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Abstract Porous Li-ion electrodes contain active particles, ion transporting electrolyte, and 

carbon-binder networks. While macrohomogeneous models are often used to predict 

electrode behavior, accurate predictions remain challenging, owing to the incomplete 

understanding of the critical role of carbon-binder networks and how they affect the 

electrochemical response. The present study systematically characterizes these effects in 

terms of effective properties by utilizing macrohomogeneous models to analyze the 

measured responses for electrodes with different carbon-binder content, electrode 

thickness, and porosity but with identical materials. We find that the impact of the carbon-

binder network is more severe than previously thought. Even for low carbon-binder content 

(5 %wt. dry electrode), the presence of the network decreases the reaction area and 

increases the ion transport resistance, negatively impacting electrode performance. These 

effects scale with not just porosity or active material volume but also with carbon-binder 

content. The findings underscore the importance of connecting all effective properties to 

electrode specifications in a full factorial sense to transform the electrode design paradigm.  

Keywords porous electrode, carbon-binder network, intercalation reaction, ion transport, 

property estimation 

 

Porous electrodes with identical materials but different electrode specifications exhibit 

dissimilar electrochemical response1–4 since the microstructural arrangement of various 

material phases modifies the fundamental reaction and transport signatures (collectively 

known as the microstructure effects). Here composition, i.e., active material : carbon : binder 

%wt., porosity and thickness are jointly referred to as electrode specification. Given this 

correlation between electrode specification and electrochemical response, in principle, one 

should be able to design porous electrodes for performance targets5–9. The porous electrode 
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theory10–17 mathematically describes this connection between electrode specifications and 

their electrochemical performance; wherein, the microstructure effects are incorporated 

using effective properties like active area, 𝑎 [m2/m3 of electrode volume], pore network 

tortuosity, 𝜏, and effective electronic conductivity, 𝜎eff [S/m]. Typically, effective property 

correlations are used to quantify these values in terms of electrode specifications. For 

example, for an electrode composed of spherical active particles10,18–20 (assuming the 

particles do not touch each other and exhibit a monodisperse size distribution) 

𝑎0 =
3𝜀active

𝑅particle
 

(1) 

𝜏Bruggeman =
1

√𝜀
 

(2) 

are the relevant correlations. However, these correlations change with various factors21–23 

such as particle morphology24–29 and presence of additional phases30,31; and are effort-

intensive to characterize for every class of electrode microstructures32. Accordingly, 

microstructure-resolved analysis33,34,43–46,35–42 has been advocated in recent years that uses 

3D electrode images for a more accurate microstructure representation. 

 

 

Figure 1. A porous electrode functions due to a combination of transient interactions like ion transport 
in the electrolyte, electron conduction through the carbon-binder networks, electrochemical reaction 
at the particle surface, and diffusion inside active particles. The pore-scale arrangement of different 

phases is further highlighted on a zoomed-in portion of the electrode. 
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Ideally, either school of thought is appropriate to link electrochemical performance 

to electrode specifications. But the predictability, i.e., the ability to predict experimentally 

observed electrochemical response for given electrode specifications, is limited by 

assumptions related to the carbon-binder (CB) network. Typically the CB network is 

reconstructed from images47,48,57–59,49–56 or mathematically generated through pore-scale 

models30,31,39,48,60–64, and associated variabilities propagate to the predicted performance. 

Essentially, the limited predictability is caused by an incomplete understanding of 

microstructure effects in the presence of CB networks. In the present work, we elucidate this 

connection by analyzing the measured response of porous electrodes with different 

specifications. The analysis estimates the effective properties based on electrochemical 

measurements. Such an approach is complementary to tortuosity measurements using 

electrochemical impedance spectroscopy26,65–72 and simultaneously estimates all effective 

properties. 

If the CB phase were absent, a porous structure with spherical particles follows the 

effective property relations (1) and (2). Hence, the departure from Eqs. (1) and (2) quantifies 

the effects of CB networks. Figure 1 schematically shows the pore-scale arrangement of 

various material phases49,50,52,54,57. The effective electronic conductivity, 𝜎eff , improves as 

more CB phase is added1,2,73–75 and is a positive influence. The active area, 𝑎, can differ as 

compared to the total active particle surface area, 𝑎0. A fraction of active particle surface is 

in direct contact with the electrolyte, while the rest is covered with carbon and binder. The 

binder soaks electrolyte76 and also supplies ions to the active particle surface, however, ion 

transport in the binder is expected to be sluggish compared to electrolyte. And the surface 

locations covered by carbon particles inhibit intercalation reaction. These three effects 

jointly manifest at the particle surface and lead to 𝑎 ≠ 𝑎0. If the active area, 𝑎, is smaller than 

the total particle surface area, 𝑎0, the electrode experiences more severe reaction limitation. 

Equivalently, there are multiple distinct contributions to ion transport through the pores. 

First, for the same %vol. of active particles, more CB leads to reduced porosity and higher 

transport resistance. Second, the tortuosities at identical porosities also differ in the 

presence of the CB phase since the geometrical arrangement of the carbon-binder networks 

cause a different electrolyte pore network. Third, the binder soaks electrolyte and results in 

a different pore network as compared to the dry electrode or with a different electrolyte. 

Such swollen binder phase contains a secondary pore network that adds a local resistance 

to ion transport. These effects jointly give rise to a different tortuosity such that 𝜏 ≠

𝜏Bruggeman .  

Thus, the CB phase positively affects the performance by increasing 𝜎eff , while its 

negative effects are seen when 𝑎 < 𝑎0 or 𝜏 > 𝜏Bruggeman . Recent impedance studies26,65–71 

have shed light on the transport effect. However, understanding the active area  and reaction 

interplay has been elusive. We devise this study to explore the connection among electrode 

specifications and effective properties which is the critical information prohibiting us from 
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systematically designing porous electrodes. Present results quantitatively express the 

linkage among electrode specifications to effective properties and electrochemical response. 

 

Methodology 

As alluded to earlier, the porous electrode theory10–17 describes how different materials 

behave in a porous composite electrode and contribute to the electrochemical response. The 

essential idea is that if the intrinsic response of the materials is well-characterized77–83, their 

behavior in a porous electrode can be predicted. Figure 2(a) pictorially describes this concept. 

Most porous electrode studies5,6,25,30,84–91,7,92–96,10–16 predict performance given material 

properties, microstructure properties, and operating conditions. For example, predicting 

voltage evolution for an electrode operated at a constant current. Alternatively, we argue 

that given the measured performance, some of the properties can be estimated. This is the 

desired application of the porous electrode theory in the present context (Figure 2(b)). We 

can think of the porous electrode theory as a mathematical function that accepts (i) 

operating conditions (ii) electrode specifications (iii) material properties and (iv) 

microstructure properties as inputs and provides (v) electrochemical performance as an 

output. Alternatively, here, we wish to define an inverse function (Figure 2(b)) that accepts 

(i), (ii), (iii), and (v) as inputs and provides (iv) as an output. Mathematically, this is an ill-

posed problem, i.e., not every function has a corresponding inverse function; and the analysis 

becomes involved. An appropriate experimental protocol helps to manage the analytical 

complexities. This section discusses the nuances of experimental and theoretical steps. 

