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Abstract 

Solid-state batteries (SSBs) hold the potential to enhance the energy density, power density and 

safety of conventional lithium-ion batteries. Realizing the theoretical promise of SSBs is 

predicated on the mechanistic design and comprehensive analysis of various solid-solid interfaces 

and microstructural features within the system. The spatial arrangement and composition of 

constituent phases (e.g., active material, solid electrolyte, binder) in the solid-state cathode dictate 

critical characteristics such as solid-solid point contacts or singularities within the microstructure, 

and percolation pathways for ionic/electronic transport. In this work, we present a comprehensive 

mesoscale discourse to interrogate the underlying microstructure-coupled kinetic-transport 

interplay and concomitant modes of resistances that evolve during electrochemical operation of 

SSBs. Based on a hierarchical physics-based analysis, the mechanistic implications of solid-solid 

point contact distribution and intrinsic transport pathways on the kinetic heterogeneity is 

established. Toward designing high-energy-density SSB systems, the fundamental correlation 

between active material loading, electrode thickness and electrochemical response has been 

delineated. We examine the paradigm of carbon-binder free cathodes and identify design criteria 

that can facilitate enhanced performance with such electrode configurations. A mechanistic design 

map highlighting the dichotomy in kinetic and ionic/electronic transport limitations that manifest 

at various SSB cathode microstructural regimes is established.  
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1. Introduction 

As conventional lithium-ion batteries (LIBs) approach their theoretical energy densities, there is a 

persistent need for the development of next-generation energy storage devices that can comply 

with demands of applications such as electric vehicles.1, 2 In this regard, the utilization of lithium 

metal anodes, owing to their high specific capacity (3860 mAh g-1) and low electrochemical 

potential (-3.04 V vs standard hydrogen electrode) promise to intrinsically boost the gravimetric 

and volumetric energy densities of LIBs.3-6 In addition, replacing the organic liquid electrolyte 

with an inorganic solid electrolyte (SE)7-9 can address the safety concerns of existing LIBs.10 Due 

to the high cation transference number and inherent mechanical rigidity, SEs are also expected to 

bypass bulk polarization and enable compact deposition morphologies, thereby providing an 

exciting opportunity to achieve enhanced power density, safety and charging rates.11-13  

Over the recent past, significant research efforts have been made towards the synthesis of SEs with 

enhanced ionic conductivities14. Notably, sulfide-based SEs have exhibited high ionic 

conductivities in the order of 10-3 S cm-1, outperforming their liquid counterparts.15, 16 Alongside 

the materials level, major research impetus has been laid on understanding the cell architectural 

aspects and various interfacial complexations that underlie the electrochemical performance of 

solid-state batteries (SSBs).17-22 Promisingly, researchers have recently demonstrated an energy 

density of 900 W h L−1 over a life of 1000 cycles at 0.5 C-rate at the pouch cell level, incorporating 

solid argyrodite sulfide electrolytes.23 Despite a few promising performance reports,16, 23 several 

fundamental challenges pertaining to the morphological stability of the anode,24-33 fabrication 

process of thin separators34 and the design of composite cathode architectures35, 36 still exist.  

The electrochemical performance of SSB cells is largely correlated with the composition and 

spatial arrangement of the constituent phases in its composite cathode37. In addition to the active 



material (AM) and SE, electrochemically inactive components such as the conductive additive and 

binder provide enhanced electron percolation pathways and mechanical integrity of the electrode 

respectively.38, 39 However, carbon additives can potentially lead to degradation mechanisms at 

their interfaces with the SE, while the binder impedes ion and electron percolation pathways within 

the composite cathode microstructure.19, 40-43 Furthermore, such secondary phases also block 

electrochemically active sites, thus contributing to both kinetic and transport resistances within the 

electrode. The inadequate solid-solid contact area between the AM and SE poses additional 

constraints on the electrochemical performance of SSBs.44 Large volume fluctuations of the AM 

over cell operation can exacerbate this scenario by further depleting the electrical contact between 

the AM and SE particles.43, 45-48 To enhance active contact area, strategies such as electrolyte-

coated AM particles49 and liquid-phase synthesized electrolytes50 have been successfully 

employed to achieve improved cell performance.   

Despite such recent advancements, performance of SSBs is rather limited at electrode 

compositions with a high AM loading (~ 80 wt. %). Nam et al.51 and Zhang et al.52 have revealed 

a decline in cell capacity and rate performance at such high cathode loadings. Contrary to liquid 

electrolyte systems, the energy density of SSBs is constrained by the presence of residual voids53 

and the requisite fraction (~30 wt. %) of SE particles to facilitate adequate ionic transport within 

the cathode.54 To achieve high performance electrodes, it is critical to gain a fundamental 

understanding of the influence of design parameters such as the size and morphology of the AM 

and SE particles, secondary phase (i.e., conductive additive and binder) content and electrode 

thickness over a wide range of operating conditions. Prior studies in this regard have also 

highlighted the distinct benefits of improved ion and electron percolation pathways towards cell 

performance, via modulation of AM and SE particle sizes.51, 54-56 Minnmann et al.57 highlighted 



that high AM loading can eliminate the necessity for carbon additives that are often used to 

improve the electronic conductivity of the cathode composite. Recently, Li et al.58 has proposed 

the use of superior ionic/electronic mixing conductors as an alternative to carbon additives and 

electrolyte to maximize the energy density of SSBs.   

While recent studies in literature have focused on understanding the ionic/electronic tortuosity and 

active area attributes of such solid-state cathodes,41, 42, 54 a mechanistic demarcation of the transport 

and kinetic limitations during electrochemical operation of the SSB is still required. With 

percolation of transport pathways and solid-solid point contact within the cathode architecture 

being critical features that control cell performance, it is necessary to quantify their distinct 

implications at various electrode recipes and operating conditions. In the current work, we 

delineate the role of microstructural arrangement and composition of the composite cathode on the 

electrochemical response of the SSB. A hierarchical mesoscale modeling framework is developed, 

which quantifies effective electrode properties and systematically feeds the microstructural 

information to a macro-homogenous model that captures the electrochemical performance of the 

SSB. In order to enhance the energy density in SSB systems, a high AM loading in thicker 

electrode configurations, along with good AM utilization is required. The fundamental correlation 

between AM loading, thickness, and electrochemical utilization for such solid-state cathodes is 

analyzed based on the proposed mesoscale modeling strategy. We also quantify the distinct modes 

of resistances (i.e., kinetic and transport) within the cell at various cathode compositions and 

identify a non-monotonic trend in cell performance as the AM phase content is varied. Current 

focusing and the non-homogeneous reaction distribution within the electrode is quantified at 

different discharge rates and found to be one of the major aspects limiting the discharge capacity 

at higher cathode loadings. Furthermore, we investigate the paradigm of carbon-binder free 



cathodes and demarcate design criteria that can potentially facilitate improved performance of such 

electrode configurations even at high AM loadings. Lastly, we summarize cathode microstructure-

driven kinetic and transport-limited regimes and derive design guidelines for improved 

performance of SSBs. This work provides a fundamental insight into the mesoscale behavior of 

the solid-state cathode and enhancement in cell performance via electrode engineering.  

