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Abstract:  12 

Microstructure and partial transport are key features that must be optimized in all-solid-state battery 13 

(ASSB) composite electrodes. While from the measurement perspective, impedance spectroscopy is a 14 

preferred method to determine partial transport because of its speed and simplicity, the 15 

interpretation of the impedance spectra can be challenging. This is especially true for ASSB composite 16 

electrodes, where two conductive species with similar conductivity are present and transmission line 17 

models (TLMs) are often used to fit the spectra. In this study, we present three different TLMs and 18 

their impedance responses in Nyquist plots, giving basic insights into how different combinations of 19 

circuit elements result in specific spectra, from which partial ionic and electronic conductivities can be 20 

calculated. The effects of applied stack pressure and temperature during the measurements on the 21 

resulting spectra and their corresponding partial conductivities are evaluated. Combined 22 

computational and experimental results show that the partial conductivities and the tortuosity 23 



depend on the thickness of the composite electrode. Moreover, our results demonstrate that well-24 

matched partial transport of ions and electrons in composite electrodes at 0% state-of-charge (SOC) 25 

does not directly correlate with superior cycling performance. As such, we report on the limitations of 26 

TLMs and advocate for additional techniques to evaluate other microstructural factors such as the 27 

contact areas between components that cannot be quantified with transport measurements alone. 28 
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Introduction:  32 

All-solid-state batteries (ASSBs) are promising next-generation systems with advantageous safety 33 

characteristics and offering higher energy densities compared to conventional lithium-ion batteries 34 

(LIBs).1,2 However, the design of ASSB positive electrodes that employ sulfide-based solid electrolytes 35 

(SEs) poses challenges different than positive electrodes for LIBs. In LIBs, the liquid electrolyte is added 36 

during the battery cell assembly and provides sufficient ionic conduction by filling all pores in the 37 

electrodes,3 while for ASSB positive electrodes, the SE must be incorporated during the preparation 38 

of the positive electrode. Therefore, special attention must be paid to the microstructure of the 39 

resulting composite electrode, which is influenced by many factors such as the particle size 40 

distributions of the materials,4,5 the compression profiles during processing,6 the distribution 41 

homogeneity of the materials that make up the composite,7 and the ratio of the materials.8–10 A key 42 

property closely linked to composite electrode microstructure is the partial transport, which must be 43 

quantified and optimized in positive electrode composites (CCs, as they are commonly referred to as 44 

cathode composites) for good cycling stability and rate capability. 45 

In ASSB positive electrodes, the ionic conductivity is mainly provided by the SE, whereas the positive 46 

electroactive material (CAM, as it is commonly referred to as cathode active material), and sometimes 47 

carbon-based additives, are responsible for the electronic conductivity. Although there are various 48 



methods to characterize partial transport,11,12 a potentiostatic electrochemical impedance 49 

spectroscopy (PEIS)-based method is favorable because the measurement is done on a timescale of 50 

minutes. However, due to the presence of two different mobile conductive species, ions and electrons 51 

in the CC in a three-dimensional inhomogeneous volume, the spectra cannot be analyzed with 52 

simplified equivalent circuit models but instead need to be fitted with transmission line models 53 

(TLMs). The latter have been previously deployed to describe the transport in porous electrodes of 54 

LIBs.13,14 In such cases, the electronic resistance was often neglected due to the much faster electronic 55 

transport provided by carbon additives.15,16 However, due to the reported instabilities of some solid 56 

electrolytes against carbon materials,17,18 the incorporation of conductive additives is not always 57 

desirable in ASSBs. In the absence of such additives, the electronic resistance of the composite 58 

electrode is non-negligible and complicates the description of the partial transport using TLMs. The 59 

latter results in more complex spectra and necessitates the use of TLM models that can be applied to 60 

extract partial ionic and electronic conductivities depending on how the measurement was done and 61 

the boundary conditions that apply to the system. In particular, the high-frequency response of CCs 62 

can be interpreted in various ways including interfaces in the electronic line (describing the interfaces 63 

between CAM particles),5,9 or interfaces in the ionic line (describing the interfaces between SE 64 

particles).19 Moreover, for most porous electrodes used in LIB positive electrodes and also for some 65 

ASSB CCs, a contact resistance between the current collector (aluminum, stainless-steel, etc.) and the 66 

composite positive electrode is assumed to cause the high-frequency response.20–23 Geometric 67 

impedances and constriction impedances (due to residual porosity) have been reported as the source 68 

for additional features (often resembling semicircles) in the impedance spectra.24,25 While the latter 69 

was not intensively investigated for positive composite electrodes yet, they cannot be disregarded. 70 

Sometimes, even a combination of multiple factors is presumed and accounted for in the models.26  71 

Often, no guidance is given why a specific model was chosen for fitting the respective spectra. The 72 

different approaches and explanations to describe the impedance spectra of CCs show the challenges 73 



of quantitatively analyzing experimental impedance data without (preliminary) assumptions that may 74 

lead to overfitting or fits with minimal physical relevance.  75 

The present study provides basic insight into how different resistances in TLMs show up in Nyquist 76 

plots of CCs, the characteristic features of the resulting impedance spectra, how the spectra are 77 

influenced by the addition of different circuit elements, and the challenges of assigning such features 78 

to specific electrochemical processes. In a practical approach, a CC based on LiNi0.83Mn0.06Co0.11O2 79 

(NMC 83:6:11) and Li6PS5Cl is used to validate two different possible TLMs by varying the ratio of the 80 

materials. The influence of various measurement parameters such as composite electrode thickness, 81 

stack pressure, resting time and heating steps on the measured impedance spectra and the resulting 82 

partial transport properties is shown. To support the experimental findings, numerical simulations 83 

were carried out on the thickness dependence of partial transport. In the final step, we link partial 84 

transport and cycling properties and highlight additional factors that are not covered by the partial 85 

transport measurements but that have a significant influence on cycling properties. The basic 86 

understanding of various parameters is important, as e.g. the results of symmetrical cells may not be 87 

applicable to battery (half) cells used for cycling, if different thicknesses were used for both 88 

measurement types. This work is an important first step to provide a better understanding of how 89 

partial conductivities should be measured, and it shows potential pitfalls that should be avoided to 90 

obtain reliable, comparable data that is applicable to battery cells used for cycling. 91 

Experimental 92 

Materials. Li6PS5Cl (MSE Supplies, 99.99%, Mesh 325) solid electrolyte (SE) was commercially sourced 93 

and exhibited a total ionic conductivity of ≈2.2 mS∙cm-1 at 25 °C, the corresponding impedance 94 

spectrum is depicted in Figure S13. Single crystalline LiNi0.83Mn0.06Co0.11O2 (NMC 83:6:11, MSE 95 

Supplies) with a D50 of ≈ 3 μm and single crystalline LiNi0.60Mn0.20Co0.20O2 (NMC 622, MSE supplies) 96 

were used as cathode active materials (CAMs) and dried for 24 h at 150 °C prior to measurements. 97 



The electronic conductivity of pure NMC 83:6:11 was considered 5.22 mS∙cm-1 for the simulations, as 98 

measured elsewhere.27 99 

Composite cathode preparation. All composites were prepared in an Ar-filled glovebox (O2 < 1.5 ppm 100 

and H2O < 0.3 ppm). For the preparation of the cathode composites (CCs) for the conductivity 101 

measurements, the SE and the CAM were mixed in a ball mill (Pulverisette 23, Fritsch GmbH) for 102 

15 minutes at 15 Hz using 5 mm diameter ZrO2 balls. Three different weight ratios, 60:40, 70:30 and 103 

80:20, were tested. 104 

Cell assembly. All cell assemblies were carried out under inert atmosphere in an argon-filled glovebox 105 

(O2 < 1.5 ppm and H2O < 0.3 ppm). We utilized three different cell setups to characterize the CC. Firstly, 106 

the partial ionic and electronic conductivities of the CCs were determined. For the measurement of 107 

partial ionic conductivity, a symmetrical electron-blocking cell setup 108 

SS|In/(InLi)x|SE|CC|SE|In/(InLi)x|SS was used. 60 mg of the SE powder was transferred into the PEEK 109 

cell casing and distributed homogeneously and carefully hand-pressed, followed by a carefully 110 

distributed 100 mg layer of CC and finally a second 60 mg SE layer. The whole setup was uniaxially 111 

pressed at 380 MPa (Atlas Autotouch Press 25t, Specac Ltd., for 5 min. An In/(InLi)x alloy was prepared 112 

by pressing together indium foil (MaTeck GmbH, 99.999%, 0.1 mm thickness, 9 mm diameter, 45-113 

