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content on particle fracture and
microstructure of solvent-free electrodes for Li-ion
batteries†
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The fraction of polytetrafluoroethylene (PTFE) binder in solvent-free

electrodes for Li-ion batteries, also known as dry-processed elec-

trodes, is shown to have a dramatic impact on their processability,

microstructural evolution and electrochemical performance. We

show experimentally that increasing the binder fraction from 0.5 to

4 wt% transformed the electrode microstructure from an effective,

open structure containing PTFE nano-fibrils to a compact

morphology with fragmented active material and porosity blocked

by PTFE agglomerates. The solvent-free electrodes showed a classic

visco-elastic response during compression, comprising three

distinct regions of deformation. The electrode stiffness and yield

strength increased non-linearly with binder fraction such that for

higher binder contents (>2 wt%), there was extensive LiNi0.6Co0.2-

Mn0.2O2 (NMC) particle fracture during the calendering process, with

cracks propagating along the grains of polycrystalline NMC particles.

Conversely at lower binder fraction (<2 wt%), PTFE readily fibrillated

into highly textured (100) crystalline nano-fibrils and NMC particles

remained largely intact. These electrodes showed superior electro-

chemical performance due to higher ionic mobility through the open

nano-fibrillar microstructure and intact NMC particles.
1 Introduction

Electrodes for commercial Li-ion batteries (LIBs) are manufac-
tured by slurry casting, a process that has become synonymous
with LIB manufacturing since their commercial rise in the
1980's. Slurry casting lines have become progressively larger
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and faster (up to 1 m width and 90 m min−1), but the key steps
of the LIB electrodemanufacturing process itself have remained
essentially the same.1 Although casting is highly productive, it
also has several inherent limitations such as high energy
consumption (and associated high embedded carbon), exten-
sive use of ammable and highly toxic solvents (especially for
the positive electrode), and large capital and operational costs
that are mostly due to solvent drying and recovery steps.2,3

Recently, solvent-free processing methods for LIB electrodes
have gained attention from both industry and research labora-
tories, with potential advantages over slurry casting in terms of
sustainability, cost and safety due to the complete elimination
of solvents.4–8 Moreover, solvent-free electrodes can show better
electrochemical performance than conventional slurry cast
electrodes.9–11

Amongst the different solvent-free processes, those that are
based on polytetrauoroethylene (PTFE) brillation, to replace
the popular N-methyl-2-pyrrolidone (NMP)/polyvinylidene uo-
ride (PVDF) binder system, have attracted the most interest,
with pilot and industrial lines already in operation.12,13

However, despite the growing interest in solvent-free process-
ing, signicant manufacturing challenges have emerged,
hindering the continued roll-out of solvent-free electrodes for
commercial LIBs. A recent teardown of Tesla's latest 4680 cell
revealed that the graphite anode appeared to be manufactured
by a solvent-free process using PTFE binder.14 In contrast, the
cathode was made by slurry casting using a traditional PVDF
binder.

The PTFE brillation approach can produce functioning LIB
electrodes with a range of active materials including LiNi0.6-
Co0.2Mn0.2O2 (NMC), LiFePO4 (LFP) and LiMn2O4 (LMO).9,15–22

However, there is a lack of understanding of how the PTFE
fraction impacts overall processability and active material
integrity, and subsequent electrochemical response. Although
there are performance benets in using as low as 0.2 wt% PTFE
for all-solid-state-battery composite cathodes,23,24 most LIB
electrodes contain a much higher fraction of binder (2–10 wt%)
and have comparatively large thicknesses ranging from 150 up
J. Mater. Chem. A, 2025, 13, 18283–18291 | 18283
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to 400 mm, as summarised in Fig. S.1.† Such thick electrodes
generally offer poor power densities, even at charge–discharge
rates as low as C/5, making them impractical for electric vehi-
cles (EV) and portable electronics.25

In this paper, we investigate systematically the impact of
binder content on the processability and microstructure of
PTFE-based solvent-free electrodes with a practical thickness of
100 mm, and thinner than commonly reported. We present
detailed characterisation at a range of scales to reveal how
higher binder contents fail to brillate properly and lead to
local stresses that cause extensive active material fracture and
subsequent poor electrochemical performance. We introduce
a mechanistic explanation of how particle fracture relates to the
viscoelastic properties of the solvent-free electrodes and its
impact on the electrode microstructure. We also report the rst
analysis of individual PTFE nano-brils via ultra-low dose
transmission electron microscopy (TEM), providing further
Fig. 1 (A) Schematic of the electrode calendering process. (B and C) S
respectively. (D–G) (Top) SEM micrographs of NMC electrodes containi
maps showing the active material (Ni–O signal) and binder (F signal) in
material (Ni–O signal) and carbon additive (C signal) in blue and pink, re

