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Materials and methods

Electrochemical characterisation

Impedance measurements were taken at room temperature using a Biologic VSP potentiostat

(measurement accuracy ±0.1%), over the frequency range 1 mHz – 10 kHz with 10 frequen-

cies per decade and a nominal AC voltage amplitude of 10 mV. Every EIS measurement was

performed after a relaxation period of 2 h to allow the electrode to reach steady-state. The con-

ditions of linearity and stationarity of the EIS data [1] were further assessed using measurement

model software [2]. The EIS measurement of the 4 wt.% electrode at 100% SOC showed poor

compliance with the measurement model at frequencies higher than 1222 Hz. Therefore, only

impedance data at frequencies lower than 1222 Hz were used for the subsequent analysis.

The equivalent circuit model of Fig. 5 was used to model the measured EIS data. The high

frequency semi-circle, modelled by a RC-pair, showed no SOC dependence and can, hence, be

attributed to a contact resistance. The mid-frequency semi-circle shows a typical charge transfer

SOC dependence and is, hence, attributed to those kinetics. Due to the roughness of particles,

a constant-phase element (CPE) ZCPE(ω):

ZCPE(ω) =
1

CPE(jω)α
α ∈ [0, 1] (1)

was used for the fitting instead of a capacitor. The low frequency semi-circle did not depend

significantly on SOC and could, hence, be attributed to electrolyte diffusion. At very low
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frequencies, solid state diffusion could be resolved, which can be modelled by a Warburg element

for Fickian diffusion in spherical particles ZW(ω) [3]:

ZW(ω) = Rw
tanh

√
jωτ√

jωτ − tanh
√
jωτ

. (2)

with Rw the solid-sate diffusion resistance. The solid state diffusion time-scale τ was only

identifiable at low enough frequency when approximated to a vertical line. This was only the

case for the 0.5 wt.% binder sample at 70, 80, 90, and 100 % SOC.

Parameter fitting was performed in MATLAB using particle swarm optimisation. The

impedance fit in Fig. 5D for the 4 wt.% binder electrode (purple) is shown in the frequency

range [10 kHz, 1 mHz], while the measured impedance data is only shown in the range [1222

Hz, 1 mHz] (which was the data used for fitting).

Additional figures

Figure 1: Summary of the current research on solvent-free electrodes in terms of the typical
electrode thickness and binder fractions investigated. [4]–[12].
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Figure 2: The porosity of 14 mm disks cut from of 0.5, 1, 2 and 4 wt.% PTFE electrodes
calendered to 100 µm thickness.

Figure 3: XRD pattern of the feedstock PTFE powder.

Index (100) (110) (200) (107) (108) (210) (300) (220) (310) (00 15) (10 15)
Angle [2θ] 18.1 31.6 36.6 37.1 41.3 49.1 56.3 66.0 69.0 72.6 75.6
Spacing [Å] 4.90 2.83 2.45 2.43 2.18 1.85 1.63 1.42 1.36 1.30 1.26

Table 1: Individual peak characteristics extracted from the XRD pattern in Fig. 3.
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Figure 4: Pseudo-hexagonal crystal structure of PTFE, redrawn from [13].
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Figure 5: Nyquist plot of the impedance of the 0.5 wt.% electrode for SOCs from 30% up to
100%, used for system identification.

SOC [%] 30 40 50 60 70 80 90 100

Rcontact [Ω] 3.5 3.5 3.6 3.6 3.6 3.5 3.3 3.1
Ccontact [F] 3.8e-5 3.2e-5 2.9e-5 2.8e-5 2.8e-5 2.9e-5 3.1e-5 3.6e-5

Rct [Ω] 12 10 9.3 8.8 8.6 8.3 8.1 7.5
CPEct [s

α/Ω] 10e-4 7.6e-4 6.5e-4 5.9e-4 5.7e-4 5.5e-4 5.6e-4 6.6e-4
αct 0.66 0.71 0.73 0.75 0.75 0.75 0.74 0.72

Rel [Ω] 5.6 5.3 5.9 6.2 5.9 6.0 6.2 6.7
CPEel [s

α/Ω] 6.1 4.6 4.2 5.1 6.8 6.9 6.7 6.2
αel 0.90 0.82 0.79 0.83 0.90 0.91 0.92 0.91

Rw [Ω] 2.3 3.7 3.7 4.7 5.7 5.6 5.2 5.8
τ [s] 390 700 700 620 480 420 360 380

Table 2: Best-fit parameters from the equivalent circuit analysis for the NMC-based electrode
containing 0.5 wt.% binder in a half-cell configuration and three electrode set-up with a reference
Li electrode. The corresponding impedance data and fits are shown in Fig. 5
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Binder content [wt.%] 0.5 4

Rcontact [Ω] 3.1 30
Ccontact [F] 3.6e-5 1.7e-5

Rct [Ω] 7.5 6.4
CPEct [s

α/Ω] 6.6e-4 9.5e-4
αct 0.72 0.88

Rel [Ω] 6.7 21
CPEel [s

α/Ω] 6.2 2.1
αel 0.91 0.71

Rw [Ω] 5.8 4.7
τ [s] 380 500

Table 3: Best-fit parameters obtained from the equivalent circuit analysis for the NMC-based
electrodes containing 0.5 wt.% and 4 wt.% binder in a half-cell configuration and three electrode
set-up with a reference Li electrode at 100% SOC.

Figure 6: Electronic conductivity of solvent-free electrodes containing 0.5, 1, 2 and 4 wt.%
PTFE.

Electrode characteristics

Binder [wt.%] C-additive [wt.%] Thickness [µm] Areal loading
[mAh/cm2]

0.5 3.5 102 29.5
0.5 3.5 104 29.4

1 3.5 107 29.8
1 3.5 105 30.5

2 3.5 107 31.1
2 3.5 106 32.3

4 3.5 108 33.4
4 3.5 111 33.4

Table 4: Characteristics of the electrodes used in half-cells.
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