To examine the importance of carbon-binder (CB) networks in porous electrodes for 

Lithium-Ion Batteries (LIBs), we prepare three electrode compositions (AM : C : B %wt.) 95 

: 2.5 : 2.5, 90 : 5 : 5, and 80 : 10 : 10. Here C : B ratio is fixed as 1 since previous studies suggest 

optimal electronic conduction around this ratio1,2. Each of the electrode types has identical 

active material (~11.7 mg/cm2). These electrodes are hot calendered to different porosities 

to represent different volumetric contents of the CB networks. 

 

Electrode Preparation 

The electrode slurry is prepared using active material (NMC111, Toda), carbon (C-45, 

Timcal), binder (PVDF, Solvay 5130), and an appropriate amount of NMP solvent (Sigma-

Aldrich) in an ARE-310 Thinky mixer. For each of the three compositions, 50 g slurry batches 

are prepared. To ensure thorough mixing, two 10 mm (dia.) zirconia balls are added during 

the mixing process. Quantitative specifications of the slurry are provided in Table 1. More 

solvent is required for higher binder contents to maintain the slurry viscosity for the 

subsequent casting process. 

 As prepared slurries are cast onto aluminum foils (20 μm thick; battery grade current 

collector) using an A-Pro coater. It is a continuous processing element with casting followed 
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by two drying zones. The two drying zones are set at 80°C and 110°C, respectively. To 

achieve the same active material loading (~11.7 mg/cm2), the wet gap thickness is increased 

as the active material fraction decreases in the slurry (refer to Table 1). Given the higher 

solvent content in 80 : 10 : 10 slurry, the casting rate is slowed down to provide enough time 

for evaporation in the drying zones and avoid crack formation. 

 

 

Figure 2. Porous electrode theory12,97 predicts the electrochemical response of porous electrodes 
composed of well-characterized materials and prescribed electrode specifications for given operating 

conditions. (a) Conventionally, the relevant microstructure properties are provided as inputs to the 
porous electrode theory to predict electrochemical response. (b) Herein, the measured electrochemical 

response is used as an input to the porous electrode theory to estimate microstructure properties. 
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 Next, the electrodes are calendered using an A-Pro hot roll press to target porosities. 

In this roll-to-roll process, the electrode thickness is varied gradually to match the target (for 

a given electrode composition, material crystal density, coating loading, electrode thickness, 

and porosity are interrelated, and one can be inferred from the other). The rolls are heated 

to 80°C during calendering with a feed rate of 0.5 m/min. 

All the steps are carried out in the dry room98. 

 

Table 1. Quantitative details of the electrode preparation process. 

electrode 
(AM : C : B by 

wt.) 

% wt. of solids 
in slurry (rest 

is NMP) 

casting 
rate 

(m/min) 

wet gap 
thickness 

(μm) 
95 : 2.5 : 2.5 74.7 0.4 61 

90 : 5 : 5 60.3 0.4 120 
80 : 10 : 10 44.3 0.1 233 

 

Fabricating Coin-cells 

The electrode sheets are dried overnight at 120°C under dynamic conditions (i.e., continuous 

vacuum) to carry away foreign matter before the coin cell fabrication. Separators (Celgard 

2320; a trilayer PP/PE/PP separator) are similarly conditioned at 60°C. Circular electrode 

disks are punched out of electrode sheets using a 14 mm dia. punch. Separators are 5/8” in 

diameter. Lithium foil (15.6 mm dia.; MTI) is used as an anode.  

The cell is assembled using Hosen 2032 coin cell parts. The assembly is carried out 

from the base. After placing a spacer and a gasket, one drop of electrolyte is added, 

subsequently, the cathode and four drops of electrolyte are added, followed by a separator 

and another four drops of electrolyte. In total, about 100 μL (~9 drops) of electrolyte is 

added. This amount is sufficient to fully flood the cell. The electrolyte is 1.2 M LiPF6 in EC : 

EMC (3:7 by wt.) and procured from Tomiyama Pure Chem. Ind. Ltd. After electrolyte 

addition, lithium anodes are carefully arranged. Subsequently, another spacer and a wave 

spring are placed, and the coin cells are sealed in a crimper (Hosen Park). In this condition, 

the spring is compressed and ensures uniform contact across lithium | separator, and 

separator | cathode interfaces.  

Each of the electrode groups is prepared as well as electrochemically tested 

simultaneously to ensure consistency. 

 

Electrochemical Testing 

The cells are cycled in a controlled thermal environment (set to 30°C) using a Maccor cycler 

to carry out electrochemical lithiation and delithiation. The testing is performed between 
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3.0V and 4.2V, which correlates to changes in lithium content from 𝑦 = 1 to 𝑦 = 0.42 based 

on the equilibrium voltage (OCP) profile. Equivalently, the lithiation window 𝑥 = [0,100]% 

linearly relates to lithium contents  𝑦 = [0.42,1]. 𝑦 in Li𝑦NMC, while 𝑥 identifies the % 

lithiation capacity in the voltage window of interest.  

 The electrodes are first lithiated – delithiated two times (i.e., two formation cycles) at 

a very slow rate (~C/20) to characterize the thermodynamic response. Subsequently, 

electrodes are lithiated from a fully charged state (𝑉 = 4.2V, 𝑥 = 0%, 𝑦 = 0.42) at different 

rates (C/2, 1C, 2C, 3C, 5C, and 10C) with a discharge voltage cutoff of 3.0V. For each lithiation 

rate (i.e., discharge) three cycles are carried out sequentially on the same electrode, and data 

from the third lithiation is used for further analysis. After each discharge, electrodes are 

delithiated (i.e., charged) back to an identical state of charge (𝑉 = 4.2V, 𝑥 = 0%, 𝑦 = 0.42) in 

a constant current (at C/5 till 4.2V) constant voltage (at 4.2V till charging current drops to 

C/20) fashion. 30 min rest is kept between each charge and discharge step to ensure that 

chemical gradients stabilize before the next step is initiated. Each of the electrodes has 

similar active material loading (~11.7 mg/cm2) and equivalently, identical 1C currents. 

 

Visualization 

The phase distribution in the electrodes is qualitatively examined using surface SEM images. 

The imaging is carried out in Phenom XL. Here 10k magnified images are shown. This 

magnification reasonably identifies small-scale details such as carbon and binder 

arrangements as well as a large enough window to contain multiple active particles. The 

accelerator voltage is set at 10 kV, and the imaging is carried out in a BSD (Back Scatter 

Detector) mode. Figure 7(d-f) presents a visual comparison of material distributions in 

electrodes with different CB contents. Both primary and secondary NMC particles are visible. 