18284 | J. Mater. Chem. A, 2025, 13, 18283–18291
insight into the conditions for the critical formation of PTFE
nano-brils.
2 Results and discussion
2.1 Microstructure evolution

Electrodes with different PTFE binder fractions (from 0.5 to
4 wt%) were produced by a conventional solvent-free method
(described in the ESI†), and then calendered to a thickness of
approximately 100 mm, as depicted in Fig. 1A. All the electrodes
contained 3.5 wt% carbon nano bres (CNF) to provide elec-
trical percolation, with NMC active material making up the
balance. Fig. 1B and C show secondary electron (SE) scanning
electron microscopy (SEM) images of the top view of the typical
electrode microstructure containing 0.5 and 4 wt% PTFE
binder, respectively. The 0.5 wt% PTFE electrode in Fig. 1B
showed relatively large, open porosity with NMC particles
EM micrographs of NMC electrodes containing 0.5 and 4 wt% PTFE,
ng 0.5, 1, 2 and 4 wt% PTFE, respectively. Middle: corresponding EDX
blue and green, respectively. (Bottom) EDX maps showing the active
spectively.

This journal is © The Royal Society of Chemistry 2025
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(diameter 4–10 mm) and PTFE brils (green arrows) up to 100
mm in length spanning several particles, consistent with
previous reports.10 The CNFs are highlighted by the pink arrows.
In contrast, the 4 wt% electrode in Fig. 1C showed very signif-
icantly less open surface porosity. The series of lower magni-
cation SE images (top row) in Fig. 1D–G for 0.5, 1, 2 and 4 wt%
PTFE electrodes conrmed the progressive reduction of surface
porosity. Macroscopic density measurements indicated
a reduction in bulk porosity from 34% to 20% as PTFE increased
from 0.5 wt% to 4 wt% (Fig. S.2†).

Energy dispersive X-ray (EDX) mapping was performed to
identify the different electrode constituents. The F maps in
Fig. 1D–G (middle row) reveal the binder distribution, while the
C maps (bottom row) show the CNFs distribution. The PTFE
brils for 0.5 wt% PTFE were extremely ne (several tens of nm)
and mostly too small to be detected by EDX. Increasing the
binder fraction led to thicker brils (100 nm up to 1–2 mm) and
some larger PTFE regions (1–5 mm) in the 2 wt% electrodes.
There were large patches (up to 10–20 mm) of PTFE at the
surface of the 4 wt% PTFE electrode. The distinctive features
found in the low and high binder content electrodes, were
studied further to unravel the details of the PTFE nano-brils
and the larger surface PTFE regions.

Previous work reported PTFE brils with very high aspect
ratios and diameters estimated by SEM as ne as 20–50 nm.10 A
Fig. 2 (A) Secondary electron micrograph of a solvent-free electrode co
fibril. (C) Corresponding selected area diffraction pattern and radial inten
free electrode containing 4 wt% PTFE. (E) Energy selective backscattere

This journal is © The Royal Society of Chemistry 2025
typical example of these nano-brils is shown in Fig. 2A. Despite
the central role of PTFE nano-brils in mechanically stabilising
solvent-free electrodes, there is surprisingly little reported
about their structure. Fig. S.3† shows the XRD pattern of the
feedstock PTFE powder with strong Bragg reections (suggest-
ing a high degree of crystallinity) indexed to the pseudo-
hexagonal phase represented schematically in Fig. S.4.†
Fig. 2B shows a bright eld image of a single PTFE bril
oriented to give strong diffraction contrast. Fig. 2C shows the
selected area electron diffraction (SAED) pattern with sharp
(100) and (200) Bragg reections, corresponding to a crystal
plane spacing of 4.95 Å and 2.48 Å, respectively. This suggests
a highly oriented crystal structure along (100) planes. In
contrast to the feedstock powder, there were no pyramidal and
basal planes reections, indicating a strong texture along the
[100] direction with brillation occurring mainly via chains
sliding along (100) slip planes.26

The cross-section of a 4 wt% PTFE electrode was investigated
aer Ar ion-milling and the F EDX map in Fig. 2D shows the
binder location in green. Consistent with the top view obser-
vation in Fig. 1G, there were patches of bulk PTFE at the surface
and also throughout the electrode interior. Fig. 2E shows an
SEM image obtained using an energy selective back-scattered
detector (EsB) to enhance chemical contrast, and revealed
that the microstructure was composed of fractured NMC
ntaining 0.5 wt% PTFE. (B) Bright field TEM image of an individual PTFE
sity profile (inset). (D) F (green) and Ni–O (blue) EDX map of a solvent-
d micrograph of a solvent-free electrode containing 4 wt% PTFE.

