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Abstract: 

Thick electrodes with high active material loadings have been intensively studied over the last 

couple of decades in pursuit of achieving high energy density systems. To optimize and enhance the 

electrochemical performance of such electrodes, one has to control the pore morphology by, for 

example, varying the pore size and shape, and the level of porosity. In the present work, the fabrication 

of thick binder-free LiFePO4 (LFP) electrodes with two different pore sizes (12 and 20 µm) and 

porosities (21 vol.% and 44 vol.%) using Spark Plasma Sintering (SPS) and templating approach is 

reported. The well-controlled porous architecture inside the thick electrodes is realized by fine-tuning 

experimental parameters. The impact of porosity architecture on electrochemical performance is 

quantified and correlated with the 3D tortuosity values determined from both micro-computed 

tomography and electrochemical impedance-based experimental methods. Based on the micro-

computed tomography data analysis, estimated tortuosity values along X, Y, and Z axes reveal an 
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anisotropic effect perpendicularly to the SPS compression axis (Z-direction). This is particularly 

profoundly observed in the samples with larger pores (20 µm). The correlation between morphological 

properties and the rate capability performance is established indicating that the capacity loss happens 

mainly due to the Li-ion diffusion limitations. 

 

Keywords: thick electrodes, cathode material, Spark Plasma Sintering, µ-CT, tunable porous 

architecture 

 

1. Introduction 

 

Lithium-ion batteries (LIB) have been dominating the portable electronics and hybrid/all-electric 

vehicle markets due to the vast improvements in their energy and power densities while maintaining an 

excellent cycle life [1]. Overall Li-ion battery performance depends on different factors, such as choice 

of active materials, cell/pack designs, operating temperatures, type of charging modes, and electrode 

architectures [2–7]. The latter is greatly impacted by the pore design (size, shape, and orientation), 

tortuosity values, and a type of porosity (dead-end, open, and closed). Indeed, in the Newman’s 

continuous model for porous electrodes, the intrinsic and effective ionic and electronic conductivities 

are directly proportional to the ratio between porosity and tortuosity values, which, in turn, play a 

dramatic role in various electrochemical systems, such as batteries, supercapacitors, and fuel cells [8–

12]. To properly design the electrode’s architecture, a large variety of synthesis and electrode 

preparation techniques have been developed [13–15]. Templating approach is one of the methods used 

to design electrodes with well-interconnected and controlled pore architectures. This method is based on 

the introduction of a soft or hard templating agent during the electrode preparation step followed by a 

template removal step. The final pore size and shape can varied by adjusting the initial size of the 

templating agent.  
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In the conventional Li-ion batteries, electrodes are prepared by coating the current collector (typical 

thickness: 12-20 µm) with the liquid slurry composed of active material, binder, and conducting 

additives (typically with weight ratios of 94%, 3%, 3%, respectively). The coated electrode is then dried 

by solvent evaporation and calendered with high uniaxial pressure of around 1 ton per linear inch to 

promote better adhesion between the active material and the current collector and to achieve the desired 

thickness (typically between 50 and 100 µm) and porosity of the final electrode (around 30%). 

Unfortunately, the calendering step induces an increase in tortuosity along the Li-ion transport direction 

[16].  

In the search of reducing the tortuosity values, various alternative fabrication strategies, such as co-

extrusion with sintering [17], magnetic templating [18], and freeze casting[19] have been proposed to 

fabricate LiCoO2, LiNi0.8Co0.15Al0.05O2, and graphite electrodes. These strategies seem to greatly 

improve the transport kinetics of lithium ions at high C-rates leading to three times better performance 

compared to the conventional tape-casted electrodes. However, the quantification of their tortuosity 

parameters remains rather difficult. Several studies showed improved tortuosity measurements of 

battery electrodes and separators using electrical impedance spectroscopy (EIS), nuclear magnetic 

resonance (NMR), and X-ray synchrotron experiments [20–23]. Tortuosity value greatly depends on the 

electrode’s pore morphology, such as pore volume fraction, pore size/shape, and on the distribution of 

particle arrangement inside the electrodes. The influence of altering these parameters on the change in 

tortuosity was studied by measuring the ionic resistances of lithium ions through the pores inside the 

thick electrodes [20,21].  

