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 A B S T R A C T

Ni-rich cathode materials suffer from structural instability when cycled to high cutoff voltages. A transforma-
tion from the layered crystal structure to other phases, such as rocksalt, deteriorates the particle surface at 
low states of lithiation. Inhomogeneous potential and concentration fields as they occur in electrodes can have 
a significant impact on the degradation. In this work, we demonstrate rocksalt growth on a realistic high-
energy NMC811 electrode using 3D microstructure-resolved simulations. We unravel inhomogeneities through 
transport in the electrode with a stronger active material degradation near the separator. To study individual 
particles in the electrode, we apply a watershed algorithm to segment the structure into distinct particles. A 
high correlation between both particle size as well as particle position and rocksalt thickness is observed in 
our half-cell simulations. We further shed light on inhomogeneities that can arise on single-particle level due 
to inhomogeneous lithiation.
. Introduction

Ni-rich cathode materials are promising cathode materials for Li-
on batteries due to their high energy and power density [1]. The 
chievable capacity for a given cutoff voltage increases with increasing 
i content [2], which makes Ni-rich stoichiometries with 80% of Ni 
ontent or higher, such as LixNi0.8Mn0.1Co0.1O2 (NMC811) an excellent 
hoice for cathode materials. One major drawback in their application 
s a severe material instability when cycling to high cutoff voltages [2,
], i.e. low states of lithiation. A transformation of the layered NMC 
tructure to resistive phases, like a rocksalt phase, has been observed 
xperimentally in a highly delithiated state [4–6]. A rocksalt phase 
inders Li+ diffusion in the active material [7], and therefore reduces 
ntercalation kinetics [6–8]. This leads to cathode polarization and a 
ecreased rate capability [9]. Furthermore, a loss of active material 
ue to a lack of intercalation sites results from the transformation [9]. 
dditionally, the formation of a fatigued phase due to lattice mismatch 
etween the layered and the degraded material has been proposed [4]. 
he transformation process involves the loss of highly reactive lattice 
xygen [2,6,10,11], which can further react with the organic solvents 
n the electrolyte [10–13]. The mechanism is not limited to Ni-rich 
athode materials such as NMC [5] or LiNiO2 [8] in liquid electrolyte 
ystems, but is an important degradation mechanisms in solid-state 
atteries [14] or Na-ion batteries [15,16] as well. To mitigate oxygen 

∗ Corresponding author at: German Aerospace Center (DLR), Institute of Engineering Thermodynamics, 89081 Ulm, Germany.
E-mail address: timo.danner@dlr.de (T. Danner).

loss and phase transformation, developing surface coatings or doping 
the active material is an active area of research [17,18]. Furthermore, 
the rocksalt phase poses a challenge for recycling and up-cycling of 
spent batteries [19]. Other failure mechanisms include the growth of 
a cathode electrolyte interphase (CEI) layer [20–22], transition metal 
dissolution [23–25], particle cracking [26–28] or current collector cor-
rosion [29]. Transition metal dissolution has been found especially at 
high cut-off-voltages [23,24,30] and could be linked to oxygen loss by 
follow-up reactions with the electrolyte that produce acidic species [13,
30]. Cracks expose fresh surface area, that suffer from rocksalt forma-
tion again [28]. CEI and rocksalt formation have been shown to occur 
simultaneously [13,20]. However, recent work by Vettori et al. [20] 
proposed rocksalt formation to be the critical degradation mechanism 
compared to CEI formation. Therefore, it is crucial to understand the 
causes and impact of rocksalt formation and oxygen loss in Ni-based 
materials. Experimentally, the resistive phases have been investigated 
using high-resolution imaging techniques such as transmission electron 
microscopy (TEM) [5,13,31,32]. Oxygen loss has been characterized 
using on-line electrochemical mass spectrometry (OEMS) at distinct 
states-of-lithiation [2,3,13,33], typically around 80 % state of charge 
(SOC) for Ni-rich materials [2,3].

On an electrode level, Freiberg et al. observed a different onset 
potentials of oxygen evolution at different current densities, which 
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they attributed to concentration inhomogeneities in the electrode [34].
Operando imaging via optical scattering microscopy recently revealed 
inhomogeneous lithiation of single NMC particles due to an inhomoge-
neous rocksalt layer [35]. However, imaging techniques are inherently 
limited to a small region of interest, which makes high-resolution 
studies of degradation challenging for whole electrodes. Especially in 
thick high-energy electrodes or at high applied currents, e.g. in fast-
charging applications, inhomogeneities and transport processes in the 
electrode can be of great importance.