J. Mater. Chem. A, 2025, 13, 18283–18291 | 18285
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particles partially cemented together by PTFE, and CNF
agglomerates.
2.2 Active material particle fracture

Given the suggestion that the fraction of binder had a signi-
cant impact on NMC particle fracture, NMC morphology was
investigated in detail for the 0.5 and 4 wt% PTFE electrodes by
digital image analysis of ∼5600 particles. Individual NMC
particles were identied from EsB images by grey scale
segmentation and their segmented morphology was then ana-
lysed using algorithms developed in MATLAB. Fig. 3A and B
show typical images for low and high binder electrodes
respectively, and the corresponding segmented images are
shown in Fig. 3C and D, with signicantly more particle fracture
in the high binder electrode. To quantify this effect, Fig. 3E
shows the particle size distributions for both electrodes, with
a much greater fraction of particles with diameters <2 mm in the
high binder electrode. In contrast, the low binder electrode had
two distinct diameter populations, one at∼10 mm and the other
one at 3–4 mm. This further suggests that NMC particles
Fig. 3 (A and B) Typical energy selective backscattered micrographs of e
Corresponding segmented images of the NMC particles. (E) Method an
containing 0.5 wt% and 4 wt% PTFE, 5600 particles were analysed. (F) SE
XRD patterns of electrodes containing 0.5, 1, 2 and 4 wt% PTFE. (H) C
evolution with increasing binder fraction.

18286 | J. Mater. Chem. A, 2025, 13, 18283–18291
underwent signicant fracture during calendering of electrodes
with high binder fraction. A broken NMC particle is shown in
more detail in Fig. 3F with cracks following grain boundaries
(highlighted by the orientation sensitive channelling contrast).
Fracture of polycrystalline NMC is well-known to degrade
subsequent electrochemical cycling behaviour.27,28 Corre-
sponding XRD patterns of the electrodes containing between
0.5 wt% and 4 wt% PTFE are shown in Fig. 3G, with the well-
characterised NMC crystal structure (Fig. 3H) readily indexed
for all electrodes. The NMC crystallite size was estimated from
the XRD patterns using Rietveld analysis. Fig. 3I shows there
was a progressive decrease in crystallite size from 90 nm to
50 nm with increasing binder fraction.

This suggests that in addition to secondary particle fracture,
some primary NMC particles might also sustain damage during
the calendering process in electrodes containing a high
(>2 wt%) fraction of binder.

In summary, detailed SEM investigation showed that
increasing the PTFE binder fraction had a signicant effect on
the tendency of secondary NMC particles to fracture during
lectrodes containing 0.5 wt% (low) and 4 wt% (high) binder. (C and D)
d histogram showing the NMC particle size distribution for electrodes
micrograph revealing intergranular fracture of the NMC particles. (G)
rystal structure of the indexed phase for NMC622. (I) Crystallite size

This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01950h


Communication Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
1:

12
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
calendering, even though PTFE based solvent-free electrodes
are usually assumed to deform readily at a processing temper-
ature of 80 °C.
2.3 Viscoelasticity at the origin of particle fracture

To understand the relationship between NMC particle fracture,
binder fraction and process conditions, uniaxial compression
and direct image correlation were used to investigate the
mechanical properties of small cylinders (2 mm height × 5 mm
diameter) with the same fabrication history and composition as
the solvent-free electrodes, as shown schematically in Fig. 4A.
The cylinder dimensions were tracked in real time during
compression to obtain the true stress–true strain curves shown
in Fig. 4B. Binder fraction had a very strong inuence on elec-
trode mechanical properties with three deformation regimes
identied: (i) an elastic linear region, followed by (ii) a non-
linear ductile plateau in which the PTFE owed, and (iii)
a highly non-linear region of rapidly increasing applied stress
corresponding to compaction.29