 

Porous Electrode Theory 

The electrochemical response of an intercalating porous electrode12,30,97 is composed of 

multiple transport processes. Respective governing equations are as follows: 

Li intercalation in active particles: 
𝜕𝑐𝑠

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2𝐷𝑠

𝜕𝑐𝑠

𝜕𝑟
) 

(3) 

Li+ transport in electrolyte-filled pore network: 

𝜀
𝜕𝑐𝑒

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐷𝑒

𝜀

𝜏

𝜕𝑐𝑒

𝜕𝑧
) +

(1 − 𝑡+
0)

𝐹
𝑗rxn 

(4) 

Electronic conduction in solid phase (here predominantly in CB network): (5) 
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𝜎eff
𝜕2𝜙𝑠

𝜕𝑧2
= 𝑗rxn 

Ionic conduction in electrolyte-filled pore network: 
𝜕

𝜕𝑧
(𝜅𝑒

𝜀

𝜏

𝜕𝜙𝑒

𝜕𝑧
+ 𝜅𝐷,𝑒

𝜀

𝜏

𝜕log𝑐𝑒

𝜕𝑧
) + 𝑗rxn = 0 

(6) 

Intercalation reaction takes place at the active particle | electrolyte interface 

(electrochemically active area) and couples these different transport processes (Eq. (3)-(6)): 

𝑗rxn = 𝑎𝑘rxn√𝑐𝑠𝑐𝑒(𝑐𝑠
max − 𝑐𝑠){𝑒𝐹𝜂/2𝑅𝑇 − 𝑒−𝐹𝜂/2𝑅𝑇} (7) 

Eq. (7) represents volumetric reaction current (A/m3) in a porous electrode, and relates to 

intercalation current at the active particle surface, 𝑖rxn: 

𝑖rxn =
𝑗rxn

𝑎0⁄  (8) 

 

In the presence of carbon and binder, active particle surface is not completely 

available for electrochemical reaction, and in general 𝑎 ≠ 𝑎01,25,30,62. The carbon binder 

networks might form dense deposits or contain secondary pores. Given qualitatively similar 

electrochemical contributions from such morphologically different arrangements, active 

area, 𝑎, collectively represents such effects. The secondary pores could also facilitate 

electrolyte transport and equivalently, tortuosity, 𝜏, identifies coupled transport resistance 

of primary and secondary pores that jointly occupy porosity, 𝜀. The system of governing 

equations (Eqs. (3)-(6)) is to be solved subject to the boundary conditions outlined in Table 

2. As described earlier in coin-cell preparation, lithium | separator | porous electrode 

configuration is used for lithiation study. Ionic transport takes place in the separator and 

equivalently Eqs. (4) and (6) are solved with appropriate microstructural properties. 

Alternatively, both intercalation (Eq. (3)) and electronic conduction (Eq. (5)) are present in 

the porous electrode, and Eqs. (3)-(6) are solved concurrently. Here 𝑧 = 0 corresponds to 

lithium | separator interface, 𝑧 = 𝐿sep identifies separator | porous electrode interface, and 

𝑧 = 𝐿sep + 𝐿 recognizes porous electrode | current collector interface. 

 During the intercalation of the porous electrode in such a setting, lithium metal 

undergoes electrochemical dissolution. Electrodeposition of lithium is known to be 

characteristically unstable, especially at large currents and over repeated operations99–102. 

As a result, lithium deposition (i.e., charging) is carried out at slow currents to ensure that 

lithium redeposits to the initial geometrical configuration (i.e., a flat interface) and porous 

electrode delithiates to the same initial state of charge. 

The predicted cell voltage, 𝑉pred., relates to solid potentials of lithium and porous 

electrode per the relation 𝑉pred. = 𝜙𝑠|𝑧=𝐿sep+𝐿 − 𝜙𝑠|𝑧=0. Given the high reactivity of lithium 

metal anodes in liquid electrolytes, 𝜙𝑠|𝑧=0 ≈ 𝜙𝑒|𝑧=0 = 0. Accounting for these facts, 

predicted cell voltage is defined as: 
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𝑉pred. = 𝜙𝑠|𝑧=𝐿sep+𝐿 = 𝑉pred.(𝑎, 𝜏, 𝜎eff) (9) 

For a given rate, 𝐼app , and electrode specifications, 𝜀, 𝜀active , 𝑅particle , 𝐿, lithiation voltage (Eq. 

(9)) varies with effective microstructure properties: 𝑎, 𝜏, 𝜎eff . 

 

Table 2. List of boundary conditions required to predict the electrochemical response of a porous 
electrode. An appropriate physical interpretation of the boundary conditions is also discussed. 

 spatial location boundary condition and physical interpretation 

Li intercalation in active particles (Eq. (3)): 

 𝑟 = 0 𝜕𝑐𝑠

𝜕𝑟
|

𝑟=0
= 0 

finite concentration at the center of the active particle 

 𝑟 = 𝑅particle 
−𝐷𝑠

𝜕𝑐𝑠

𝜕𝑟
|

𝑟=𝑅particle

=
𝑖rxn

𝐹⁄  

the flux of lithium storage is the same as the rate of intercalation 
reaction at the active particle surface 

Li+ transport in the electrolyte-filled pore network (Eq. (4)): 

 𝑧 = 0 
−𝐷𝑒

𝜀sep

𝜏sep

𝜕𝑐𝑒

𝜕𝑧
|

𝑧=0
=

(1 − 𝑡+
0)𝐼app

𝐹
⁄  

Li+ ions are generated at the lithium anode surface (𝑧 = 0) in 
response to lithiation current, 𝐼app 

 𝑧 = 𝐿sep 
−𝐷𝑒

𝜀sep

𝜏sep

𝜕𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep
−

= −𝐷𝑒

𝜀

𝜏

𝜕𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep
+

 

continuity of ionic flux at the separator | porous electrode 
interface 

 𝑧 = 𝐿sep + 𝐿 
−𝐷𝑒

𝜀

𝜏

𝜕𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep+𝐿
= 0 

the current collector is impermeable to ionic flux 

Electronic conduction in solid microstructure (here CB network; Eq. (5)): 

 𝑧 = 𝐿sep 
−𝜎eff

𝜕𝜙𝑠

𝜕𝑧
|

𝑧=𝐿sep
+

= 0 

no electronic current across separator | porous electrode 
interface 

 𝑧 = 𝐿sep + 𝐿 
−𝜎eff

𝜕𝜙𝑠

𝜕𝑧
|

𝑧=𝐿sep+𝐿
= 𝐼app 
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current leaving porous electrode and entering current collector is 
purely electronic 

Ionic conduction in electrolyte-filled pore network (Eq. (6)): 

 𝑧 = 0 
−𝜅𝑒

𝜀sep

𝜏sep

𝜕𝜙𝑒

𝜕𝑧
|

𝑧=0
− 𝜅𝐷,𝑒

𝜀sep

𝜏sep

𝜕ln𝑐𝑒

𝜕𝑧
|

𝑧=0
= 𝐼app 

current leaving lithium metal and entering separator is purely 
ionic 

𝜙𝑒|𝑧=0 = 0 
reference potential 

 𝑧 = 𝐿sep 
−𝜅𝑒

𝜀sep

𝜏sep

𝜕𝜙𝑒

𝜕𝑧
|

𝑧=𝐿sep
−

− 𝜅𝐷,𝑒

𝜀sep

𝜏sep

𝜕ln𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep
−

= −𝜅𝑒

𝜀

𝜏

𝜕𝜙𝑒

𝜕𝑧
|

𝑧=𝐿sep
+

− 𝜅𝐷,𝑒

𝜀

𝜏

𝜕ln𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep
+

 

continuity of ionic current across separator | porous electrode 
interface 

 𝑧 = 𝐿sep + 𝐿 
−𝜅𝑒

𝜀

𝜏

𝜕𝜙𝑒

𝜕𝑧
|

𝑧=𝐿sep+𝐿
− 𝜅𝐷,𝑒

𝜀

𝜏

𝜕ln𝑐𝑒

𝜕𝑧
|

𝑧=𝐿sep+𝐿
= 0 

current leaving porous electrode and entering current collector is 
purely electronic in nature 

 

Estimating Microstructure Properties 

Referring back to Figure 2(b); for each electrode, the operating conditions are consistently 

defined in the test protocol. Since well-characterized materials are used, appropriate 

material properties are available from the literature; and the electrode specifications are 

identified during the electrode preparation stage. With this information, for every set of 

guessed microstructure properties 𝑎, 𝜏, 𝜎eff , the porous electrode theory provides electrode 

voltage predictions, 𝑉𝑖,𝑗
pred.