48 mg) and lithium (MaTeck GmbH, 99.8%, 1.5-1.6 mg, 6 mm diameter). The alloy was introduced on 114 

both sides of the three-layered pellet to serve as a lithium reservoir, measurements were performed 115 

under constant pressure of 50 MPa. The influence of the two SE and In/(InLi)x was tested in a reference 116 

cell, where 120 mg of SE was pressed at 380 MPa for 5 min and afterwards, In/(InLi)x was attached on 117 

both sides. The partial electronic conductivity measurements were performed in an ion-blocking cell 118 

setup SS|CC|SS. 100 mg of the CC was uniaxially pressed into a pellet at 380 MPa for 5 minutes, 119 

resulting in a ≈50 μm thick layer. Afterwards, a frame pressure of 50 MPa was applied during 120 

measurements.  121 



Lastly, the ASSB cells were prepared for the investigation of cycling stability. For the separator layer, 122 

60 mg of pristine Li6PS5Cl were pressed into a 10 mm PEEK inlay. 12 mg of the respective CC sample 123 

were evenly distributed on the separator layer. The whole setup was uniaxially pressed at 380 MPa 124 

for 5 minutes. An In/(InLi)x alloy anode was prepared as described above and was added to the 125 

opposite side of the separator. Measurements were performed at a frame pressure of 50 MPa. 126 

Heat treatment. Some cells monitor the temperature-dependence of the impedance of CCs over a 127 

range of 25 °C, 40 °C, 60 °C, 40 °C and 25°C. Each heating step is followed by 2 h of equilibration and 128 

a PEIS measurement. The heat was controlled in a Binder Kühlinkubator KT115. Different CCs were 129 

prepared with NMC 83:6:11 or NMC 622 as CAMs and Li6PS5Cl as SE.  130 

PEIS measurements. All PEIS measurements were performed with a Biologic VSP-300 potentiostat. 131 

The amplitude was set to 10 mV, the frequency range was adjusted for the different setups. For the 132 

partial ionic conductivity measurement, the frequency range was 7 MHz to 50 mHz, and for the partial 133 

electronic conductivity measurement, it was 7 MHz to 25 mHz. The error bars originate from 134 

measurements of at least three different cells per sample. To check the consistency of the 135 

measurements, three measurements were performed for each cell. The PEIS measurements were 136 

performed 2 h, 4 h and 10 h after assembly to check the consistency of the measurement. If PEIS 137 

spectra are shown, a representative measurement after 4 h is depicted. 138 

PEIS spectra fitting procedure. The fitting of the impedance spectra was done using the RelaxIS 3 139 

software (rhd Instruments) using the SDK option where we implemented the code for T-type TLM 140 

model. The spectra were tested for linearity via Kramer-Kronig relations and the high-frequency cutoff 141 

adjusted accordingly prior to fitting. 142 

Measurement under controlled pressure. The measurements at controlled pressures were conducted 143 

with a Compre Drive (rhd instruments). A cell was prepared with 144 mg CC filled into the cell (12 mm 144 

diameter, 59 µm thickness), performing the measurements at the same loading as the other 145 

measurements. The cell was then pressed at 380 MPa for 5 min. Then, a pressure of 50 MPa was 146 



applied. After 2 h of equilibration, PEIS was measured (10 mV amplitude, frequency range between 147 

1 MHz and 100 mHz). The pressure was reduced in steps of 10 MPa down to 10 MPa, each pressure 148 

step followed by 5 min of equilibration and a PEIS measurement. Then, the pressure was set back to 149 

50 MPa and held constant, while the temperature was increased to 60 °C and decreased back to 25 °C. 150 

Each temperature variation was followed by 2 h of equilibration and a consecutive PEIS measurement. 151 

Cycling. All cells were cycled under constant pressure of 50 MPa at 25 °C with symmetric constant 152 

current (j at a rate of 1C corresponds to values between 1.83 mA cm-2 and 2.44 mA cm-2) charging and 153 

discharging at a MACCOR Battery Tester. The voltage window was set between 3.0 V and 4.3 V vs. 154 

Li+/Li (assuming that 0 V vs. In/InLi = 0.62 V vs. Li+/Li).28 After 5 h of equilibration, the cells underwent 155 

a pre-treatment process of five cycles, starting with two cycles at 0.05C (calculated with a theoretical 156 

capacity of 200 mAh g-1 for the CAM), followed by one cycle at 0.1C, a fourth at 0.05C and a fifth at 157 

0.1 C. After that, for the cells with the different CAM:SE ratios, the C-rate was increased from 0.2C to 158 

the final C-rate of 0.5C and then cycled for 300 cycles at the 0.5C rate. Each CC composition was cycled 159 

at least in cell triplicates. 160 

Simulations. To study transport as a function of volume fraction, particle size and electrode length, 161 

virtual microstructures were generated (Figure S4). In the first step, composites consisting of 162 

300 x 300 x 300 voxels were built with each cubic voxel representing a volume of (5/3 μm)3. The 163 

number of voxels describing either SE or CAM domains is determined by the specified volume 164 

fractions. By clustering voxels representing solid electrolyte domains as described previously,27 165 

particle size effects can be studied. While no clustering has been applied to build virtual composites 166 

containing SE particles with d ≈  2 μm (Figure S4a), cluster sizes of 110 voxels, 1000 voxels and 167 

10000 voxels were specified to generate composites d ≈ 10 μm, 21 μm and 45 μm (Figure S4d). In a 168 

second step, each microstructure was divided into 2, 5, 10 and 20 equally sized parts along the x-axis. 169 

Each of the slices corresponds to an electrode of length 250 μm, 100 μm, 50 μm and 25 μm, 170 

respectively. The microstructures have been visualized using the software paraview.29 171 



Effective conductivities were calculated using a resistor network model.27 The effective ionic 172 

conductivity of the composites, the ionic conductivity of the SE phase was specified as 2.2 mS∙cm-1, 173 

whereas the CAM phase was taken as ionically insulating. Conversely, to calculate effective electronic 174 

conductivities, the conductivity of the CAM phase was set to 5.22 mS∙cm-1,27 while the SE phase was 175 

taken as electronically insulating. 176 

The pytrax package was used to compute tortuosities of the virtual microstructures.30 In each 177 

simulation, 104 walkers were initially placed randomly in the solid electrolyte and CAM domains to 178 

investigate tortuosities of the ion- and electron conducting pathways respectively. Every time step the 179 

walkers are then allowed to move to a neighboring site along the three spatial directions in the virtual 180 

microstructure. To avoid spatial confinement of the random walkers, they enter mirrored 181 

microstructure images when crossing the boundaries.  A total of 106 time steps per walk was chosen 182 

to exclude artifacts from closed pores. From the average axial square displacements (ASD𝑖 ) of all 183 

walkers as a function of the number of timesteps (t), the axial tortuosities (𝜏𝑖) are calculated via 184 

𝜏𝑖 =
𝑡

𝑁 ∙ ASD𝑖
, (Eq. 7) 

with 𝑁 representing the dimensionality.30  185 

 186 

Results and Discussion 187 

The efficient transport of ions and electrons in a composite positive electrode is necessary to enable 188 

good cycling performance in ASSBs. Unlike mixed ionic electronic conductors in solid oxide fuel cells, 189 

where ionic and electronic transport is provided by one material,31–33 the transport of ions and 190 

electrons in composite positive electrodes is enabled by different materials, the SE and CAM, 191 

respectively. As such, a consistent interparticle connectivity throughout the composite electrode 192 

volume enables the efficient transport of both charged species. To quantify the partial transport in 193 

CCs, two different cell setups are used for the PEIS measurements. The ion-blocking setup consists of 194 



the CC being sandwiched between two stainless-steel contacts (Figure 1a). The stainless-steel contacts 195 

are blocking for ions and conducting for electrons, allowing the determination of the partial electronic 196 

conductivity of the CC at low frequencies. The electron-blocking cell setup is used for the 197 

measurement of the partial ionic conductivity at low frequencies (Figure 1b). The two solid electrolyte 198 

(SE) layers sandwiching the CC block the transport of electrons across the whole cell and the In/(InLi)x 199 

alloy electrodes attached on both ends serve as lithium reservoirs.   200 

 201 

Figure 1: Schematic illustration of the cell setups used to quantify partial transport in composite electrodes, the arrows 202 

indicate the transport of the unblocked species, which can be quantified at low frequencies via TLM fitting of the impedance 203 

spectra. a) Shows the ion-blocking setup used to determine the electronic conductivity, b) the electron-blocking setup used 204 

to determine the ionic conductivity in the composite. 205 

Typically, TLMs are used for analyzing the resulting impedance spectra from the setups shown in 206 