To shed light on inhomogeneous lithiation and degradation, compu-
tational investigations can help in the understanding of such degrada-
tion processes. Several studies investigate Ni-rich cathode materials and 
their degradation with ab-initio simulations using density functional 
theory and molecular dynamics [36–38]. While this is important for a 
mechanistic understanding of the transformation process, simulations 
on the continuum scale are required to resolve transport phenomena 
on an electrode level. On the continuum scale, cathode degradation 
has been previously simulated using homogenized P2D-models [39,40] 
or single particle models [41]. In a previous study, we investigated 
a commercial Ni-rich electrode using a novel P2D model to simulate 
rocksalt growth and oxygen release [40]. A strong inhomogeneity 
across the electrode was predicted, with a thicker rocksalt layer at the 
separator and a thinner layer at the current collector. A similar trend 
was observed by Zhuo et al. [39] in their shrinking-core model imple-
mented in PyBAMM. Previous studies on mechanical damage, without 
modeling degradation, suggested a similar trend with larger damage 
at the separator and smaller damage at the current collector due to 
local inhomogeneities in concentration [26,42,43]. Both through- and 
in-plane heterogeneity in Li-ion concentration have also been observed 
using structure-resolved simulations [44,45].

While electrochemical simulation tools exist that investigate whole 
electrodes, spatially resolved rocksalt growth has never been simu-
lated using a real cathode microstructure. Local inhomogeneities in 
the electrode lead to a variety of local concentrations and current 
densities, which also affect active material deterioration. The impact of 
microstructure on degradation phenomena, such as growth of a solid-
electrolyte-interphase (SEI) and lithium plating, has been demonstrated 
using 3D microstructure-resolved simulations [46,47].

To investigate the local degradation of Ni-rich cathode active mate-
rial, we use structure-resolved electrochemical continuum simulations 
on a realistic, high-resolution electrode microstructure [48]. By ap-
plying a watershed algorithm to the structure, we highlight distinct 
particles of various sizes and positions to unravel the spatial dis-
tribution of rocksalt growth on individual particles. While previous 
experimental work on individual single-particles revealed an inhomo-
geneity in phase transformation [35], the interplay between electrode 
structure and degradation has not been investigated before. Our work 
unveils inhomogeneities that are caused by the particle size and po-
sition in the electrode in addition to inhomogeneities arising on single 
particles. Due to our 3D microstructure-resolved simulation framework, 
the investigated particles are embedded in the complex electrode ma-
trix influenced by particle size or CBD distribution. This allows for 
an investigation of individual particles under realistic concentration 
and potential fields. Therefore, this study aims to complement and 
inform experimental observations and guide electrode design, as it 
offers the possibility to correlate degradation with individual material 
features and provide insights that are hardly accessible experimentally. 
Our simulative analysis provides a unique understanding of realistic 
electrodes and can help to guide further experimental work on the 
topic.

2. Methods

First, we introduce the microstructure of a commercial NMC811 
electrode. We then discuss our continuum modeling approach to de-
scribe Li and electron transport in Li-ion batteries and present our aging 
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model for the layered-to-rocksalt transformation. In the last paragraph, 
technical aspects like particle segmentation using a watershed algo-
rithm on the full electrode structure to study individual particles are 
introduced.

2.1. Electrode structure and continuum model

We study a realistic, high-energy NMC811 electrode, which was 
investigated in detail in previous work using high-resolution tomogra-
phy (focused ion beam-scanning electron microscopy (FIB-SEM)) [48]. 
Our simulation setup consists of this cathode structure, a homoge-
nized separator and a lithium metal counter electrode as well as a 
current collector on each side. The setup is shown in the Supporting 
Information.

In previous work, we presented a novel continuum modeling ap-
proach to model phase transformation and oxygen release on this elec-
trode [40]. The model is based on a Doyle–Fuller–Newman (DFN) type 
of model [49], i.e. following a so-called pseudo-2D (P2D) approach, 
and was parameterized consistently to predict the phase transformation 
process on the high-energy electrode from Ref. [48]. In this work, we 
extend this model formulation from P2D to 3D by incorporating it 
into our framework for microstructure-resolved simulations BEST [50]. 
Charge and mass conservation equations for the active material and 
the electrolyte phase are solved in each voxel of the structure, thus 
allowing for direct simulation on the FIB-SEM geometry. Conductive 
additive and binder are treated as a homogenized domain (Carbon- 
Binder-Domain (CBD)) with effective parameters for electronic and 
ionic transport. More information on the 3D model can be found in 
Refs. [50–52] and in the Supporting Information. As shown in previ-
ous work [48], the amount and distribution of CBD has a significant 
impact on the lithiation behavior of the electrode. Therefore, it would 
be interesting to study the impact of CBD distribution on the local 
degradation. As our microstructure used for simulation contains CBD, 
we take into account its effect on the resulting concentration and 
potential field. However, the effect of CBD coverage on the active 
material transformation is not understood yet. Therefore, investigating 
the formation of rocksalt at interfaces between active material and CBD 
domains needs future work, e.g. atomistic calculations, to understand 
the formation dynamics.