. Separately, the electrode voltage, 𝑉𝑖,𝑗
expt.

, is measured 

experimentally. Here 𝑖 refers to a particular time instant for 𝑗th rate. 𝑖 varies from 1 to 

𝑁times,𝑗 , while 𝑗 varies from 1 to 𝑁rates. Using these two datasets, we can quantify the 

discrepancy between the two, say voltage error, 𝜖(𝑎, 𝜏, 𝜎eff), for every set of microstructure 

properties: 

𝜖(𝑎, 𝜏, 𝜎eff) = {
1

𝑁rates
∑ (

1

𝑁times,𝑗
∑ (𝑉𝑖,𝑗

expt.
− 𝑉𝑖,𝑗

pred.(𝑎, 𝜏, 𝜎eff))
2

𝑖

)

𝑗

}

1
2⁄

 

(10) 

Using the error defined in Eq. (10), the problem of identifying a representative set of 

microstructure properties is finding the properties (𝑎, 𝜏, 𝜎eff) that minimize the error103. 

This process is graphically illustrated in Figure 3. 
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Figure 3. Experimental data (a) and theoretical predictions with different geometrical property values 
(d) construct an error landscape (b) that identifies the representative geometrical properties. (c) 

justifies the veracity of the interpreted properties by comparing experiments and predicted responses 
using interpreted properties103. The experimental data in (a) is for the electrode (f) in Figure 5. 

Corresponding electrode specifications are provided in Table 3. 

 

 Figure 3(b) shows 𝜖(𝑎, 𝜏, 𝜎eff = 1 S/m) slice of the error landscape. There is a unique 

error minimum in Figure 3(b). To ensure a unique solution to such a problem, one must 

justify that each of the properties exhibits a unique signature in terms of system behavior. It 

is difficult to justify this from voltage measurements at one current. Hence, we use five 

different rates, 1, 2, 3, 5, and 10C, to quantify error, 𝜖(𝑎, 𝜏, 𝜎eff) in Eq. (10). Figure 4 shows 

why this works. Each of the effective properties contributes to performance at all currents. 

However, their relative contributions change with the currents. Also, each of these effects 

manifests differently across C-rates, thus allowing us to separately quantify each of the 

properties. For example, the active area is the dominant contribution at low and moderate 

rates: 1C curves shift the most with the active area in Figure 4(a) as compared to Figure 4(b-

c). Alternatively, at higher rates, tortuosity and effective conductivity effects become 

dominant as is evident by shifts in 10C response across Figure 4. While we may expect the 

active area effect to differ from tortuosity and electronic conductivity (reaction versus 
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transport), it may not be intuitive to expect tortuosity and conductivity effects to be 

distinguishable from each other. For instance, the transmission line interpretations for ionic 

transport through electrolyte-filled pore network and electronic conduction through carbon 

binder network are equivalent26,66,68. However, there is a fundamental difference between 

ionic and electronic conduction: the ionic concentration changes over time and space and 

contributes to electrolyte drop as concentration overpotential. Thus, the electrolyte drop is 

composed of ion conduction and diffusion, while the electronic drop is only ohmic; and 

allows us to decouple tortuosity and effective conductivity effects as sketched in Figure 4 

(and mathematically expressed by Eqs. (5)- (6)). Such behavior is observed in galvanostatic 

operation probed here. On the other hand, at high frequencies, e.g., impedance, or short 

times, the concentration gradients are negligible, and it is difficult to decouple the two.  

 

 

Figure 4. Electrochemical signatures (a)-(c) of geometrical property variations. Thin lines correspond 
to an ideal porous electrode (𝑎 = 𝑎0 , 𝜏 = 1 m/m, 𝜎 = 1 S/m), while thick lines describe performance 

when each of the geometrical limitations is ‘selectively’ present. The shift in the lithiation profile is 
highlighted for visual assistance. 

 

Additional precautions that guarantee reliability (equivalent to saying that we can 

use error, 𝜖(𝑎, 𝜏, 𝜎eff) in Eq. (10) to estimate effective properties, and the estimated 

properties are true signatures of microstructural differences across these electrodes) are: 

▪ Each electrode has identical active material; equivalently, the current at each C-rate 

is consistent across all electrodes ≡ any difference across electrodes is due to 

differences in the NMC electrode microstructure. 

▪ Slow charging back to 4.2V ≡ repeated electrodeposition on Li anode is regular and 

the NMC particles all revert back to the same lithiation state before the subsequent 

discharge. 

▪ Testing fresh electrodes over a few cycles ≡ negligible degradation; slow 

electrodeposition ensures well-behaved Li anode; cathode active particle 

degradation is expected to be minimal over the 20 charge-discharge cycles104 
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▪ Coin cells are tested simultaneously and in a thermal chamber ≡ negligible thermal 

effects across measurements and the results are comparable between different 

electrodes. 

To further justify the appropriateness of the estimated properties, the measured response is 

compared against the porous electrode theory predictions using the estimated properties, 

e.g., Figure 3(c) and Figure 5. 

 

 

Figure 5. Visual comparison of experimental data and theoretical predictions using the interpreted 
electrode microstructure properties for different compositions and porosities. Each subfigure is 

identified by electrode porosity and further recognized in Table 3. 
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If the physical description of the system response were simpler (i.e., an analytical 

form), one could carry out regression analysis to fit such expression through experimental 

data and interpret appropriate physical properties appearing in the analytical expression as 

regression parameters105. However, the electrochemical behavior of an intercalating porous 

electrode is described as a set of partial differential equations (i.e., the porous electrode 

theory). And a straightforward regression setting becomes quite involved, if not impossible. 

The general practice of obtaining properties from a complicated experimental response is 

termed Inverse Analysis106–109. As compared to specialized experiments that isolate a specific 

interaction through involved measurement setups, herein experiments are fairly typical, and 

record coupled interactions. Essentially, the complexities of an experimental setup that 

isolates interactions of interest (so that a simpler analysis can be carried out) are replaced 

by an involved mathematical interpretation (while the experimental setup remains simple 

enough). A few recent works107,109–115 directly interpret the complex response of 

electrochemical systems in this manner, without resorting to customized experiments.  

