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Understanding the fast charging ability limitation
in a graphite electrode for Li-ion batteries.
Heterogeneities of lithiation in conventional
electrodes

Corentin Renais, a Marta Mirolo,b Victor Vanpeene,c Maxime Servajon,a

Jakub Drnec,b Fannie Alloin *a and Claire Villevieille *a

Graphite electrodes dominate the Li-ion battery market as a negative electrode material. As a consequence,

it is of utmost importance to understand the origin of their power limitation for fast charging applications in

electric vehicles. We first investigated thick and porous graphite electrodes using rate capability tests by

varying the electrode porosity and the salt concentration, showing a first correlation between porosity, salt

concentration, and high-power capability. Using X-ray holo-tomography at large-scale facilities, we probed

the microstructure of the electrodes, showing the increase of tortuosity as a function of porosity. These

gathered results were strengthened by using operando vertical profile high resolution X-ray diffraction.

Heterogeneities of lithiation along the electrode thickness were found by varying the electrode porosity and

the cycling rate from C/4 to C/1. The highest tortuosity results in large ionic transport hindrance along the

electrode thickness. The in-depth investigation demonstrated that larger heterogeneities through the elec-

trode thickness are observed. These heterogeneities depend on the graphite reaction mechanisms and are

more pronounced in the biphasic domain ascribed to the flat potential plateau. Finally, by correlating all the

results, we were able to estimate the local current densities and demonstrate that the effective local C-rate

can reach twice the applied C-rate, raising serious concerns about the ageing phenomenon in batteries.

Broader context
Fast-charging lithium-ion batteries are essential for the widespread adoption of electric vehicles and the efficient use of renewable energy, yet their electro-
chemical performance remains limited by a fundamental trade-off between energy and power density. This limitation is particularly true for graphite negative
electrodes, which, despite their commercial use, exhibit strong rate limitations that can lead to non-uniform lithiation, accelerated ageing, and safety risks
under high-power operation. While electrode engineering strategies such as calendering and porosity optimisation are commonly employed to improve power
performance, their impact on ion transport and reaction heterogeneity within working electrodes remains poorly understood. By combining electrochemical
measurements, three-dimensional microstructural characterisation, and operando spatially resolved X-ray diffraction, this study directly links electrode micro-
structure to lithium-ion transport limitations and lithiation gradients in graphite electrodes. The results demonstrate that increased tortuosity in low-porosity
electrodes leads to severe ionic transport limitations, heterogeneous current distribution, and local effective C-rates significantly exceeding the applied
current. These findings highlight the critical role of three-dimensional microstructure in governing fast-charging behaviour and emphasise the need for
spatially resolved design principles to develop safer, longer-lasting, and high-power batteries for sustainable energy applications.

Introduction

Power and energy densities are key parameters to develop
better energy storage systems.1 Unfortunately, in conventional
Li-ion batteries (LiBs), these properties are antagonists, which

prevent long-range/fast charging in electric vehicles, as an
example. Strategies need to be developed to address this issue
or at least understand the limitation. Currently, electrode
engineering is at the core of LiBs research to at least buffer
this issue. Classical procedures involve optimising the loading
(control of electrode thickness and “travelling” distance of the
charges), electronic percolation (improving power density),
and porosity (both ionic and electronic percolation) of electro-
des to find an optimal ratio between energy and power for a
given application. Unfortunately, the graphite negative elec-
trode is the most affected by this limitation, even with
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dedicated engineering. The underlying challenge is then to find
the causes of this limitation and address these weaknesses.

To identify the process(es) that limit the power capability of
the graphite electrodes, researchers investigated the impact of
electrode engineering, in particular, the electrode porosity, as
it allows tuning of electronic and ionic transport. Generally,
the optimal porosity is set between 30% and 50%.2,3 Antartis
et al. concluded that the optimal porosity of the electrode is
around 45%, when graphite particle size is below 20 µm.4

Indeed, they did not observe any gain in specific capacity for
porosities greater than 50%, since a similar and optimal
wetting of the electrode was obtained above this value.
However, in this case, the specific capacity fading was more
pronounced and was related to a lack of mechanical strength
at the electrode level, leading to progressive active material
inactivity. For porosities smaller than 30%, the compactness of
the electrode induces more stress on the particles during the
lithiation process due to the swelling of the particles them-
selves (around 13% expansion of the unit cell volume5) and it
induces specific capacity loss along cycling. For porosities
between 30 and 50%, the authors attributed the lower specific
capacity obtained at a C/5 rate (porosity of 37%) compared to
the one obtained at C/20 to a limited transport of lithium ions
through the denser graphite microstructure, while this limit-
ation was less pronounced at a porosity of 49%. Similar results
were obtained on LiFePO4 electrodes, as demonstrated by
Fongy et al. An electronic limitation is observed in the case of
low electrode compacity (high porosity), whereas an ionic one
occurs for denser electrodes.6,7