 

2. Methodology 

Figure 1(a) schematically illustrates a three-dimensional solid-state cathode microstructure 

consisting of active material (AM), carbon-binder (CBD), solid electrolyte (SE) and voids, along 

with its two-dimensional cross-section in Figure 1(b). 𝑥𝑥 = 0 corresponds to the current collector 

side whereas 𝑥𝑥 = 𝐿𝐿𝑐𝑐 corresponds to the separator side. In the current work, several realizations of 

the composite cathode microstructure have been stochastically generated by varying the fractions 

of constituent phases. The fraction of voids in the composite cathode is kept constant at 5% of the 

total volume. In contrast to liquid electrolyte systems, solid-solid particle contact and presence of 

voids leads to highly tortuous pathways for ions (see Figure 1(d)) which can have a significant 

impact on ionic conductivity. Effective electronic conductivity within the cathode is enhanced by 

the CBD phase as it improves electronic percolation pathways, in addition to offering a high 

intrinsic electronic conductivity. Figure 1(e) shows representative electron percolation pathways 

within the microstructural domain. Unlike liquid electrolytes that wet the surface of AM, the active 

surface area is limited by the particle-particle contact between AM and SE phases, which 

necessitates accurate estimation of active area for composite cathode microstructures (See Figure 

1(c)). Stochastic generation of microstructures is performed using GeoDict42, 59-61 where the voxel 

length, total number cells in 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 directions, volume fractions of the constituent phases and 



diameter of AM and SE particles are provided as inputs. Effective electrode properties for each 

microstructure are estimated using direct numerical simulations (DNS).60-62 It is noted that the 

control volume size (200μm×200μm×200μm) used in this study for effective electrode property 

estimation is sufficiently larger than the AM and SE particle sizes.63 As a result, the effective 

electrode properties evaluated are truly determined by the cathode composition and have negligible 

errors arising due to the microstructural stochasticity. 

Electrochemical reactions in composite cathode occur at the solid-solid interfacial contact between 

AM and SE phases. This active surface area is estimated using modified version of the Minkowski 

method62, 63 as follows: 

𝑎𝑎𝑠𝑠 =
4𝜋𝜋𝐼𝐼𝐴𝐴𝐴𝐴−𝑆𝑆𝑆𝑆
𝑀𝑀𝑥𝑥𝑀𝑀𝑦𝑦𝑀𝑀𝑧𝑧Δ

𝑓𝑓                                                                  (1) 

Here, 𝐼𝐼𝐴𝐴𝐴𝐴−𝑆𝑆𝐸𝐸 represent the number of cell faces having AM and SE cell on either side, 𝑀𝑀𝑥𝑥, 𝑀𝑀𝑦𝑦, 

and 𝑀𝑀𝑧𝑧 represent the total number of cells in 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 directions, respectively, and Δ represents 

the voxel length. The digitized sphere of radius 𝑟𝑟 = 𝑁𝑁Δ, represented by the surface faces, 𝐼𝐼𝑁𝑁, 

approaches the ideal sphere as the number of surface faces is sufficiently high. The parameter, 𝑓𝑓 =

𝑁𝑁2

𝐼𝐼𝑁𝑁
  is obtained based on the convergence of the digitized sphere’s surface area towards the ideal 

sphere’s surface area (4𝜋𝜋𝑟𝑟2). It is noted that this method is valid for any geometry, thus allowing 

us to compute the interfacial area between AM and SE phases.  

Tortuosity computation involves solving the Laplace equation for electrical potential which is 

given as follows: 

∇2𝜙𝜙 = 0                                                                           (2) 



For the estimation of x-direction tortuosity, 𝜏𝜏𝑥𝑥, boundary conditions corresponding to 𝜙𝜙(𝑥𝑥 = 0) =

𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 and 𝜙𝜙(𝑥𝑥 = 𝐿𝐿𝑐𝑐) = 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 are applied on two extreme faces of the composite cathode. On the 

remaining faces (𝑦𝑦 = 0, 𝑧𝑧 = 0,𝑦𝑦 = 𝐿𝐿𝑦𝑦, 𝑧𝑧 = 𝐿𝐿𝑧𝑧), we set 𝜕𝜕𝜙𝜙
𝜕𝜕𝜕𝜕

= 0. Solution obtained from Eq. 2 can 

then be used to estimate flux by integrating the potential gradient over one of the extreme faces 

(𝑥𝑥 = 0 𝑜𝑜𝑜𝑜 𝑥𝑥 = 𝐿𝐿𝑐𝑐). The corresponding tortuosity can then be evaluated from the equation given 

below: 

𝑗𝑗𝑥𝑥 = −𝐷𝐷
𝜀𝜀𝑆𝑆𝑆𝑆
𝜏𝜏𝑥𝑥

�
𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 − 𝜙𝜙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝐿𝐿𝑐𝑐
� = −𝐷𝐷

𝜀𝜀𝑆𝑆𝑆𝑆
𝜏𝜏𝑥𝑥

�
1
𝐿𝐿𝑐𝑐
�                                           (3) 

where, 𝜀𝜀𝑆𝑆𝑆𝑆 is the SE volume fraction, 𝐷𝐷 is the intrinsic transport coefficient and 𝑗𝑗𝑥𝑥 is the flux in x-

direction. Tortuosity in y and z directions can be calculated by suitably rearranging the boundary 

conditions mentioned above. It is noted that the intrinsic transport coefficient, 𝐷𝐷, is set to unity for 

SE phase and zero for AM, CBD and voids for the estimation of tortuosity in SE phase. Based on 

the tortuosity values estimated from Eq. 3, the effective ionic conductivity in the 𝑥𝑥,𝑦𝑦 and 𝑧𝑧 

directions are computed as follows: 

𝜅𝜅𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜅𝜅

𝜀𝜀𝑆𝑆𝑆𝑆
𝜏𝜏𝑆𝑆𝑆𝑆,𝑖𝑖=𝑥𝑥,𝑦𝑦,𝑧𝑧

                                                                (4) 

where, 𝜅𝜅 is the intrinsic ionic conductivity and 𝜏𝜏𝑆𝑆𝑆𝑆,𝑖𝑖 is the ionic tortuosity within the SE. The 

effective ionic conductivity of SE is then estimated by using the arithmetic mean of tortuosity 

obtained for the 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 directions.  

Effective electronic conductivity in the AM-CBD phase can be estimated using a similar procedure 

that has been outlined for ionic conductivity of the composite cathode. Relevant properties for the 

constituent phases of composite cathode are summarized in Table S1 of Supporting Information. 



Butler-Volmer kinetics is used to describe the electrochemical reaction occurring at the active AM-

SE contact and is expressed as follows: 

𝑖𝑖 = 𝑖𝑖0 �exp �
𝐹𝐹

2𝑅𝑅𝑅𝑅
𝜂𝜂� − exp �

−𝐹𝐹
2𝑅𝑅𝑅𝑅

𝜂𝜂��                                                 (5) 

where, 𝑖𝑖0 is exchange current density, 𝐹𝐹 is Faraday constant, 𝑅𝑅 is universal gas constant, 𝑇𝑇 is 

temperature and 𝜂𝜂 is overpotential. The exchange current density, 𝑖𝑖0, is given by the following 

expression: 

𝑖𝑖0 = 𝐹𝐹𝐹𝐹(𝑐𝑐𝑒𝑒)0.5�𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑐𝑐𝑠𝑠�
0.5

(𝑐𝑐𝑠𝑠)0.5                                                (6) 

Here, 𝑘𝑘 is the rate of reaction, 𝑐𝑐𝑒𝑒 is the lithium-ion concentration in SE, 𝑐𝑐𝑠𝑠 is the lithium 

concentration in AM particles and 𝑐𝑐𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum lithium concentration that can be 

inserted in AM particles. 