To increase the energy density of the electrodes (Wh.kg-1), one either has to increase the electrode 

thickness (thus increasing the amount of active material) or to reduce the number of inactive 

components, such as the current collector, separator, packaging, and binder. High active material 

loading could be achieved by using different fabrication methods, such as sintering, replacement of 

current collector films by electrode-incorporated current collector foam, preparation of textile-based 
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electrodes [13,17,24]. Among others, Spark Plasma Sintering stands out as a promising technique to 

make thick electrodes with strong grain-to-grain bonding and stable interfaces [25, 26].  

Recently, the results for 1mm thick binder-free LiFePO4 and Li4Ti5O12 electrodes using the 

combined strategy of the Spark Plasma Sintering technique and templating approach have been reported 

by R. Elango et al [27]. This study can be seen as proof of concept and demonstrates the achievement of 

4-5 times higher areal capacity of the thick electrodes when compared to the conventional electrodes 

[28].  

In the present work, we continue the investigation of 1mm thick binder-free LFP electrodes and 

study the correlation between the electrode architecture and its electrochemical performance. Herein, 

the electrodes were fabricated with two different pore sizes and two porosity values. Rate capability 

tests of the thick LFP electrodes in half-cell arrangements (vs. Li/Li+) were carried out to identify the 

best pore architecture for optimized electrochemical performance. Measurements of electrodes 

tortuosities using electrical impedance spectroscopy were performed. The 3D visualization and the 

microstructural characteristics of the thick electrodes were obtained using micro-computed tomography 

technique and image processing.   

 

2. Experimental part 

 

Synthesis of NaCl crystals 

NaCl crystals with two different particle sizes were prepared.  

2 ± 0.6 μm particles were synthesized by precipitation using acetyl chloride and sodium acetate 

trihydrate as precursors [29]. 2 g of sodium acetate trihydrate (Sigma-Aldrich, ≥ 99.0%) were dissolved 

in 10 ml of ethanol and then 20 ml of acetyl chloride (Sigma-Aldrich, ≥ 99.0%) were added drop-wise 

to the solution under stirring. Acetyl chloride acts as a strong donor of chlorine which reacts with 

sodium acetate to form sodium chloride crystals. The reaction is slightly exothermic; therefore 100 ml 

of absolute ethanol (Sigma-Aldrich, 99.9%) was added to cool down the mixture. Obtained white 
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precipitate was washed by centrifugation in absolute ethanol at 6000 rpm, 5min three times, and dried in 

the oven at 70°C overnight.  

13.2 ± 3.7 μm particles were prepared by simply grinding the commercial salt (Sigma-Aldrich, 

≥ 99.5%) in a mortar for 20 min.  

Scanning Electron Microscopy images of the prepared NaCl crystals were obtained (Fig. 3.1 a-b) 

and Fig. SI1). The size particle distributions were determined using FIJI® software [30].  

SPS experiments  

Pellets of two different porosities (theory: 20 vol.% and 40 vol.%) with two different pore sizes (12 

µm (µm) and 20 µm; the initial size of NaCl templates: 2 µm and 13.2 µm, respectively) each were 

prepared by mixing the respective amounts of carbon-coated LiFePO4 (1.77 wt.% coating, Targray, 

battery grade) as-prepared NaCl, and carbon black (Timcal, battery grade) (volume ratios of 

LFP/NaCl/C-45 are 70/20/10 and 50/40/10 (or 80/14/6 and 62.7/30.8/6.5 in weight ratios) for 20% and 

40% porous electrodes, respectively; the mass goal of the final composite is 450 mg) in a mortar for 30 

min, then placing the powder in the 10 mm diameter graphite dies preliminary lined with graphite 

paper. Cold-pressing of the mixture was then performed in a hydraulic press for 5 min under 2 tons 

followed by sintering in the FCT GmbH HPD10 machine according to the protocol: 1) evacuation of the 

SPS chamber down to 10-3 Pa; 2) heating up to 650°C and pressing up to 125 MPa for 5 min with 

100°C min-1 rate; 3) cooling down to 25°C with a natural rate of the SPS machine (ca. 200°C min-1) 

while keeping the pressure at 125MPa; 4) releasing the pressure. Temperature control during the SPS 

procedure was performed by the thermocouple placed in the middle of the die.  