It was assumed that in this region particles became inter-
locked due to local friction and particle fracture occurred, if
local stresses were sufficiently high. Fig. 4C shows that the
electrode Young's modulus and yield strength increased non-
linearly from 10 MPa to 30 MPa and from 1 MPa to 2.5 MPa
respectively by increasing the binder from 0.5 wt% to 4 wt%.
Fig. 4D shows the normalised volume evolution with deforma-
tion for low and high binder electrodes. Aer a similar elastic
loading region (A), there was a rapid volume reduction for the
high binder electrode, indicating a compaction regime. In
Fig. 4 (A) Schematic of the uniaxial compression and direct image corre
disks (2 mm height × 5 mm in diameter). (B) True stress–true strain curve
0.2% proof stress of these disks. (D) Normalised volume evolution with de
disks. (E and F) Schematics showing the deformation behaviour for low

This journal is © The Royal Society of Chemistry 2025
contrast, the low binder electrode maintained a constant
volume suggesting an extended region of ow.30

Overall, electrodes containing 0.5 wt% PTFE underwent
signicant plastic deformation without damaging the NMC
particles, as schematically shown in Fig. 4E. On the other hand,
electrodes with 4 wt% PTFE required much higher stress to
achieve similar deformations (240% higher at 80% strain),
causing NMC particles to fracture, as shown schematically in
Fig. 4F. Apart from NMC, particle fracture during
manufacturing is known for LiNi0.8Co0.15Al0.05O2 (NCA) and can
be expected for most commercial active materials.20 Our results
suggest that relatively low fractions of binder (<1 wt%) lead to
electrodes with greater formability which drastically reduces
active material fracture during the calendering process.
2.4 Impact on electrochemical performance

Fig. 5A shows the rst formation charge–discharge (C/20) cycle
of 0.5, 1, 2 and 4 wt% PTFE electrodes, and a typical capacity for
NMC of ∼170 mA h g−1. At very low C-rate, the system is not in
a diffusion-limited regime, and the electrodes are expected to
show similar charge–discharge behaviour despite their signi-
cant microstrucural differences with increasing binder content
(as shown in Fig. 1).10,31 Fig. 5B shows the capacity for the same
electrodes aer formation at charge–discharge rates from 0.1C
to 2C. At 0.5C the 4 wt% electrode showed a reduced capacity,
which degraded more signicantly at 1C and 2C. The 0.5 wt%
PTFE electrode had 5%, 43% and 151% better capacity reten-
tion than the 4 wt% electrode at charge–discharge rates of 0.5C,
1C and 2C respectively. At 2C, the 2 wt% PTFE electrode also
lation set up used to measure the mechanical properties of electrode
s of 0.5, 1, 2 and 4 wt% PTFE electrode disks. (C) Young's modulus and
formation during uniaxial compression of the 0.5 and 4 wt% electrode
and high binder electrodes during calendering.

J. Mater. Chem. A, 2025, 13, 18283–18291 | 18287
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Fig. 5 (A) First charge–discharge cycle (C/20) of solvent-free NMC electrodes containing 0.5, 1, 2 and 4 wt% PTFE. (B) Capacity of solvent-free
NMC electrodes containing 0.5, 1, 2 and 4 wt% PTFE at charge–discharge rates up to 2C (average of 2 electrodes). (C) Long term capacity of
solvent-free NMC full cells (vs. LTO) containing 0.5 and 4 wt% PTFE at a charge–discharge rate of C/3 (average of 2 electrodes). (D) Nyquist plots
of the impedance at 100% SOC for NMC half-cells containing 0.5 and 4 wt% PTFE. (E) Equivalent circuit used to model the electrode impedance.
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showed reduced capacity compared with the 0.5 wt% and 1 wt%
PTFE electrodes.

Long-term cycling stability is presented in Fig. 5C for the
0.5 wt% and 4 wt% electrodes, showing very similar capacity
retention of 97% and 96.7%, respectively, aer 200 cycles at C/3.
This is consistent with the C rates data shown in Fig. 5B, and
suggests that for relatively low C-rates (#C/3), the long-term
cycling stability remains excellent, even for binder content as
low as 0.5 wt%.