Spherical geometry has been considered for the AM particles, within which the lithium transport 

has been solved using Ficksian diffusion in radial coordinates as given below: 

                                                                  
𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕

=  
1
𝑟𝑟2

 
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝐷𝐷𝑠𝑠𝑟𝑟2

𝜕𝜕𝑐𝑐𝑠𝑠
𝜕𝜕𝜕𝜕
�                                                           (7) 

where, 𝑐𝑐𝑠𝑠 is lithium concentration, 𝐷𝐷𝑠𝑠 is AM phase diffusivity, 𝑟𝑟 is radial coordinate and 𝑡𝑡 is time. 

Electric potential (𝜙𝜙𝑠𝑠) in AM domain can be solved using Ohm’s law as follows: 

∇. (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒∇𝜙𝜙𝑠𝑠) − 𝑗𝑗 = 0                                                              (8) 

Here, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 is effective electronic conductivity and 𝑗𝑗 is volumetric current density. Moreover, the 

electric potential (𝜙𝜙𝑆𝑆𝑆𝑆) for ionic transport in the SE domain can be estimated using charge 

conservation as shown below: 



𝛻𝛻 ⋅ (𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝜙𝜙𝑆𝑆𝑆𝑆) + 𝑗𝑗 = 0                                                           (9) 

where, 𝜅𝜅𝑒𝑒𝑒𝑒𝑒𝑒 is the effective ionic conductivity in the SE phase. Volumetric current density can be 

expressed in terms of active area (𝑎𝑎𝑠𝑠) and current density (𝑖𝑖) as follows: 

𝑗𝑗 = 𝑎𝑎𝑠𝑠𝑖𝑖                                                                          (10) 

In this modeling framework, the concentration of lithium ions in the SE phase of the composite 

cathode is considered to be constant due to the high cationic transference number that results in 

negligible concentration gradients in the SE. All the parameters used in the modeling framework 

are listed in Table S2 of Supporting Information. 

 
Figure 1. (a) Representative illustration of a composite solid-state cathode microstructure 
consisting of AM, SE, CBD, and voids. (b) Cross-sectional view of the electrode, depicting the 
spatial distribution of ionic and electronic-conductive phases. Microstructural arrangement and 



composition dictate key electrode performance attributes including (c) active contact area, (d) ionic 
and (e) electronic percolation pathways. Dependent on the applied current rates and electrode 
composition, these pore-scale features strongly influence the evolution of kinetic and transport 
resistances over cell operation.  

 

3. Results and Discussion  

Figure 2(a-c) presents the variation in effective electrode properties, namely tortuosity for ion 

transport, active area, and effective electronic conductivity, as a function of electrode composition. 

As shown in Figure 2(a), in general, an increase in AM loading and secondary phase (CBD) content 

results in larger tortuosities for ionic transport within the SE particle network. While increasing 

the AM content from 40 to 60 wt. % results in only a moderate tortuosity rise, further increase in 

AM loading (from 60 to 80 wt. %) is found to substantially reduce the ion percolation pathways. 

For instance, for a CBD fraction of 4 wt. %, tortuosity increases from 1.3 at 40 wt. % AM to 1.5 

at 60 wt.% AM. However, with an increase in AM loading to 80 wt.%, tortuosity increases up to 

a magnitude of 4. In addition, as depicted in Figure 2(a), the effect of CBD content on ionic 

transport is more severe in the regime of high AM loading (> 60wt. %). Effective ionic 

conductivities of the SE phase are calculated using Eq. 4, which has been described in the 

Methodology section. Analogous to the trends in tortuosity, an increase in CBD content reduces 

the effective conductivity, by preventing the connectivity of ion percolation pathways (see Figure 

S1 of Supporting Information). Towards the regime of 80 wt.% AM, a substantial reduction in 

effective conductivities, when compared to the intrinsic property (0.039 S/m) is observed. In 

contrast to the trends in tortuosity, active area (see Figure 2(b)) is dissimilarly influenced by 

increase in AM and CBD content. At lower fractions of CBD (0-2 wt. %), an increase in AM 

loading from 40 to 80 wt. % leads to roughly a four-fold enhancement in the active area. However, 

at larger fractions of CBD (4-6 wt. %) with CBD phase covering the interfacial contact sites, active 



area remains almost unaffected with variation in AM loading. With increasing AM loading at 

higher CBD fractions (4-6 wt. %), active area slightly increases, reaches maximum and then 

decreases with further increase in AM loading. Here, in addition to the CBD phase covering the 

AM surface, a very low SE fraction unable to cover the available AM surface area has a negative 

impact on the active area. Overall, an increase in the CBD content, required to enhance the 

effective electronic conductivity of the composite electrode results in a significant reduction of the 

active interfacial area due to AM surface area blockage by CBD phase, insufficient SE phase to 

cover the AM surface, AM-AM contact further preventing the AM-SE contact. More detailed 

analysis of the trend observed for the active area is discussed in section S6 of the Supporting 

Information. As illustrated in Figure 2(c), an increase in CBD content from 0 to 6 wt. % leads to 

significant enhancement in electronic conductivity at all regimes of AM loading. While a higher 

AM loading results in improved electron percolation pathways owing to the lower tortuosity in the 

AM phase, this improvement is substantially amplified with increase in CBD content. Overall, we 

infer that CBD content of the electrode presents a major tradeoff between effective ionic 

conductivity and active area versus effective electronic conductivity, especially in the design of 

cathode architectures with high AM loading. Figure 2(d) and Figure 2(e) presents 3D and its cross-

sectional representations of the distribution of active area sites for kinetically-limiting (40 wt. % 

AM, 6 wt. % CBD, 54 wt. % SE) and kinetically-non-limiting (80 wt.% AM, 3 wt.% CBD, 17 wt. 

% SE) scenarios. The kinetically-limiting scenario arises due to insufficient availability of active 

area, which leads to increased overpotentials at AM-SE interface. As shown in Figure 2(d), the 

presence of such point contacts or singularities within the microstructure are critical descriptors 

that dictate the kinetic limitations in SSB cathodes. A 2D representation of the constituent phases 

in composite cathode, along with the corresponding interfacial active area map is presented in 



Figure S7 of the Supporting Information. As seen from Figure 2(b), low AM content and/or high 

CBD content results in reduced active area that enhances the focusing of reaction current at the 

available interfacial contact sites. Limited connectivity amongst these contact sites (see Figure 

2(d)) further increases the overpotential and exacerbates the kinetic limitation within the cathode 

microstructure. On the other hand, high AM and low CBD composition regimes result in improved 

active area regimes as represented in Figure 2(e). Additionally, the uniformity and connectivity in 

the contact sites promotes a homogenous distribution of electrochemical reaction, resulting in 

reduced overpotentials and kinetic resistance. Further comparison and quantification of the internal 

kinetic and transport resistances for these scenarios has been presented in Figure 3. 

 
 
Figure 2. Estimation of effective electrode properties: (a) tortuosity for ionic transport (b) 
electrochemically active area and (c) electronic conductivity as a function of the AM and CBD 



content (each in wt. %). Three-dimensional and two-dimensional representation of interfacial 
active area distribution (interface between AM and SE) for (d) kinetically-limiting (40 wt. % AM, 
6 wt. % CBD, 54 wt. % SE) and (e) kinetically-non-limiting (80 wt.% AM, 3 wt.% CBD, 17 wt. 
% SE) scenarios. 

