 
the pore percolation evenly in AM_S, whereas it mainly reduces the junction nodes of high coordination number in 
AM_L, which is critical for the global connectivity considering the coarse pore structure in AM_L. An exemplary region 
is highlighted (dashed circle) in Fig. 3a showing the loss of pore percolation. This is consistent with the previous 
observation that AM_L experiences structure re-arrangement associated with particle movement during calendering. 
However, mass transport in pore is less affected in AM_S due to the substantial percolated pathways distributed 
homogeneously, confirmed by the tortuosity measurement (discuss later). This is conducive to an even distribution of 
the compressive stress and strain across the whole electrode. Fig. 3e-h shows the results of liquid permeability 
simulation (see Experimental section for more details) performed on the 3D pore structures before and after 
calendering, with the colour-coded streamlines showing the flow trajectory and normalised fluid velocity. Whilst 
permeability does not directly influence the cell in operation, it dictates the wetting of electrolyte during cell 
construction, and moreover provides a valuable insight into microstructure heterogeneity and its influence on pore 
phase transport phenomena11. Based on the velocity distribution of the uncalendered electrodes, AM_L shows an 
overall slower mass transport, with approximately 70% of the permeability of the AM_S electrode due to the lower 
initial porosity. However, the permeability of the calendered AM_S is lower than that of the calendered AM_L, which 
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suggests that electrolyte wetting is hindered by the high surface area and viscous resistance and hence would take 
longer in the compressed electrode with fine particles.  

 

Fig. 3 Morphological evolution of the pore phase under calendering. Colour-coded skeletons are used to represent the 
inter-particle gap size for (a) uncalendered and (b) 22.5% calendered AM_L electrode, (c) uncalendered and (d) 24% 
calendered AM_S electrode; (e)-(h) electrolyte permeability simulation of the pore phase of the respective 
microstructures, with colour-coded streamlines showing the relative (normalised) fluid velocity; dependence of (i) 
tortuosity and porosity, (j) specific reaction area and average pore size on the compression ratio. Insets compare the 
size distribution of inter-particle gap in (i) and compare the spatial distribution of reaction area before/after 
calendering in AM_S in (j). Measurements in (e) – (j) use three-phase electrode. Solid and hollow symbols represent 
AM_L and AM_S respectively. The dashed circle in (a) highlights the loss of pore connectivity under calendering. 

 

Fig. 3i summarises the variation of porosity and tortuosity as a function of the compression ratio based on fully 
reconstructed electrodes (3 phases), with the inset showing the inter-particle gap. Tortuosity here is a material 
parameter that represents the Li+ ion transport resistance arising from the convoluted morphology of the pore phase 
(Equation. S1-S3). It is found that the trend of porosity reduction is similar between AM_L (solid symbols) and AM_S 
(hollow symbols), although AM_S has slightly higher overall porosity. Furthermore, for a given porosity, AM_L shows 
a higher pore phase tortuosity than AM_S, especially at high calendering ratios, as a consequence of the 
heterogeneous pore structure that is more sensitive to the percolation loss subject to calendering. It is worth 
emphasising the importance of including CBD in the tortuosity measurement otherwise the effect of microstructural 
heterogeneity is significantly weakened. To substantiate this, two-phase (active particle and pore) and three-phase 
(particle, pore and CBD) tortuosity is compared to prove that the CBD plays a determining role in mass transport 
properties (Figure S4). The influence of calendering on reaction kinetics is shown in Fig. 3j. AM_S possesses a much 
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higher specific reaction area than AM_L, as a consequence of a smaller particle size and homogeneous microstructure. 
However, this in turn yields a greater loss of surface area under calendering, as shown in Fig. 3j (green circles).  

In a short summary, AM_L experiences structure re-arrangement under calendering, accompanied by heterogeneous 
particle movement, deformation and random orientation, as opposed to AM_S, which has a stable framework due to 
the smaller and narrower distribution of particle size (STD 1.8 vs. 3.1 µm), and thus the particles react more uniformly 
to the external compression, leading to a preferential distribution of the particle shape and orientation. Despite the 
large inter-particle gap, AM_L experiences critical loss of pore connectivity and rapid rise of tortuosity compared to 
AM_S, the fine structure of which however is disadvantageous in electrolyte wetting due to the high surface area and 
viscous effect. 

 

Electrochemical performance as a function of the calendering process 

Half cell (i.e. NMC622 vs. Li metal) modelling (detailed parameters in Table S1) using the reconstructed 3D 
microstructures of the uncalendered and calendered electrodes was conducted to investigate the influence of 
calendering on the electrochemical performance. Fig. 4a-c presents the spatial distribution of state-of-lithiation (SoL) 
for AM_L at 60% degree-of-discharge (DoD) under different calendering and discharge conditions, in comparison to 
those for AM_S (Fig. 4d-f). It is observed that lithiation of the active particles in AM_L is markedly heterogeneous, with 
the large particles lithiating to a lesser degree than the small ones, due to a longer solid diffusion pathway. Quantitative 
investigation shows that in AM_L, a 11 µm particle is intercalated 14% less than a 5 um particle at 3 C and becomes 
more distinct (18%) at 5C (Table S2), with the former having 1.5 to 2 times larger intra-particle variation of SoL.  
Consequently, a substantial fraction of active material particles in AM_L is under-utilised at the end of discharge, 
leading to capacity loss. However, this is not observed in AM_S as the particles are much smaller with a narrower size 
distribution (STD 1.8 µm). Nonetheless, this non-uniform inter-particle SoL distribution is not observed at low C-rates 
(Figure S5), since the relative rate between solid-state mass transport and the surface reaction kinetics has a 
determining effect on the electrochemical performance, particularly in electrodes composed of large active particles.  