Figure 1. Such TLMs typically consist of two lines running in parallel that describe how the ions and 207 

electrons are moving. Each line includes an infinite series of circuit elements. Between those two lines, 208 

there is at least a capacitor present to describe the interaction between both charged species in the 209 

CC. Here, we use a T-type TLM as initially derived by Siroma et al.34,35 It describes symmetrical cell 210 

setups with terminals for the same conducting species (electron-electron or ion-ion connection) on 211 

both sides. This results in a Li+-Li+ connection in the electron-blocking case and an electron-electron 212 

connection in the ion-blocking one. Equation 1 describes the T-type TLM frequency-dependent partial 213 

transport in the CC under ion-blocking conditions:34 214 



𝑍CC(𝜔) =
𝑧ion 𝑧el

𝑧ion + 𝑧el
𝐿 +

2 𝑧el
   2 √𝑧int

(𝑧ion + 𝑧el)
3
2

∙

cosh (𝐿 √
𝑧ion + 𝑧el

𝑧int
) − 1

sinh (𝐿 √
𝑧ion + 𝑧el

𝑧int
)

 (Eq. 1) 

with zion (Ω∙cm-1) describing the impedance of the ions, zel (Ω∙cm-1) describing the impedance of the 215 

electrons, and zint (Ω∙cm) the interfacial impedance between the electronic and ionic path. The length 216 

of the TLM, which corresponds to the thickness of the CC, is denoted by L (cm). For the description of 217 

the electron-blocking setup, zion and zel must be interchanged in Eq. 1, which only affects the term 218 

2 𝑧el
   2 √𝑧int

(𝑧ion+𝑧el)
3
2

  (for the full equation, see Eq. S1). 219 

Prior to fitting the experimental data, the elements zion, zel and zint must be defined. The simplification 220 

of neglecting electronic resistance (zel = rel = 0), which is often done for LIBs due to the presence of 221 

highly conductive carbon additives, is not valid for ASSB positive electrodes, if the partial electronic 222 

and ionic conductivities are in the same range. Thus, the requirement to consider zel makes the fitting 223 

and understanding of the resulting impedance spectra more challenging. To provide a better 224 

understanding of how different impedances show up in PEIS spectra and affect the response, three 225 

different T-type TLM models are considered here, and the corresponding simulated spectra are shown 226 

in the following. 227 

Comparison of different Transmission Line Models 228 

In the basic model, ionic and electronic impedances are described each by a resistor only, and the 229 

interfacial impedance between the two lines is described by a constant phase element (CPE). This 230 

model describes a system in which the ions move at a certain rate in a single phase (in our case, the 231 

SE, described by rion), and the electrons move at a certain rate in another single phase (in our case the 232 

CAM, described by rel). The CPE qint describes the contact between these two phases in which some 233 

charge accumulation and/or potential difference is expected. Here, we model a CPE instead of a pure 234 

capacitor to capture non-ideal capacitive behavior due to the heterogenous nature of the interface 235 

between the two phases in a CC. For our analysis, charge transfer between the SE and CAM is not 236 



considered, as the charge transfer resistance is very high for pristine, uncharged NMC (0% state-of-237 

charge, SOC). With this model, we can recast the impedance of the CC in the ion-blocking setups as 238 

𝑍CC(𝜔) =
𝑟ion 𝑟el

𝑟ion + 𝑟el
𝐿 +

2 𝑟el
   2 √𝑞int

−1(𝑖𝜔)−𝛼

(𝑟ion + 𝑟el)
3
2

∙

cosh (𝐿 √
𝑟ion + 𝑟el

𝑞int
−1(𝑖𝜔)−𝛼) − 1

sinh (𝐿 √
𝑟ion + 𝑟el

𝑞int
−1(𝑖𝜔)−𝛼)

 (Eq. 2) 

Note that the resistances rion and rel, written as lowercase letters, are incremental resistances whereas 239 

the overall resistances Rion and Rel are written as capital letters and describe the whole resistance 240 

throughout the composite. Here, the overall resistances can be calculated from the incremental ones 241 

(rion, rel) by multiplying by the length L. The ion- and electron-blocking basic TLMs and the 242 

corresponding simulated spectra are depicted in Figure 2a-c. 243 

 244 

Figure 2: Overview of different T-type transmission line models (TLM) and the corresponding modelled spectra. a) Nyquist 245 

spectra for the basic electron- and ion-blocking TLMs shown in b) and c), where only resistive elements (rion, rel) were 246 

considered to describe the transport in the electronic and ionic lines. Here, Rion, Rel were set to 250 Ω, 110 Ω, respectively. 247 



d) Nyquist spectra for the advancedel TLM models shown in e) and f), where R (rel,int) and CPE (qel,int) elements connected in 248 

parallel are in series to a bulk resistor (rel,bulk) in the electronic line. Here, Rion was fixed at 250 Ω and Rel was split up into 20 Ω 249 

for Rel,bulk and 90 Ω for Rel,int, for a total Rel of 110 Ω. g) Nyquist spectra for the advancedion TLM models shown in h) and i), 250 

where R (rion,int)  and CPE (qion,int) elements connected in parallel are in series to a bulk resistor (rion,bulk) in the ionic line are 251 

considered instead. Here, Rel was fixed at 110 Ω, but Rion was split up into 20 Ω for Rion,bulk and 230 Ω for Rion,int, for a total Rion 252 

of 250 Ω. Note that the overall resistances (R) are calculated from the incremental ones (r) by multiplication with L. For all 253 

models, the length of the TLM (L) was fixed at 1 cm to better demonstrate the appearance of the values. A CPE (qint = 254 

1∙10-3 F∙sα-1∙cm-1) describes the contact between the lines.  255 

 256 

The Nyquist plot for the basic TLMs (Figure 2a) shows one arc in both the ion-blocking and in the 257 

electron-blocking setup, respectively. These arcs possess a characteristic shape, sometimes referred 258 

to as “half-teardrop shape”, which is mostly known for mixed ionic and electronic conductors that 259 

show electronic and ionic conductivities of similar magnitude.31,32 The spectra show two intercepts at 260 

the real impedance axis, a high-frequency intercept R0, followed by a 45° angle response, and a low-261 

frequency intercept R2. Both the ion- and the electron-blocking spectra share the same intercept R0 262 

because at these timescales, both electrons and ions move within the applied electric field in the bulk. 263 

Thus, R0 corresponds to the transport of both species and can be described as follows:33 264 

𝑅0
   −1 = 𝑅ion

    −1 + 𝑅el
  −1 ⇔ 𝑅0 =

𝑅ion 𝑅el

𝑅ion + 𝑅el
 

(Eq. 3) 

 265 

At very low frequencies, the blocking electrodes (or electrolyte layers) are entirely impermeable for 266 

the blocked species, and only the non-blocked species moves entirely across the CC. Thus, the 267 

intercept at low frequencies (R2) approaches the total resistance of the unblocked charge carrier, 268 

which leads to R2,ion = Rion (set to 250 Ω) for the electron-blocking case and R2,el = Rel (set to 110 Ω) for 269 

the ion-blocking case (Figure 2a). It must be noted that these approximations only apply for a system 270 

with ideally blocking electrodes, i.e. those that provide full reversibility for the unblocked species and 271 

perfectly blocking conditions for the blocked species.  272 



In the second model, advancedel, an additional parallel R/CPE element is added in the electronic line. 273 

Thus, one resistor in the electronic line represents the bulk electronic resistance of the CAM particles, 274 

whereas the additional parallel R/CPE describes the CAM particle-particle interface.5,7,9 The models 275 

and resulting spectra are shown in Figures 2d-f. Here, Rel,bulk was set to 20 Ω and Rel,int to 90 Ω, giving 276 

a total Rel = Rel,bulk + Rel,int = 110 Ω, which is the total electronic resistance used in the basic model. The 277 

spectra simulated with the advancedel model show two semicircles, a suppressed high-frequency and 278 

a drop-shaped low-frequency semicircle. The transition from one semicircle to the next is 279 

characterized by a mid-frequency resistance (R1) defined by  280 

𝑅1 =
𝑅ion 𝑅el

𝑅ion + 𝑅el
 

(Eq. 4) 

This mid-frequency intercept R1 is equal to the high frequency intercept R0 in the basic model and is 281 

the same in both the ion- and electron-blocking case. The additional semicircle approaches a different 282 

high frequency value 𝑅0,𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑑el
 compared to the basic spectra in Figure 2a, as it is shifted to lower 283 

resistances in the case of the advancedel model. 𝑅0,𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑑el
 is determined by Rel,bulk instead of the 284 

total resistance Rel, and it applies for both the ion- and electron-blocking spectra: 285 