 

Based on the computed effective electrode properties, we subsequently analyze the 

electrochemical performance of the SSB. Internal kinetic and ionic/electronic transport resistance 

modes have been quantified to understand the implication of different electrode parameters. An 

increase in AM loading results in a non-monotonic variation in cell discharge capacity for each 

CBD fraction (see section S2 of Supporting Information). Discharge capacities steadily increase, 

reach a maximum value, and then decrease with further increase in the AM content. A quantitative 

comparison of the modeling results with a recent experimental report 57 has been provided in 

section S5 of the Supporting Information, showing very good agreement. At lower fractions of the 

CBD phase, the maximum discharge capacity is achieved at a higher AM loading (Figure S2 of 

Supporting Information). In other words, without undergoing major limitations on electronic 

percolation, reduced fractions of the CBD phase can enhance the performance at higher AM 

loading owing to the improved ionic percolation pathways (due to lower CBD content) and 

increased active area (due to higher AM content). The corresponding electrochemical performance 

signatures for 40-60-80 wt. % AM and 3-6 wt. % CBD content has been presented in Figure 3(a). 

As discussed in Figure 2, increasing the AM content from 40 wt. % to 60 wt. % results in minimal 

rise in tortuosity of SE phase, implying that ionic transport resistance is not significantly affected. 

At the same time, the active area is remarkably improved (see Figure 2(b)) resulting in significant 

drop in kinetic resistance, which improves the electrochemical performance at 60 wt. % AM as 

shown in Figure 3(a). Reduction in cell capacities as we move from 60 to 80 wt.% AM loading is 

a strong function of the associated CBD content in the electrode. While an increase in CBD content 



from 3 to 6 wt. % results in negligible capacity decay at 40 and 60 wt. % AM, a severe reduction 

in discharge capacity from 115 to 50 mAh/g is observed at 80 wt. % AM. The beneficial effect on 

the active area with an increase in AM loading is clearly negated by the reduction in ion percolation 

pathways. Although CBD content improves the overall electronic conductivity, larger fractions 

(especially in the regime of 3-6 wt. %) have a negative implication on both the active area and 

effective ionic conductivity. The three internal resistive modes within the solid-state cathode, 

namely, kinetic, electronic and ionic transport resistances, and the corresponding overpotentials 

can be mathematically expressed as follows: 

Kinetic resistance:  

𝑅𝑅𝑘𝑘𝑘𝑘𝑘𝑘 =
𝜂𝜂𝑘𝑘𝑘𝑘𝑘𝑘
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎

                                                                        (11) 

𝜂𝜂𝑘𝑘𝑘𝑘𝑘𝑘 =
1
𝐿𝐿𝑐𝑐
� 𝜂𝜂 𝑑𝑑𝑑𝑑
𝐿𝐿𝑐𝑐

                                                                (12) 

Electronic resistance: 

𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎

                                                                     (13) 

 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  ∆𝜙𝜙𝐴𝐴𝐴𝐴−𝐶𝐶𝐶𝐶𝐶𝐶|0−𝐿𝐿𝑐𝑐                                                          (14) 

Ionic resistance:  

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎

                                                                     (15) 

𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  ∆𝜙𝜙𝑆𝑆𝑆𝑆|0−𝐿𝐿𝑐𝑐                                                               (16) 



Here, 𝜂𝜂 is the overpotential used in Eq. 5, 𝐿𝐿𝑐𝑐 is cathode thickness, ∆𝜙𝜙𝐴𝐴𝐴𝐴−𝐶𝐶𝐶𝐶𝐶𝐶 is potential drop in 

AM-CBD phase and ∆𝜙𝜙𝑆𝑆𝑆𝑆 is potential drop in SE phase and 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 is the applied current density. 

Figure 3(b) quantifies these resistive modes for two specific cases in the electrode design spectrum: 

40 wt. % AM, 3 wt. % CBD, 57 wt. % SE and 80 wt. % AM, 6 wt. % CBD, 14 wt. % SE. In both 

these cases, the contribution from ohmic resistance in the AM-CBD phase is found to be negligibly 

small owing to the high intrinsic value of electronic conductivity for the CBD phase. Interestingly, 

the relative severity of ionic transport resistance (related to the ohmic drop in SE phase) and kinetic 

resistance is different at scenarios of low and high AM loading. While the unavailability of active 

interfacial area makes kinetic overpotential as the chief resistance mode at a low AM loading, 

ohmic drop in the SE domain is found to govern the performance of cathodes with high AM 

loading. In addition, an increase in AM loading results in a steep rise in ionic transport resistance 

over cell operation (lower panel of Figure S3(a) in Supporting Information). This effect on 

transport resistance is largely correlated to the localization of reactions that take place in such 

cathode architectures. This phenomenon will be explained in later stages of the results section. 

In Figure 3(c), electrochemical performance for 40, 60 and 80 wt. % AM are presented for two 

different applied currents, i.e., 4 mA/cm2 and 7 mA/cm2. Trends in discharge capacities are similar 

to that observed in Figure 3(a), where capacities increase from 40 wt. % AM to 60 wt. % AM and 

exhibit a sharp decay at 80 wt. % AM. Capacity decay at 80 wt. % AM can be attributed to the 

ionic transport limitation due to increased tortuosity in the SE phase. For both 40 and 60 wt. % 

AM compositions, the effect of applied current on the final discharge capacity is observed to be 

negligibly small. However, the effect of applied current is more severe at higher AM loadings, as 

shown in Figure 3 (c) for 80 wt. % AM. Higher applied current densities necessitate faster transport 

rates within the cathode microstructure, which at very high AM compositions (≈ 80 wt. % AM) 



becomes rate-limiting and results in increased ionic transport resistance and capacity decay. Figure 

3(d) compares distinct resistive signatures within cathode microstructure for 40 wt. % AM, 4 

mA/cm2 and 80 wt. % AM, 7 mA/cm2. At regimes of high AM content and with increase in applied 

current densities, ionic transport resistance is inferred to be the primary performance-limiting 

mechanism. At 40 wt. % and 60 wt. % AM loading, lower tortuosity allows efficient ionic transport 

for both 4 mA/cm2 and 7 mA/cm2 current densities. At low AM loading (40 wt. % AM), 

insufficient active area results in higher kinetic resistance limiting the cell performance. In both 

the cases shown in Figure 3(d), electron transport resistance in the AM-CBD domain is negligibly 

small, owing to the high intrinsic electronic conductivity of the CBD phase. Kinetic and ionic 

transport resistances for the cases considered in Figure 3 are tabulated in Table S3 and Table S4 

of the Supporting Information (electron transport resistance is very low for all the cases considered 

in Figure 3). 

Figure 3(e-g) represent how 𝜃𝜃 (particle level state-of-charge) evolves with discharge capacity 

across the cathode thickness. Figure 3(h) represents the electric potential (for ionic transport) in 

the SE domain over the non-dimensional cathode thickness �𝑙𝑙 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜� �. As depicted in Figure 

3(e), for a low AM loading and current density of 4 mA/cm2, at a particular instance, the state of 

charge remains almost the same over the entire cathode thickness. Also, for the corresponding plot 

in Figure 3(h), minimal potential drop in the SE domain is observed. Lower drop in potential across 

the SE phase implies reduced ionic resistances that promote a homogenous state of charge 

distribution across the electrode. It is noted that high 𝜃𝜃 levels (or complete AM utilization) are 

reached over the entire cathode thickness by the end of discharge.  