Comparing Fig. 4a and b, the intra-particle lithiation gradient develops with the calendering steps, featured by a slightly 
higher lithium concentration layer at the surface and becoming more pronounced at 5C (Fig. 4c). The SoL profiles from 
the particle surface to the core are compared between two particles (11 µm vs. 5 µm) extracted from Fig. 4a, b and c. 
(Figure S6). It is noticed that calendering has less influence of the lithiation behaviour in the small particle than in the 
larger one, mainly at the particle surface, where the average SoL increases by 0.04 at 22.5% calendering at 3C, with 
13.5% rise of surface-to-core SoL gradient. Discharge at 5C increases the SoL gradient by 67% and 64% in small and 
large particle respectively. Particularly, it is noted that the curvature of the exponential SoL profile differs between C-
rates but is independent of the particle size. The other disadvantage of using large active particles for high current 
applications is the high activation overpotential hact, which represents the voltage loss required to drive the charge 
transfer process at certain rate due to slow reaction kinetics at the particle/electrolyte interface, either due to high 
reaction energy barrier or low reaction area. AM_L shows a much higher hact (Fig. 4g-i) in comparison to AM_S (Fig. 4j-
l) partly because of the much lower specific reactive area in AM_L due to the particle size effect (Fig. 3j). Furthermore, 
slow solid diffusion dynamics in AM_L particles causes a severe Li accumulation at the surface, which in turn is 
detrimental to the charge transfer kinetics due to the lowered exchange current density40. A non-uniform distribution 
of the activation overpotential in AM_L is observed, and is thought to arise from the microstructural heterogeneity 
and reflect the uneven reaction activity. This could cause local stress concentration (cracking)41, structural 
transformation (from a layered structure to a defective spinel structure) and transition metal dissolution42, especially 
for Ni-rich cathodes, accelerating degradation and reducing cycle life.  

The corresponding electrolyte salt concentration distribution Cey for the two electrodes is shown in Fig. 4m-o (AM_L) 
and Fig. 4p-r (AM_S). Compared with the uncalendered AM_L, a 2.5-fold increase of the Cey gradient is observed in the 
22.5% calendered electrode, and it increases further by 180% from 3C to 5C discharge condition. AM_S shows 25% to 
30% lower gradient of Cey compared to the counterparts of AM_L. However, Li+ ion transport is not the primary 
performance-limiting factor for the two electrodes as the electrolyte concentration is far from depletion in the 
proximity of the current collector, due to the relatively low electrode thickness (approx. 35 µm after calendering) and 
moderate mass loading (NMC volume fraction approx. 0.45). Fig. 4s-u and Fig. 4v-x compare the Li+ ion flux distribution 
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in the pore domain for AM_L and AM_S, respectively. As is presented from the 3D pore morphology analysis (Fig. 3a, 
b and i), the heterogeneous microstructure of AM_L leads to a non-uniform percolated pore network and ionic 
transport resistance, which becomes worse after calendering and causes high current flux locally. This could create 
large ohmic heating accumulated during battery cycling or under high C-rate operating conditions. Apart from ohmic 
heat, the decrease of active electrode/electrolyte interfacial area by calendering could aggravate the local 
temperature rise due to more reaction heat generated per unit surface area. The ohmic and reaction heat combined 
lead to temperature heterogeneity across the electrode and ultimately cause thermal stress-induced structural 
failure43,44 and early thermal runaway4. On the other hand, high temperature facilitates the mass transport dynamics 
and kinetically favours the exchange current density, which are conducive to improved rate capability and could 
inherently mitigate the performance heterogeneity35. In long-term operation, uniform heat distribution and 
temperature control via microstructural design and calendering are still critical to suppress side reactions and prolong 
battery cycle life. 

  

Fig. 4 Electrochemical parameters obtained at 60% DoD, at discharge rates of 3C and 5C with incremental calendering. 
(a)-(c) and (d)-(f) Spatial distribution of SoL in AM_L and AM_S; (g)-(i) and (j)-(l) spatial distribution of activation 
overpotential hact at the active particle/electrolyte reacting interface in AM_L and AM_S; (m)-(o) and (p)-(r) spatial 
distribution of electrolyte concentration Cey in AM_L and AM_S; (s)-(u) and (v)-(x) spatial distribution of Li+ ion flux Jp 
in AM_L and AM_S. The separator side is at the top. 