The compactness of the LFP-NaCl-C pellets was determined to be 94% irrespective of the particle 

size and the amount of NaCl crystals used in composite preparation. 
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After sintering, the pellets were recovered from the die and polished using the sandpaper down to 1 

mm thickness. Subsequently, the pellets were washed using a vacuum-assisted impregnation method 

using distilled water to leach out the NaCl template. The complete dissolution of all NaCl was 

confirmed by the weight loss calculation, using X-ray diffraction, and Energy-dispersive X-ray 

spectroscopy (EDX). Scanning Electron Microscopy images of the initial LiFePO4 crystals as well as 

carbon black particles were obtained and are depicted in Figure SI 1.2 in Supporting Information. 

 

Electrochemical measurements 

Swagelok cells were assembled in an Ar-filled glovebox with a moisture level below 1 ppm. Li foil 

was used as a half-cell counter electrode, glass fiber (Whatman GF/A) was used as a separator, 

commercial LP30 (1M solution of LiPF6 salt in 1:1 wt.% EC/DMC) was used as a liquid electrolyte. 

1mm-thick LFP electrode was cut by a diamond saw in the middle resulting in a piece of 10 mm x 1 

mm x 1 mm with a surface area of 0.1 cm2. Cells were galvanostatically cycled using a Biologic VMP-3 

(Biologic SAS, France) instrument at C-rates of C/20 and C/5. The electrochemical measurements were 

carried out at room temperature.  

EIS  

Electrical impedance spectroscopy using symmetrical cell setup for the measurement of ionic 

resistance through the pores of 1-mm thick LFP electrodes was performed. One pair of 1-mm thick LFP 

electrodes with similar microstructural features (porosity and pore size) was used for the impedance 

measurements. In this experiment, n-tetra butyl ammonium perchlorate (n-TBAClO4) salt was dissolved 

in ethylene carbonate and di-methylene carbonate in a weight ratio of 1:1 (EC: DMC). Such electrolyte 

was purposefully chosen to avoid lithium intercalation/de-intercalation across the solid/liquid interface 

of the LFP electrodes. The intrinsic ionic conductivity of the as-prepared electrolyte was measured 

using a conductivity cell and was found to be 0.062 mS cm-1 at 20°C, which correlates well with the 

literature [20].  
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A frequency range of 200 kHz to 0.5 mHz was applied with an amplitude signal of 10 mV. The 

symmetrical LFP electrodes were assembled in the glovebox and tested at a constant temperature of 

25°C. The measured ionic impedance (Rion) of the cell was obtained by the sum of impedances of the 

individual electrodes and hence factor two is written in the equation 1.7 where A is geometric surface 

area (cm2), κ is the bulk conductivity of the used electrolyte (S cm-1), ε is electrode porosity (%), and d 

is electrode thickness (cm). 

Tomography measurements 

In the present work, µ-CT tomography measurements of thick binder-free LFP electrodes were 

carried out at the synchrotron source at Advanced Photon Source (APS) in Argonne National 

Laboratory (ANL, USA) at the beamline 32ID with the Full Field Transmission X-ray Microscopy 

setup. The 1mm thick electrode was characterized with nearly 1200 images generated at an angular step 

of 0.15°. In the µ-CT mode, the field of view is 1mm with a spatial resolution of 1.3 µm. The 

tomography data set acquired as a function of the rotation angle is reconstructed into an XYZ dataset 

using a back-projection method based on Radon transform. The tomogram reconstruction was done 

using the APS python library in Tomopy. The segmentation procedure as well as the geometric 

tortuosity determination was done using FIJI® software. The TXM and binary images after the 

thresholding step of two LFP electrodes in the Z-direction are depicted in Supporting Information Fig. 

SI3. The 3D reconstructed images of LFP electrodes were illustrated by AMIRA software (Fig.3) [31]. 

The 3D visualizations of the local tortuosity values were generated using ParaView® software [32].  

 

3. Results and Discussion 

  

3.1 Electrodes preparation and SEM analysis 

Figure 1 schematically represents thick electrode fabrication using SPS and templating approach. 