𝑅0,𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑑el
=

𝑅ion 𝑅el,bulk

𝑅ion + 𝑅el,bulk
 

(Eq. 5) 

Irrespective of the setup, however, the values of R2 are exactly the same as in the basic model (R2,ion = 286 

250 Ω, and R2,el = 110 Ω), emphasizing the robustness of the values obtained at low frequencies to 287 

describe the net partial transport of the unblocked species in composite electrodes when using the 288 

right cell setup. Finally, we consider the advancedion-model, where the additional parallel R/CPE 289 

element is incorporated in the ionic line instead, to describe e.g. the contribution of grain boundaries 290 

between SE particles (Figures 2g-i).19 Here, Rion,bulk is set to 20 Ω and Rion,int to 230 Ω to match the total 291 

Rion as used previously (250 Ω). The spectra look like those of the advancedel model with the 292 

appearance of two semicircles, the only difference is the high frequency resistance, which is now 293 

defined as: 294 



𝑅0,𝑎𝑑𝑣𝑎𝑛𝑐𝑒𝑑ion
=

𝑅el 𝑅ion,bulk

𝑅el + 𝑅ion,bulk
 

(Eq. 6) 

It is evident that in both advanced models, i.e. irrespective of whether an interfacial contribution is 295 

part of the ionic or electronic line, similar high-frequency semicircles are observed in both the ion- and 296 

electron-blocking spectra. This makes the assignment of high frequency arcs to a particular process 297 

difficult, as there are two conducting species with many possible ionic or electronic conducting 298 

interfaces, decomposition products and interphases. However, the total resistance (R2) is not affected 299 

by interfacial processes within the TLM. This is evident by the invariability of R2 across all models, basic 300 

and advanced. 301 

Finally, for the analysis of the electron-blocking spectra, it is necessary to consider the two SE and 302 

(In/InLi)x layers that sandwich the CC. To determine their influence on the spectra, a reference PEIS 303 

measurement was performed on a cell with SE sandwiched between two In/(InLi)x (i.e. 304 

In/(InLi)x|SE|In/(InLi)x) only. The spectrum of this reference cell (Figure S1a) shows a depressed 305 

semicircle and was fitted with a resistor RSE describing the resistance of the SE layer, and a parallel 306 

RSE|In/(InLi)x-CPE element describing the two In/(InLi)x|SE interfaces. These elements must be connected 307 

in series before the TLM to describe the two additional layers in the electron-blocking setup 308 

(Figure S1b). This addition to the TLM results in a shift of the spectrum by the value of RSE (towards 309 

higher resistances) and the In/(InLi)x|SE interface appears as part of the low-frequency semicircle. 310 

Thus, the low-frequency intercept R2,ion of the electron-blocking spectrum, which was equivalent to 311 

Rion in all three modeled spectra above, is now shifted by the values of RSE and RSE|In/(InLi)x and is 312 

therefore equivalent to Rion+RSE+RSE|In/(InLi)x. The shift of the spectra by these additional resistances is 313 

depicted in Figure S2. A contact resistance, which may appear in ion-blocking measurements between 314 

the stainless-steel electrode and the CC, would shift the spectrum in a similar way. 315 

 316 

 317 

 318 



Validation of the Transmission Line Models via varying CAM:SE 319 

To validate the TLM, PEIS spectra were measured for three different CAM:SE ratios: 61:39 vol%, 320 

48:52 vol% and 37:63 vol%. The ion- and electron-blocking spectra and the resulting conductivities are 321 

shown in Figure 3. 322 

 323 

Figure 3: Representative impedance spectra for different positive electroactive material (CAM)-to-solid electrolyte (SE)-324 

ratios, measured in symmetric a) ion-blocking and b) electron-blocking measurement setups. The symbols indicate the 325 

measured data, the lines the TLM fit using the advancedel model. R0 indicates the high-, R1 the mid- and R2 the low-frequency 326 

intercepts, the dashed lines highlight the evolution of the intercepts at different ratios. The percentage indicates the vol% of 327 

CAM in the composite electrode. c) Partial conductivities obtained from the fittings of the spectra via TLMs, the electronic 328 

conductivities are obtained from the ion-blocking, the ionic conductivities from the electron-blocking measurement. For all 329 

samples, the thickness of the CC was in the order of 500 μm. 330 

Since the CAM is the only electron conductor in the CC, we expect a decrease in the partial electronic 331 

conductivity (σeff,el) as the content of the CAM is reduced. Figure 3a shows precisely this trend: as the 332 

vol% of CAM decreases, the low-frequency intercept R2,el increases. Conversely, in the electron-333 

blocking configuration (Figure 3b), we observe a decrease in the low-frequency intercept R2,ion which 334 

is consistent with the CC increasing its partial ionic conductivity (σeff,ion). Figure 3c summarizes these 335 

results more clearly: σeff,ion increases and σeff,el decreases as the vol% of CAM decreases in the CC. 336 

Regarding the high- and mid-frequency intercepts, less CAM leads to a similar increase of both R1,ion 337 

and R1,el, which is due to their definition by 
𝑅ion𝑅el

𝑅ion+𝑅el 
, and they should be the same after subtracting RSE 338 

and RSE|In/(InLi)x from R1,ion. The high-frequency intercepts R0,ion and R0,el are higher for lower CAM 339 

contents.  340 



To identify the appropriate TLM to be used from those outlined above, fitting was performed with 341 

both the advancedion and advancedel models (see Table ST1 for detailed resulting fits). Note that the 342 

basic model was not considered as two processes and not a single half-teardrop shaped spectra was 343 

observed irrespective of the setup or CC composition. In order to assess which of the advanced models 344 

is more appropriate, the anticipated changes in the various resistances were carefully considered for 345 

each model as a function of the CC composition. Generally, grain boundary resistances cannot be 346 

deconvoluted for pure Li6PS5Cl at room-temperature,36 making advancedion the less suitable model. 347 

Additionally, for the advancedion model to apply, we expect that Rion,int and Rion,bulk should both decrease 348 

with less CAM in the CC. However, such a decrease is not observed for Rion,bulk. Conversely, if advancedel 349 

is the correct model, an increase of Rel,int and Rel,bulk is expected with less CAM, because there are less 350 

CAM particles throughout the CC offering bulk and interfacial conductivity, thus increasing their total 351 

resistance contribution throughout the CC. This is the case for the values obtained from both the 352 

electron- and ion-blocking measurement when fitted with advancedel. Accordingly, while both models 353 

could be used to fit the impedance spectra with low errors in the fitted values, only the fits with the 354 

advancedel model follow the expected trend and reasonably describes the physics of the composition-355 

dependent CCs. Taken together, the advancedel model including electronic bulk and interface 356 

resistances (Rel,bulk and Rel,int) is used for all further fittings (with serial connection of RSE and the parallel 357 

RSE|In/(InLi)x/CPE element for the electron-blocking case), neglecting possible influences of a contact 358 

resistance and other effects. The comparison of different TLM models should generally be done when 359 

a new system is investigated, followed by the comparison and validation of the respective fitting 360 

results. The conductivities in Figure 3c were obtained with advancedel.  361 

 362 

Since a very similar TLM is used to fit the spectra of both ion- and electron-blocking cell setups, and 363 

since the partial transport of nominally equal CC samples is evaluated, the extraction of the same 364 

values for the ionic and electronic resitances would be expected from both measurement setups. To 365 

validate the robustness of the TLM advancedel model, the fitting results of ion- and electron-blocking 366 



measurement are compared in Table 1, and additionally plotted in Figure S3. In general, the values 367 

obtained from the two measurement setups follow the same trend and are in a similar range, but not 368 

equal.  369 

Table 1: Comparison between the calculated partial conductivities obtained from the ion-blocking and electron-blocking 370 

measurements. σeff,el is usually obtained from R2 in the ion-blocking measurement, and σeff,ion from R2 in the electron-blocking 371 

measurement. The latter results are depicted in bold. Italicized are the values obtained from “the wrong cell setup”. The 372 

errors stem from triplicate measurements. 373 

CAM:SE 

ratio / 

vol% 

σeff,el / mS·cm-1 σeff,ion / mS·cm-1 

Ion-

blocking 

setup 

Electron-

blocking 

setup 

Error % 

(compared to ion-

blocking setup) 

Electron-

blocking 

setup 

Ion-blocking 

setup 

Error % (compared 

to electron-

blocking setup) 