A power limitation in an electrode could lead to lithiation
heterogeneities in the electrode volume that could originate
from ionic and/or electronic transport. Newman et al., employ-
ing a modelling approach, accounted for such heterogeneities
in porous electrodes by introducing a penetration depth
concept.8 The concept of penetration depth, expressed in a
dimensionless form, was later extended to incorporate other
relevant parameters, such as salt concentration and transfer-
ence number. Based on the work of Doyle et al.,9 Fuller et al.
modelled the discharge behaviour of a graphite/MnO2 cell and
highlighted that the main process that limited power capa-
bility was the concentration gradient due to salt depletion.10

More recently, Gallagher et al. further developed the model
and discussed the effect of current density on penetration
depth in LiNi0.8Co0.15Al0.05O2/graphite cells.11 Tambio et al.
using Gallagher’s results demonstrated the importance of
micrometric pore percolation in the homogenisation of salt
concentration in the LiNi0.5Mn0.3Co0.2O2 electrode.12 In all
cases, the concept of penetration depth discusses the appear-
ance of a salt concentration gradient along the electrode thick-
ness that, in the worst case, could reach a concentration of
zero. Dufour et al. investigated lithium concentration gradients
as a function of electrode loading and C-rate with simu-
lations.13 Using a spatial quantification of heterogeneity with
the Normalised Absolute Average Deviation (NAAD) function,
first introduced by Gu,14 heterogeneities in the composite elec-
trode were observed in correlation with the formation of the

intercalation stages IV, II and I, stages mainly driven by a
biphasic mechanism of lithium storage. Inversely, smaller het-
erogeneities were observed for solid solution phase
mechanisms.

Experimentally, these inhomogeneities were also investi-
gated. Lithium inventory mapping of electrodes (LIME) was
developed combining both X-ray diffraction (XRD) and X-ray
fluorescence (XRF) to probe at the same time the structural
state of charge and the electrolyte concentration.15 Using
imaging, operando optical microscopy experiments were per-
formed.16 Kang et al. observed a front of lithiation from the
separator/electrode interface toward the electrode/current col-
lector interface, demonstrating a power limitation coming
from the electrolyte.17 Unfortunately, quantitative estimation
of the active material state of charge was not possible with this
approach. X-ray diffraction, despite being a bulk technique
with no visual evolution of the lithium concentration gradient,
could play a key role. Based on energy-dispersive XRD, Yao
et al. quantified lithiation gradients in a graphite electrode in
a full cell graphite/NMC532. They observed that lithiation
occurs first near the separator before propagating toward the
current collector, demonstrating a limitation from the
diffusion of lithium ions through the electrolyte.18 Tardif et al.
used several literature data to report an average q scattering
vector for the region containing LiC6 (001) and graphite (002)
Bragg reflections in correlation with the state of charge of a
graphite half-cell, establishing a pseudo-calibration curve to
determine the graphite state of charge from a diffraction
pattern.19 The authors denoted a delithiation gradient from the
separator toward the current collector and quantitatively esti-
mated the heterogeneity in graphite delithiation with the NAAD
function. Compared to the study by Dufour et al., a similar evol-
ution in the state of charge dispersion was observed for x < 0.5,
but no dispersion was indicated for stage I formation (x > 0.5),
which is inconsistent with the model results.

To date, there has been a lack of correlation between the
lithiation heterogeneities in the electrode thickness and the
electrode engineering parameters, in particular, the micro-
structure (porosity and tortuosity), but also with other engin-
eering parameters such as the salt concentration. In this study,
the microstructure of a graphite electrode with two porosities
was investigated by means of tomography measurement and
correlated to rate capability measurement and operando XRD
using vertical profiling along the electrode thickness. The cor-
relation between the electrochemical data and the structural
properties evidenced the effect of the electrode’s microstruc-
ture, in particular, in hindering Li-ion transport properties,
which as a consequence, contributed to poor power capability
of graphite electrodes.