The digital pictures and SEM images of the full 1 mm thick electrodes are shown in Figure 1 (c-f). The 

difference in the pore sizes of two samples prepared with different NaCl crystals (with average 
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crystallite sizes of 2 µm and 13 µm) is seen on the cross-sectional images of the electrodes (Fig.1 g-j). 

The average pore sizes of the electrodes were found to be 12 ± 2 µm and 20 ± 8 µm for 2 µm and 13.2 

µm initial templating agent particle sizes, respectively (cf. Supporting Information, Fig. SI1). The 

increase in pore sizes, as compared to the initial size of NaCl particles, results from the manual mixing 

(here: grinding) of the initial composite as well as from the SPS process during which the salt particles 

might undergo a slight agglomeration. Fig.1 j) shows a clear elongation of pores perpendicular to the Z-

direction caused primarily by the uniaxial pressure along the Z-axis during the SPS procedure. This 

pore anisotropy is particularly clearly observed in the case of 20 µm pore-sized electrodes (initial salt 

particles size: 13 µm) and seems to be greatly minimized for the smaller pore-sized electrodes due to 

the higher uniformity and narrower size distribution of the used template particles (Fig. 1 g) and h). 

Thereby, in the latest case, one can expect to have better pore interconnectivity which could lead to the 

enhanced diffusion rate of Li-ions in the liquid phase.  

 

 

Figure 1. Thick LiFePO4 electrode fabrication scheme with two different pore sizes: a-b) NaCl 

particles: 2 µm and 13 µm; c-f) Digital pictures and SEM images of LFP thick electrode; g-j) a 
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cross-sectional view of thick LFP electrodes with 44% and 21% porosity: g-h) 12 µm pore size;     

i-j) 20 µm pore size. 

 

However, SEM images provide only 2D morphological information; the average pore size and other 

microstructural properties such as porosity, pore size distribution, and specific surface area were 

determined more precisely using tomography measurements.  

 

3.2 Electrochemical performance 

 

Charge-discharge cycling curves at C/20 and C/5 of four LFP half-cells (two different pore sizes 

with two porosity values each) are shown in Figure 2 a) and b).  
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Figure 2. Charge-discharge profiles of 1-mm thick LFP-C electrodes with 12 µm and 20 µm pore 

sizes against lithium at C/20 and C/5 rates: a) 44% porosity, b) 21% porosity; c) Ragone plot 

showing the areal capacities vs. C-rate for four different LFP half-cells as a function of pore size 

and porosity; d) Areal capacity vs. current density values of 1 mm thick LFP electrodes (44% and 

21% porosity with 12 μm pore size each) compared to the literature [13,17,18,24,33] 

 

Firstly, the effect of porosity on the electrochemical performance was analyzed. It was found that 

the 44% porous electrode with a pore size of 12 µm delivers more than 2 times as much gravimetric 

capacity on the first charge at C/20 as the 21% porous sample (157.6 mAh g-1 vs. 66.5 mAh g-1, 

respectively). The same tendency is observed for both samples at a higher C-rate (C/5). This behavior is 



 

11 

 

to be expected, since, as mentioned beforehand, the 44% porous electrode should have better pore 

connectivity which promotes electrolyte impregnation resulting in higher active material accessibility. 

Besides, lower achieved capacity values of 21% porous electrodes could also result from incomplete 

leaching of the templating agent which, in turn, contributes to the ‘dead mass’ of the electrode and 

inhibits full active material utilization. 

Secondly, the effect of the pore size within the same-porosity electrodes was studied. For both 44% 

and 21% porous electrodes, the 12 µm pore-sized samples showed higher achieved capacity at both 

C/20 and C/5 cycling rates. This result is clearly in agreement with the lower tortuosity value of 12 μm 

pore-sized electrodes when compared to 20 μm as determined by the micro-computed tomography and 

EIS methods shown in the Tortuosity Value Determination section. A similar improved trend was 

obtained for the co-extruded and sintered LCO electrodes where the minimization of the pore channel 

spacing played a significant role in the higher-rate electrochemical performance [34].  