 

Table 3. Summary of electrodes and interpreted microstructural properties for different samples. The 
last column identifies each sample against their performance data in Figure 5. 

composition 
(uncalendered 

porosity + 
thickness) 

porosity 
(𝜀|%) 

thickness 
(𝐿|𝜇m) 

active 
material 
volume 

(𝜀active|%) 

active area 

(𝑎
𝑎0⁄ | m2

m2⁄ ) 

pore 
network 

tortuosity 
(𝜏| m

m⁄ ) 

Figure 
5 

label 

95 : 2.5 : 2.5 
(44.4% + 51 

μm) 

23.4 37 67.4 0.53 5.90 (a) 
0.51 5.84 (b) 

29.3 40 62.2 0.64 5.65 (c) 
0.66 6.20 (d) 

90 : 5 : 5 
(44.4% + 57 

μm) 

24.6 42 58.5 0.42 7.51 (e) 
29.6 45 54.6 0.37 7.85 (f) 

0.31 7.82 (g) 
80 : 10 : 10 

(53.4% + 85 
μm) 

23.8 52 46.2 0.33 10.54 (h) 
0.45 10.05 (i) 

29.3 56 42.9 0.34 8.95 (j) 
0.63 8.02 (k) 

39.1 65 36.9 0.42 7.42 (l) 
0.57 5.94 (m) 

 

Note that this analysis scheme (Eq. (10) and Figure 3) does not assume any 

correlation among effective properties and electrode specifications. Hence the estimated 

properties can be used to quantitatively answer What-If questions, e.g., do the conventional 

relations for active area and tortuosity (Eqs. (1) and (2), respectively) hold true? 
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Results and Discussion 

Multiple electrodes are prepared, electrochemically tested in a coin cell, and subsequently 

analyzed to estimate microstructure properties. Table 3 enumerates these electrode 

specifications and respective microstructure property estimates. Figure 5 provides the 

corresponding plots comparing measurements and predictions using estimated properties 

(in the same spirit as Figure 3). Figure 5 visually confirms the accuracy of these estimates. 

Note that the same property values in Table 3 provide reliable predictions across all rates in 

Figure 5. Previously it has been shown30,86 that once effective electronic conductivity, 𝜎eff , is 

greater than 1 S/m, it is no longer a rate limiting process. If so, it will not provide a discernible 

error signature (Eq. (10)). For all the electrodes tested herein, we do not see a discernible 

error signature, and we conclude that 𝜎eff ≥ 1 S/m for our electrodes. This is consistent with 

previously reported electronic conductivity measurements on dry porous electrodes1–3. 

 In the present study, the electrodes were chosen to systematically examine porosity, 

𝜀, and CB content, 𝜀carbon−binder, effects on the estimated microstructure properties. Both 

these variations are apparent in Table 3. If these electrodes had idealized microstructure, 

the active area and tortuosity would follow Eqs. (1) and (2), i.e., 𝑎 ≈ 𝑎0 and 𝜏 ≈ 𝜏Bruggeman . 

Hence, subsequent figures examine the role of porosity, 𝜀, and carbon-binder content, 

𝜀carbon−binder , on these properties. 

 Figure 6 explores the microstructure properties for electrodes with 20 %wt. carbon-

binder (80 : 10 : 10 ≡ active material : carbon : binder, % dry electrode wt.). These electrodes 

are calendered to achieve different porosities. The plots in Figure 6 reveal that the CB phase 

decreases the active area available for reactions as well as increases the tortuosity for ion 

transport through the electrolyte pore network.  

 

 

Figure 6. Effect of calendering on (a) active area and (b) pore network tortuosity at a constant 
electrode composition of 80 : 10 : 10 %wt. The variability in estimates is intrinsically linked to 

measured electrochemical performance differences between macroscopically similar electrodes as 
shown in (c) for the two 30% porosity electrodes. Corresponding Table 3 and Figure 5 labels are 

identified. 
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Curiously, both these phenomena amplify as porosity is decreased. Since the only 

difference across these electrodes is the extent of calendering, Figure 6(a) suggests that upon 

calendering, the CB phase covers more active particle surfaces, in turn, causing higher 

reaction overpotentials. Simultaneously, Figure 6(b) shows that the disparity between the 

idealized Bruggeman tortuosity (Eq. (2)) and actual tortuosity grows as these electrodes are 

calendered. One might expect the CB influence would diminish at higher porosities since, at 

a fixed recipe, the fraction of volume occupied by the CB phase decreases as porosity is 

increased. However, even at 40% porosity in Figure 6, these effects are appreciably present. 

A striking feature of these estimates (Table 3 and Figure 6-8) is the variability in the 

estimated properties across electrodes with identical macroscopic specifications. Since 

these electrodes are from the same sheet and the corresponding cells are prepared and 

tested simultaneously, the variabilities are not related to these steps. The inverse analysis is 

mathematically challenging, and we might expect the variability to be an analytical artefact. 

But since the corresponding error landscapes exhibit unique minima (e.g., Figure 3(b)) and 

the estimated properties reasonably predict experimental response in Figure 5, this can be 

ruled out. Thus, the variabilities in the estimated properties likely result from performance 

differences across macroscopically identical electrodes. Figure 6(c) checks this argument by 

comparing the measured electrochemical performance of both ~30% porosity 80 : 10 : 10 

electrodes at three different rates. Figure 6(c) reveals that the two electrodes do behave 

differently, and the electrode with a smaller active area and larger tortuosity (i.e., electrode 

(j) on Table 3 and Figure 5) does exhibit larger overpotentials and a smaller capacity. Thus, 

the estimated properties faithfully represent the measured electrochemical response. 

It is somewhat surprising that the electrodes from the same sheet show different 

electrochemical responses when their cells are prepared similarly and tested simultaneously 

using identical electrochemical protocols. A likely suspect is the microstructural 

heterogeneities across the same electrode sheet33,34,40. Also, note that such variability is not 

uncommon, for example, the impedance-based tortuosity measurements also detect 

variations (Figure 15 in 68). A useful future study would be to identify the source of such 

sample-to-sample variation. 

Since the carbon-binder phase distributes on the surface of the active particles, a less 

biased indicator of the presence of the CB phase is its average thickness over the particle 

surface. Mathematically, 

𝑑̅
carbon−binder =

𝜀carbon−binder

𝑎0
=

𝜀carbon−binder

3𝜀active
𝑅particle

⁄
 

Because all active particles are from the same batch, the average thickness of the CB 

networks can be normalized using the particle radius as 

𝑑̅carbon−binder

𝑅particle
=

𝜀carbon−binder

3𝜀active
 

(11) 
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Figure 7(a-b) explores the effect of different CB contents on the estimated properties. Note 

that the spread in data at the same electrode composition in Figure 7(a-b) is largely related 

to the calendering effect discussed in Figure 6 (and not just the sample-to-sample 

variability). Figure 7(a-b) suggests that 𝑑̅
carbon−binder/𝑅particle ratio is constant at every 

electrode composition. During calendering, the electrodes undergo vertical compression, 

and locally the electrode microstructure changes such that 

𝐿(𝜀active + 𝜀carbon−binder) = 𝐿(1 − 𝜀) = constant (12) 

across all the electrodes having identical composition but calendered to different extents. 

Since the composition AM : C : B %wt. is fixed, 𝜀active  and 𝜀carbon−binder  changes 

proportionately, and accordingly, 𝑑̅
carbon−binder  remains invariant for electrodes with 

identical composition in Figure 7(a-b). 

 

 

Figure 7. (a-b) Changes in effective properties with different amounts of carbon-binder phase, with 
more severe effects at higher amounts. The symbols are colored by porosities and marker style 

identifies corresponding compositions. (c-e) Representative SEM images of material distribution at 
similar porosities. 