 

The simulated electrochemical performance of the uncalendered and calendered electrodes is compared in Fig. 5a-b 
(AM_L) and Fig. 5c-d (AM_S). Inspecting the discharge curves, the rated capacity of uncalendered AM_L decays more 
rapidly than in uncalendered AM_S. AM_L is unable to retain 80% of total capacity above 3C, in contrast to AM_S 
(which does so even at 5C). As the porosity is above 30% for both uncalendered electrodes and no obvious depletion 
of the electrolyte is observed throughout the thickness (Fig. 4a and d), this disparity of rate performance is speculated 
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to largely originate from the solid-state diffusion, since AM_S has much higher C50 and C90 than AM_L (5C vs. 3C for C50 
and 1.8C vs. 0.8C for C90), as discussed in the context of Fig. 1l.  Faster reaction kinetics that are related to the particle 
size and specific reaction area in AM_S also lead to a better rate capability. Furthermore, little performance difference 
is observed between the uncalendered and 24% calendered AM_S, whereas the performance of 22.5% calendered 
AM_L shows a more significant drop. As the solid-state diffusion rate is not markedly dependent on calendering (Figure 
S7), the different responses before and after the process primarily depend on the reaction kinetics that are in turn 
related to the loss of specific reaction area due to the reduction of porosity and connectivity. AM_L is observed to be 
more susceptible to this in that calendering can exacerbate the solid-diffusion resistance further. Note that even at 
0.2C, when polarisation from the solid-state diffusion and Li+ ion transport is small, calendered AM_L exhibits an 
inferior specific capacity to the uncalendered sample, confirming the impact of porosity loss on reaction kinetics. To 
further corroborate this, comparison of the performance of a high mass loading NMC622 electrode (AM_LH, 2 mAh 
cm-2 vs. AM_L, 1.5 mAh cm-2) with similar particle size distribution (hence comparable solid-state diffusion resistance) 
is made (Fig. 5e and f). The simulated performance is in good agreement with the experimental results (solid lines), 
except for a noticeable discrepancy at 5C. Uncalendered AM_LH shows a slightly lower discharge capacity than AM_L, 
likely due to a lower porosity, as indicated in Table 1. The similar trend of capacity decrease between uncalendered 
AM_L, AM_LH and 18% calendering AM_LH across the C-rates proves that the only invariable, namely the particle size 
distribution, is key in determining the macroscopic performance, when the Li+ ion transport is not a limiting factor. 18% 
calendered AM_LH shows a reduced capacity drop compared to the 22.5% calendered AM_L, which is attributed to a 
lower activation overpotential due to a higher porosity. The average voltage Vavg, which is an important metric in 
evaluating the power performance of the battery, is plotted as a function of C-rates for the uncalendered and 
calendered AM_L and AM_S electrode in Figure S8. AM_L shows a much faster drop rate of the Vavg compared with 
AM_S, in which the Vavg is relatively stable until 2C. AM_S can maintain the Vavg above 3.75 V at 5C in comparison to 
AM_L (3.706 V for uncalendered and 3.656 V for calenderd). This also suggests that the power performance of AM_L 
is much more susceptible to calendering. 

The disparity of electrochemical performance and response to the calendering between AM_L and AM_S can be 
further explained by investigating the distribution of the electrochemical variables hact (Fig. 5g) and SoL (Fig. 5h and i) 
at 60% DoD and, 3C discharge. It is clear that the average hact rises drastically with the incremental calendering steps 
for AM_L, while hact for AM_S is less sensitive to calendering. More importantly, the hact  plot is more fluctuated across 
the electrode thickness for AM_L, with a large in-plane variation, reflected by shaded zone for each curve, implying a 
strong correlation between the pore and reaction heterogeneity caused by the broad particle size distribution, as 
explained later. This microstructural inhomogeneity not only undermines the electrochemical performance but could 
also accelerate structural and chemical degradation of the electrode and cell. In-plane performance inhomogeneity is 
also found from the SoL distribution in AM_L (Fig. 5h). A smoother SoL curve and less in-plane variation are observed 
for AM_S (Fig. 5i). Note that as the calendering proceeds, a mild SoL gradient starts to develop from the separator to 
the current collector, implying an increasing impact of Li+ ion transport on the reaction kinetics, but the extent is too 
small to be predominant.  

Characteristic peaks (P1, P2), that correspond to locally high particle lithiation, can be identified in the SoL plot and 
linked to the specific local microstructure. Only P1 appears for the calendered AM_S and no peak is observed for the 
uncalendered AM_S because of the uniform lithiation. As a consequence of incremental compression, P1 and P2 move 
closer and partially overlap at 22.5% calendering, suggesting the coalescence of two distinct types of structural 
configuration. The magnitude of the P1 peak is identical for the uncalendered and 15% calendered AM_L curves, 
whereas it drops slightly for 22.5% calendering. This implies that under heavy calendering, the resultant loss of active 
area in AM_L, particularly in the vicinity of the separator, limits the utilisation of local active materials, leading to an 
exaggerated uneven lithiation profile (large SoL variation shown as a green dashed line), and thus the lithiation in this 
region propagates deeper into the electrode, as evidenced by the rise of P2 peak. In contrast, AM_S is not as susceptible 
to the loss of reaction area as AM_L during calendering, which consequently favours the reaction in the proximity of 
the separator due to the higher electrolyte concentration (Fig. 4f and Fig. 4r) that facilitates the charge transfer process.  
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Fig. 5 Correlation between the global and local electrochemical performance. (a)-(d) Comparison of the simulated 
discharge performance between AM_L and AM_S before and after calendering. AM_LH in (e) and (f) refers to an 
electrode composed of large particles with heavier mass loading than AM_L (2 mAh cm-2 vs. 1.5 mAh cm-2) and the 
solid lines represent the experimental results; (g) comparison of the hact distribution (solid lines) and its in-plane 
variation (shaded area) as a function of the distance from the separator under different calendering conditions; (h) 
and (i) comparison of the SoL distribution (solid lines) and its in-plane variation (dashed lines) as a function of the 
distance from the separator under different calendering conditions, with P1 and P2 indicating two characteristic peaks 
associated with the same local microstructure.  