The difference in the polarization evolution of all four samples follows the same trend and is easily 

noticeable in Fig. 2 a), b). 44% porous electrodes (both 12 µm and 20 µm pore-sized) possess lower 

overall polarization than samples with 21% porosity at any employed C-rate as a result of higher 

electrolyte accessibility to the active material. Within the same-porosity electrode, however, the pore 

size plays little to no role in the overpotential evolution resulting in nearly the same over polarization at 

C/20 and C/5 rates for both 44% and 21% porous electrodes. 

Figure 2 c) shows the Ragone plot of 21% and 44% porous electrodes depicting the areal capacity 

as a function of C-rate. It is obvious that at low C-rate the 44% porous electrode performs significantly 

better than 21% while at elevated C-rates (here: 1C) the difference becomes almost negligible as 

capacity values for both electrodes drop almost to zero. Such behavior is typical for thick electrodes and 

is to be anticipated as at higher C-rates the charge-transfer resistance at the solid/liquid interphase as 

well as the ionic resistance in the pores of the electrode increase significantly. Besides, at higher C-rates 

the effect of mass transport limitations is observed more profoundly than at low C-rates (here: C/20). 
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Within the same porous electrode, the effect of the pore size on the electrochemical performance at 

different C-rates has the same tendency as observed earlier (Fig. 2 a-b): on average, smaller-sized 

electrodes (i.e. 12 µm) perform better than their larger (20 µm) counterparts. This behavior could be 

assigned to better pore connectivity and lower pore tortuosity in the case of smaller-sized electrodes as 

discussed in the next section.  

Consequently, the best electrochemistry is obtained for 44% porous 12 µm pore-sized electrode 

(C/20: 157.6 mAh g-1 (23.9 mAh cm-2); C/5: 70.1 mAh g-1(10.1 mAh cm-2)). At C/20 current rate, the 

areal capacity values of the thick 44% porous electrode are 4-5 times higher than those of the 

conventional film-based electrodes.  

The superior performance of the thick SPSed electrodes was compared to the recently reported 

thick electrodes in the literature (Fig. 2d) [13,17,18,24,33]. Fig. 2d) shows that even at high current 

densities (C/5), the obtained areal capacities of the samples present in this work are higher than those 

reported in the literature. These results clearly show that the SPS and templating approach is a very 

beneficial technique when it comes to the preparation of thick electrodes with controlled pore 

morphology. 

 

3.3 Tortuosity value determination 

 
3.3.1 Micro-computed tomography analysis: Tau factor and geometrical tortuosity 

determination 

 

X-ray tomography analysis is a powerful non-destructive tool in the analysis of the structure and 

morphology of (thick) electrodes. Not only it allows a quite accurate pore network extraction but also 

helps to determine the electrode’s pore volume fraction, pore size distribution, pore network tortuosity, 

and phase percentage. 
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Considering the enhanced electrochemical properties of 44% porous electrodes as compared to the 

21% porous ones, a deeper study of the pore morphology by tomography analysis and by EIS 

measurements was performed solely on the 44% porous electrodes as they are of higher practical 

interest. The 3D rendered images based on the obtained tomography data of the 12 µm and 20 µm pore-

sized samples are depicted in Figure 3. Here, yellow color represents the void (pores) while blue and 

green represent the solid phase of the electrode.  

 

 

Figure 3. Tomography data-based 3D rendered images of 44% porous LFP thick electrode 

showing the difference in pore size: a) 12 µm, and b) 20 µm 

 

As can be seen from Figure 3, the 12 µm pore-sized electrode (Fig. 3 a) has more homogeneous 

pore network connectivity as compared to the 20 µm pore-sized electrode (Fig. 3 b) which shows pore 

clustering caused by the initial NaCl template particles agglomeration. 
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Pore tortuosities of thick electrodes were determined in three orthogonal directions using the Tau 

factor on MATLAB application® developed by Cooper et al., Imperial College of London, UK [35], and 

geometrical tortuosity calculations using Fiji® software [30]. Tau factor analysis allows carrying out a 

fast and simple calculation of the tortuosity directly using the microstructural data. The principle of this 

tool is based on Fick’s law of diffusion, which states that the flux (J) is directly proportional to the 

concentration gradient (dC/dx). It involves the calculation of the reduction in diffusive transport due to 

the convoluted electrode geometry of heterogeneous media based on microstructural image data. The 

solid-state diffusion of lithium-ion is eliminated. In other words, the tortuosity is determined by the ratio 

of steady-state diffusive flow through a porous volume network to the fully dense control volume of an 

electrode as shown in equations 1.1-1.3, where �� and ��� are flux through pore network and control 

volume, respectively, Acv is a cross-sectional area, Lcv is the length, D is the intrinsic diffusivity of the 

conductive phase, Deff is the effective diffusivity through a porous volume where one phase is 

conducting and the other phase is insulating, � is the volume fraction of the conductive phase:   