In Figure 3(f), the state of charge (𝜃𝜃) evolution has been presented for the same applied current 

density, while changing the AM content to 80 wt. %. In contrast to the previous case, 𝜃𝜃 levels vary 



significantly across the cathode thickness. While maximum AM utilization is observed near the 

separator due to localized electrochemical reactions, the utilization is substantially lowered at 

regions near the current collector. Due to the relatively high potential drop in SE as depicted by 

the corresponding plot in Figure 3(h), ion transport resistance increases resulting in the localization 

of reactions near the separator. For high AM loading (80 wt. %) and an applied current density of 

7 mA/cm2 (Figure 3(g)), major sections of the cathode near the current collector remain unutilized 

(very low 𝜃𝜃 levels) even towards the end of discharge. This is largely correlated to the higher 

ohmic resistance in the SE domain, as corroborated by the electric potential distribution in Figure 

3(h). At faster discharge conditions, thicker cathodes with high AM loading are observed to deliver 

severely limited discharge capacities. However, to achieve higher energy densities in solid-state 

cathodes, design of thicker cathodes is preferred. Hence, addressing the ion transport limitation in 

such cathode configurations is essential. In Figure S4 of Supporting Information, the differences 

in 𝜃𝜃 values at two ends of the cathode are summarized for different electrode compositions and 

current densities. Based on the analysis, it is reiterated that the high AM content (80 wt. %) along 

with an increased current density can lead to an unutilized cathode regime near the current 

collector. The intermediate range of AM content (60-70 wt. %) is identified to be the most 

appropriate choice at a wider range of applied current densities for the considered cathode 

thickness (70μm). In the subsequent section, we will investigate the potential effect of cathode 

thickness on AM utilization, internal resistance, and cell performance. 



 
Figure 3. (a) Electrochemical performance signatures at varying electrode compositions for 
applied current density of 7 mA/cm2. (b) Comparison of underlying resistive modes for electrode 
compositions of 40 wt.% AM, 3 wt. % CBD, 57 wt. % SE and 80 wt. % AM, 6 wt. % CBD, 14 
wt. % SE. (c) Effect of applied current density on cell performance at 40, 60 and 80 wt.% AM 
loading having 6 wt.% CBD. (d) Comparison of underlying resistive modes for 40 wt.% AM, 4 
mA/cm2 and 80 wt.% AM, 7 mA/cm2. Evolution of particle level state-of-charge (𝜃𝜃) with the 
discharge capacity along cathode thickness for (e) 40 wt. % AM, 6 wt. % CBD, 54 wt. % SE and 
applied current density of 4 mA/cm2 (f) 80 wt. % AM, 6 wt. % CBD, 14 wt. % SE and applied 
current density of 4 mA/cm2 (g) 80 wt. % AM, 6 wt. % CBD, 14 wt. % SE and applied current 
density of 7 mA/cm2. (h) Variation of electric potential along the non-dimensional cathode 
thickness �𝑙𝑙 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜� � for varying electrode composition. Cathode thickness is 70μm for all the 
cases presented here.  

 

Figure 4 presents the implications of cathode thickness on cell performance at a current density of 

7 mA/cm2. Figure 4(b) presents the schematic illustration of thin and thick cathodes with a 

representative ionic percolation pathway. With an increase in thickness, we identify additional 

resistances that contribute to a reduction in performance, as shown in Figure 4(a). The correlation 

between cathode thickness and performance is explained using the AM utilization maps that are 



depicted in Figure 4(d) and Figure 4(e). For a cathode thickness of 40μm, complete AM utilization 

is achieved at the end of discharge as depicted in Figure 4(d). On the other hand, for thicker cathode 

of 100μm, regions near the current collector remain relatively unutilized due to current focusing 

near the separator. In Figure 4(f), comparison of resistance modes, i.e., kinetic, ionic, and 

electronic transport resistances are shown for the two extreme cases considered (40μm and 

100μm). Resistance values show a clear shift from kinetically-limiting regime to transport-limited 

regime as we move toward thicker cathodes. Resistance to ionic transport within thicker cathodes 

is substantially higher as compared to thinner cathodes. It is noted that the contribution from ohmic 

resistance in the AM-CBD phase is negligibly small owing to high intrinsic electronic conductivity 

of the CBD phase. Kinetic resistance for both the thicknesses are almost identical as the same 

composition leads to similar availability of the active area – this leaves ionic transport resistance 

as the differential factor that needs to be considered when moving from thinner to thicker 

electrodes. In Figure 4(c), the electric potential in SE phase is computed as a function of non-

dimensional cathode thickness for the three cases (40μm, 70μm and 100μm) considered in Figure 

4(a). As described above, potential drop for the 100μm cathode is the largest followed by 70μm 

and 40μm thicknesses, which can be directly correlated to the severity in ionic transport resistance. 

Also, the slope of electric potential profile for thin cathode (40μm) is almost same over the entire 

electrode thickness (except near the current collector). But as the electrode thickness is increased, 

the slope of electric potential profile is smaller near the current collector side, and it increases 

towards the separator side. As ionic current is determined by the gradient of the electric potential, 

the ionic current is almost uniform in the thin cathodes. But for the thicker cathodes, ionic current 

is majorly localized near the separator indicating under-utilization of cathode near the current 

collector. Also, it is interesting to note that the electric potential lines in Figure 4(c) intersect almost 



at the same point, towards the separator side of which, the gradient of electric potential for thicker 

cathodes is larger.  

 

Figure 4. (a) Electrochemical performance signatures for different cathode thicknesses of 40μm, 
70μm and 100μm with the composition of 70 wt. % AM, 6 wt. % CBD, 24 wt. % SE and applied 
current density of 7 mA/cm2. (b) Schematic representation of ionic percolation pathways 
(dominant resistive mode) in thin and thick cathodes (c) Electric potential in the SE phase as a 
function of non-dimensional cathode thickness for the three cases considered in (a). (d) Evolution 
of particle level state-of-charge (𝜃𝜃) for the lower bound of the cathode thickness considered, that 
is, 40μm. (e) Evolution of particle level state-of-charge (𝜃𝜃) for the upper bound of the cathode 
thickness considered, i.e., 100μm. (f) Comparison of the underlying resistance modes for the two 
extremes of cathode thicknesses considered, that is, 40μm and 100μm. 

 

Based on the mesoscale modeling framework, Figures 5(a) and 5(b) demarcate the electrode recipe 

and operating conditions that have been observed to result in enhanced performance at the cell 

level. In Figure 5(a), a design phase map in terms of dimensionless discharge capacity, 𝐶𝐶/𝐶𝐶0, is 



constructed for varying electrode compositions, while fixing a constant thickness (70μm) and 

current density (7 mA/cm2). Here 𝐶𝐶 is the actual capacity achieved and 𝐶𝐶0 is the theoretical 

capacity of the AM. As shown in Figure 5(a), the preferred regime is demarcated at 65-75 wt. % 

AM and 1-4 wt. % CBD. Due to the insufficient active area available in low AM content 

compositions (40-50 wt. % AM) and increased tortuosity (decreased ionic conductivity) in very 

high AM content compositions (80 wt. % AM), reduced discharge capacities are obtained in both 

cases. Thus, an initial increase in the AM loading (40 to 70 wt. % AM) increases the energy 

density, but further increase in AM loading reduces the energy density due to the underlying 

transport limitations of high AM loading cathodes. Also, increasing the CBD content, especially 

at a higher AM loading (≥ 70 wt. % AM), shows a steep decline in the discharge capacity, having 

negative implications on the energy density. In the design map shown in Figure 5(b), 

dimensionless discharge capacities are represented as a function of applied current density and 

electrode thickness, while maintaining the constant composition (70 wt. % AM, 6 wt. % CBD, 24 

wt. % SE). For thinner cathodes (40-60μm), high discharge capacities are obtained for a wide range 

of applied current densities due to reduced transport resistance and enhanced utilization of the AM. 