 

As seen in the SEM images (Figure 7(c-e)), the active particle surface has appreciable 

roughness due to primary particles forming each secondary particle. Accordingly, actual 
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particle surface area (as a first approximation same as the BET area) is greater than 

4𝜋𝑅particle
2  and in turn the actual CB phase thickness is likely smaller than Eq. (11). Instead, 

we use 4𝜋𝑅particle
2  area to scale CB thickness to be consistent with the theoretical active area, 

𝑎0 and only rely on macroscopic descriptors to scale. As the goal of defining 𝑑̅
carbon−binder  is 

to provide an unbiased indicator of CB content that is independent of electrode porosity, and 

not to base any calculations on 𝑑̅carbon−binder , it can be used to correlate reaction and 

transport effects of the CB networks without any misinterpretation. 

 Figure 7(a-b) exhibits a mean trend of less severe negative effects of CB networks as 

their content decreases. And as seen in Figure 6, these effects become worse upon 

calendering at other compositions as well. A noteworthy implication of Figure 7(a-b) is that 

even with minimal carbon-binder content (5 %wt.), considerable negative effects are 

present: 30% or more particle surface area is blocked from reactions and the electrolyte 

transport resistance is approximately three times larger than the Bruggeman expectations 

(the electrolyte transport resistance scales linearly with tortuosity88). The increased 

coverage of the active particle surface is graphically shown in Figure 7(c-e) using SEM 

images. Note the non-uniform distribution of the CB phase. The CB phase can be porous116 

or may swell by absorbing electrolyte76. Accordingly, the estimated active area, 𝑎, can differ 

from the direct contact area between active particle and electrolyte (as is immediately visible 

in Figure 7(c-e)). In either scenario, the ions will experience an additional transport 

resistance, and 𝜏 will jointly represent the transport resistance through electrolyte-filled 

pores and CB networks. 

 A thought-provoking aspect of active area and tortuosity is revealed when examining 

the composition effect at identical porosities. While the CB content increases four-fold in 80 

: 10 : 10 as compared to 95 : 2.5 : 2.5, the corresponding changes in the active area and 

tortuosity are of different magnitudes. Both are microstructural properties that not only 

depend on the CB content but also its distribution throughout the electrode structure. As a 

consequence, both area and tortuosity are correlated to the CB content but do not necessarily 

change by the same amount. For example, compare electrodes (e) and (i) in Table 3. Both 

have identical active areas despite electrode (i) having double the CB content as electrode 

(e). This indicates that the CB phase covers similar areas in the electrodes and the differences 

in the CB content manifest as tortuosity differences (the higher CB content electrode (i) has 

a greater tortuosity than (e)). Alternatively, across the electrodes with identical CB content 

(e.g., Figure 6), as the electrodes are calendered, the pore-scale distribution of CB changes 

and causes variations in active area and tortuosity.   

These deleterious effects of the CB networks have only been hypothesized25,30,62,86 

recently with limited experimental justification1,2,74,117,3,26,65–69,73 since the experiments 

either compared cell performance, area specific resistance, or impedance across a few 

compositions1,2,4,117–119 which makes it difficult to isolate the root cause of observed 

differences; alternatively, the experimental characterization of effective properties typically 

measures tortuosity or electronic conductivity1,26,65–69,73,74. The present study systematically 
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compares electrodes with different specifications and quantitatively rationalizes the 

differences in terms of estimated microstructure properties, thus simultaneously connecting 

electrode specifications, microstructure properties, and observed electrochemical 

performance. 

Figure 7(a-b) shows that both the negative effects scale concurrently. To better 

illustrate this, Figure 8 plots tortuosity increase against area decrease. Each electrode 

composition forms a separate cluster in Figure 8. The ideal porous electrode, 𝑎 → 𝑎0 and 𝜏 →

𝜏Bruggeman , point is also shown in Figure 8 to justify the severity of these negative effects. 

These results underscore the importance of accurate electrode microstructure 

characterization to accurately design porous electrodes. While the general trend in Figure 8 

is for a smaller active area to coincide with a higher tortuosity, the 95 : 2.5 : 2.5 datapoints 

are somewhat odd because the porosity dependence of tortuosity is comparable to the 

sample-to-sample variation (refer electrodes (a)-(d) in Table 3). On the other hand, these 

electrodes exhibit a clearer active area trend where smaller porosity has a smaller active 

area. 

 

 

Figure 8. Negative effects of carbon-binder networks are present across electrode specifications. Even 
for only 5 %wt. carbon-binder phase, these effects are appreciably present. The symbols are colored by 

porosities and marker style identifies corresponding compositions. 

 

Unless microstructure properties are estimated, electrochemical performance 

measurements alone4,118–120 do not provide these insights into the microstructural 

variations. As seen in Figure 6-Figure 8, the negative effects of the carbon-binder networks 

are present at various porosities and compositions commonly studied. Since the area 

coverage and higher tortuosity go hand in hand (e.g., Figure 8), the carbon-binder networks 

negatively influence the electrochemical performance at low as well as high rates. At lower 

currents, the reaction overpotential is higher due to smaller active area (a short-range 
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limitation), while at higher currents the dominant limiting factor is higher pore network 

tortuosity (a long-range mechanism). 

 

Sources of Variabilities and Deviations from Literature 

Table 4 compares literature data on tortuosity of porous NMC electrodes with ≈30% 

porosity. There is a considerable variation across different studies. Upon closer examination, 

multiple arguments can be put forth to rationalize these differences: 

▪ Electrode composition: even for identical electrode porosity (≡ electrolyte volume 

fraction), volumetric amounts of other phases can vary which in turn alters the 

electrolyte pore network and tortuosity. 

▪ Active particle size: even for the same composition and porosity, the smaller active 

particles provide more surface area for the CB network to coat leading to a smaller 

average CB thickness; a closely related effect is particle shape but since electrodes 

discussed in Table 4 have the same active material (NMC333), the shape effect is 

likely negligible. 

▪ Electrode preparation: for identical electrode specifications, electrode preparation 

can strongly influence the resultant porous structure both in terms of the 

arrangement of the active particles as well as the carbon-binder network; often the 

CB networks exhibit secondary pore structure; calendering is another step that can 

modify the microstructural arrangements63,121–125. 

▪ Cell fabrication: the CB phase might exhibit affinity to the electrolyte, thus altering the 

microstructure of the electrode in a cell as compared to its dry counterpart76; also the 

swelling could differ for different electrolytes, and exhibit fundamentally different 

tortuosity when measured using different electrolytes 

▪ Electrode inhomogeneity: these electrodes are typically inhomogeneous wherein the 

local composition differs from the electrode averaged value, thus exhibiting multiple 

local microstructures31,33,128–131,34,35,39,40,59,61,126,127 and accordingly the tortuosity 

estimates become lengthscale dependent; a related effect is a sample-to-sample 

variability wherein the electrode microstructure varies between two electrodes from 

the same batch. 

▪ Method of estimation: unfortunately, tortuosity and other microstructure properties 

are always measured indirectly (unlike measuring the open circuit voltage); the 

image-based interpretations involve assumptions regarding the distribution of the 

carbon-binder phase; accordingly, even when each method is applied meticulously to 

characterize the same electrode, the resultant estimates differ132–134. 