Materials and methods
Electrode preparation and coin cell assembly

A suspension mixture composed of 80%wt of SFG 6L graphite
powder (Imerys), 10%wt of Super C65 black carbon (Imerys)

Paper EES Batteries

EES Batteries © 2026 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

9:
11

:5
9 

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00003g


and 10%wt of PVDF HSV900 (Arkema) in N-methyl-2-pyrroli-
done (NMP, Sigma Aldrich) was prepared and spread onto a
copper foil which was used as a current collector of 10 µm
thickness, using a doctor blade with a 600 µm blade height.
The slurry was dried at 70 °C overnight, and electrode disks of
12 mm diameter were cut. From this process, porosities of 70
± 5% (∼120 µm of thickness) and a loading of 6 ± 0.5 mg cm−2

were obtained. The reduction to 50% (75–80 µm) or 30%
(50–55 µm) porosity was achieved using a calendering machine
(MTI, MSK-HRP-01). The calendering process was performed
at room temperature by applying a dedicated pressure, and
then the electrodes were compressed at least three times at
each pressure with a speed set to a value (7 on the apparatus).
To remove the residual water, electrodes were dried overnight
in a Büchi system at 90 °C under dynamic vacuum (10−3 bar),
before being introduced into an Ar-filled glovebox. The electro-
des were assembled on CR2032 coin cells in an Ar-filled glove-
box with <1 ppm O2 and H2O. Half cells were mounted incor-
porating the graphite electrode, a glass fibre separator
(Whatman) filled with 150 µL of LP30 (1 M LiPF6 in EC/DMC
1 : 1%v, Solvionic) and a 750 µm thick lithium metal disk of
12 mm diameter as a counter electrode (S4R supplier). Each
electrochemical cycling was reproduced with three cells to
ensure the reliability of the measurement. A standard devi-
ation was extracted on the specific capacity obtained as a func-
tion of the cycling rate. This standard deviation is included in
the plots analyzing the rate capability.

Cycling conditions and rate capability tests

All half cells were preliminarily cycled in a thermoregulated
chamber at 25 °C (±0.1 °C), with two cycles at a C/20 cycling
rate between 1.2–0.01 V vs. Li+/Li, with the first two cycles
enabling proper formation of the solid electrolyte interphase
(SEI). Then, the rate capability tests involve increasing the
C-rate from C/10 to 4C, with each cycling at a specific rate
being repeated three times. The cycling protocol uses a classi-
cal constant current-constant voltage (CCCV) procedure with a
30 min CV period between 1.2 and 0.01 V vs. Li+/Li. In the rest
of the article, all potentials always refer to the redox couple
Li+/Li.

Tortuosity measurement

Symmetric cells made of graphite electrodes were mounted in
coin cells (12 mm diameter) and a glass fibre separator filled
with 100 µL of 0.35 M LiPF6 in EC/DMC (1 : 1%v). The graphite
electrodes used were the same (SFG 6L) as for rate capability
tests, and the porosity ranged from 70% (pristine) to 50% and
30% by calendering. The coin cells were characterised by
electrochemical impedance spectroscopy (EIS) at an open
circuit voltage (OCV) between 1 MHz and 1 Hz with a pertur-
bation amplitude of 10 mV using an SP150 (Biologic) at 25 °C
(±0.1 °C). The impedance diagrams were recorded ten times
every 30 minutes and the results were averaged. The measured
impedance diagrams were fitted using a transmission line
model (TLM) using RelaXis software as described by

Landesfeind et al.20 (Note 1, SI). The ionic conductivity of the
electrolyte was assessed using a dedicated conductivity cell.

X-ray holotomography measurements and data treatment

Graphite electrode disks of 50% and 30% porosity were cut in
thin lamella (a few hundred micrometres in width) using a
razor blade. The lamellas were glued to brass pins and placed
in a sample holder made of PFA sealed under Ar using a UV-
curing glue. Acquisitions were performed at the ESRF ID16B
beamline21 using the X-ray holo-tomography technique.22

Scans composed of 4 consecutive acquisitions at each distance
constituted 2505 projections, as well as 20 and 21 reference
and dark images, respectively, that were recorded on a PCO
edge 5.5 CMOS camera (2048 × 2048 pixels2) with a 17 µm
thick LSO scintillator along a 360° rotation. For the incident
X-ray beam, an energy of 29.45 keV and photon flux 3.4 1011

ph s−1 were measured, hence an exposure time of 10 ms per
projection. Acquisitions were performed at a voxel size of
50 nm, resulting in fields of view of 102 × 102 µm2. 3D recon-
structions were achieved in two steps: (i) phase retrieval calcu-
lation using an in-house developed octave script based on a
Paganin-like approach using a delta/beta ratio of 2740, and (ii)
filtered back-projection reconstruction using ESRF software
PyHST2.23 Final volumes of 102 × 102 × 102 µm3 with a voxel
size of 50 nm in a 32-bit floating point were obtained. Post-pro-
cessing ring removal and 8-bit conversion were performed
using a dedicated Matlab script.24 Analyses were performed on
the reconstructed 8-bit volumes using the ImageJ software.25

The different phases were segmented using a machine learn-
ing based random forest classifier embedded within the Ilastik
software.26 Additional details on image analysis and tortuosity
calculation are presented in Note 2, SI.