With an increase in current density, lower discharge capacities are observed for a cathode thickness 

> 60μm. As shown in Figure 5(b), as the cathode thickness increases above 60μm, achieving higher 

capacities mandates the application of lower current densities. While Figures 5(a) and 5(b) classify 

favorable electrode recipes, moving towards high-energy-density cathodes that can sustain faster 

current rates would require targeted improvement in ion percolation pathways, while not 

compromising on the active area and electronic conductivity. 



 
Figure 5. Phase maps of dimensionless discharge capacity, 𝐶𝐶/𝐶𝐶0, (a) for varying electrode 
compositions (AM + CBD content) at a current density of 7 mA/cm2 and electrode thickness of 
70μm. (b) for different electrode thicknesses and applied current densities with electrode 
composition fixed at 70 wt. % AM, 6 wt. % CBD, 24 wt. % SE. 

 

In this section, we explore the potential of cathode designs with minimal incorporation of 

secondary phases (conductive additive and binder) and assess the underlying performance 

attributes. As discussed previously, while the incorporation of such additional phases aid in 

improving mechanical integrity and overall electronic conductivity, they reduce the available 

active area (Figure 2(b)) and result in tortuous ion transport pathways (Figure 2(a)). Also, in a 

previous study64, it has been observed that the incorporation of carbon additives in the composite 

cathode can lead to decomposition of the SE, resulting in interfacial resistance build up and 

capacity fade. Theoretically, constructing composite cathodes without such additional phases 

should reduce internal kinetic and ion transport resistances and contribute to a direct increase in 

energy density. Figure 6(a) presents the cell capacity trends for varying AM fractions, with no 

secondary phases incorporated (the constituent phases in the cathode are only AM and SE). As 

shown in Figure 6(a), the discharge capacity obtained for such compositions are significantly lower 



than the previous cases (Figure 3-5). However, the trend in discharge capacities with variation in 

AM content remains quite similar. Relatively higher discharge capacities are obtained for 

composition with 60-70 wt. % AM, whereas discharge capacities for cathode compositions with 

low (40 wt. % AM) and high (80 wt. % AM) AM loadings are significantly reduced (20 mAh/g). 

In contrast to the previously studied cases (Figure 3-5), ohmic drop within the AM-CBD phase is 

found to be the chief mode of internal resistance for both 40 wt. % and 80 wt. % AM as shown in 

Figure 6(b). This is due to the inherently low electronic conductivity of the AM (see Table S1 of 

Supporting Information) and the reduction in electronic percolation pathways due to absence of 

the conductive additives. Additionally, as shown in Figure 6(b), the ionic transport resistance is 

larger for 80 wt. % AM than 40 wt. % AM, whereas the kinetic resistances are approximately the 

same for both the compositions. While these secondary phase-free cathode compositions are 

limited by electron transport, they negate critical challenges with respect to ionic tortuosity and 

active area (Figure 2). To understand the theoretical electronic conductivity limit of the AM that 

is required to overcome electron percolation limitations, we conduct a performance sensitivity 

analysis, as illustrated in Figure 6(c). While maintaining other electrode properties (i.e., tortuosity, 

ionic conductivity and active area) constant, only the intrinsic electronic conductivity of the AM 

is increased for each composition and the resulting influence on cell performance is studied. It is 

noted that the first data point for each plot corresponds to the actual electronic conductivity of the 

AM (as tabulated in Table S1 of Supporting Information) and the corresponding discharge 

capacity. As observed in Figure 6(c), with an increase in electronic conductivity from its actual 

value to 0.01 S/m, an approximately 300% increase in discharge capacity is obtained for 40 wt. % 

AM. The corresponding capacity increase is 150% and 650% for 60 wt. % AM and 80 wt. % AM, 

respectively. Beyond a certain limit of electronic conductivity (approximately 0.01 S/m), 



improvement in discharge capacity saturates, implying that electronic conductivity is no longer a 

limiting factor. It is inferred that this limit signifies a fundamental transition from an electron 

transport-limited to an ion transport-limited regime for cell performance. Interestingly, the highest 

saturation capacity is obtained for 80 wt. % AM loading. Thus, with further improvements in 

intrinsic electronic conductivity of the cathode, such design configurations with minimal 

incorporation of secondary phases promise to mitigate challenges pertaining to ion transport and 

availability of active interfacial sites for achieving homogeneous reaction distributions. In addition 

to minimizing the use of secondary phases, minimizing the void space within composite cathode 

is also important to mitigate the kinetic and transport limitations. In this regard, approaches such 

as bimodal or trimodal particle size distribution can potentially improve the performance of 

SSBs.41 Lastly, we note that while the focus of this work is to understand the underlying role of 

reaction kinetics and ionic/electronic transport based on the geometric arrangement of the 

constituent phases, the potential effect of intrinsic material interfaces (e.g., role of carbon additive 

on interphase formation/SE decomposition) has not been considered and will be included in a 

future study.  

 
Figure 6. (a) Discharge capacity as a function of AM content for cathode compositions without 
the incorporation of secondary phases (conductive additive + binder). (b) Comparison of the key 
resistance modes over cell operation for 40 wt. % and 80 wt. % AM. (c) Performance sensitivity 
test depicting the variation in discharge capacity with increase in intrinsic electronic conductivity 
of the AM. 



 

As discussed in the earlier sections, the interplay between kinetic, ion transport and electron 

transport resistances plays a pivotal role in determining cell performance. Cathode composition 

regimes in Figure 7 are demarcated based on whether the microstructure is: (I) kinetically-limited, 

(II) ion transport-limited, or (III) electron transport-limited. Firstly, low AM content (≈ 40 wt. %) 

results in insufficient active area leading to a kinetically-limiting scenario. Also, at low AM 

content, there is a higher possibility for the presence of isolated AM-CBD clusters (see Figure 7). 

Such isolated AM-CBD clusters do not contribute to the electronic percolation pathways and thus 

remain unutilized during cell operation. At compositions with a higher CBD content, kinetic 

limitations arise as the CBD phase covers a significant amount of AM surface reducing the solid-

solid contact points between AM and SE. Secondly, ion transport limitation occurs at high AM 

content due to increased tortuosity in the SE phase (See Figure 7). At a higher CBD content, ion 

transport limitation becomes more severe and thus occur at a relatively low AM content (≈ 67 wt. 

%) as shown in Figure 7. Lower fraction of the SE results in isolated SE clusters that further 

exacerbate the ionic transport resistance. Similar to isolated AM-CBD clusters in the kinetically-

limiting case, these isolated SE clusters remain largely inactive. As discussed in the earlier section 

(see Figure 4), ionic transport resistance is the chief resistive mode in thicker cathodes resulting in 

unutilized AM and localized reactions due to longer ionic percolation pathways. Lastly, electron 

transport limitation is observed at very low fractions of the CBD phase as shown in Figure 7. In 

this regime, insufficient distribution of the CBD phase leads to poor connectivity between AM 

particles and increases the electron transport resistance. Electron transport limitations shift towards 

lower CBD content (see Figure 7) at high AM loadings due to improved connectivity between AM 

particles. It is noted that some cathode composition regimes can also have two dominant resistive 



modes as shown in Figure 7. With high AM and high CBD content, the electrode is both kinetically 

and ion transport-limited; at low AM and very low CBD content, kinetic and electron transport 

limitations are the most dominant, whereas at high AM and low CBD content, both electron and 

ion transport limitations simultaneously occur. Cathode compositions marked in green denote 

minimal contribution from all three modes of internal resistances resulting in improved 

performance of the SSB.  