Table 1 Microstructural parameters for the selected electrodes 

 Areal capacity 
(mAh cm-2) 

AM Volume 
Fraction 

Thickness 
(µm) 

Porosity 

AM_L (Uncal) 1.5 0.46 45 0.325 
AM_L (22.5 % Cal) 1.5 0.52 35 0.188 

AM_LH (Uncal) 2 0.57 48 0.286 
AM_LH (18% Cal) 2 0.62 39 0.217 

AM_L1.5 (22.5% Cal) 2.25 0.52 53 0.188 
AM_L2 (22.5% Cal) 3 0.52 70 0.188 

AM_S (Uncal) 1.5 0.45 43 0.354 
AM_S (24% Cal) 1.5 0.50 33 0.195 

AM_S1.5 (24% Cal) 2.25 0.50 50 0.195 
AM_S2 (24% Cal) 3 0.50 66 0.195 
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Understanding sub-micron reaction kinetics and heterogeneity 

To provide manufacturing solutions for electrode design and optimisation, it is critical to understand the competition 
between reaction kinetics and mass transport dynamics at a sub-micron length scale that determines the macroscopic 
performance (Fig. 6). Fig. 6g compares the simulated discharge performance of the 22.5% calendered AM_L with three 
distinct properties (1) as-prepared electrode; (2) faster solid-state diffusion Ds_f; (3) faster reaction kinetics Rk_f (i.e. 
larger reaction rate constant j00_f). Ds_f and j00_f can be found in Figure S7 and Table 1, respectively.  

It is observed from the discharge curve that having faster reaction kinetics improves the operating voltage across the 
whole discharge window, but the maximum specific capacity does not vary considerably from the initial performance. 
In contrast, faster solid-state diffusion substantially increases the operating voltage and extends the capacity. This 
confirms that, even though AM_L has a low specific reaction area, it is the solid-state diffusion that predominantly 
restricts the cell performance under high-rate conditions. To better understand this, the spatial distribution of SoL and 
hact corresponding to the transient state on the vertical dashed line, are visualised in Fig. 6a-f respectively. By 
correlating SoL (Fig. 6a) and hact (Fig. 6d) at the particle/electrolyte interface, co-localisation of low hact and high SoL 
regions is observed, either at the locations where there is a large pore (indicated by black arrows) leading to a high Li+ 
ion influx, or at the surface of small particles (indicated by the blue arrow). This originates from a decreased 
equilibrium lithiation potential Veq that is dependent on the SoL (hact = µp - µe + Veq(SoL), µp: potential in the electrolyte; 
µe: potential in electron-conducting phases).  

The non-uniform pore size distribution around a single particle, introduced by improper mixing or drying, and 
aggravated by a heterogeneous particle size distribution, inevitably results in an uneven intra-particle reaction activity 
thereby likely to crack the particles due to the accumulation of mechanical and thermal stresses that are closely 
associated with the capacity loss and premature failure41. In addition, small particles are more lithiated and thus have 
a much lower Veq (up to -0.04 V difference) than the larger particles (black arrows in Fig. 6j). This impedes further 
lithiation of small particles; therefore, lithiation has to proceed on large particles at the expenses of a higher activation 
overpotential hact, causing inter-particle reaction heterogeneity at late discharge. The other factor giving rise to a 
heterogeneous hact is the in-plane variation of µp (up to ±0.01 V), which is significantly affected by the local porosity, 
tortuosity, particle shape and orientation. Due to the high electronic conductivity, µe is evenly distributed across the 
electrode (Fig. 6h) and does not contribute to the heterogeneous reaction. However, cell performance could be 
affected by the inhomogeneous electronic conducting phase either due to the CBD distribution (particularly in high 
mass loading and thick electrodes6,7) or from the isolated active materials after fracture45. 

In comparison, the inter- and intra-particle SoL distribution is more uniform after artificially enhancing the solid-state 
diffusion rate (Ds_f, Fig. 6b). The alleviation of Li saturation at the particle outer surface is conducive to a more 
homogeneous reaction activity and thus a globally lower hact compared to the original electrode (Fig. 6d). Furthermore, 
the alleviated Li accumulation contributes to a higher Veq at the reaction interface (Fig. 6k), which suppresses the 
polarisation from solid-state diffusion and accounts for the higher voltage in Fig. 6g. Notably, enhancing the reaction 
kinetics (Rk_f) has much less impact on the cell performance than increasing the rate of solid-state diffusion (Ds_f). 
Although hact is significantly lower than that of Ds_f (Fig. 6f), the slow solid-state diffusion renders an identical SoL 
distribution with the original electrode, leading to a much lower Veq (Fig. 6j) and thus a decreased µe compared to Ds_f, 
especially at the end of discharge (Fig. 6g).  