37:63 0.35 ± 0.06 0.21 ± 0.02 -40% 0.267 ± 0.009 0.36 ± 0.02 +34% 

48:52 0.89 ± 0.03 0.63 ± 0.03 -29% 0.17 ± 0.03 0.13 ± 0.01 -24% 

61:39 3.0 ± 0.5 1.6 ± 0.2 -46% 0.033 ± 0.003 0.035 ± 0.009 +6% 

 374 

On the one hand, for all three CAM:SE ratios, the electronic conductivity σeff,el is higher when obtained 375 

from the ion-blocking setup. Thus, there seems to be a general overestimation of σeff,el in the ion-376 

blocking measurement or a general underestimation in the electron-blocking measurement, 377 

respectively. The overestimation cannot be explained by additional resistances (e.g. a contact 378 

resistance) outside the TLM, as these would further reduce the total electronic resistance and result 379 

in even higher values for σeff,el. Therefore, it is more likely that the reason for the deviation lies in the 380 

electron-blocking measurements, as the cell setup is more complicated and there may be some error 381 

due to the consideration of the resistances of the two SE layers and especially the resistances of the 382 

SE|In/(InLi)x interfaces on each side of the composite that might deviate from those of the reference 383 

cell. Additionally, in the electron-blocking setup, the CC layer which is sandwiched between the two 384 

SE layers is assumed to be perfectly cylindrical and to have planar interfaces. However, in the 385 

experimental cell, the interfaces between the CC and LPSCl will be non-planar due to the powder 386 



layers being stacekn on top of each other. This might lead to higher resistances compared to those in 387 

the ion-blocking measurements. On the other hand, the values of σeff,ion deviate less, and for two of 388 

the three CAM:SE ratios, they are within each other’s error ranges. In general, both measurements 389 

are suitable for extracting a general trend for Rion and Rel, but both measurements should be 390 

performed for more reliable values. Namely, to determine σeff,el an ion-blocking setup and for σeff,ion an 391 

electron-blocking setup should be employed as the determination of the total resistances at low-392 

frequencies is most reliable.  393 

Thickness-dependent evolution of the ion-blocking spectra 394 

The effective conductivities in composite positive electrodes are usually determined at large 395 

thicknesses (≈ 500 µm). However, lab-scale composite positive electrodes used for cycling are usually 396 

much thinner (between 30 µm and 120 µm). To evaluate if conductivities and tortuosities show a 397 

thickness-dependence and to test the ability of TLMs to describe the spectra of thinner composite 398 

positive electrodes, we measured the impedance of the 48:52 CAM:SE CC at three different 399 

thicknesses. 400 



 401 

Figure 4: a) Nyquist plot showing the ion-blocking and electron-blocking spectra taken at three different positive electrode 402 

composite thicknesses, b) thickness-dependence of the effective conductivities. All spectra were obtained with a CC with the 403 

CAM:SE volume ratio of 48:52. σel is obtained from the ion-blocking and σion from the electron-blocking spectrum, each by 404 

fitting with the TLM advancedel. c) Virtual microstructures of different lengths representing composites with equal volume 405 

fractions of SE and CAM. The average SE particle diameter corresponds to d ≈ 10 µm. d) Simulated ionic and electronic 406 

conductivities for composites with various SE volume fractions, particle sizes and electrode lengths. The data shown 407 

correspond to the mean conductivities over all simulated electrodes, whereas the error bars represent the simple standard 408 

deviations. 409 

The overall shape of the impedance spectra is consistent across all layer thicknesses (Figure 4a). 410 

However, halving the thickness results in more than a halving of the total resistance, regardless of 411 

whether the measurements were conducted under ion- or electron-blocking conditions. Therefore, 412 

we quantify a decrease of partial conductivities as the thickness of the composite electrodes increases. 413 



(Figure 4b). To understand the latter trend, simulations on virtual electrode structures (Figure S4) 414 

have been performed. A resistor network model is utilized to study effective conductivities,27 while 415 

random walk simulations are performed with pytrax30 to study the tortuosities of the respective ionic 416 

and electronic pathways (Figure S5). In the first step, binary virtual microstructures consisting of SE 417 

and CAM are constructed as described previously.27 Both, the volume fraction (φSE) and mean particle 418 

size (d) of the SE phase are varied in the composites to systematically investigate the influence of 419 

microstructure on transport. Each microstructure is subsequently divided into thinner equally sized 420 

electrodes (Figure 4c) to enable analysis of transport as a function of electrode length (L). In the 421 

resistor network simulations, the SE phase is set to be purely ion-conducting with σion = 2.2 mS∙cm-1 422 

(ionic conductivity of Li6PS5Cl measured in this work), while the CAM phase is set purely electron-423 

conducting with σe = 5.22 mS∙cm-1 (electronic conductivity of NMC 83:6:11).27 The computed σeff,el and 424 

σeff,ion  are shown in Figure 4d as a function of SE volume fraction and electrode length (more simulated 425 

conductivities in Figure S6). Data are shown for virtual composites with a mean SE particle size of 426 

≈  10 μm (corresponding to the SE particle size determined in this work) and for composites 427 

incorporating larger SE particles of ≈ 45 μm.  428 

Across all simulations, a rapid decrease in σeff,ion and a corresponding increase in σeff,el is observed with 429 

decreasing SE and increasing CAM volume fraction. The particle size trends in simulated conductivities 430 

of large structures (500 μm, typical for partial transport measurements) align well with literature 431 

reports and become increasingly more pronounced close to the percolation thresholds. In agreement 432 

with experimental findings by Schlautmann et al.,5 the σeff,ion decreases when the size of the SE 433 

particles in an electrode composite is increased from ≈ 10 μm to ≈ 45 μm. Conversely, the use of 434 

larger SE particles leads to higher σeff,el of the composites, since a continuous conducting phase is less 435 

tortuous when large blocking particles are introduced than when the same volume fraction but smaller 436 

particles are used.37  437 



In agreement with the experimental findings of this work, higher partial conductivities are observed 438 

when thinner electrodes are considered. This behavior can be attributed to the decreased tortuosity 439 

of the respective carrier pathways in thinner electrodes (Figure S5). As with the particle size trends, 440 

the effects of different electrode thicknesses are amplified when compositions close to the 441 

percolation thresholds are considered. Further, these differences are much more significant when 442 

large SE particles are used compared to small particles. The dependence of transport on electrode 443 

length shows up more drastically in the ionic conductivity than in the electronic conductivity trends. 444 

This is because the particle sizes of the ion-conducting phases were explicitly varied throughout the 445 

simulation series while the continuous electron-conducting phase only changed as a consequence 446 

when constructing the virtual microstructures. The observed length dependence of the transport 447 

properties can be attributed to finite size effects, that come into play when the investigated system 448 

size of a random composite is smaller than the representative volume element.38,39 Finite size effects 449 

become increasingly more pronounced, when the ratio of obstacle size (e.g. electronically isolating SE 450 

particle) to system size increases.40,41 This explains the larger differences in transport behavior with 451 

layer thickness when larger particles are used compared to smaller particles.   452 

In summary, finite size effects can become relevant in electrode composites. Particularly when large 453 

particles (> 10 µm) are used, the conductivities determined in a transport measurement (≈ 500 µm) 454 

can differ significantly from those relevant in practical electrodes (≈ 50 µm). In such cases, electrode 455 

thickness must be considered to get a complete understanding of the overall transport behavior.  456 

Time-, Pressure- and Temperature-dependence of Partial Transport 457 

We evaluated the temporal evolution of the CC to attain a better understanding of interfacial 458 

phenomena between the CAM and the SE phases. Similar studies have been conducted before and 459 

report a net increase in the total resistance of the cells but with different magnitudes and 460 

explanations: either mechanical relaxation42 of the cell and its components after cell assembly or 461 

chemical degradation reactions between the CAM and the LPSCl SE, supported by XPS 462 



measurements.26 Due to the (electro)chemical instability of the LPSCl SE against oxide-based CAMs,43–463 

45 we expect that the total resistance of the CC increases over time. However, unlike previous studies, 464 

we conducted these experiments in ion- and electron-blocking configurations to quantify via TLM fits 465 

to the impedance spectra which of the components is contributing the most to the resistance increase. 466 

For both ion- and electron-blocking cells, an increase in the total impedance is observed over time, 467 

but the absolute resistances obtained are different (Figure 5). Using the advancedel TLM model, we 468 

quantified all resistances and observe that they all scale linearly against t1/2 for both the ion-blocking 469 