 

Figure 7. Cathode composition regimes, based on three limiting mechanisms: (I) Kinetic 
limitation (II) Ion transport limitation and (III) Electron transport limitation, along with schematic 
illustrations depicting the major factors that dictate the corresponding internal resistive modes. 

 

4. Conclusion 



Overall, this work provides a fundamental insight into the microstructure-coupled kinetic-transport 

interactions underlying the electrochemical response of SSB cathodes. The dichotomy in kinetic 

and ionic/electronic transport limitations that arise at various electrode recipes and operating 

conditions is comprehensively analyzed. The mechanistic coupling between the distribution of 

solid-solid point contacts, percolation pathways and evolution of internal resistance through cell 

operation is described. We highlight the critical role played by the distribution of point contacts or 

singularities within the microstructure in regulating the kinetic limitations. The amount and spatial 

arrangement of secondary phases is an important design factor for cathodes especially at high AM 

loading. Electrodes with high energy density (via increased thickness/AM loading) and/or faster 

operating rates results in a significant non-homogeneity in reaction kinetics, current focusing and 

limited electrochemical utilization of the electrode, primarily attributed to inefficient ionic 

transport pathways. Towards achieving high-energy-density SSB systems, eliminating the use of 

secondary phases can serve as a potential strategy. In this regard, kinetic and transport signatures 

of cathode designs with zero secondary phase content is explored and the correlation between 

intrinsic electronic conductivity of AM and cell performance is delineated. We construct a 

comprehensive design map, highlighting the microstructure-driven kinetic-transport interplay and 

future considerations to achieve optimal performance of SSB cathodes. 
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Table S1. Relevant properties for constituent phases considered in composite cathodes1-3 

 

Table S2. Parameters used in the model 

Parameters  Values Units 

𝐹𝐹 Reaction rate constant for NMC622 2.57 × 10−11 m2.5 mol-0.5 s-1 

𝑅𝑅 Gas constant 8.314 J mol-1 K-1 

𝐹𝐹 Faraday constant 96,487 C mol-1 

𝑁𝑁𝑚𝑚 Avogadro constant 6.022×1023 mol-1 

𝐹𝐹𝑏𝑏 Boltzmann constant 1.38×10-23 m2 kg s-2 K-1 

𝑅𝑅 Operating temperature 298.15 K 

𝐿𝐿𝑠𝑠 Separator thickness 40 𝜇𝜇m 

Constituent Phase 

Material  

Density 

(g/cm3) 

Intrinsic 

electronic 

conductivity 

(S/m) 

Intrinsic ionic 

conductivity 

(S/m) 

Particle 

diameter 

(μm) 

NMC622 (AM) 4.7 1.06 × 10-3 N/A 10 

PVDF/C 

(Secondary Phase) 

1.78 760  N/A N/A 

β-Li3PS4 (SE) 1.87 N/A 0.039 3 
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𝑎𝑎0 Cross-sectional area 0.02 m2 

𝑐𝑐𝑠𝑠𝑚𝑚𝑚𝑚𝑥𝑥  Maximum lithium concentration 52500 mol m-3 

𝑥𝑥𝑟𝑟𝜕𝜕 Initial state of charge 0.35  

𝐷𝐷𝑠𝑠 Active material diffusivity 3 × 10−14 m2 s-1 

Open Circuit 

Potential (𝑈𝑈0) of 

NMC6224 

𝑈𝑈0 = 13.4905 − 10.96038 𝜃𝜃 + 8.203617 (𝜃𝜃)1.358699 − 3.10758

∗ 10−6  ∗ exp(127.1216 𝜃𝜃 − 114.2593)

− 7.033556 (𝜃𝜃)−0.03362749  [V] 

 

Table S3. Ionic and kinetic resistances for varying cathode compositions at cathode thickness of 

70μm and applied current density of 7 mA/cm2
. 

Sr no. wt. % AM wt. % SE wt. % CBD 𝑅𝑅𝑘𝑘𝑘𝑘𝑘𝑘(Ω-cm2) 𝑅𝑅𝑆𝑆𝑆𝑆(Ω-cm2) 

1. 40 57 3 79 37 

2. 40 54 6 87 45 

3. 60 37 3 26 53 

4. 60 34 6 38 62 

5. 80 17 3 16 94 

6. 80 14 6 50 149 
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Table S4. Ionic and kinetic resistances for varying cathode compositions at cathode thickness of 

70μm and applied current density of 4 mA/cm2
. 

Sr no. wt. % AM wt. % SE wt. % CBD 𝑅𝑅𝑘𝑘𝑘𝑘𝑘𝑘(Ω-cm2) 𝑅𝑅𝑆𝑆𝑆𝑆(Ω-cm2) 

1. 40 54 6 82 30 

2. 60 34 6 29 41 

3. 80 14 6 36 71 

 

S1. Quantification of ionic conductivity in solid electrolyte phase 

 As mentioned in the manuscript, tortuosity in the solid electrolyte (SE) phase is calculated 

by solving the Laplace equation for electric potential. Ionic conductivity values are obtained by 

using Eq. 3 of manuscript which is written below: 

𝜅𝜅𝑟𝑟
𝑙𝑙𝑙𝑙𝑙𝑙 = 𝜅𝜅

𝜀𝜀𝑆𝑆𝑆𝑆
𝜏𝜏𝑆𝑆𝑆𝑆,𝑟𝑟=𝑥𝑥,𝑦𝑦,𝑧𝑧

                                                                (3) 

Ionic conductivity values are plotted for specific values of active material (AM) and 

carbon-binder (CBD) wt. % as shown in Fig. S1. Since the ionic conductivity is the strong function 

of the tortuosity, ionic conductivities show decreasing trend as AM and CBD content is increased. 

Lower ionic conductivities at higher CBD content and AM loading results in the increase in ionic 

transport resistance as shown in Fig. 3 of manuscript. 
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Figure S1: Effective ionic conductivity in SE phase as a function of AM and CBD content (each 

in wt. %). 

S2. Composition dependent electrochemical performance analysis 

 In Fig. S2, discharge capacity is presented as a function of AM wt. % for different CBD 

contents. As we increase the AM content, discharge capacity rises, reaches maximum value, and 

then decreases at higher AM content. Discharge capacities for lower CBD content are higher owing 

to the improved ionic percolation and active area while not sacrificing much on electronic 

percolation. At lower AM content, electrochemical performance is kinetically limited, whereas, at 

very high AM content, it is transport limited resulting in the non-monotonic trend in the discharge 

capacities. 



S-6 
 

 

Figure S2. Discharge capacity as a function of AM and CBD content for applied current of 7 

mA/cm2, cathode thickness of 70μm and particle sizes provided in Table S1. 

S3: Evolution of internal resistance over cell operation 

 In this section, we study the evolution of internal resistances, namely, kinetic, ionic, and 

electronic during the discharge operation. These resistances are plotted as a function of discharge 

capacity for 40 wt. % AM, 3 wt. % CBD and 80 wt. % AM, 6 wt. % CBD in Fig. S3(a) and for 40 

wt. % AM, 4 mA/cm2 and 80 wt. % AM, 7 mA/cm2 in Fig. S3(b). For all the cases shown in Fig. 

S3, resistance due to electronic percolation is negligible owing to the high intrinsic electronic 

conductivity of CBD phase. At low AM content compositions, resistance due to kinetic 

overpotential is the largest due to the low active area available for electrochemical reactions. 

