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Figure S 1 Electrolyte salt concentration dependence of the electrolytic conductivity (top), kinematic viscosity (bot-
tom left) and density at temperatures between 10 and 80 °C. 
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Figure S 2 Magnification of different areas in the Ragone plot from Figure 6. Top: Magnification towards higher 
energy densities (ultra-thick electrode) and bottom: magnification towards higher power densities (thin electrode). 

 

Simulation Section 

Details of the electrochemical model 
In our previous work[1], only the impact of the CBD on the lithium transport in the electrolyte is 
included. In this work, the transport model, as given in [2], is further extended to also include 
the electronic contribution of the CBD phase. Thus, the impact of the CBD network on the 
electrochemical performance is fully included. The governing equations of the extended 
transport model are listed in Table SI 1.  

The transport in the regions of the nano-porous CBD is modeled through a homogenized ap-
proach, where the mixed phase of electrolyte and CBD is described as a porous, homogene-
ous medium. The electronic transport in the CBD is described by Ohms law similar to the active 
material: 

 𝚥𝚥𝐶𝐶𝐶𝐶𝐶𝐶 = −𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∇��⃗ Φ𝐶𝐶𝐶𝐶𝐶𝐶 (SI-1) 

The lithium and charge transport in the electrolyte and the charge transport in the CBD within 
the CBD-region is described via an effective transport, where the transport coefficients 𝑋𝑋 are 
modified by the respective volume fraction 𝜖𝜖 and the tortuosity 𝜏𝜏 as follows 

 
𝑋𝑋𝑒𝑒𝑒𝑒𝑒𝑒 =

𝜖𝜖
𝜏𝜏
𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (SI-2) 

The used porosity and tortuosity for the CBD-region are listed in Table SI 2. 

The active surface between the electrolyte and the active material in the CBD-region is reduced 
by the porosity of the electrolyte. The current flowing from the active material through the in-
terface between the CBD-region and the active material can split into the CBD and the elec-
trolyte: 

 𝚥𝚥𝑆𝑆𝑆𝑆 ⋅ 𝑛𝑛�⃗ = 𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ 𝜖𝜖𝐸𝐸𝑏𝑏  
𝑁𝑁��⃗ 𝑆𝑆𝑆𝑆 ⋅ 𝑛𝑛�⃗ = 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ 𝜖𝜖𝐸𝐸𝑏𝑏  
𝚥𝚥𝐸𝐸𝑏𝑏 ⋅ 𝑛𝑛�⃗ = 𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ 𝜖𝜖𝐸𝐸𝑏𝑏  
𝑁𝑁��⃗ 𝐸𝐸𝑏𝑏 ⋅ 𝑛𝑛�⃗ = 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ 𝜖𝜖𝐸𝐸𝑏𝑏  
𝚥𝚥𝐶𝐶𝐶𝐶𝐶𝐶 ⋅ 𝑛𝑛�⃗ = 𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶 = −𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶∇��⃗ Φ 

(SI-3) 

 



3 
 

The intercalation reaction in Graphite is described via a classical Butler-Volmer-expression 

 
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 = 2 ⋅ 𝑖𝑖00𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ �𝑐𝑐𝐸𝐸𝑏𝑏 ⋅ �𝑐𝑐𝑆𝑆𝑆𝑆�𝑐𝑐𝑆𝑆𝑆𝑆𝑚𝑚𝑖𝑖𝑚𝑚 − 𝑐𝑐𝑆𝑆𝑆𝑆

⋅ 𝑠𝑠𝑖𝑖𝑛𝑛ℎ �
𝐹𝐹

2𝑅𝑅𝑅𝑅
𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖� 

(SI-4) 

with the exchange current density 𝑖𝑖00𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 and the overpotential 𝜂𝜂 driving the reaction. The 
intercalation in NCM is described with the expression derived in [3]. 

 
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 = 2 ⋅ 𝑖𝑖00𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 ⋅ �𝑐𝑐𝐸𝐸𝑏𝑏 ⋅ �𝑐𝑐𝑆𝑆𝑆𝑆 ⋅ 𝑠𝑠𝑖𝑖𝑛𝑛ℎ �

𝐹𝐹
2𝑅𝑅𝑅𝑅

𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖� (SI-5) 

In both cases the overpotential is given by 

 
𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖 =  Φ𝑆𝑆𝑆𝑆 − 𝜑𝜑𝐸𝐸𝑏𝑏 − 𝑈𝑈0(𝑐𝑐𝑆𝑆𝑆𝑆) (SI-6) 

 

Table S 1. The constitutive equations of the Li-ion battery model used in this work. Indices are 
defined as Electrolyte= El, Active material= So and Carbon additive = CB.   