 

 �� =  −	��
��� ∆�
���

� 
(1.1) 

 ��� =  −	��
 ∆�
���

� 
(1.2) 

 
��� =   
 � �
��� 

(1.3) 

 

The tortuosity in Z-direction was obtained using Tau factor simulations software. The thresholded 

image stack was given as an input. The report figure generated by the Tau factor is shown in Supporting 

Information, Fig. SI2. The three slices (Fig. SI2 a, b, c) represent the binary image of the sample (LFP 

electrode with 20 μm in the Z-direction) and the corresponding initial and steady-state diffusion 

simulations performed in a local volume of the electrode. The distribution of concentration and flux in a 

slice of the volume is illustrated in Fig. SI2 e). Fig. SI2 d) shows a graph of the effective diffusivity 
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calculated at the top and bottom faces against the iteration number. The convergence of the system was 

established by analyzing both the rate of change of the top and the base effective diffusivity values. The 

tortuosity of a shown electrode (44%, 20 µm) in Z-direction was determined to be 2.44 with the phase 

volume fraction (ε) of 44.4% and effective diffusivity (Deff) of 0.0678 m2 s-1.  

Furthermore, the characteristic tortuosities of both 12 µm and 20 µm pore-sized electrodes of 44 

vol. % of porosity were determined. Characteristic tortuosity (�c) represents an overall contribution of 

the tortuosities of the electrode in all three directions(��, �� , ��� ��) and could be determined 

via Eq. 1.4 

 

 � = (![(�#$%) + (�'$%) + (�($%)])$% (1.4) 

 

As shown in Figure 4 a-b), the definite volume of the LFP electrode (520x520x520 μm) was 

divided into 8 smaller sub-sections with equal cubic volumes (260x260x260 µm). Each respective sub 

volume was subjected to the mass diffusive transport simulations using the Tau factor application and 

the set of localized tortuosity values in three directions was extracted for each subvolume instead of 

representing a single tortuosity value for the whole electrode (Fig. 4 c-d). For the 12 µm pore-sized 44% 

porous electrode (Fig. 4 c)), the tortuosity values in three directions are almost the same, while for the 

20 µm pore-sized 44% porous electrode one can notice that the tortuosity values in the Z-direction are 

higher than in X- and Y-directions (Fig.4 d)). Such discrepancy between the tortuosities in the Z-

direction and X-, Y-directions in the case of 20 µm pore-sized electrode could originate from anisotropy 

of the pore shape induced by the sintering procedure under the uniaxial pressure. At the same time, 

almost no anisotropy in tortuosity values was observed for 12 μm pore-sized electrode as the initial salt 

template particles showed a narrow pore size and shape distribution leading to almost uniform pore 

shapes.  
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Figure 4. a-b) Tomography analysis of 12 µm and 20 µm pore sized electrode of 44% 

porosity, c-d) Tortuosity determination using Tau factor for x, y, z directions along with 

characteristic tortuosity values 

 

Tortuosity calculations were also performed using the geometric definition of tortuosity. For a 

porous network where Lpore is the actual path length through the network and Lstraight is the direct 

distance (straight line) between two points or planes, the geometric tortuosity is defined as a ratio 

between the former and the latter: 

*+�,- = ./012
.34156784

      (1.5) 

In the present work, the geometric tortuosity was determined locally using Fiji® software.[30] 

Firstly, starting from one of the volume sides, a Euclidean distance front was propagated in the porosity 

phase in a perpendicular direction to the seed plane. Then, another distance front was propagated from 

the opposite face and the sum of these two distance maps was computed. In the resulting map, each 

voxel has the value of the shortest path linking the two starting planes and going through the voxel. 
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Lastly, a local geometric tortuosity map was obtained by dividing the map by the straight distance 

between the starting planes.  