Our degradation model is applied between active material and 
electrolyte interfaces. It will be briefly summarized in the following, 
for a more detailed discussion and explanation the reader is referred 
to Ref. [40]. The rocksalt thickness equation is based on the general 
relation between oxygen flux 𝑗O2

 and phase transformation: 
𝑑𝐿RS
𝑑𝑡

=
𝑉RS
𝑣stoich

⋅ 𝑗O2
⋅ 𝑛 (1)

with 𝑉RS as the molar volume of the rocksalt phase, 𝑣stoich as the 
stoichiometric coefficient of the transformation reaction and the surface 
normal 𝑛. The oxygen flux is modeled using Fick’s first law of diffusion 
in one dimension: 

𝑗O2
= 𝐷ox

𝑐O2 ,mob

𝐿RS
(2)

It is driven by the concentration gradient of mobile oxygen, which 
evolves at the interface and is assumed to be 0 at the outer particle 
surface due to instantaneous follow-up reactions with the electrolyte. 
The concentration of mobile oxygen at the interface is based on oxygen 
vacancy formation energies 𝛥𝐺(𝑐𝐿𝑖) as a function of state of lithiation 
and can be seen in Eq.  (3). 𝛥𝐺(𝑐𝐿𝑖) is assumed to be negative below 
approximately 22.5% state of lithiation, thus enabling spontaneous va-
cancy formation below this threshold. This is in very good agreement to 
experimentally observed oxygen evolution onsets. Due to the Sigmoid 
shape of the mobile concentration as a function of SOC without a 
defined onset, we assume a critical concentration of 11950 mol m−3

(23.6% state of lithiation) as the threshold for oxygen evolution, see 
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Ref. [40] (Supporting Information) for a more detailed discussion. The 
final rocksalt film thickness growth equation reads: 

𝑑𝐿RS
𝑑𝑡

=
𝑉RS 𝐷𝑜𝑥
𝐿RS 𝑣stoich

𝑐𝑜𝑥,lattice
exp

(

−𝛥𝐺(𝑐𝐿𝑖)
𝑘𝐵𝑇

)

1 + exp
(

−𝛥𝐺(𝑐𝐿𝑖)
𝑘𝐵𝑇

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑐O2 ,mob

(3)

with 𝐿RS as the thickness of the rocksalt layer, 𝑉RS as the molar 
volume of an assumed rocksalt phase, 𝑐ox,lattice as the available oxygen 
lattice concentration, 𝐷ox as the diffusion coefficient of lattice oxygen 
in the growing phase and 𝑣stoich as a stoichiometric coefficient in the 
transformation reaction. To solve the growth equation, we initialize the 
layer thickness to 0.2 nm at all interfaces.

We take into account the rocksalt phase as a resistive film (RF). 
At interfaces between active material and electrolyte we model charge 
transfer via a kinetic Butler–Volmer current (Eq. (4)). 
𝑖BV = 2 𝑖0 sinh

( 𝐹
2𝑅𝑇

(𝛷𝑠 − 𝜑𝑒 − 𝑈0(𝑐if ) − 𝑅RS 𝑖BV)
)

(4)

The resistive term with 𝑅RS = 𝐿RS
𝜅RS

 in Eq. (4) describes the impact of 
film formation on Butler–Volmer kinetics. Intercalation kinetics thus 
depend on the solid electrical potential 𝛷𝑠, the electrochemical elec-
trolyte potential 𝜑𝑒𝑙, the open-circuit voltage U0 and the resistive 
interface term. The prefactor i0 depends on the exchange current den-
sity factor 𝑖00, the concentration of Li ions in the electrolyte 𝑐el as well 
as the maximum Li concentration in the solid active materials 𝑐Li,max as 
well as the solid phase concentration at the interface 𝑐if . 
𝑖0 = 𝑖00 𝑐

0.5
El 𝑐0.5if (𝑐Li,max − 𝑐if )0.5 (5)

To reduce computational complexity the interface concentration 𝑐if  is 
approximated according to: 

𝑐if = 𝑐so −
𝑖BV 𝐿RS
𝐹 𝐷Li,RS

(6)