(Figure 5a) and electron-blocking (Figure 5b) setups, suggesting a chemical degradation process.26 The 470 

linear fits are depicted in Figure 5c, the slopes from the linear regression are shown in Table ST2. The 471 

slope of the resistance increase k, also referred to as growth rates, is the highest for Rion (7 Ω∙h-0.5, 472 

determined from the electron-blocking measurement), and lower for the total Rel (3 Ω∙h-0.5, 473 

determined from the ion-blocking measurement), mainly due to the increase in Rel,int  (in the same 474 

range as k for Rel), whereas almost no change is observed for Rel,bulk (0.1 Ω∙h-0.5) over time. Comparing 475 

the results from the two different measurement setups (Figure S7), the trend in the slopes is the same 476 

in both measurements, validating the measurement. However, the slopes are always higher when 477 

determined from the “wrong” measurement setup. In contrast, the relative increase (Figure S8) of 478 

each Rion and Rel over time is similar regardless of the measurement setup. The results indicate a 479 

decrease of both the electronic and ionic conductivity over time, for the electronic conductivity this is 480 

due the increase of interfacial resistance (Rel,int), suggesting a chemical degradation reaction at the 481 

NMC interface. The growth rates (k) we quantify here are in the same order of those reported for 482 

solid-state battery half-cells that contain Zn-doped chloride-rich lithium argyrodite as a catholyte with 483 

LiNi0.83Co0.11Mn0.06O2 as CAM and held at a potential of 3.5 V vs. Li+|Li.46 The latter suggests that, even 484 

at 0% SOC, the LPSCl and NMC are not chemically stable and the formation of degradation products 485 

and/or the cathode electrolyte interface (CEI) already ensues prior to cycling. The latter has strong 486 

implications when considering the storage of prepared composite electrodes and the long-term 487 

storage of uncycled solid-state battery cells.  488 



 489 

Figure 5: Evolution of a) the impedance of an ion-blocking cell over 68 h at 25 °C and b) the impedance of an electron-blocking 490 

cell over 20 h at 25 °C. c) Electronic and ionic resistances, obtained from the fits of the ion-blocking and electron-blocking 491 

measurements, respectively. The resistances are plotted versus the square root of time and show a linear behavior with R2 492 

values > 0.99. The composite positive electrode with a CAM:SE volume ratio of 48:52 and thickness of ≈500 μm was used in 493 

the measurements.  494 

To investigate the hypothesis of mechanical relaxation as a cause for the observed increase in the 495 

resistances, we studied the influence of the applied pressure during measurement (stack pressure) on 496 

the resulting impedance spectra of ion-blocking cells. In the measurement performed under 497 

controlled pressure, the impedance was measured after initial compression (380 MPa) at a stack 498 

pressure of 50 MPa. Then, the stack pressure was lowered in steps of 10 MPa down to 10 MPa, and 499 

an impedance spectrum was measured at each pressure step (Figure 6a). In general, we expect an 500 

increase in the resistances as the stack pressure is reduced, and we quantify this trend in Figure 6b 501 

using the calculated partial conductivities. These results emphasize the importance of sustained 502 

interparticle contact (in this case via applied stack pressure) to enable the transport of ions and 503 

electrons in composite electrodes, as well as to maintain contact with the stainless-steel electrode. 504 

Interestingly, upon repressing the CC to the initial stack pressure of 50 MPa, the resistances do not 505 

return to the initial values, but rather to higher values, resulting in a net lowering of 38% for σeff,el and 506 

45% for σeff,ion. These results confirm the existence of mechanical relaxation and its effect on the partial 507 

transport in composite electrodes. To understand this behavior, one must consider the expected 508 



processes during powder compression. In general, powder compression can be divided into three 509 

phases. Initially, particle rearrangement takes place, accompanied by local elastic deformations. This 510 

is followed by a regime where plastic deformations come into play, along with elastic contributions. 511 

At very high pressures, the whole pellet behaves elastically. For the sulfide-based SE t-Li7SiPS8, plastic 512 

deformations starts at around 500 MPa.47 Similar measurements for LPSCl show plastic deformations 513 

above ≈100 MPa, depending on the SE particle size.48 Upon pressure release, spring back behavior and 514 

elastic recovery cause pellet relaxation by an increase of the pellet thickness, which is accompanied 515 

by a density decrease and reduction of the ionic conductivity.47 This spring back is likely one cause for 516 

the observed reduction of effective conductivities in CCs after readjusting the stack pressure. As the 517 

Young modulus of LPSCl (22.1 GPa)49 is much lower compared to the one of NMC (above 150 GPa, 518 

depending on the determination method and composition),50 the latter is expected to be deformed 519 

less under the applied pressure. An immediate conclusion from these results is that opening cells to 520 

modify the measurement setup for a specific CC sample is not a reliable approach. For example, 521 

converting a sample characterized in an ion-blocking cell after some rest time and impedance 522 

measurement to an electron-blocking by opening it, adding two SE and two In/(InLi)x layers on each 523 

side and repressing,9 will lead to a different partial transport in the composite electrode and an 524 

incomparable measurement because of the sample history. Note that it is unlikely that the temporal 525 

behavior in Figure 5 is solely originating from the mechanical relaxation effect because the timescales 526 

studied are very different, namely the pressure-dependent measurements reported here encompass 527 

less than an hour of total measurement time in the stack pressure range studied. Therefore, the most 528 

likely explanation of the time-dependent increase in the resistances of CC is chemical degradation, 529 

and we have been able to pinpoint the formation of a new interphase on the CAM as the most likely 530 

cause based on our TLM analysis of the impedance spectra. 531 



 532 

Figure 6: Ion-blocking impedance measurements of the CC (CAM:SE 48:52 vol%) performed under controlled pressure. a) 533 

Nyquist plots as a function of stack pressure. Here, the stack pressure was lowered from 50 MPa initially to 10 MPa in steps 534 

of 10 MPa. Afterwards, one more measurement was performed at 50 MPa (repressing). b) Calculated partial conductivities 535 

obtained from the TLM advancedel model. The percentages shown state the change of the conductivity after the repressing 536 

step to 50 MPa. The thickness of the pellet was 590 µm after the measurement. 537 

As heating steps may be required during processing or cycling of composite positive electrodes, the 538 

influence of stepwise heating on the partial conductivities of CCs was investigated. Here, the 539 

impedance spectra of symmetric ion- and electron-blocking cells were measured at 25 °C, 40 °C and 540 

60 °C during heating and at 40 °C and 25 °C during cooling, after 2 h of equilibration time at each 541 

temperature step. Figure 7 shows the temperature-dependent impedance spectra of the CC with the 542 

48:52 vol% NMC 83:6:11:Li6PS5Cl ratio (in the following referred to as reference sample) measured in 543 

an ion- and electron-blocking measurement setup, and their corresponding Arrhenius plots. As 544 

expected, the impedance spectra measured at 60 °C show reduced high-, mid- and low-frequency 545 

intercepts for both the ion- and electron-blocking setup. However, a drastic change of the spectra is 546 

visible after cooling the cells back to the initial temperature of 25 °C.  547 

 548 

In the following, we discuss the evolution of the ion-blocking spectrum (Figure 7a). After cooling back 549 

to 25 °C, the low-frequency intercept R2,el (equal to Rel) and the mid-frequency intercept R1,el are at 550 

higher resistances compared to the initial values. This increase in resistance after heating corresponds 551 

to a decrease in σeff,el, which is depicted in the Arrhenius plot in Figure 7b. As a result, different 552 

activation energies (Ea,el) are determined during heating and cooling, i.e. lower activation energies are 553 



observed during heating, and higher ones are observed during cooling. To exclude that this observed 554 

effect is due to pressure changes caused by cell deformations during heating of the cell casing, frame 555 

and stamps, a reference temperature-dependent measurement was performed at fixed pressure 556 

(Figure S9). The trends in activation energies under these controlled conditions are consistent with 557 

those obtained from press cells. To investigate whether this effect is related to interfacial 558 

decomposition reactions, we repeated the ion-blocking measurement with another material 559 

combination. When LiNi0.6Mn0.2Co0.2O2 (NMC 622) is used instead of NMC 83:6:11, a lower total 560 

electronic conductivity and a much less pronounced decrease in σeff,el of only 6% (Figure S10) is 561 

observed after the heating step. The lower σeff,el is explained by the lower electronic conductivity of 562 

pure NMC 622 compared to NMC 83:6:11.51–53 The activation energies of the CCs, extracted during 563 

heating, are 0.08 eV for the NMC 83:6:11- and 0.19 eV for the NMC 622-based CC, respectively. The 564 

former value deviates significantly from the literature activation energy, which is 0.24 eV for pure 565 