Practically observed variability across the literature is a joint outcome of these factors. It is 

infeasible to completely eliminate this variation since even when microscopically identical 

electrodes are tested, the results will exhibit method-dependent variability.  
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A more pertinent question is which estimates represent the electrochemical 

performance since effective properties are meant to offer predictable porous electrode 

response combined with material properties. The present analysis inherently contains this 

connection as the microstructure properties are estimated from the electrochemical 

performance. Accordingly, differences in the electrochemical performance of two electrodes, 

e.g., electrodes (j) and (k) in Table 3 and Figure 6, propagate to effective properties. Since 

the observed performance is different across these electrodes, the estimated microstructure 

property differences capture this true variation. The NMC electrodes have identical 

capacities such that the Li anode experiences identical currents when compared across these 

electrodes, and contributes negligibly to the observed performance differences. Thus, the 

estimated differences across identical specification electrodes are most likely due to intrinsic 

microstructural variations. 

 

Table 4. Variations in the pore network tortuosity for NMC electrodes across different studies. For a 
reasonable comparison, values around 30% porosity are tabulated. 

study tortuosity  
(𝜏| m

m⁄ ) 
remark 

Ebner et al. (2014)24 ≈2 Computed from 3D imaged volumes without 
carbon-binder phase 

Landesfeind et al. (2016)68 ≈4 Measured using symmetric cell impedance 
with non-intercalating electrolyte 

Mistry et al. (2018)30 3 – 4 Computed from simulated 3D electrode 
volumes with all phases 

Francois et al. (2018)26 2 – 5 The Carbon-binder phase is mathematically 
added to 3D XCT volumes before computing 
tortuosity 

Mistry et al. (2020)34 ≈3 The Carbon-binder phase is mathematically 
added to 3D XCT volumes before computing 
tortuosity 

Trembacki et al. (2020)31 2 – 2.5 The Carbon-binder phase is mathematically 
added to 3D XCT volumes before computing 
tortuosity 

this work 5.5 – 9 Estimated from electrochemical performance 
measurements 

 

We may doubt the material properties as another source of variability. For 

electrochemical techniques like the impedance approach68 or the present analysis, it is 

crucial to use accurate material properties. In the present context, since all the electrodes 

have the same materials, any inaccuracies in the material properties will equally alter all 

estimates, thus retaining the relative differences. True material properties are 

microstructure-independent135, i.e., do not change with electrode specifications or 

reasonable changes to material geometry (Li diffusivity in a 1 μm particle should be similar 
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to that of a 5 μm particle, but likely differs for a 10 nm particle). Measured electrolyte 

transport properties are typically reported in this spirit79,81. The estimation of geometry-

independent lithium diffusion in active material is a bit more involved but possible with 

appropriate precautions82,136. On the other hand, the measurement of the intercalation rate 

constant is the most ambiguous36,137,138. One often assumes the active area to back interpret 

its value. Instead, for the present analysis, we assume the value of the rate constant, 𝑘rxn, to 

consistently interpret area variations among electrode samples. Since the rate constant is an 

interfacial property of material phases, it does not change for different electrodes and 

accordingly, the relative differences in the active area are accurately captured. 

 Even if the porous electrode theory used to analyze these experiments does not 

explicitly account for electrode inhomogeneities, such effects are implicitly captured in the 

estimated properties. The estimated properties jointly represent various forms of 

microstructural differences, ranging from the secondary pore network in CB networks to 

electrode-scale inhomogeneities (both along the electrode thickness as well as within the 

electrode plane). 

 

Open Questions and Possible Extensions 

As discussed in Figure 2(a), for known materials, if we know how microstructure properties 

(𝑎, 𝜏, 𝜎eff) are related to the electrode specifications (𝜀, 𝜀active , 𝜀carbon−binder, 𝐿), we can use 

the porous electrode theory to predict electrochemical performance for any operating 

condition. Once defined, such a mapping can be used to identify optimal electrode 

specifications for a target electrochemical performance, i.e., the electrode microstructure can 

be designed. However, as the preceding discussion suggests, we often do not know how 

microstructure properties correlate to the electrode specification. This is not a limitation of 

the porous electrode theory, but we instead need to understand the electrode manufacturing 

step where the microstructure is defined according to the preparation conditions, e.g., drying 

rate, temperature, and calendering pressure. In recent years, there are promising studies 

that strive to elucidate this interplay63,121–124,139,140. We hope the microstructure estimates 

reported herein will serve as representative active area and pore network tortuosity values 

to verify these models of microstructure formation. It would be important to see if these 

manufacturing simulations can explain the sample-to-sample variation observed in the 

present study. 

The proposed analysis scheme is straightforward to implement using standard coin 

cells and performance tests and does neither require custom instruments nor specialized 

materials. It is readily extensible to electrodes made up of other cathode active materials 

(e.g., lithium iron phosphate, low-Co variants of NMC, etc.), different conductive additives 

(e.g., acetylene black), binders (e.g., carboxymethyl cellulose), or electrolyte (e.g., LiPF6 in EC 

vs. LiBF4 in PC) once relevant material properties are characterized. On the other hand, 

additional physics has to be incorporated in the governing equations to examine moderate 
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(e.g., graphite) or high volume expansion anodes (e.g., silicon)141–145; or the porous 

electrodes with solid electrolyte pore network146–149. 

 

Conclusions 

An incomplete understanding of the pore-scale arrangement of carbon-binder networks and 

their effect on the electrochemical performance limits us from systematically tuning 

electrode specifications for target performance. In this study, we combine experiments and 

theory to capture these effects in terms of effective properties for NMC-based intercalating 

porous electrodes. We examine multiple different electrode specifications to assess the 

importance of explicitly accounting for the effects of carbon-binder networks. 

 We find that the carbon-binder networks decrease the area available for reactions 

while increasing the ionic transport resistance in the electrolyte-filled pores. The active area 

reduction and tortuosity increase correlate with each other, i.e., more tortuous electrodes 

also exhibit a smaller active area and vice versa. Accordingly, they affect electrochemical 

response at all currents – smaller active area impairs performance at low and moderate 

rates, while higher tortuosity limits performance at higher currents. 

For a fixed electrode recipe (%wt. of solids), these negative effects become more 

severe as electrode porosity is decreased, which is problematic since the lower porosity 

electrodes are thought to provide superior energy density. The harmful contributions from 

carbon-binder networks diminish with carbon-binder content. However, even for as low 

carbon-binder as 5 %wt., these effects are appreciably present. For these electrodes, we find 

that only 50-65% active particle surface is available for intercalation, and the pore network 

resistance is approximately three times higher than the conventional expectations 

(𝑎0 = 3𝜀active/𝑅particle and 𝜏Bruggeman = 1/√𝜀). The electrodes exhibit sufficient electronic 

conduction even for 5 %wt. carbon-binder and identify the reaction and ion transport as 

dominant performance limiting mechanisms.  

Since both active area and tortuosity are influenced by carbon-binder content, it is 

insufficient to develop effective property correlations of the form 𝑎 = 𝑓(𝜀active) and 𝜏 =

𝑓(𝜀), for example, a Bruggeman-type equation with a different exponent is not sufficient to 

capture these effects. Instead, effective property relations of the form 𝑎 =

𝑓(𝜀active, 𝜀carbon−binder) and 𝜏 = 𝑓(𝜀, 𝜀carbon−binder) are necessary to predictively use the 

porous electrode theory for electrode design. Another aspect is the observed sample-to-

sample variation which constraints the quantitative accuracy of the predictive electrode 

design. 