𝑐so is the solid Li concentration next to the interface, 𝐹  the Faraday 
constant and 𝐷Li,RS the diffusion coefficient of Li in the RS phase. 
Integration into our 3D framework allows us to observe the local phase 
transformation on the particle surface explicitly including the local 
environment in the electrolyte and electrode structure. Moreover, we 
have direct feedback between microscopic phase transformation and 
cell performance. The direct coupling between phase thickness and 
potential and concentration fields allows for more detailed predictions 
of local phase transformation compared to the P2D approach. Note 
that all simulations presented in this study have been performed using 
3D-microstructure resolved simulations. Further details on the electro-
chemical models as well as the applied parameterization are given in 
the Supporting Information and in Ref. [40]. All simulations have been 
performed on the high-performance cluster JUSTUS2.

2.2. Structure segmentation

To study individual particles in the electrode, we apply a marker-
based watershed algorithm to segment the full microstructure obtained 
from FIB-SEM tomography and highlight distinct particles in the elec-
trode using the scikit-image [53] and SciPy [54] python packages. The 
watershed segmentation included a euclidean distance transform, a me-
dian filter on the obtained distances and a determination of significant 
minima. A marker-based watershed with connectivity 26 and without 
a watershed-line was applied. 20 particles with equivalent diameters 
between 3 μm and 17 μm spread across the electrode were chosen and 
will be tracked during cycling. Properties of the respective particles 
have been extracted using the regionprops function of the scikit-image
package [53] and the equivalent diameter calculated as: 

𝑑equ =
(𝑉part ⋅ 6

𝜋

)1∕3

(7)

The full workflow starting from the reconstruction of FIB-SEM images 
is outlined in Fig.  1.
3 
Fig. 1. FIB-SEM structure of the investigated electrode from Ref. [48] and 
the computational workflow applied for segmentation using a watershed 
algorithm. In the final structure, the highlighted particles are colored while 
the rest of the bulk active material is shaded gray.

3. Results and discussion

In this section, the simulation results for phase reconstruction are 
presented. We start with a discussion of the overall electrode degra-
dation, followed by a detailed analysis of individual particles in the 
electrode. In the last section, we will discuss heterogeneity on single 
particles as a result of inhomogeneous lithiation.

3.1. Phase transformation on full electrode

To study the phase transformation in our virtual experiments we 
apply a charging protocol of a constant current (CC) charge (1C) from 
3.6 V to 4.3 V with a subsequent constant voltage (CV) phase until a 
C/20 cutoff is reached [40]. A subsequent discharge is performed at a 
constant current of 1C. Fig.  2(a) shows the cell potential during cycling 
and the corresponding average rocksalt layer thickness of the recon-
structed phase, which is denoted as the resistive film (RF). As shown 
in our previous work and in line with experiments, the reconstruction 
process starts to take place at around 4.3 V, i.e. once the concentration 
falls below a critical state of lithiation within the active material. The 
reconstructed layer thickness increases until the discharge starts and 
the concentration increases above the critical value. At the end of the 
CV phase, the average reconstructed thickness reaches approximately 
0.4 nm and remains constant during subsequent discharge.

Our microstructure-resolved simulation provides spatially resolved 
information on the local formation of the reconstructed phase. The 
degradation model is based on the active material concentration (i.e.,
SOC) at interfaces between electrolyte and active material. Therefore, 
the evolution of active material lithium concentration directly impacts 
the rocksalt thickness on the material surface. To illustrate this, Fig. 
2(b) shows the evolution of minimum concentration per electrode slice 
at snapshots 1–6 (indicated in (a)). We defined a critical concentration 
of 11950 mol m−3 (23.6% state of lithiation) below which the recon-
struction process occurs (see our previous work for discussion [40]). 
This concentration is indicated by a horizontal dashed line. The slice-
averaged film thickness at the same timesteps is also shown in Fig. 
2(c). At the beginning of the CV phase, the concentration shows a 
strong gradient between separator and current collector. Upon further 
delithiation, the minimum concentration near the separator falls below 
the critical threshold and rocksalt formation starts to occur. This can 
be seen in a slight increase of the averaged film thickness near the 
separator. As a consequence, active material next to the separator 
is longer in a (more) delithiated state resulting in increased phase 
reconstruction. The inhomogeneous degradation continues until the 
minimum concentration of the whole electrode is below the critical 
concentration (t = 0.84 h). Beyond this point the reconstructed active 
material film starts to grow on the whole electrode, which is in line 
with previous predictions [39].