In addition to the tortuosity characterization, Fiji software was also used to determine the pore 

size distribution using the ‘Local thickness’ method implemented in Fiji software. This method consists 

of fitting spheres inside the desired phase to find its maximal local dimension. By this method, the 

average pore sizes were determined to be 16 µm and 20 µm which correlate well with the pore sizes 

obtained from the SEM analysis and by the Amira software based on the µ-CT data [31] (12 µm and 20 

µm, respectively).  

Figure SI4 in Supporting Information represents rendered 3D images of the 16 µm and 20 µm 

pore-sized microstructures (a) and d), respectively) with 3D visualizations of the most represented local 

tortuosity values (b-c) and e-f)) generated using ParaView® software [32]. One can notice that the 

geometric paths remain relatively straight and are gathered in channel-like shapes. Such a configuration 

of the pore structure is highly beneficial for improving ion diffusion throughout the whole thickness of 

the electrode. Mean geometric tortuosity values in each direction were calculated and a very similar 

trend to the one determined with the Tau factor was observed. Here, mean tortuosity values for 12 µm 

(16 µm ) pore-sized sample were found to have a quite isotropic behavior resulting in relatively similar 

values in all three orthogonal directions while 20 µm pore-sized electrode showed slightly anisotropic 

behavior yielding increased tortuosity values in the Z-direction. Despite the smaller tortuosity values in 

the case of geometric calculations due to the method specificity, the overall trend correlates well with 

the data obtained from the Tau factor analysis. A summary of the tortuosities obtained by different 

methods along with theory-based calculated values is presented in Table 1. 

 

 

Table 1. Comparison of LiFePO4 electrode tortuosity values obtained by μ-CT (Tau factor 

analysis and geometrical tortuosity estimation) and literature-based calculated values 

Method Tortuosity Average pore size of 44% porous LFP electrode 



 

18 

 

12 [μm] (16 μm)  20 [μm] 

Tau factor 

�X 1.48 1.59 

�Y 1.45 1.51 

�Z 1.64 2.44 

�c 1.52 1.76 

Ơ 0.12 0.54 

9total 48.0 44.7 

Geometric tortuosity 

�X 1.022 1.018 

�Y 1.012 1.021 

�Z 1.017 1.037 

�c 1.017 1.025 

Literature 

 (�Bruggeman= 9-0.5) 1.44 1.49 

    (�Thorat= 1.89-0.53) 2.65 2.75 

 

 

3.3.2 EIS measurements 

 

Electrical Impedance Spectroscopy is widely used to determine ionic resistance of the electrodes 

which is mainly quantified by the electrode pore tortuosities. Symmetrical cell approach prevents 

interference with the counter electrode and/or lithium-ion intercalation.  

In the present work, low concentration n-TBAClO4 (10 mM) was used for the EIS Symmetrical cell 

measurements to minimize the error in the resistance values especially on the low-frequency intercept 

obtained in the Nyquist plot. The electronic resistance in the solid phase becomes negligibly small 

compared to the ionic resistance in the electrolyte phase.  

EIS-SC impedance spectra mainly consist of three domains. 1) High-frequency intercept: 

corresponds to the electrolyte resistance in the separator and other ohmic contacts due to the induction 

cables and connection wires; no significant differences are observed for two LFP cells with the same 

porosities but different pore sizes. 2) Middle frequency region: consists of a Warburg line close to 45° 
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which is more crucial for the determination of ionic resistance through the pores of the electrode. 

Higher elongation of this line is observed for the 20 µm pore sized electrode corresponding to a higher 

ionic resistance arising due to the increase in pore length and radii. This region represents the mobility 

of ions inside the porous electrode, and a large deviation from 45° corresponds to the non-uniform pore 

shape and size distributions present inside the porous electrode. 3) Low-frequency region: consists of a 

straight line (in theory: 90°) corresponding to the capacitive behavior of the electrical double layer 

formed at the electrode-electrolyte interface.  