These findings substantiate our conclusion that, for uncalendered NMC electrodes with a mass loading 90 ─ 94 wt% 
and an initial thickness less than 50 µm (AM_L and AM_LH), Li+ ion transport in the electrolyte is not the predominant 
factor in determining the electrochemical performance, even when the electrode is calendered up to approx. 23%. It 
is instead the sluggish solid-state diffusion that causes a high Li concentration at the particle surface and polarises the 
cell by introducing an early equilibrium state at the particle/electrolyte interface, undermining its high-rate 
performance, especially for electrodes composed of large particles. The adverse effect of calendering in this electrode 
specification is associated primarily with the reduced reaction kinetics originating from the drop in porosity. A higher 
operating temperature or the use of smaller active particles can significantly improve the performance, both in terms 
of fast reaction kinetics and solid-state diffusion rate, but at the expense of safety and energy density. Crystallites 
orientations of the primary particles that consist of the secondary NMC particle also can considerably facilitate solid-
state mass transport46 and prohibit intra-particle crack formation47,48 that would otherwise make it more sluggish. 



12 
 

Disordered arrangement of excessive lithium and transition metal in rocksalt crystalline structure has been proved to 
be another option to improve the lithium transport property49. 

 

Fig. 6 Evaluating the effect of solid-state diffusion and reaction kinetics in determining the discharge performance of 
AM_L. (a)-(c) and (d)-(f) Spatial distribution of SoL and hact at 60% DoD, 3C discharge in AM_L, corresponding to the 
time step highlighted by the black dashed line in (g), which compares the discharge curves simulated at 3C; (h)-(k) the 
transient potential in the electron conducting phase µe, in ion conducting phase µp, equilibrium potential Veq and Veq 
under faster solid-state diffusion, corresponding to the time step highlighted in (g). Black and blue arrows in (d) 
indicate the low hact arising from locally large pore and small particles respectively. Black arrows in (j) compare the 
marked difference of Veq at the surface of small and large particles, leading to heterogeneous performance. 

Microstructure optimisation of electrode by calendering 

Electrode calendering, in essence, tailors the microstructure by changing the combination of electrode thickness and 
porosity to meet the power and energy density requirement for different applications. Hence, it is crucial to determine 
the transition point at which mass transport in the electrolyte becomes dominant in cell performance, by taking into 
account electrode geometries of increased thickness at different porosities, to provide further insights into 
microstructure design and optimisation. Fig. 7a compares the rated capacity for the uncalendered and heavily 
calendered AM_L (22.5%) and AM_S (24%) with increasing electrode thickness, which is achieved by virtually mirroring 
the initial electrode in the thickness direction. The electrode thickness hence becomes the only variable, while the rest 
of the microstructural parameters (listed in Table 1) are maintained constant (e.g. porosity, particle size distribution, 
volume fraction, etc). AM_S plots show that increasing the thickness of the electrode by 150%  (AM_S1.5) only slightly 
affects the performance until reaching 3C, where a capacity drop is more visible. Doubling the thickness to 70 µm 
(AM_S2) yields a comparable capacity loss to AM_S1.5 (red and orange arrows in Fig. 7a), implying a linear dependence 
for such electrode geometry. Furthermore, it is noted that calendering to 24 % does not affect the rated capacity 
coµparably to increasing thickness, indicating that surface reaction kinetics do not play a critical role in determining 
the rate performance of AM_S electrodes.  

In contrast, a stronger response to calendering and electrode thickness is seen in the AM_L plots. Due to the lower 
specific reaction area, calendering is more influential. More importantly, a non-linear capacity drop (blue and vanilla 
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colour arrows in Fig. 7a) with incremental electrode thickness is found, indicating the increasing importance of Li+ ion 
transport in determining the performance. The influence of electrode thickness on the performance is unravelled by 
spatial visualisation of the SoL and Cey distribution in Fig. 7b and c for AM_S and AM_L respectively. The SoL changes 
from a homogeneous to a preferential distribution in the vicinity of the separator in AM_S. Based on the detailed 
micro-dynamics analysis in the last section, this results from  higher reaction kinetics due to the higher local electrolyte 
concentration, highlighted by the Cey distribution. Cey decreases linearly from 600, 500 to 400 mol m-3 at the current 
collector for AM_S, AM_S1.5 and AM_S2 respectively. At the end of discharge (83% DoD), AM_S2 displays a more 
significant preferential lithiation adjacent to the separator and a steeper gradient of Cey, with the lowest value falling 
below 200 mol m-3 at the current collector, indicating significant electrolyte depletion. Compared with AM_S 
electrodes, AM_L electrodes (Fig. 7c) present a distinct SoL distribution but a similar Cey distribution. An SoL gradient 
is developed in AM_L as well but to a lesser degree compared to the AM_S electrodes, as solid-state diffusion is the 
rate-limiting step.  