To understand the more pronounced delithiation at the separator, 
the Li-ion concentration in the electrolyte at the beginning of the CV 
phase is shown in Fig.  2(d) (initial concentration of 1 mol l−1). The 
active material delithiation close to the separator is a consequence 
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Fig. 2. (a) Voltage profile (left axis) and rocksalt thickness as the resistive film (RF) (right axis) during a 1C CCCV charge to 4.3 V. Snapshots at times 1–6 
used in (b) are indicated for reference. The average thickness starts to increase once the critical SOC is reached. (b) Minimum concentration per slice for times 
indicated in (a) at the beginning of the CV phase. The critical concentration below which we assume active material degradation is indicated with a dashed line. 
The separator is located at 0. (c) The corresponding average rocksalt thickness for each slice in the electrode for times 1–6. (d) Distribution of Li-ion concentration 
in the electrolyte at the beginning of the CV phase (t = 0.7 h, timestep 1 in (a)). (e) Distribution of rocksalt layer thickness at the end of the CV phase (snapshot 
7 in (a)) and corresponding slice-averaged layer thickness (f) over electrode through-direction. A gradient in resistive film thickness from separator to current 
collector is observed.
of insufficient ionic transport through the electrolyte phase at a high 
current density: Li ions near the current collector accumulate. This 
accumulation can be seen in Fig.  2(d). The ionic conductivity and the 
diffusion in the electrolyte decrease with increasing concentration [55], 
which hinders further transport of ions towards the anode. To show that 
indeed ionic transport leads to the inhomogeneous lithiation profile, 
we performed the same simulation with constant electrolyte parameters 
and an increased electrolyte diffusivity and conductivity. The resulting 
delithiation is much more homogeneous across the electrode, while the 
electrolyte concentration and electrochemical potential are also more 
homogeneous and exhibit a smaller gradient. The results are shown 
in Fig. S8 and Fig. S9 in the Supporting Information. A simulation, 
in which electronic transport limitations are negligible, resulted in the 
same delithiation pattern as our baseline simulation shown in Fig.  2. 
Therefore, electronic transport is not the limiting factor for delithiation, 
but the ionic transport that is too slow.

The final distribution of rocksalt thickness at the end of the CV 
phase (snapshot 7 in Fig.  2(a)) as well as the slice-averaged layer 
thickness over the electrode thickness are shown in Fig.  2(e) and (f), 
respectively. The maximum thickness can be found close to the sepa-
rator due to the previously discussed heterogeneity in active material 
concentration. A decreasing film thickness towards the current collector 
with a thickness reduction of approximately 0.03 nm is observed. 
Overall, a strong gradient is present with a higher rocksalt thickness 
close to the separator and a smaller thickness near the current collector. 
Note that the overall difference in layer thicknesses is rather small. This 
is, however, in line with our previous predictions which showed similar 
gradients in the first cycle that accumulated over cycling to significant 
thicknesses [40]. Therefore, we interpret this to be an indication of how 
the growth process will continue upon further cycling or storage at high 
voltages.

Small peaks and low points like the minimum at approximately 
30 μm can be attributed to the presence of very large particles in 
4 
these slices with a very low reconstructed thickness that decrease the 
average value. Active material reconstruction on large particles is less 
pronounced, indicated by the blue color in the thickness profile in Fig. 
2(e). This is due to a higher state of lithiation due to Li-ion diffusion 
and will be discussed in Section 3.2 in more detail. Note that our 
model only predicts rocksalt growth, while follow-up reactions with the 
electrolyte are not considered in this work. However, locally varying 
phase reconstruction also results in more local oxygen evolution. The 
oxygen can react with the organic solvents [3,10,56], which can lead to 
more detrimental side reactions and potentially an electrolyte dry-out. 
This could decrease intercalation locally even more and additionally 
promote inhomogeneities.

We also performed simulations at a lower current density (C/3) for 
charging and discharging with the same cutoff current for the CV phase 
as for 1C cycling. The final slice-averaged rocksalt thickness for both 
C-Rates is shown in Fig.  3(a). The overall rocksalt thickness is thinner 
for C/3 compared to 1C and the gradient is much less pronounced. 
We show the corresponding active material concentration gradient 
(minimum concentration) at the start of the phase reconstruction for 
C/3 cycling in Fig.  3(b). As expected, the concentration gradient at the 
beginning of the reconstruction process is much more homogeneous 
compared to the high current case, which also leads to a more uni-
form film thickness. The Li-ion distribution in the electrolyte within 
the 3D structure at the onset of rocksalt growth after CC charging 
is shown in the Supporting Information. The Li-ion concentration in 
the electrolyte is more homogeneously distributed across the electrode 
structure, opposed to the significant gradient that is present after 1C 
charging. At higher currents, ionic transport limitations become critical 
in the delithiation process as discussed earlier. Due to overall better 
active material utilization at low currents, the CV phase is shorter for 
C/3 cycling (0.44 h for C/3 and 0.88 h for 1C) which results in the 
overall thinner reconstructed layer. The dependency of the degradation 
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Fig. 3. (a) Slice-averaged film thickness after C/3 and 1C charging (CCCV). (b) 
Minimum concentration in electrode structure at the end of C/3 CC charging. 
The cycling data with indicated timesteps from (b) and the Li-ion concentration 
in the electrolyte at the end of CC charging are shown in the Supporting 
Information.