Fig. 5D compares the EIS spectra of the electrodes contain-
ing 0.5 and 4 wt% PTFE. The data was tted to the equivalent
circuit shown in Fig. 5E, and the extracted best-t parameters
are summarised in Table 1. The impedance curves were
composed of two overlapping semi-circles at high frequency,
followed by a third semi-circle ending in an upward tail at low
frequency. These features were matched to specic materials
Table 1 Resistances from equivalent circuit analysis and corre-
sponding to the best-fit impedance curves in Fig. 5D. All parameters
are listed in Table S.3

Electrode Rcontact [U] Rct [U] Rel [U] Rw [U]

0.5 wt% PTFE 3.1 7.5 6.7 5.8
4 wt% PTFE 30 6.4 21 4.7

18288 | J. Mater. Chem. A, 2025, 13, 18283–18291
parameters by performing a system identication analysis at
different state-of-charges (SOC) for a typical electrode (sum-
marised in Fig. S.5 and Table S.2†). More information about the
collected impedance data and model is available in ESI.† The
rst semi-circle at the highest frequency was attributed to the
contact resistance (Rcontact) between the electrode and current
collector, which was consistent with previous reports on similar
materials and supported by a near constant value at different
SOC.32 The second semi-circle at intermediate frequency
increased in radius with decreasing SOC, corresponding to the
charge transfer resistance (Rct).33,34 The nal semi-circle at lower
frequency was attributed to the ionic diffusion in the electrolyte
(Rel), and the tail at the lowest frequency corresponded to solid-
state diffusion in the active material (Rw).

Table 1 indicates that Rel and Rcontact were signicantly
higher (3× and 10× respectively) for the 4 wt% PTFE electrode.
This is consistent with the SEM analysis in Fig. 1 and 2 that
revealed a drastic reduction in surface porosity and the pres-
ence of large bulk PTFE regions in the 4 wt% electrode. This
microstructure is likely to cause a signicant reduction in ionic
mobility and electronic conductivity, as conrmed by the EIS
analysis. The electronic conductivity of the solvent-free elec-
trodes was also measured with a four point probe instrument.
The electronic conductivity decreased from 17.7 S m−1 to 10.4 S
This journal is © The Royal Society of Chemistry 2025
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m−1 for the 0.5 wt% and 4 wt% electrodes, respectively
(Fig. S.6†).
3 Conclusion

In summary, we have shown that the fraction of PTFE binder
has a large impact on the inter-related aspects of processability,
nal microstructure and performance of solvent-free LIB elec-
trodes. From amicrostructural perspective, above 2 wt% binder,
PTFE begins to block critical electrode porosity, hindering
charge carrying ionic mobility through the electrode, and also
lowers its electronic conductivity. Higher binder fractions lead
to excessive load transferred to active material particles, causing
active material fracture during calendering. In contrast, lower
fractions of PTFE allow compaction at relatively low stress that
avoids widespread particle fracture. Quantitatively, increasing
PTFE from 0.5 wt% to 4 wt% dramatically increased the elec-
trode stiffness from 10 MPa to 30 MPa and yield strength from
1 MPa to 2.5 MPa. Electrochemically, the 0.5 wt% PTFE elec-
trode showed superior capacity retention at higher charge–
discharge rate, with improvements of up to 150% at 2C
compared with the 4 wt% PTFE electrode. The strong interplay
between electrode formulation, mechanical properties and
microstructure, which ultimately impacts electrochemical
performance, suggests that active materials developed for slurry
casting may not always be suitable for solvent-free processing.
This offers an opportunity to design active material particles
more resistant to fracture and overall formulations better suited
to solvent-free manufacturing. The novel mechanical testing
methodology developed here combined with advanced elec-
trode characterisation techniques can be applied to other
systems and guide the design of new electrode manufacturing
processes for Li-ion and beyond Li-ion batteries.
4 Materials and methods
4.1 Materials

The positive electrode active material used in all electrodes was
LiNi0.6Mn0.2Co0.2O2 (NMC622) powder with a median particle
size of 10 mm (Targray, Canada) and a typical discharge capacity
of 175 mA h g−1 when cycled between 2.8 and 4.25 V. The pol-
ytetrauoroethylene (PTFE) powder had a particle size between
100 and 200 mm (3M, Germany) and the carbon nano bres
(CNF) for electrical conduction had an average diameter of 150–
200 nm and a length of several tens of mm (Pyrograf, USA).
4.2 Electrode preparation

For the solvent-free manufacture of electrodes, the active
material, binder and CNF were mixed together in a Thinky
planetary mixer for 6 minutes from 300 up to 2000 rpm before
being transferred to an agate mortar. The mortar containing the
mixed powders and the pestle were subsequently heated in an
oven at 80 °C for 20 min, and then mixed manually. Aer 5 min,
a single integral ake was obtained, and further kneaded for
5 min. The ake was then calendered at a temperature of 80 °C
and a line pressure from 50 up to 100 N mm−1 to obtain
This journal is © The Royal Society of Chemistry 2025
a thickness of approximatively 100 mm using a SUMET CA3 hot
calendar. The Li4Ti5O12 (LTO) (median particle size 5–10 mm,
MSE, USA) counter anodes used in full cells were fabricated
using the same solvent-free process.