At the end of discharge (67% DoD), a significant amount of active material remains unutilised, which is in sharp contrast 
to AM_S2 (end). The Cey is less depleted in AM_L2 (end) as a consequence of early stop. This implies that, when the 
heavily calendered (above 20%) electrode thickness is doubled, the performance of the electrode comprising of small 
particles is mainly determined by Li+ ion transport. On the other hand, in electrodes comprised of coarse particles, 
both solid-state diffusion and Li+ ion transport play important roles in determining the rate capability, whereas the 
polarisation arising from solid-state diffusion, which aggravates with continuing insertion of Li flux, becomes dominant 
towards the end of discharge. This provides meaningful insights into microstructural design and optimisation for 
practical applications: for power-oriented design, 80% of the total capacity can be maintained at 3C after calendering 
an AM_S cathode coating from 87 to 66 µm (24%). A higher C-rate or heavier calendering will exacerbate the 
performance drop unless an electrolyte with a higher transference number or improved diffusion coefficient is used. 
Although solid-state diffusion is the primary factor determining the performance of electrodes composed of large 
particles, the downside of increasing the electrode thickness is that the increased capacity cannot be fully utilised by 
the additional active material due to the higher current that further aggravates the solid-state diffusion polarisation. 
This explains why a high areal mass loading (mAh cm-2) electrode often has a lower capacity than a low areal mass 
loading electrode, particularly at high C-rates.  

To assist the microstructural design of the electrode for specific applications, it is not informative to suggest an optimal 
areal or gravimetric mass loading (g cm-2) that in reality can be achieved by different combinations of porosity and 
thickness. Thus Fig. 7d is mapped to show the dependence of rated specific capacity on the dual-variation of both 
porosity and thickness at 3C discharge. Different thickness electrodes are obtained by virtually mirroring and/or 
cropping the existing electrodes of three different porosities, for AM_L and AM_S respectively. The colourmap, 
combined with the contour, indicate that the rated capacity of AM_S electrodes decreases monotonically along the 
diagonal direction, implying that the thickness and porosity play an equivalently important role in determining the 
capacity. For AM_L electrodes, a two-stage trend is observed: the performance drops slowly with a linear dependence 
on the electrode thickness up to 70 µm when the porosity is above 0.25. A similar relationship is seen between the 
capacity and porosity from 0.32 to 0.25 across the whole range of electrode thickness. This implies that porosity plays 
a vital role in maintaining the specific capacity in AM_L electrodes and 0.25 can be regarded as a transition point, 
above which the electrode thickness is not particularly influential, compared to the region below 0.25, where a 
catastrophic performance decrease is observed. This affects thinner electrodes less than the thicker ones, evidenced 
by the difference in slope. Furthermore, electrodes with higher porosity are less susceptible to the drawbacks of 
increased thickness in this region. The large difference in z-axis between AM_L and AM_S is primarily attributed to the 
polarisation from solid-state diffusion. The higher specific reaction area and fast solid-state diffusion make the 
performance more robust against the structural change associated with calendering. As for AM_L, high porosity can 
compensate for the disadvantage of sluggish solid-state diffusion and slow reaction kinetics, and thus a thicker 
electrode can be manfactured without significant performance loss. Drastic capacity loss in low porosity AM_L is a 
joint effect of the exacerbated polarisation of solid-state diffusion50 and slower reaction kinetics induced by 
calendering. Despite delineating the link between microstructure and performance at 3C discharge, Fig. 7 is expected 
to provide a insightful reference for electrode design and optimisation from composition refinement to the 
subsequent calendering control. 
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Fig. 7 Overview of the cell performance obtained from electrodes with incremental thickness and calendering ratio. 
(a) Comparison of the simulated rated specific capacity of uncalendered, calendered and increasing thickness of 
calendered AM_L and AM_S electrodes; (b) and (c) SoL and Cey distribution at 60% DoD (first three columns) and end 
of discharge (last column; 67% DoD for AM_L and 83% DoD for AM_S) for heavily calendered AM_S and AM_L 
electrodes, respectively; (d) dependence of specific capacity on the bi-variation of porosity and electrode thickness for 
AM_S and AM_L electrodes. Electrochemical performance in (b), (c) and (d) is obtained at 3C discharge. 

 

To further corroborate the conclusion above, three electrodes of increasing thicknesses and thereby areal capacities 
were prepared and compared with the ones calendered to ca. 20% (Fig. 8). By comparing the uncalendered 1mAh cm-

2 and 2mAh cm-2 discharge curves (Fig. 8a and c) with the calendered ones (Fig. 8b and d), it is found that the curve 
shapes are almost identical, even at 5C, which is consistent with the previous observation that electrolyte transport 
does not limit the performance, whereas the 2mAh cm-2 electrode exhibits more pronounced capacity loss as the C-
rate increases, due to the larger lithiating current and thus an exacerbated solid-state diffusion polarisation. It is noted 
that the discharge curves of both electrodes globally shifted towards the left compared to the uncalendered ones even 
at 0.2C, consistent with the prediction in Fig. 8. As explained earlier, this is likely due to the loss of reacting interfacial 
area after calendering.  