Whereas, at high AM content compositions, due to sufficient availability of active area resulting 

in low overpotential, kinetic resistance is observed to be reduced. Ionic transport resistance 

(resistance due to potential drop in SE phase) is much lower at low AM compositions due to lower 

tortuous pathways in SE phase. At higher AM and CBD compositions, due to increase in tortuosity, 
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ionic transport resistance is significantly higher. Also, it is noted that, a steep rise in ionic transport 

resistance is observed over the cell operation for compositions with higher AM loading. 

 

Figure S3. (a) Evolution of underlying resistive modes over cell operation at electrode 

compositions of 40 wt.% AM, 3 wt. % CBD, 57 wt. % SE and 80 wt.% AM, 6 wt. % CBD, 14 

wt. % SE at applied current density of 7 mA/cm2 and electrode thickness of 70μm. (b) Evolution 

of underlying resistive modes over cell operation for 40 wt.% AM, 4 mA/cm2 and 80 wt.% AM, 

7 mA/cm2 at 6 wt. % CBD and cathode thickness 70μm. 

S4. Quantifying cathode utilization using state of charge 

 Fig. S4 represents the differences in state of charge (∆SOC) at the two ends of the cathode 

for varying composition and applied current densities. ∆SOC can be considered as a measure of 

cathode utilization, meaning, greater the ∆SOC value, poor is the cathode utilization. On the other 

hand, lesser ∆SOC value corresponds to efficient utilization of cathode. Utilization of cathode is a 

strong function of ionic transport resistance. More resistance to ions in SE phase leads to poor 

utilization of cathode. As seen in Fig. S4, low AM content and low applied current density yields 
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better cathode utilization owing to efficient ion transport through SE phase. High AM content leas 

to highly tortuous pathways in SE phase resulting in poor ion transport and hence, poor utilization. 

Also, during high applied current density operation, ions do not get sufficient time to percolate 

from one end of the cathode to the other, resulting in under-utilization. Part of the cathode near 

current collector remains unutilized in such cases leading to localization of reaction. For example, 

at 80 wt. % AM and 7 mA/cm2 of applied current density, ∆SOC is more than 0.4. This means at 

the end of discharge, state of charge of AM near separator is 1, while the state of charge of AM 

near current collector is reached only 0.6. 

                             

Figure S4. Difference in state of charge ∆SOC at the two ends of the cathode as a function of 

composition and applied current density. Here, the electrode thickness is 70μm and the CBD 

fraction is kept constant at 3 wt. % 

S5. Model verification 

In this section, we provide quantitative comparison of the proposed model with a recent 

experimental report in literature. Recently, Minnmann et al.5 used impedance spectra to obtained 

effective electronic and ionic conductivity values for varying solid-state cathode compositions. It 
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was showed that with increasing AM fraction, the effective ionic conductivity decreases, while the 

effective electronic conductivity increases. Non-monotonic trend in discharge capacities with 

increasing AM fraction is experimentally observed. We use experimental results provided in this 

paper to validate the modeling framework proposed in this work. Detailed list of parameters used 

for validation is provided in Table S5. 

Table S5. Parameters used for the comparison between computational model results and 

experimental outcomes. 

Cathode active material NMC622 

Solid electrolyte Li6PS5Cl (LPSCl) 

Density of NMC622 4.65 gcm-3 

Density of LPSCl 1.87 gcm-3 

CBD wt. % 0 

Separator thickness 200 𝜇𝜇m 

C-rate 1 

Porosity 14% 

AM particle diameter 3 𝜇𝜇m 

SE particle diameter 1.5 𝜇𝜇m 

Intrinsic ionic conductivity of SE 1.6 mScm-1 

Intrinsic electronic conductivity of AM 10 mScm-1 

 

Figure S5 shows the comparison between modeling and experimental results depicting the final 

discharge capacities delivered for four different cathode compositions (AM loading of 50, 60, 70, 

80 wt. %) for the discharge rate of 1C. The experimental data plotted in Figure S5 is extracted 
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from Figure 3 presented in Minnmann et al.5, where the discharge capacities are plotted for 

different C-rates at varying AM loading. Quantitative trends obtained with the modeling results 

agrees very well with the experimental findings. As shown in Figure S5, as the AM loading is 

increased, discharge capacities increase, reaches maximum and then decreases. This decrease in 

the discharge capacities at high AM loading is attributed to the ion transport limitation in SE phase.  

 

Figure S5. Comparison between modeling and experimental results showing discharge 

capacities for four different cathode compositions at the discharge rate of 1C. Parameters and 

properties taken here are tabulated in Table S3. 

S6. Composition dependent active area analysis. 

In this section, a deeper analysis of active area trends with varying cathode composition is 

performed. Figure S6(a) shows the trend of active area for varying AM loading for different CBD 

fractions. With the increase in CBD phase, there is significant reduction in active area, since CBD 

phase prevents AM-SE contact. For lower CBD fractions (0-2 wt. %), active area increases with 

increasing AM loading. This is because, as the AM loading increases, the available surface area of 

AM with which SE can come in contact increases. SE phase is also sufficiently available at lower 
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CBD fractions. But this is not the case with very high AM. At high CBD fraction (6 wt. %), as 

AM fraction is increased, there is initial increase in the active area, owing to larger AM surface 

area available for SE to come in contact. But further increase in the AM fraction results in slight 

decrease in the active area. Here, the total surface area of AM available is more, but at the same 

time, SE fraction is not sufficient to cover full AM surface area. Thus, there is a slight reduction 

in the active area. In conclusion, two main factors determining the active area are AM and SE 

fractions. More AM fraction leads to more availability of the surface area with which SE can come 

in contact. But while increasing AM fraction, SE fraction is reduced, as a result, SE phase is not 

sufficient to cover the full AM surface which occurs at high CBD fraction regime as can be seen 

from Figure S6(a). AM-AM contact also contributes towards lowering of the active area at higher 

AM loading. Figure S6(b) shows the variation of  Active area
𝜀𝜀𝐴𝐴𝐴𝐴

 with the cathode composition. At all 

CBD fractions, the ratio Active area
𝜀𝜀𝐴𝐴𝐴𝐴

 first increases, reaches maximum and then decreases. This 

suggests that, at higher AM loading, increase in AM surface area is dominating over the increase 

in active area. Two main factors contribute towards this trend: (a) Insufficient SE phase cannot 

make contact with the whole AM surface area available, and (b) AM-AM contact further avoids 

the AM-SE contact in the composite cathode. Also, from Figure S6, it is worth noting that, with 

increasing CBD fraction, negative implications of low SE fractions on active area starts occurring 

at lower AM fractions. 
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Figure S6. (a) Active area as a function of cathode composition. (b) Ratio Active area
𝜀𝜀𝐴𝐴𝐴𝐴

,  as a 

function of cathode composition. 

S7. Solid-solid interfaces between AM-SE particles 

 

Figure S7. 2D cross-section of the composite cathode microstructure and the corresponding 

representation of interfacial active area for cathode composition of 40 wt. % AM, 6 wt. % CBD, 

54 wt. % SE 
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In Figure S7, a magnified (as compared to the ones shown in Figure 2(d) and 2(e)) cross-section 

area of composite cathode microstructure is shown along with its corresponding interfacial active 

area map. In the left figure, the same interfacial active area is shown with dark navy-blue color. 

Unlike with liquid electrolytes, where the liquid electrolyte fully wets the AM surface, due to the 

solid-solid contact between the AM and SE particles, a clear reduction in the active area is seen 

(see Figure S7). Also, CBD phase exacerbates this scenario by preventing the AM-SE contact, as 

can be seen from Figure S7. At low AM content (40 wt. % in this case), active area is lower due 

to lower availability of the AM surface with which SE can come in contact, adding to the kinetic 

limitation. 
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