 

Figure 5. a) EIS-SC spectrum of 12 µm and 20 µm pore sized 44% porous electrode, b) 

Comparison of thick 44% porous LFP electrode tortuosity values obtained by EIS-SC and 

tomography methods 

 

The effective ionic resistance of the electrolyte within the electrode porosity (Rion) can be 

extracted from the impedance data via the following expression [20]:  

 

                                       :;,< = 3(:>?@A→C
−  :DEF)     (1.6) 
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 where RHFI is the high frequency (here: 200 kHz) intercept with the real axis Re(Z), :>?@A→C
 is 

the intercept of the extrapolated low-frequency part of the tail (Fig. 5 a) with the real axis Re(Z). 

In turn, the tortuosity values could be calculated based on the calculated ionic resistance values 

(obtained from the impedance spectra) by equation 1.7[20], where A is a geometric surface area of thick 

LFP electrode, κ is the bulk ionic conductivity of the electrolyte used, � is the electrode porosity, d is 

the thickness of the electrode, and Rion is the ionic resistance of the electrode.  

* = G 60H  I  к  K
�L        (1.7) 

Tortuosity values obtained by this equation for two different pore-sized 44% porous LFP 

electrodes (12 µm (16 μm) and 20 μm) are 3.8 ± 0.7 and 4.6 ± 0.9, respectively.  

EIS-SC experimental results (Figure 5, b) show more than two times higher tortuosity values 

than the ones obtained by the Tau factor diffusion simulations using micro-tomography data. Since EIS-

SC is a macroscopic measurement, it allows determination of the tortuosities of the full pore network 

including the dead-end pores (pores which are not connected to the main conductive pore network) and 

closed porosities. On the contrary, the tortuosity values obtained by the tomography analysis are 

underestimated due to the non-accountability of the dead-end pores which contribute significantly to the 

transport of lithium ions through the structure. Another limitation of the tomography method is its low 

spatial resolution (voxel size is 1.3 μm). It is therefore obvious that the pores smaller than 1.3 μm are 

not taken into account in the calculation, resulting in the smaller tortuosity values. In the future, higher-

resolution nano-tomography could be performed to determine the pore tortuosities more accurately.  

However, the EIS-SC technique is not totally accurate and contains an intrinsic error. Here, the 

electronic conductivity of the LFP electrodes is taken as an infinite value which is not the real case, as 

the electronic conductivity of the carbon-coated LFP particles is still relatively low, leading to large 

statistical error bars obtained from the repetitive experiments.  
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4.  Conclusions 

 

A comprehensive study of the impact of the electrode architecture on the electrochemical 

performance of 1mm-thick binder-free LFP/C electrodes was performed showing that the pore 

morphology strongly influences the electrode electrochemical properties. 

It has been observed that on average 44% porous electrode performs better than 21% porous 

electrode delivering more than 1.5 times more capacity regardless of the C-rate (with 12 µm (16 µm) 

pore size at C/20: 23.6 mAh cm-2 vs. 15.8 mAh cm-2, respectively, and showing smaller overpotential. 

Such behavior is imputed to fuller electrolyte impregnation resulting in better active material utilization 

in the case of the 44% porous electrode thereby improving its performance.  

Regarding the influence of the pore size, the improved electrochemical performance in the case of 

12 μm (16 µm) pore-sized electrodes could be attributed to the more isotropic pore morphologies 

(homogeneous tortuosities) in all three spatial directions when compared to 20 μm pore-sized electrodes 

according to the tomography analysis. Lower tortuosity values indicate shorter Li-ion migration paths 

thus ensuring faster Li-ion diffusivity. However, a big discrepancy was observed in the characteristic 

tortuosity values obtained by the tomography analysis and the EIS measurements (12 μm (16 µm): 1.52 

μ-CT vs. 3.8 EIS; 20 μm: 1.76 μ-CT vs. 4.6 EIS) due to the inaccuracy of these methods, therefore 

making it hard to conclude which method is more precise and provides more accurate quantitative 

value. However, all these methods present the same trend and therefore could be used to qualitatively 

analyze and compare samples with different porosities and/or pore sizes.  

Further investigation of thick binder-free electrodes could be performed, such as deeper 

investigation of the correlation between the pore anisotropy and the electrochemical performance and 

physical behavior during/after cycling. Obtained full pellets could be cycled in a full cell mode versus 

graphite to achieve comparable results to the commercially available batteries. 
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