X-ray diffraction measurements and data treatment

X-ray diffraction experiments were performed at the ESRF ID31
beamline. Coin cells were cycled at C/4, C/2 and C/1 rates
using an SP150 potentiostat (Biologic) in a thermoregulated
environment at 25 °C (±0.1 °C). To ensure a reliable vertical
profiling experiment, the coin cells were aligned parallel to the
beam so that the X-rays travelled through the whole diameter
of the graphite electrodes. For the electrode with 50% porosity,
the electrode thickness (around 75 µm) was probed with steps
of 16 µm over a thickness of 90 µm. In the end, five z-positions
localised in the electrode thickness were analysed, and each of
them was found to be in agreement with their relative position
in the electrode thickness L (0.1 L, 0.3 L, 0.5 L, 0.7 L and 0.9 L;
0.1 L being near the separator and 0.9 L near the current col-
lector). For the electrode with 30% porosity, the electrode
thickness (around 50 µm) was probed with steps of 5 µm. Nine
z-positions were analysed corresponding to relative positions
from 0.1 L to 0.9 L, with steps of 0.1 L.

A Pilatus 2 M CdTe 2D detector (Dectris) was used for the
acquisition of the diffracted signal, positioned roughly 1 m
from the sample. The beam energy was set at 75 keV, and the
beam was focused on the sample (approximately 5 μm x
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15 μm, vertical × horizontal). The 2D images were integrated
into the 1D diffraction pattern using the pyFAI package.27

Data treatment was performed using Python software with
Matplotlib28 and LMFIT29 libraries. A baseline subtraction on
the 1D diffraction patterns was realised using a SNIP (stat-
istics-sensitive non-linear iterative peak-clipping) algorithm
from the PyBaseline library.30

Results and discussion
Electrochemical characterisation

To assess power limitations, we investigated graphite electro-
des with two different porosities, 50% and 30%, as a function
of the applied cycling rate (rate capability tests31–33) and of the
salt concentration in the electrolyte (1 M, 0.7 M and 0.35 M
LiPF6 in EC/DMC 1 : 1%v). Fig. 1a shows the evolution of the
galvanostatic fraction (CC) over the total specific capacity
obtained by CCCV depending on the applied C-rate for 50%
and 30% porosity graphite electrodes. The inset shows the
specific galvanostatic capacities obtained for each cycle for
both electrode porosities. At slow cycling rates (C/20–C/6),
stable specific galvanostatic capacities were obtained (slightly
decreasing from 383 mAh g−1 to 358 mAh g−1) for both elec-
trode porosities. It should be noted that the obtained specific
capacities exceed the theoretical specific capacity of graphite
because of additional charges coming from the adsorption of
Li+ on nanoparticles of carbon additive, increasing the
maximal specific capacity of the composite electrodes. A differ-
ence appears at the C/4 rate, when a lower specific galvano-
static capacity is observed for the electrode with 30% porosity,
compared to the one at 50% porosity. Notably, at fast charging
rates (above C/2), the electrode can no longer reach graphite’s
theoretical specific charge. By increasing the cycling rate to

2C, a larger difference is noticed in the achievable capacity, as
a function of the electrode porosity. The highest difference is
obtained at C/1.5, with a galvanostatic specific capacity of
230 mAh g−1 for the electrode with 30% porosity, whereas
273 mAh g−1 is achieved for the electrode with 50% porosity.
For higher cycling rates (2C–4C), a stabilisation of the specific
galvanostatic capacities is observed, representing less than
20% of the total specific capacities for both porosities. At this
stage, Li plating could also play a role but from an electro-
chemical perspective, monitoring lithium plating during
lithiation remains challenging, while it becomes less during
delithiation as lithium is oxidized. Careful examination of our
delithiation curves revealed no evidence of a plateau associ-
ated with Li plating, even at high charging rates. However, in
this range and even at a faster charging rate, we suspect that
the lithium counter electrode takes the lead in terms of kinetic
limitation, inducing a large counter electrode polarization. Lu
et al. further investigated the failure mechanisms for fast
charged Li metal batteries with liquid electrolyte.34 They
demonstrated that at rates higher than the 1C rate, already Li
can be detrimental for cycling. In addition to the Li metal
counter electrode limitation, the half-cell could deliver many
“capacitive” charges since no capacity from intercalation could
be achievable. This explains why the specific galvanostatic
capacity reaches a plateau for high C-rates.