NMC 811 and 0.27 eV for pure NMC 622.51 During cooling, the determined Ea,el for NMC 622 is with 566 

0.20 eV almost the same as during heating, whereas a largely increased Ea,el of 0.22 eV is observed 567 

during cooling for NMC 83:6:11. The less significant decrease in σeff,el of only 6% for the NMC 622-568 

based CC and the smaller difference between the Ea,el between heating and cooling might be related 569 

to the different chemical stability of thiophosphate-based SE against the NMCs, as the chemical 570 

stability is known to decrease with higher Ni contents.54,55 These results indicate that (changes in) the 571 

CAM is the determining factor that causes the resistance increase upon heating. 572 



 573 

Figure 7: a) Temperature-dependent impedance spectra of an ion-blocking cell with a CAM:SE ratio of 48:52 vol% during 574 

heating from 25°C to 60 °C and cooling back to 25 °C, b) Arrhenius plot showing the temperature-dependent electronic 575 

conductivities obtained from the fitting of the ion-blocking (ionb.) spectra for three different composite electrodes and the 576 

activation energies, c) the temperature dependent impedance spectra of an electron blocking cell with 48:52 CAM:SE vol% 577 

ratio and d) Arrhenius plot depicting the temperature-dependence of the ionic conductivities. Note that for the ionic 578 

conductivities in d), only the reference composite (NMC 83:6:11 and Li6PS5Cl) was measured in an electron-blocking (elb.) 579 

cell, the other conductivities are derived from the ion-blocking (ionb.) measurement. Each PEIS measurement was performed 580 

at a frame pressure of 50 MPa, the CC thickness was each ≈500 µm.  581 

Regarding the electron-blocking setup (Figure 7c), only a slight increase is observed in the low-582 

frequency intercept R2,ion (equal to Rion+RSE+RSE|In/(InLi)x; for the temperature-dependent determination 583 

of RSE and RSE|In/(InLi)x, see Figure S11) after the heating step. That means similar ionic conductivities are 584 

measured before and after heating, and similar Ea,ion are measured irrespective if they are determined 585 

from heating or cooling (Figure 7d). Conversely, a large increase is observed for the mid-frequency 586 

intercept R1,ion after heating, which is in accordance with the increase of R1,el in the electron-blocking 587 

setup. In Figure 7d, the conductivities obtained from the ion- and electron-blocking 588 

NMC 83:6:11:LPSCl measurement show good agreement. Thus, the temperature-dependent σeff,ion of 589 



the NMC 622:LPSCl CC was extracted from the ion-blocking cell for a rough estimate without the 590 

preparation of an additional electron-blocking cell. The CC prepared with NMC 622 shows a slightly 591 

lower ionic conductivity compared to the CC with NMC 83:6:11, maybe due to particle size changes or 592 

the measurement errors. The Ea,ion of all samples are similar, ranging from 0.38 eV to 0.44 eV, which 593 

is slightly higher than what is reported for pure Li6PS5Cl (0.33 eV).56 No large difference is observed 594 

between heating and cooling.  595 

The results show that a decrease in the electronic conductivity is observed after heating the CC to 596 

60 °C, without large changes in the ionic conductivity. This could be related to a surface change or 597 

decomposition primarily affecting the CAM (surface), similar to the observed effect of the increase of 598 

σeff,el over time, which was shown in Figure 5. However, unlike the time-dependent change, minimal 599 

changes are observed for σeff,ion, suggesting that a different degradation mechanism is taking place. 600 

Although the same behavior was observed under controlled pressure, the contribution of changes in 601 

the contact resistance between the CC and the current collector cannot be completely excluded as a 602 

contributing factor. Note that additionally, commercial NMCs are often coated and/or doped to 603 

change the stability of the material against the LPSCl SE,57 and/or possess residual surface lithium 604 

impurities,58 all of which can influence the temperature-dependent behavior of the CCs in different 605 

ways. 606 

Taken together, multiple changes occur after the preparation of CC at high pressures. Firstly, after 607 

mixing CAM and LPSCl, a degradation process/reaction takes place which hinders the transport. A 608 

constant linear resistance growth that scales with the square root of time is observed within the 609 

timescale of our experiments. Secondly, mechanical relaxation of the composite electrodes is present 610 

upon pressure release, which strongly influences the partial transport. This should be taken into 611 

account when optimizing (large-scale) electrode preparation protocols. Lastly, temperature treatment 612 

of the cathode composites leads to changes in the partial transport, presumably via a degradation 613 

mechanism that is different from the one appearing over time and/or which exacerbates the 614 

degradation of one component (the CAM) in the CC.  615 



Influence of Partial Transport on Cycling Performance  616 

Lastly, cycling experiments on the composites with the three different CAM:SE vol% ratios were 617 

performed, the specific discharge capacities and Coulomb efficiencies are depicted in Figure 8a and 618 

Figure 8b, respectively. The tests were conducted at 0.5C for 300 cycles in which the first seven cycles 619 

served as formation and pretreatment cycles in which lower rates were applied (0.05C, 0.05C, 0.1C, 620 

0.05C, 0.1C and 0.2C). During these formation cycles, the 61:39 vol% CAM:SE ratio composite (CC61:39) 621 

exhibits the highest specific capacities, whereas the specific capacities of the 48:52 vol% composite 622 

CC48:52 and the 37:63 vol% composite CC37:63 show lower specific capacities (Figure 8c). This capacity 623 

difference during the formation steps between the CC61:39 and the composites containing smaller CAM 624 

contents is particularly pronounced at small C-rates (30 mAh∙g-1 difference at initial 0.05C cycle). At 625 

cycles conducted with higher C-rates however, this difference is reduced significantly to e.g. 1 mAh∙g-1 626 

at the first 0.5C cycle.  627 

 628 

Figure 8: Cycling of positive electrode composites with different CAM:SE volume ratios. a) Specific discharge capacities during 629 

long-term cycling; b) Coulomb efficiencies; c) rate capability of each the first cycle at every C-rate during formation (filled 630 

circles) and the final C-rates at 0.5C (open circles), d) polarization voltages calculated from average charge minus average 631 



discharge voltage. Cycling was performed in press cells at 0.5C and after a pretreatment of 0.05C, 0.05C, 0.1C, 0.05C, 0.1C 632 

and 0.2C with a cycling pressure of 50 MPa. Shown is the average and standard deviation of three cells. e) Differential 633 

capacity of the first and f) reaction rate distribution as a function of position in the cathode composite, calculated using 634 

porous electrode theory by Newman and Tobias.59  635 

Despite CC61:39 showing the highest capacities during the formation cycles, it shows the lowest capacity 636 

retention during 0.5C cycling. For all cells, an increase of the specific discharge capacity Qact over 637 

cycling at 0.5C (in the following referred to as activation behavior) is observed in the first nact cycles. 638 

This activation behavior is the least pronounced for CC61:39 (Qact= 2 mAh∙g-1, nact= 11), and very evident 639 

for CC37:63 (Qact= 27 mAh∙g-1, nact= 34) and CC48:52 (Qact= 18 mAh∙g-1, nact= 182). The polarization voltage, 640 

calculated as the difference between the average charge and average discharge voltages, is consistent 641 

with these results, showing a decrease of the polarization at initial cycles for CC48:52 and CC37:63 where 642 

the activation behavior is observed (Figure 8d). The decrease in polarization indicates that the cell 643 

resistance is decreasing. Additionally, the Coulomb efficiencies (Figure 8b) in the first three and 644 

fourteen 0.5C cycles for the cells CC37:63 and CC48:52 are over 100%, respectively, indicating that the 645 

capacity loss due to the high C-rate is partly recovered or that a decomposition reaction occurs. Three 646 

phase transitions are present in the differential capacity (dQ/dV) plot (Figure 8e): hexagonal to 647 

monoclinic (H1→M), monoclinic to hexagonal (M→H2) and another hexagonal phase transition 648 

(H2→H3).60 For the H1→M transition, two peaks are present during charge, which is especially visible 649 

in the first cycle (0.05 C). The two peaks of the H1→M phase transition have different intensity ratios 650 

for the different compounds. For CC37:63, there is an intense first peak at 3.60 V vs. Li+|Li and a 651 

suppressed second peak at 3.75 V vs. Li+|Li, in contrast to a less intense first peak which is only 652 

observed as a shoulder, and a very intense second peak for the other two CCs which are richer in CAM. 653 