Phase Material balance Charge balance 
Electrolyte 𝜕𝜕𝑐𝑐El

𝜕𝜕𝜕𝜕
=  −∇��⃗ ⋅ 𝑁𝑁��⃗ eff,El 0 =  −∇��⃗ ⋅ 𝚥𝚥eff,El 

Active material 𝜕𝜕𝑐𝑐So
𝜕𝜕𝜕𝜕

=  −∇��⃗ ⋅ 𝑁𝑁��⃗ So 0 =  −∇��⃗ ⋅ 𝚥𝚥So 

Carbon additive - 0 =  −∇��⃗ ⋅ 𝚥𝚥eff,CB 
Phase Lithium flux Charge flux 

Electrolyte 𝑁𝑁��⃗ eff,El = −Deff,El∇��⃗ 𝑐𝑐El + 𝚥𝚥eff,El 𝚥𝚥eff,El =  −𝜎𝜎eff∇��⃗  𝜑𝜑El 
Carbon additive - 𝚥𝚥eff,CB =  −𝜅𝜅eff,CB∇��⃗  ΦSo 
Active material 𝑁𝑁��⃗ So = −𝐷𝐷So∇��⃗ 𝑐𝑐So 𝚥𝚥So =  −𝜅𝜅So∇��⃗  ΦSo 

 

 

𝑈𝑈0𝐺𝐺𝑖𝑖 (soc) = 0.6379 + 0.5416*exp(-305.5309*soc) + 0.044*tanh(-(soc-

0.1958)/0.1088) - 0.1978*tanh((soc-1:0571)/0.0854) -  

0.6875*tanh((soc+0.0117)/0.0529) - 0.0175*tanh((soc-

0.5692)/0.0875) 

(SI-7) 

 
𝜅𝜅𝑁𝑁𝑁𝑁𝐶𝐶 = 𝑒𝑒𝑒𝑒𝑒𝑒(−202.91 ∗ 𝑠𝑠𝑠𝑠𝑐𝑐4  +  322.38 ∗ 𝑠𝑠𝑠𝑠𝑐𝑐3  −  178.24 ∗ 𝑠𝑠𝑠𝑠𝑐𝑐2  +

 50.07 ∗ 𝑠𝑠𝑠𝑠𝑐𝑐 −  13.47 )  
(SI-8) 

 

Table SI-2 List of the electrochemical parameters used for the simulations. 

Parameter Value Description 

NCM 

𝑐𝑐𝑁𝑁𝐶𝐶𝑁𝑁0  / mol/cm3 1.6500e-2 Initial Li concentration 

𝑐𝑐𝑁𝑁𝐶𝐶𝑁𝑁𝑚𝑚𝑖𝑖𝑚𝑚 / mol/cm3 5.0451e-2 Maximum Li concentration 
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𝐷𝐷𝑁𝑁𝐶𝐶𝑁𝑁 / cm2/s See Figure S 4 Li-ion diffusion coefficient 

𝜅𝜅𝑁𝑁𝐶𝐶𝑁𝑁 / S/cm See (SI-7) Electronic conductivity of NCM 

𝑈𝑈0 / V See Figure S 4 Open circuit potential of NCM 

Graphite 

𝑐𝑐𝐺𝐺𝑖𝑖0  / mol/cm3 2.4295e-2 Initial Li concentration 

𝑐𝑐𝐺𝐺𝑖𝑖𝑚𝑚𝑖𝑖𝑚𝑚 / mol/cm3 3.0369e-2 Maximum Li concentration 

𝐷𝐷𝐺𝐺𝑖𝑖 / cm2/s 3.9e-10 Li-ion diffusion coefficient 

𝜅𝜅𝐺𝐺𝑖𝑖 / S/cm 1 Electronic conductivity of Graphite 

𝑈𝑈0𝐺𝐺𝑖𝑖 / V See (SI-6) Open circuit potential of Graphite 

Electrolyte 

𝑐𝑐𝐸𝐸𝑏𝑏0  / mol/l 1 Concentration of Li salt 

𝜅𝜅𝐸𝐸𝑏𝑏 / S/cm See Figure S 3 Conductivity 

𝐷𝐷𝐸𝐸𝑏𝑏 / cm2/s See Figure S 3 Li-ion diffusion coefficient 

𝑓𝑓𝐿𝐿𝑖𝑖
𝐸𝐸𝑏𝑏𝐸𝐸𝑖𝑖𝑒𝑒 / - See Figure S 3 Activity factor 

𝜕𝜕± / - See Figure S 3 Transference number 

 

𝜅𝜅𝐶𝐶𝐶𝐶 / S/cm 100 Electronic conductivity of Current collector 
(estimated) 