on the charging protocol thus needs to be considered in multivariate 
optimization.

3.2. Degradation of individual particles

Experimental single-particle studies on isolated particles revealed 
inhomogeneous lithiation and rocksalt growth [35]. However, indi-
vidual particles are subject to a number of factors in real electrodes. 
Concentration and potential fields are influenced by the distribution 
of particle sizes and the carbon-binder-phase in addition to geomet-
ric properties like electrode thickness or tortuosity. To shed light on 
single-particle behavior in a full electrode, we can use our computa-
tional approach on the segmented structure (see Methods) to study the 
structural transformation process on individual particles in a realistic 
electrode setup.

In the following, we show the results of the same cycling protocol 
as used previously (1C CCCV charge, 1C discharge) and highlight the 
chosen particles.

Fig.  4(a) shows the increase in rocksalt thickness for the 20 particles 
highlighted in the inset. The particles with the minimum and the 
maximum detected rocksalt layer thickness are indicated in red and 
blue, respectively. The red and blue dashed lines are the upper and 
lower bound of the distribution of rocksalt layer thicknesses and all 
other particles are located in the shaded area in between. The global 
5 
mean thickness for the electrode is shown for reference as well. The 
largest thickness can be attributed to particle R (15 in Supporting 
Information), which is a small particle next to the separator. The least 
reconstruction takes place on particle B (21 in Supporting Information), 
which is a large particle in the middle of the electrode. We will discuss 
the impact of their size and position below.

Fig.  4(b) shows the 3D visualization of the rocksalt thickness at the 
end of the CV phase, i.e. at 1.54 h. We observe an inhomogeneity across 
the particles that is mainly caused by their size and their position. Par-
ticles that are close to the separator show higher phase reconstruction, 
as seen by the higher rocksalt thickness compared to the region next to 
the current collector. This is in line with our previous discussion on the 
whole electrode structure. The effect of particle size is, however, also 
clearly visible. Large particles show less rocksalt formation, in line with 
the observation in Fig.  2(d). This is due to a higher Li concentration 
closer to the particle surface as a result of slow Li diffusion inside the 
particles, even at the end of the CV phase. As discussed in our previous 
work [40], large particles show less tendency for degradation since Li 
concentration falls below the critical threshold for phase reconstruction 
later compared to smaller particles. However, the slower equilibration 
dynamics in large particles determine and extend the CV phase addi-
tionally accelerating phase transformation on smaller particles. Indeed, 
the faradaic current density distribution at the end of CV phase still 
shows a significant current density on the surface of large particles (Fig. 
4(c)). The current density on small particles, however, drops rapidly 
and is negligible at the end of the CV phase. Note that active material 
particles touch in the 3D structure resulting in locally zero or undefined 
rocksalt thickness and intercalation current. Therefore, some particles 
appear fractured on the images of rocksalt thickness and current den-
sity. Furthermore, we obtain individual particles from segmentation 
of a FIB-SEM tomography, which includes only secondary particles 
without internal porosity and additional crystallographic information 
on the primary particles. To assume the same interface model at all 
interfaces and only on the particle surface is thus a simplification. 
Additional aspects include crystal orientation in primary particles, as 
some crystal facets are more likely to deteriorate than others [57] 
as well as defects in the crystal structure or grain boundaries [58]. 
However, the transformation process is not fully understood on the 
atomistic scale and integrating all these aspects in a 3D-model is a very 
challenging task. We can, nonetheless, use the current model approach 
to predict general qualitative trends.