Calendering a thin electrode (ca. 2 to 3 times of the particle size) has a higher chance to generate cracks between the 
CBD and active material particle surface, undermining the electronic percolation and reaction homogeneity. The thick 
electrode (3mAh cm-2) shows the highest susceptibility of rated capacity to calendering, due to the combined effect of 
solid-state diffusion and electrolyte transport, as is shown in Fig. 7. The rated capacity of the calendered 3 mAh cm-2 

electrode (Fig. 8f) is within 10% variation compared to the predicted values for AM_L2 in Fig. 7a. A noticeably lower 
initial capacity is observed in Fig. 8e, possibly due to the bad electronic conducting percolation that is a known issue 
in thick and high mass loading electrodes6. However, calendering favoured its capacity retention at low C-rate by 
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densifying the structure, which agrees with the previous study6,51, but the drastic capacity drop beyond 1C suggests 
that this type of electrode is only appropriate for energy density-oriented applications, unless operating at higher 
temperature and/or fabricating the crystallites to align in the radial direction of the secondary particle. Despite the 
unfavoured power capability, AM_L is superior to AM_S in the aspect of long-term durability due to less side reactions 
and safer as the temperature rises52,53. Furthermore, the gravimetric capacity assessed in this study highlights the 
utilisation of the active material under calendering, however, the volumetric capacity always increases with 
incremental calendering.  

 

Fig. 8 Comparison of the discharge performance by experiment between electrodes of different mass loadings before 
and after calendering. 

 

Conclusion  

In this study, we investigated the different microstructural evolution of NMC cathodes composed of large and small 
active material particles respectively, under incremental calendering and its consequential influence on 
electrochemical performance, using combined in-situ X-ray nano-computed tomography, image-based battery 
modelling and experiment.  

Results show that electrodes composed of large particles with broad size distribution (AM_L, Dmean = 7.3 ± 3.1 µm, C50 
= 3C and C90 = 0.8C) present large microstructural heterogeneity that leads to spatial self-arrangement during 
calendering, such as inter-particle rotation, uneven deformation and a loss of pore connectivity. In contrast, electrodes 
comprised of small particles (AM_S, Dmean = 5.2 ± 1.8 µm, C50 = 5C and C90 = 1.8C) are structurally stable with 
homogeneous deformation and a lower pore tortuosity under calendering. The rated specific capacity is much higher 
in AM_S and is less affected by the porosity loss due to calendering densification.  

For an uncalendered electrode with an initial thickness of 50 µm, Li+ ion transport does not significantly affect the 
high-rate performance (up to 5C) and it is the solid-state diffusion that predominantly determines the performance, 
especially for AM_L that has a longer diffusion path. Almost 80% of initial capacity can be retained for a 66 µm thick 
AM_S electrode after 24% calendering at 3C discharge. Performance drop is observed exponentially with the increase 
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of electrode thickness for AM_L, especially when the thickness is above 50 µm. Calendering exacerbates reaction 
heterogeneity in AM_L, leading to further underutilisation of the active material, whereas it does not affect the 
uniform lithiation in AM_S. By exploring the dependence of performance on the dual-variation of electrode thickness 
and porosity, insights into electrode design and microstructural optimisation are obtained; thickness and porosity play 
equivalent roles in determining the rated capacity of AM_S; as for AM_L, a porosity of 0.25 can be regarded as a 
transition point, above which the performance of the electrode is governed by both the porosity and thickness just as 
AM_S, otherwise a catastrophic drop in performance is inevitable as the electrode gets thicker. These results help to 
provide quantitative insight into electrode optimisation.  

 

Experimental Section 

Materials 

Uncalendered and 18% calendered LiNi0.6Mn0.2Co0.2O2 (NMC 622) cathodes (AM_LH) with a mass loading of 130 g m-2 

manufactured by AGM Batteries Ltd (UK) were used in this study to develop and validate the model. The ratio of active 
material (BASF, Germany), conductive carbon (C65, KS6L 2:1) and binder (PVDF, Solref) was 94.5:3:2.5. The aluminium 
current collector was 15 μm thick. A Swagelok half-cells (PFA, Swagelok, UK) were assembled with NMC 622 as the 
positive electrode (12 µµ diameter), lithium metal as the negative electrode (12 mm diameter), and Celgard 2325 
separator (12.8 mm) as the separator. 50 µL of 1M LiPF6 in EC/EMC (3:7 v/v) + 1wt% vinylene carbonate (VC, Soulbrain, 
USA) was used as the electrolyte. AM_L and AM_S were prepared using the LiNi0.33Mn0.33Co0.33O2 powders 
manufactured by MTI (USA) and Targray (Canada) respectively. 90:5:5 mass ratio of the active material, conductive 
carbon (Super C65, Imerys, UK) and Polyvinylidene fluoride (PVDF, Arkema, France) were mixed in an asymmetric 
centrifuge system (SpeedMixer DAC 150.1 FVZ-K). The slurry was then coated onto a 20 µm thick aluminium current 
collector and spread using a doctor blade with a 175 µm gap. The electrode sheet was then dried in a vacuum oven 
overnight at 80 °C. The stand-alone CBD sample was prepared by mixing 50:50 conductive carbon and PVDF with NMP 
as the solvent, followed by coating and drying at the same temperature28. 