Another mayor difference is observed in the H2→H3 peak during charging. This transition is shifted to 654 

higher voltages, with higher CAM content, and is known to be responsible for anisotropic volume 655 

changes, leading to capacity fading,61,62 the latter is observed here for higher CAM contents. These 656 

differences are still present in the second cycle (0.05C, Figure S12a), but they become less 657 



pronounced. In further cycling, the activation behavior is accompanied by the intensification of the 658 

H2→H3 phase transition (Figure S12b). 659 

Connecting the observed cycling performance to the measured partial transport, CC61:39 with the 660 

highest CAM content shows the lowest effective ionic conductivity (0.033 mS∙cm-1), the highest 661 

polarization voltages and the worst cycling stability. Thus, its partial ionic conductivity is not sufficient 662 

to enable high C-rates, leading to the high polarization voltages observed. On the other hand, CC37:63 663 

which has the lowest electronic conductivity (0.35 mS∙cm-1) and CC48:52 show similar cycling behavior, 664 

with slightly lower capacities during most of the cycling and a marginally worse rate capability for the 665 

former. These results indicate that for the investigated system, the partial ionic conductivity limits 666 

cycling performance and might lead to inhomogeneous reaction current distribution in the composite 667 

electrode, inducing reaction fronts.63 To determine the distribution of the reaction rates in the CCs, 668 

additional simulations were performed. While operando measurements require complicated 669 

measurement setups, porous electrode theory by Newman and Tobias provides a quick tool to 670 

estimate the reaction rate distribution along an electrode based on the experimental parameters 671 

(details in Section 5 of the Supporting Information).59 Although developed for porous electrodes filled 672 

with an electrolyte solution, it can also be applied to solid-state batteries, as the general boundary 673 

conditions remain the same.64 The calculated reaction rates are shown in Figure 8f. Similar and 674 

relatively uniform reaction rate distributions are predicted for the composites CC37:63 and CC48:52, 675 

whereas CC61:39 clearly shows inhomogeneous current distribution with significantly higher reaction 676 

rates near the separator. The pronounced reaction rate inhomogeneity in CC61:39 arises from its limited 677 

ionic conductivity. In combination with its much higher electronic conductivity, this leads to electrode 678 

reactions predominantly occurring near the separator. With this, the model predicts larger reaction 679 

rate inhomogeneities when cycling CC61:39, which could explain the faster capacity fading observed 680 

during long term cycling for this composition.  681 



Interestingly, CC37:63 which shows a σeff,ion:σeff,ion ratio near 1 (measured in the thick electrode setup), 682 

does not show the best results in terms of polarization voltage and long-term cycling stability. Thus, 683 

there must be other factors beyond optimized partial transport at 0% SOC influencing the cycling 684 

performance, as already suggested by Hendriks et al..8 More recently, Kissel et al. introduced the 685 

terms static capacity and dynamic capacity to distinguish between two types of capacity losses with 686 

respect to the theoretical capacity of an electroactive material.65 The static capacity is the capacity 687 

that remains after composite electrode preparation, and possible causes for losses are poor mixing, 688 

poor electrode design and electronic contact losses during cycling, all of which lead to inaccessible 689 

CAM particles (active mass loss). The dynamic capacity is defined as the remaining capacity after 690 

kinetic losses upon cycling. Such losses originate from poor transport properties, e.g. due to high 691 

tortuosities and/or low partial conductivities, interfacial degradation or partial contact losses during 692 

cycling, and become more evident at high C-rates.65 As such, the quantification of the partial transport 693 

of CCs in (thick) symmetric cells has limited predictability with respect to the cycling performance of 694 

such CC in (half/full) battery cells. The limited transferability is, on the one hand, due to the finite size 695 

effects we identified and, on the other hand, due to fact that static and dynamic capacity losses are 696 

not accounted for at 0% SOC. Instead, we have been able to utilize such symmetric cell transport 697 

measurements to evaluate some of the contributors to static capacity losses (surface layer formation, 698 

decomposition products, pressure relaxation) that can lead to additional kinetic losses (e.g. lower 699 

partial transport and/or higher tortuosities) that influence the resulting dynamic capacity.  Note that 700 

the microstructure and partial transport of the CC changes during cycling, due to the volumetric 701 

changes of the NMC particles during the (de)intercalation of lithium ions, especially for higher Ni 702 

contents,66,67 and the increase of electronic conductivity of CAMs during deintercalation.51–53 703 

Moreover, finite size effects on the partial transport occurring in thin electrodes, interfacial 704 

degradation and the possibility of reaction fronts, all of which were quantified in this study, are specific 705 

examples of how poor transport properties contribute to kinetic losses, causing the resulting dynamic 706 

capacities of the CCs.  707 



Conclusion 708 

In conclusion, the present study discusses the usage of TLMs to determine partial transport in positive 709 

composite electrodes. In the first part, three different TLMs and their corresponding impedance 710 

response in Nyquist plots are shown. By varying the CAM:SE ratio, the TLM that accounts for an 711 

interparticle resistance between the CAM particles showed the most physically reasonable fits. The 712 

impedance spectra change over time, mainly due to a large increase in Rel,int and a slighter one in Rion, 713 

suggesting a chemical degradation process at the surface of the CAM that primarily impedes the 714 

transport of electrons in the CC. Similarly, an increase in Rel after heating to 60 °C was observed, 715 

strongly dependent on the used NMC species. With respect to the preparation of symmetric cells to 716 

quantify partial transport, future reports should be careful about opening and reclosing a prepared 717 

cell, as the partial conductivities change due to mechanical relaxation. Additionally, partial 718 

conductivities and tortuosity can vary with the thickness of a composite electrode. Specifically, the 719 

partial transport of a given CC measured in a thick configuration differs from that one of a thinner 720 

electrode with the same composition, with a decrease in electrode thickness being accompanied by 721 

an increase in both ionic and electronic conductivity. Our simulations highlight that these finite size 722 

effects become particularly pronounced when large particles are used. Therefore, additional ex-situ 723 

measurements like scanning electron microscopy or X-ray tomography measurements are required to 724 

investigate the actual microstructure of the CC. At the minimum, the measurement of the particle size 725 

distribution should be performed to enable the evaluation of finite size effects when comparing the 726 

component’s particle sizes with the thickness of the composite electrode.  727 

Taken together, comprehensive pressure-, temperature- and time-dependent impedance studies on 728 

such symmetric cells at 0% SOC and the subsequent fitting with TLMs can provide deep insights on the 729 

compatibility of the CC components, possible degradation mechanisms as well as the expected initial 730 

static capacity of such CCs in cells, and they can help to reduce the effects of kinetic losses by 731 

optimizing the tortuosities. However, the transferability of the transport properties of such thick 732 

electrodes to battery cells is not straightforward and particularly limited by different aspects. Firstly, 733 



inhomogeneous microstructures can show high partial conductivities, e.g. if both species are in 734 

separate parts of the composite, but they will likely show large static and dynamic capacity losses 735 

during cycling due to the inactive and/or inaccessible CAM particles. Therefore, (in-situ) OCP 736 

relaxation should be used to quantify the CAM utilization and active mass loss during cycling.65,68 737 

Secondly, the thickness-dependence of transport limits the transferability of the conductivities 738 

measured in thick electrodes to thinner electrodes used for cycling due to finite size effects and 739 

possible reaction fronts. Thirdly, the partial transport is changing over cycling, which is caused by 740 

microstructural changes and the SOC-dependence of the partial electronic conductivity of CAM, 741 

adding the necessity for operando and SOC-dependent quantification of the partial transport and 742 

evolving microstructure. Operando quantifications in solid-state battery half-cells require the use of 743 

Z-type TLM models with the same circuit elements in the electronic and ionic lines as the T-type model, 744 

but with an ionic connection towards the separator and an electronic connection towards the current 745 

collector.17 However, charge-transfer resistances cannot be neglected and complicate the 746 

interpretation of the impedance spectra. As such, more systematic studies are needed to evaluate, 747 

understand and validate the implementation of TLM models to describe the impedance spectra of 748 

solid-state battery cells. Despite these limitations, the detailed pressure-, temperature- and time-749 

dependent impedance studies on symmetric cells and the subsequent fitting with TLMs can provide 750 

valuable insights on the compatibility of the CC components, possible degradation mechanisms as well 751 

as the expected initial static capacity and factors leading to kinetic losses that aid the development of 752 

composite electrodes for solid-state battery cells. 753 

Supporting Information 754 

Details on the transmission line models, numerical simulations, time- and temperature-dependent 755 

partial transport, differential capacity plots, material characterization and details on the reaction rate 756 

calculations using the Newman and Tobias model and additional references can be found in the 757 

Supporting Information document.  758 
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