We now emphasized two important parameters that influence phase 
transformation process: the particle size and the particle position. To 
quantify both trends, we calculate the equivalent diameter of each of 
the highlighted particles and determine its centroid position as outlined 
in the Methods section. The average thickness of the reconstructed 
layer on each particle as function of its respective size is presented 
in Fig.  4(d). With increasing particle size the reconstructed thickness 
decreases and a linear trend can be seen. This is due to the extent of 
lithiation of particles with different size: Small particles delithiate faster 
as the diffusion length inside the particle is smaller. Larger particles 
take significantly longer to delithiate and thus extend the CV phase. 
Therefore, small particles effectively reach the critical lithium concen-
tration faster and suffer from more degradation. The additional color 
mapping reveals a minor influence of the position as well: Particles near 
the current collector tend to have a thinner resistive film thickness as 
discussed in the previous section.

The dependence of the particle centroid position on rocksalt growth 
is shown in Fig.  4(e). The film thickness increases towards the sepa-
rator, which reflects the overall delithiation behavior of the electrode 
as discussed earlier. However, the correlation is weaker compared to 
the linear trend observed for different particle size. That is, in part, 
due to the overlaying effect of particle size, which is revealed by the 
additional color map. Some outliers, like the points at 18 μm and 40 μm 
are caused by larger particles (very light color) that show less phase 
reconstruction.
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Fig. 4. (a) Growth of the reconstructed layer for the 20 individual particles and the global mean for reference. The smallest (dashed blue, particle B) and largest 
(dashed red, particle R) individual thickness evolution is indicated and the shaded region in between contains all other particles. The two particles B and R are 
also highlighted in the inset structure. (b) Reconstructed thickness and (c) Kinetic current density at the end of the CV phase for all 20 particles. Dependence of 
rocksalt thickness (d) on equivalent particle diameter and (e) on centroid position of the particle. Colors indicate the particle positions and sizes, which are also 
used in the electrode structures for better visualization.
While experimental validation for our predictions is difficult to 
obtain, a recent nano X-ray CT study by Goldbach et al. [26] found a 
more pronounced degradation due to particle cracking at the separator-
facing side of the electrode as well as more particle cracking for 
small to medium-sized particles, which they attributed to an inhomo-
geneous lithiation. Assuming the degradation phenomena result from 
the same origin, their findings support our model predictions of a 
higher degradation at the separator due to transport limitations in the 
electrolyte as well as higher degradation of small particles due to a 
higher surface-to-volume ratio and shorter diffusion length scales.

Our particle-by-particle analysis reveals the role of particle size and 
position in the electrode and can thus inform cathode design strategies.

3.3. Inhomogeneity on the particle scale

Another important aspect is the inhomogeneity across individual 
particles that has been observed experimentally [35]. Through our 
microstructure-resolved simulation, we inherently observe the direct 
correlation between Li concentration in the active material and rocksalt 
growth and, vice versa, the impact of an inhomogeneous rocksalt 
layer on lithiation dynamics. Fig.  5 shows the rocksalt thicknesses and 
concentration profiles of particle R, which is close to the separator 
(highlighted in Fig.  4(a)). Similar to the electrode scale we observe 
heterogeneous film growth on single particles, too. The color coding 
indicates the relative deviation from the respective average value, 
which is indicated below each image. The corresponding plot with 
absolute values is shown in the Supporting Information. The snapshots 
are taken at the beginning of the CV phase, in the middle of the CV 
phase and at its end right before the cutoff current is reached. The view 
on the particle is from the side, i.e the separator is located on the left 
and the current collector on the right hand side of the particle. For a 
full view and information on its position in the electrode, the reader is 
referred to the Supporting Information.
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At the beginning of the CV phase (Fig.  5(a)), the film thickness is 
homogeneously distributed (0.2 nm initial thickness), which is reflected 
by the uniform shading. During the CV phase, the rocksalt thickness 
starts to increase all over the particle with a more pronounced growth 
on the separator-facing side of the particle. At t = 1.12 h, the left side 
of the particle deviates from the average thickness by approximately 
1.6%. At the end of the CV phase, a gradient persists, but is slightly 
less pronounced with 1% deviation. To understand the reason for 
this heterogeneity, we study the concentration profiles at the same 
time steps, shown in Fig.  5(b). The Li ion concentration in the active 
material reveals an inhomogeneity in concentration at the end of CC 
charging (t = 0.7 h) with a higher degree of delithiation on the left 
side than on the right side of the particle. The strong deviation of 
−6% from the average value is due to the particle interior, which 
is still at a higher state of lithiation than the visible surface at the 
beginning of the CV phase. The very inhomogeneous delithiation causes 
inhomogeneous rocksalt growth as the more delithiated surfaces are 
exposed to a critical state-of-lithiation earlier. The separator-facing 
(left) side of the particle, which has a lower concentration, therefore 
shows more reconstruction. During the CV phase, the concentration 
gradient minimizes until reaching a homogeneous state of lithiation 
at the end of the CV phase. While the concentration equilibrates 
during the CV phase, the inhomogeneous formation of rocksalt layer 
is irreversible. The impact on subsequent cycling is investigated in Fig. 
6. While we emphasized the impact of particle size and position, the 
particle shape influences the lithiation pattern due to locally varying 
overpotentials [59]. This effect is inherently included in our modeling 
approach as we investigate particles in a realistic electrode. Fig.  6 
shows the lithium concentration in the particle after a subsequent 1C 
discharge for a case with degradation and a reference case without any 
degradation. The relative deviation from the average value (indicated 
below each image) is shown here; the absolute concentration values 
are shown in the Supporting Information. Simulations including the 
phase transformation show a more inhomogeneous Li distribution at 