Electrochemical performance test 

After the assembly of the Swagelok cell, a formation step composed of two C/10 CC-CV charge (C/100 cut-off) and 
C/10 CC discharge cycles was conducted within the voltage window 4.2 to 3 V. Electrochemical testing was carried out 
on VMP3 potentiostats or BCS battery cyclers (Biologic, France). The OCV of NMC622 vs. Li/Li+ was obtained using the 
Galvanostatic Intermittent Titration Technique (GITT, Figure S9). The cells were discharged and charged at a constant 
current corresponding to a C-rate of C/10 in steps of 2.5% state of charge, followed by a pause at open circuit for 5 
hours to allow the voltage to relax prior to OCV measurement.  This pulse/relaxation cycle was repeated until reaching 
the cut-off voltage (3V and 4.2 V for discharge and charge respectively). The solid-state diffusion coefficient was 
obtained from the GITT data by following a method described previously54. 

X-ray nano-computed tomography and in-situ compression 

The uncalendered AM_L and AM_S were initially punched into a 1 mm disk from the electrode sheet and glued onto 
the tip of a pin by epoxy, followed by laser milling that targeted the final pillar size below 90 μm in diameter to ensure 
sufficient X-ray transmission and signal-to-noise ratio55. The prepared electrodes were mounted on a  nano-mechanical 
test stage developed for integration into the Zeiss Xradia Ultra 810 X-ray microscope56 (Carl Zeiss, CA, USA) (Fig. 1a 
and b). A flat-headed stainless-steel pin, attached to a piezo-mechanical actuator, was used to compress the electrode. 
The whole assembly was mounted on the sample stage, which rotates for tomographic data collection. The placement 
of capillary condenser and zone plate in the beam path helps to produce a quasi-monochromatic parallel beam with 
an energy of 5.4 keV, achieving a voxel size of 64 nm (i.e. camera binning 1), corresponding to a field of view of 64 μm 
× 64 μm2. 1201 radiographic projections were sequentially collected at an exposure time of 60 seconds over 144° 
rotation of the pillars. A standard filtered back-projection algorithm57 were used for the 3D reconstruction, which was 
then imported into the commercial software package Avizo V9.5 (Avizo, Thermo Fisher Scientific, Waltham, 
Massachusetts, U.S.) for post analysis. The same procedure was repeated for the stand-alone CBD sample. The 
electrodes calendered by the test stage and by a roller calendering machine are compared in Figure S10. The measured 
material parameters are within 8% of difference (Table S3). 
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Dual-scan superimposition (DSS) technique 

To reconstruct the full microstructure of the NMC electrode, a novel dual-scan superimposition technique has been 
developed as described elsewhere27 to resolve the low-absorption carbon-binder and nano-pore phases: the NMC 
electrode and the stand-alone carbon-binder phase were scanned separately using the same parameters. The active 
particles and macro-pores that have good contrast were segmented in the full electrode scan, whereas the blurred 
carbon-binder phase was then replaced by the second scan of higher contrast-to-noise ratio. Before further 
microstructural characterisation, the reconstructed grayscale 3D electrode was first segmented into active material, 
carbon-binder and pore phases using thresholding techniques in Avizo 9.5, with the FWHM (50% contrast) criterion 
used to determine the phase boundary (Figure S11-S12).  The tortuosity factor was obtained by the open-source 
software TauFactor58. The permeability simulation was conducted in Avizo XLab package, by assigning a pressure 
difference (permeability is independent of the magnitude of the pressure gradient) to the pore phase at the inlet and 
outlet with a non-slip boundary condition.  

Representative volume element (RVE) analysis and measurement deviations 

Key material parameters of the uncalendered AM_L electrode are measured and compared using nano-CT data and 
micro-CT data (much larger sample) respectively (Figure S13). The particle size distribution agrees well between the 
two cases, with little disparity of NMC volume fraction and mean diameter of the particle (4.7% difference). In addition, 
representative volume element analysis on the nano-CT sample is presented in Figure S14, by measuring the porosity 
and tortuosity as a function of the incrementally dilated volume fraction of the electrode (from 10% to 100% of the 
sample size). Moreover, two additional uncalendered AM_L electrodes of the similar size are characterised 
quantitatively to highlight the sample-tosample variation (Figure S15). Finally, the key material parameters obtained 
from sample 2 and sample 3 are compared with sample 1 (used in this study) in Table S4, with standard deviation 
given. 

 

3D physics-based microstructure-resolved model 

The 3D electrode volumes were first segmented into NMC particles, carbon-binder and pore according to the different 
grayscale values, followed by adaptive meshing in the commercial software Simpleware ScanIP N-2018.03.  

The generalised Poisson-Nernst-Planck (gPNP) mathematic model59, which originated from the Newman battery 
model60, was employed with concentrated solution theory59,61, by assigning partial differential governing equations 
(PDEs) to electrolyte (pore), NMC particles and CBD individually in COMSOL Multiphysics V5.5. Solid-state and electron 
transport were described by Fick’s law and Ohm’s law respectively. The Butler-Volmer equation was used for the 
charge transfer reaction, with the exchange current density associated with the concentration of the reactants in the 
electrolyte and active material. Details of the physical equations, boundary conditions and input parameters are shown 
in the Supplementary Information. No volume-averaged material parameters, such as porosity, tortuosity and particle 
size were used in the microstructure-resolved model.  

 
Supplemental Information 

Supplementary Information include 15 figures and 4 tables can be found with the manuscript submission. 
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