𝜅𝜅𝐶𝐶𝐶𝐶 / S/cm 10 Electronic conductivity of carbon in passive 
material phase (estimated) 

Kinetic parameter 

𝑖𝑖00𝐿𝐿𝑖𝑖  / A/cm2 0.06407 Exchange current density factor at lithium 
electrode 

𝑖𝑖00𝐺𝐺𝑖𝑖 / Acm2.5/mol1.5 0.367 Exchange current density factor for intercala-
tion 

𝑖𝑖00𝑁𝑁𝑁𝑁𝐶𝐶 / A cm/mol 0.23047 Exchange current density factor for intercala-
tion 

 

Model Parametrization 
All model parameters, including transport and thermodynamic parameters of the electrolyte 
and active materials, as well as kinetic parameters for lithium intercalation, are determined by 
model experiments or from the corresponding literature. Note, that all parameters are deter-
mined independently in order to improve qualitative model predictions.  
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Electrolyte – Electrolyte parameters are key to understand the results in this study. Several 
groups report transport parameters for the solvent and salt system[4,5] Additionally, we per-
formed our own measurements to complement the information presented in the literature. 
However, in none of the studies measurements of all parameters are done up to the solubility 
limit. An overview of data points and the corresponding correlations at room temperature (25 
°C) which are used in our simulations are shown in Figure S 3. In order to do the simulations, 
the correlations extrapolate transport properties well beyond the solubility limit. While some 
supersaturation of the electrolyte is possible, especially during operation of the cell, deviations 
of transport properties from the correlations are expected. 

 

  

  
Figure S 3 – Overview of electrolyte parameters compiled from different sources in the literature and our own ex-
periments. Solid lines indicate correlations used in this study. 

Active material – In this study we focus on ultra-thick electrodes consisting of NCM 622 active 
material. GITT measurements on thin electrodes were performed to extract open circuit voltage 
and the lithium chemical-diffusion coefficient as function of lithium stoichiometry. Details of the 
approached are also outlined in [6]. Additionally, we perform at each state of charge current 
pulses with different magnitude in order to determine kinetic parameters. In our simulations, 
however, we use a mean value over the whole soc range. The corresponding results are pre-
sented in Figure S 4.  
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Parameters of the lithium metal electrode and the graphite material which is used in full cell 
simulations are taken from different sources in the literature[7–9]. A detailed determination of 
model parameters as it was done for the NCM 622 electrodes is not in the focus of this work. 

 

  
Figure S 4 – Open circuit voltage, chemical diffusion coefficient (left) and exchange current density of the interca-
lation reaction (right) as function of lithium content. Parameters are determined by GITT measurements on thin 
model electrodes. 

Electrode tortuosity – Simulations in this work are done on realistic virtual microstructures in-
cluding passive materials, i.e. carbon black and binder, as a homogenized phase. Both pore 
networks, between the active material particles and within the homogenized passive material 
phase, contribute to the electrode tortuosity. Previously, we demonstrated that the information 
provided by impedance measurements on symmetrical cells can be used to extract the tortu-
osity factors of the porous passive material phase which is hard to resolve using non-destruc-
tive imaging techniques[1]. Details of the approach can be found in our previous publication. 
Figure S 5 presents measurements and simulations of symmetrical cells consisting of ultra-
thick NCM 622 electrodes. The tortuosity of the passive material phase was adjusted in the 
simulations in order to reproduce the experimental data i) in the high frequency range (red line) 
and ii) low frequency limit (black line). The resulting effective conductivity of the passive mate-
rial phase is 0.12 and 0.07, respectively. Both values are slightly larger than anticipated in our 
previous simulations on the same structures where the detailed characterization of the elec-
trode material was not yet available [9].It is interesting to notice that in both cases the simula-
tions reproduce two features at high frequencies which are also present in the experiments. 
The origin of such features is typically attributed to contact resistances at the current collector. 
Additional studies investigating these effects are work in progress. 

In the graphite anode we assume the same effective transport parameters and porosity like in 
the NCM 622 electrode.  
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Figure S 5 – Impedance measurements and simulations on symmetrical cells. Values are corrected by the high 
frequency resistance. Left: Overview over whole frequency range. Right: Zoom to high frequencies. 