S. Both et al. Energy Storage Materials 86 (2026) 104994 
Fig. 5. (a) Reconstructed thickness profiles and (b) concentration profiles for particle R at the beginning of the CV phase (t = 0.70 h), the middle of the CV 
phase (t = 1.12 h) and the end of the CV phase (t = 1.54 h). All plots show the relative deviation from the mean values calculated for the whole particle, which 
are indicated below the respective image. The left side of the particle faces the separator and the right side the current collector. See Fig.  4(a) and Fig. S2 for 
more detail on its position.
Fig. 6. Concentration profiles of single particle after subsequent 1C discharge 
with resistive film model (a) and without degradation (b). Shown is the 
deviation from the average particle concentration, which is indicated below 
the particle. Without degradation, the state of lithiation is much more homo-
geneous.

the end of discharge compared to the same simulation without any 
degradation. Additionally, the average Li concentration at the end of 
discharge including degradation is 1.4% lower compared to the pristine 
case. This highlights the impact of additional overpotentials due to 
the resistive layers on cell performance. The large deviations from the 
average concentration result from the particle interior, which is not 
homogeneously delithiated after a CC (dis-)charging step. While the 
overall inhomogeneity in predicted rocksalt thickness is not very large, 
we observe a noticeable impact on lithiation. Expecting an increasing 
inhomogeneity over cycling as discussed above and predicted in our 
previous study [40] also increasing sensitivity of the lithiation can be 
expected.

In summary, we show how inhomogeneous lithiation, induced by 
the complex concentration and potential fields in an electrode, can lead 
to inhomogeneous aging and, vice versa, how inhomogeneous aging 
can lead to inhomogeneous lithiation. In real world operation, this will 
7 
most likely be in addition to other influencing factors such as crystal 
orientation and prevailing surface terminations. Regarding electrode 
design, particle position and size effects need to be taken into account 
when considering degradation phenomena in electrode materials.

4. Conclusions

Using 3D microstructure-resolved simulation on a realistic, high-
energy NMC811 electrode, we investigate spatially resolved phase re-
construction of the layered material to a rocksalt phase. We show an 
inhomogeneous degradation across the electrode with a higher active 
material degradation at the separator and a smaller degradation at the 
current collector. A watershed segmentation of the structure allows 
us to observe individual particles during delithiation and monitor 
phase reconstruction on these particles. We show a high correlation 
between the reconstructed film thickness and both the position as well 
as the particle size due to their delithiation behavior. Experimentally, 
inhomogeneous rocksalt growth has been demonstrated [20,35]. Our 
3D microstructure-resolved simulations offer an explanation for the 
reported inhomogeneity on particles: the degree of delithiation is not 
necessarily homogeneously distributed at the particle surface, depend-
ing on factors like its position or its shape. To the authors knowledge, 
this is the first simulation of rocksalt formation on a realistic electrode 
structure. It therefore presents novel insights into relations between 
particle size, position and indirectly shape that are experimentally 
hardly accessible. Future development should therefore aim to take into 
account design parameters like particle size distribution when study-
ing degradation of cathode active materials by specifically designing 
experiments to balance the advantages and disadvantages of different 
particle size distributions on the cycling performance and material 
degradation. Strategies to mitigate oxygen loss and phase transfor-
mation include doping or surface coatings. Future research should 
therefore investigate their effectiveness in providing a homogeneous 
protection of individual particles in full electrodes.
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Our results emphasize the need for multiscale simulations of lithium-
ion battery degradation. While general trends can be predicted very 
well with homogenized P2D models, important structural aspects such 
as inhomogeneity in particles can only be directly observed in structure-
resolved simulations. This helps to deepen the understanding of degra-
dation processes in order to develop mitigation strategies through 
material, electrode and cell design.
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