4.3 Coin cell assembly

Disks of 14 mm diameter were punched out of the calendered
electrodes and dried overnight in a vacuum oven (ushed with
Ar) at 120 °C. All the solvent-free cathodes had a thickness in the
range 100–110 mm and an areal loading of 30–33 mg cm−2 (see
Table S.4†). CR2032 half-cells were assembled with the cathode
working against a cleaned and attened Li chip. CR2032 full-
cells were made with the cathode working against the LTO
anode. A glass bres separator (Whatman, USA) was used and
the electrolyte was 1 M LiPF6 in ethylene carbonate and
dimethyl carbonate (EC/EMC 3/7) + 2 wt% VC (Elyte, Germany).
140 and 180 mL of electrolyte was used in the half-cells and full-
cells, respectively. For the full-cells, the cathodes were matched
with anodes to give an areal and gravimetric capacity ratio of
approximatively 1 : 1.1. The coin-cell assembly was performed in
a glove box under a high purity Ar atmosphere (O2 < 0.1 ppm)
and all the components were dried overnight under vacuum in
an antechamber at 80 °C. The coin cells were rmly crimped
before being taken out of the glovebox for testing. Three elec-
trodes cells were also prepared for electrochemical impedance
spectroscopy (EIS) using El-cell PAT cells with a Li reference
electrode and a Li chip as the counter electrode.

4.4 Electrochemical characterisation

Coin cells were tested using a battery cycler (Arbin Instruments,
USA) in the potential range of 2.5–4.2 V for NMC-based half-cells
at room temperature. The NMC-LTO full cells were cycled in the
potential range of 1–2.8 V at room temperature and at a C-rate of
C/3. The cells were formed by performing two charge–discharge
cycles at C/20 followed by two further cycles at C/10. The cells
were charged using a standard CC-CV protocol (the cut-off
current was half the current used in the CC step) followed by
a CC discharge.

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
frequencies per decade and a nominal AC voltage amplitude of
10 mV. Every EIS measurement was performed aer a relaxation
period of 2 h to allow the electrode to reach steady-state (addi-
tional information is available in ESI†).

The electronic conductivity of the electrodes were measured
using an Ossila four probe instrument. At least six electrodes
(8 mm in diameter) were measured and the average value and
standard deviation were computed.

4.5 Microstructure characterisation

The scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) analysis were performed with a high-resolution
Merlin eld emission scanning electron microscope (Zeiss,
Germany) equipped with an EDX X-max detector (Oxford
Instruments, UK) at an accelerating voltage of 2–3 kV.
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The XRD analysis was performed using a Panalytical Empy-
rean X-ray diffractometer equipped with a Cu source operated at
40 kV and 40 mA. The Rietveld renement was performed using
the HighScore Plus soware. Instrument broadening was cor-
rected using a Si reference.

The transmission electron microscopy (TEM) samples were
prepared using the same solvent-free process described above.
NMC was replaced by NaCl which was subsequently dissolved to
preserve only the PTFE bril network. A 3 mm disk of the NaCl
electrode was cut with a biopsy punch and then pressed onto
a carbon coated copper TEM grid with a glass slide. The TEM
sample was then immersed into water overnight to dissolve and
remove NaCl from the electrode and leave only the PTFE bril
network onto the copper grid. This method enabled to obtain
samples that are electron transparent and suitable for trans-
mission electron microscopy. The TEM analysis was performed
with a Jeol 2100 TEM (W source) operated at 200 kV and
equipped with a Gatan Metro In Situ Counting Camera. Porosity
was estimated from relative density measurements performed
on 14 mm disks cut from calendered electrode sheets. The
density was estimated by measuring the mass of the disk and its
dimensions with a micrometer.
4.6 Mechanical testing

Compression tests were performed using a DEBEN universal
testing machine equipped with a 1 kN load cell and stainless
steel compression jaws. All compression tests were performed
at 80 °C (same as the calendering temperature) on cylindrical
specimens of 2 mm thickness and 5 mm diameter at a cross-
head speed of 0.4 mm min−1, corresponding to an engineering
strain rate of 0.2 min−1. The dimensions of the specimens were
captured with a high resolution camera and extracted via an
image processing algorithm developed in MATLAB and based
on the code available here: https://github.com/EdDarnbrough/
DEBEN-and-ThorCam.
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