These negative effects are especially relevant to porous electrodes for futuristic 

applications such as extreme fast charging and electric aviation. Unless we understand how 

effective properties vary with electrode specifications, we cannot accurately design 

electrodes for target electrochemical performance. 
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Table 5. List of nomenclature. 

Symbol Discussion (meaning, expression, value, unit, reference) 

𝑎 (actual) electrochemical active area (m2/m3) 
interpreted from experimental data 

𝑎0 theoretical active area (m2/m3) 
using Eq. (1)  

𝑐𝑠 concentration of intercalated Li in the active particle (mol/m3) 

𝑐𝑠
max maximum concentration of intercalated Li in active particle 

(𝑐𝑠
max = 49500 mol/m3) 

𝑐𝑒 concentration of Li+ in the electrolyte  
(𝑐𝑒(𝑡 = 0) = 1200 mol/m3) 

𝐷𝑠 diffusivity of Li in the active material particles (m2/s) 

 𝐷𝑠(𝑐𝑠) = 1.073204 ⋅ 10−13(0.083255 + 1.621932(1 − 𝑐𝑠/𝑐𝑠
max))

1.965793
 

curve-fit to data in Wu et al. (2012) J. Electrochem. Soc. 159(4) A438-A444136 

𝐷𝑒 diffusivity of Li+ in the electrolyte (m2/s) 

 𝐷𝑒(𝑐𝑒) = 10(−8.43−(2.2×10−4𝑐𝑒)−(54/(𝑇−229−0.005𝐶𝑒))) 
  data from Valøen & Reimers (2005) J. Electrochem. Soc. 152(5) A882-A89181 

𝑑̅
carbon−

binder
 average thickness of carbon-binder phase on the active particle surface (m) 

𝐹 Faraday’s constant (𝐹 = 96487 C/mol) 

𝑓± salt activity coefficient for the electrolyte 
𝜅D,𝑒

𝜅
=

−2𝑅𝑇

𝐹
(1 − 𝑡+

0) (1 +
𝜕 log 𝑓±

𝜕 log 𝑐𝑒
) 

specified in terms of 𝜅D,𝑒 elsewhere on this table – data from Valøen & Reimers (2005) J. 
Electrochem. Soc. 152(5) A882-A89181 

𝐼app applied current density (A/m2) 

𝑖 index identifying time 

𝑖rxn intercalation current density at active particle surface (A/m2) 

𝑗 index identifying electrode lithiation rate 

𝑗rxn reaction current density (A/m3) 

𝑘rxn reaction rate constant   

 (𝑘rxn = 2.3327 × 10−6A/m2(mol/m3)3/2) 
data from Ji, Zhang & Wang (2013) J. Electrochem. Soc. 160(4) A636-A64915 

𝐿 electrode thickness (μm) 

𝐿sep separator thickness (𝐿sep = 20𝜇m) 
available from separator manufacturer 

𝑁times,𝑗  number of data points in voltage series for 𝑗th rate 

𝑁rates number of lithiation rates examined 

𝑅 Universal gas constant (𝑅 = 8.314 J/mol K) 
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𝑅particle (average) radius of active particle, 4.5𝜇m  
available from the manufacturer of the NMC powder 

𝑟 radial coordinate in active particles (m) 

𝑇 operating temperature (𝑇 = 30∘C = 303K) 

𝑡 time (s) 

𝑡+
0  transference number of cations in the electrolyte (𝑡+ = 0.38) 

data from Valøen & Reimers (2005) J. Electrochem. Soc. 152(5) A882-A89181 

𝑈 thermodynamic voltage of active material (V) 

 𝑈(𝑐𝑠) = 6.533736 − 9.349789
𝑐𝑠

𝑐𝑠
max⁄ + 10.931301 (

𝑐𝑠
𝑐𝑠

max⁄ )
2

− 4.526506 (
𝑐𝑠

𝑐𝑠
max⁄ )

3

− 7.417161𝑒
(−102.031114+99.537710(

𝑐𝑠
𝑐𝑠

max⁄ ))
 

curve-fit to C/20 data from present experiments 

𝑉expt. experimentally measured electrode potential (V vs. Li/Li+) 

𝑉pred. theoretically predicted electrode potential (V vs. Li/Li+) 

𝑥 % lithiation in the voltage window of operation 

𝑦 lithium content in LiyNi1/3Mn1/3 Co1/3O2 

𝑧 electrode thickness coordinate (m) 

Greek Symbols: 

𝜖 error between experimental and predicted response (V) 

𝜀 electrode porosity (m3/m3) 

𝜀active  active material volume fraction (m3/m3) 

𝜀sep separator porosity (0.39 m3/m3; Celgard 2320) 
available from separator manufacturer 

𝜂 kinetic overpotential (𝜂 = 𝜙𝑠 − 𝜙𝑒 − 𝑈) 

𝜅𝑒 ionic conductivity of the electrolyte (S/m) 

√
𝜅𝑒

𝑐𝑒

104 = −10.5 + 0.668 (
𝑐𝑒

1000
) + 0.494 (

𝑐𝑒

1000
)

2

+ 0.074𝑇 − 0.0178𝑇 (
𝑐𝑒

1000
) − 8.86 ⋅ 10−4𝑇 (

𝑐𝑒

1000
)

2

− 6.96 ⋅ 10−5𝑇2 (
𝑐𝑒

1000
) 

   data from Valøen & Reimers (2005) J. Electrochem. Soc. 152(5) A882-A89181 

𝜅D,𝑒 diffusional conductivity of the electrolyte (A/m) 

 
−𝐹𝜅D,𝑒/2𝑅𝑇𝜅𝑒 = 0.601 − 0.240√𝑐𝑒

1000⁄ + 0.982(1 − 0.0052(𝑇 − 294){𝑐𝑒/1000 }3/2) 

data from Valøen & Reimers (2005) J. Electrochem. Soc. 152(5) A882-A89181 

𝜙 potential fields (V) 

𝜌 material density (𝜌NMC = 4.75, 𝜌C = 1.90, 𝜌B = 1.78 g/cc) 

𝜎eff  electronic conductivity of the electrode (S/m) 
interpreted from experimental data 

𝜏 electrode tortuosity (m/m) 
interpreted from experimental data 

𝜏Bruggeman  Bruggeman tortuosity (m/m) 
using Eq. (2) 

𝜏sep separator tortuosity (~ 1.60 m/m; Celgard 2320) 
assumed (Bruggeman relation) based on separator porosity 



Mistry et al. (2021) Quantifying Negative Effects of Carbon-binder Networks in Li-ion Battery Electrodes. 

 

26 

Abbreviations: 

AM Active Material 

B Binder (polyvinylidene fluoride) 

C Carbon C-45 

CB Carbon-binder 

EC Ethylene Carbonate (electrolyte solvent) 

EMC Ethyl Methyl Carbonate (electrolyte solvent) 

FIB-SEM Focused Ion Beam – Scanning Electron Microscopy 

LIB Lithium-Ion Battery 

NMC Nickel Cobalt Manganese oxide, LiyNi1/3Co1/3Mn1/3O2 

NMP N-Methyl-2-Pyrrolidone (solvent for electrode slurry preparation) 

OCP Open Circuit Potential 

SEM Scanning Electron Microscopy 

XCT X-ray Computed Tomography 

Subscripts: 

s properties/ fields in the electrode (solid) phase 

e properties/ fields in the electrolyte phase 
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