 

Electrode structures and simulation domain. 
Realizations of electrode structures are produced with stochastic microstructure generators 
developed at the Institute of Stochastics, Ulm University. Details of the approach are given in 
[10]. Realizations of cathode microstructures have been presented and analysed in our previous 
study on the manufacturing process of ultra-thick cathodes[9]. NCM 622 structures refer to the 
case labeled as ‘low shear mixing’. The anode used for full-cell simulations has been modelled 
by the excursion set of a Gaussian random field [11]. For this purpose, the volume fraction of 
active material of 61.4% has been computed from the material composition of an experimen-
tally manufactured graphite anode. The 3D morphology of this anode has been measured by 
synchrotron tomography and subsequently binarized by a global threshold such that the vol-
ume fraction of 61.4% is matched. The binarized image data allows for computing the two-
point coverage probability function using the Fourier-based approach described in [12]. After-
wards, the two-point coverage probability function is converted to the covariance function of 
the Gaussian random field using Equation 6.158 from [13]. Finally, the Gaussian random field 
is simulated by means of the approach described in [14]. The ultra-thick virtual graphite anode 
was adjusted in thickness in order to provide a theoretical capacity of 9 mAh cm-2. Passive 
materials have been distributed homogeneously at contact points to the active material as 
described in [Hein 2020]. In both electrodes we assume a porosity of the passive material 
phase of 50%. An overview of structural parameters and electrode composition is provided in 
Table S 1. The electrodes are assembled to virtual half-cells, full-cells, and symmetric cells. In 
all cases we model a glass fiber separator between the electrodes. The thickness of the sep-
arator is assumed to be 100 µm due to compression in the coin cells. The resulting porosity of 
the separator is assumed to be 50% with a tortuosity of the pore space approaching 1. The x-
direction in our simulation represents the normal vector pointing from anode to cathode. 

Table S 1 – Structural parameters and composition of electrodes 

Sample NCM 622 Graphite 
Dimensions (x,y,z voxels) 187, 125, 125 208, 125, 125 

Resolution / µm 0.876 0.876 
Composition / vol-%   

AM 56.9 61.4 
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Electrolyte 19.1 27.1 
Passive Materials 24.0 11.5 

 

Simulation results 
Model validation on half-cells – Figure S 6 presents discharge curves of ultra-thick NCM 622 
cathodes for varying initial salt concentration. Experiments are given by solid symbols and 
lines represent simulation data. Simulations are performed for the two effective conductivities 
in the passive material as extracted from the symmetrical cells. The shaded areas between 
the curves represents the range of simulation results within this parameter range. In all cases 
the simulations are in fair agreement with the experimental data. At 1M and 1.4M initial salt 
concentration the capacity of the samples is well represented by the simulations with lower 
passive material effective electrolyte conductivity. At higher concentrations better agreement 
for the other limiting case can be reported. In general, we observe strong deviations between 
simulations and experiments at high salt concentrations and currents. The spatial distribution 
at the end of the discharge indicates that concentration gradients are significant and local max-
ima are well beyond the solubility limit, which we found in experiments (cf. Figure S 7). This 
indicates that the speciation in the electrolyte has a significant effect on transport phenomena. 
Moreover, precipitation of the electrolyte salt can be expected. Both effects are not covered in 
our model. This highlights the need for improved transport models for highly concentrated 
electrolytes which are to our knowledge not presented in the literature.  

  

  
Figure S 6 – Discharge curves of ultra-thick NCM 622 cathodes in half-cell configuration for different initial salt 
concentration c0. Experiments are given by solid symbols and simulations by corresponding lines. Shaded areas 
represent the parameter space given by the two values for effective conductivity extracted from symmetrical cells. 
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Figure S 7 – Normalized concentration distribution in electrolyte at the cut-off voltage of 3.0V for increasing initial 
salt concentration (left to right). The applied discharge current in the half-cell simulations is in all cases 6 mA cm-2. 
The effective conductivity of the passive materials is 0.12. 

Full cell simulations – Figure S 8 presents simulation results of full-cells consisting of ultra-
thick NCM cathodes and graphite anodes. The data is the basis for the calculation of relative 
energy densities in Figure 8 of the main article. Corresponding normalized concentration dis-
tributions are also presented in Figure S 9. The simulations indicate that extremely high con-
centration gradients can be expected.  

An overview of the simulated capacity retention is shown in Figure S 10. Note, that predicted 
capacity gain in full-cell configuration is larger than in half-cells at the same concentration and 
current. 

  

  
Figure S 8 – Simulated discharge curves of ultra-thick NCM 622 graphite full-cells with varying initial salt concen-
tration. 
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Figure S 9 - Normalized concentration distribution in electrolyte at the cut-off voltage of 3.0V for increasing initial 
salt concentration (left to right). The applied discharge current in the full-cell simulations is in all cases 6 mA cm-2. 
The effective conductivity of the passive materials is 0.12. 

 
Figure S 10 – Simulated discharge capacity normalized by the capacity for an initial salt concentration of 1 M. Solid 
lines represent half-cell simulations. Dashed lines are obtained from full-cell simulations. The effective conductivity 
of the passive materials is 0.12. 
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