To further characterise the electrochemical behaviour of the
two electrode porosities, the lithiation profiles obtained at C/4
are compared (Fig. 1b). Regarding the two last potential pla-
teaus (attributed to stage II and stage I formation,35,36 around
0.8 and 0.05 V), a similar starting potential can be seen;
however, the plateau of the potential shows a higher tilt for
the electrode with 30% porosity. This is even more visible in
Fig. 1c, where the peaks obtained by differential capacity ana-
lysis (DCA) are broader and reach lower intensities for the elec-

Fig. 1 Rate capability test performed on graphite electrodes with 50% and 30% porosity (black and red curves, respectively) cycled vs. Li in half cell
configuration with the LP30 electrolyte. (a) Proportion of galvanostatic charge (CC) over the total specific capacity obtained by CCCV with a CV
period of 30 min, as a function of the C-rate applied. The inset shows the specific galvanostatic capacities obtained during the rate capability tests.
(b) Lithiation profiles obtained at the C/4 rate for each electrode porosity. (c) Differential Capacity Analysis (DCA) of the lithiation profiles obtained at
the C/4 rate.
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trode with 30% porosity. All these features highlight higher
limitations in the graphite electrode lithiation for 30% poro-
sity, probably linked to electronic and/or ionic transport.

To verify whether the limitation is caused by electronic or
ionic percolation, similar rate capability tests were carried out
on graphite half cells by changing the salt concentration from
1 M to 0.7 M and 0.35 M LiPF6 in EC/DMC 1 : 1%v. For all the
electrolytes, the first formation cycle was performed at C/20 to
ensure a good SEI formation. As it is well known that the SEI
properties are also dependent on the electrolyte and salt
concentration,37–39 we compared the first lithiation and it is
provided in the SI (Note 3). The potential of the formation of
the SEI remains the same i.e. 0.8 V despite having a different
salt concentration, as well as the “length” of the plateau indi-
cating that the Coulomb exchanges are rather similar. It indi-
cates that the SEI properties remain similar in the three cases,
even if we cannot exclude a small difference in the chemical
properties. Fig. 2a shows the evolution of the galvanostatic
contribution depending on the salt concentration as a func-
tion of the C-rate. The inset shows the specific galvanostatic
capacities for all salt concentrations. Two features are
observed: (i) the specific galvanostatic capacities are lowered
by decreasing the salt concentration from the C/10 to the 2.5C
rate and (ii) the decrease of galvanostatic contribution with the
increase in the C-rate is faster when decreasing the salt con-
centration. Again, at a rate of 2.5C and above, the lithium
metal counter electrode plays a key role independent from the
salt concentration in the electrolyte. In Fig. 2b, one can notice
that decreasing the salt concentration induces a less “marked”
curve at C/4, losing the typical potential plateau shape of the

graphite staging process. From the DCA curves in Fig. 2c, two
phenomena can be observed: (i) the three peaks are shifted
toward lower potentials (shown by the horizontal black arrows)
on decreasing the salt concentration; this is due to the higher
overpotentials of lithiation originating from the lower concen-
trations (inducing higher ohmic drop) and/or the lower kinetic
of lithiation; (ii) the peaks reach lower intensities (shown by
the vertical black arrows) that highlights a partial loss of the
flat potential features because of a more dispersed process in
the electrode volume. The effect of salt concentration supports
the hypothesis of an ionic limitation in the electrode.
Decreasing the salt concentration causes higher depletions of
lithium ions in some part of the electrode volume, inducing
lower specific capacities for a given cycling rate and the loss of
the typical potential plateau shape of graphite lithiation.

The rate capability tests coupled to the salt concentration
decrease demonstrate that the ionic diffusion of lithium is the
limiting factor regarding the power ability of graphite electro-
des. These results are in agreement with the literature studies
demonstrating similar ionic transport limitations in graphite
electrodes. A decrease of the electrode porosity is known to
increase the tortuosity, which is responsible for higher
diffusion times of lithium ions through the electrode micro-
structure for a given distance. Tortuosity can be measured with
two different methods, either by electrochemical impedance
spectroscopy (EIS) and/or by X-ray tomography measurements
or focused-ion beam scanning electron microscopy (FIB-SEM).
The former is simply referred to tortuosity parameters,
whereas the second one is generally called geometric tortuos-
ity. The absolute values between them are different, but the

Fig. 2 Rate capability test of the graphite electrode (30% porosity) cycled vs. Li° in half cells with 1 M, 0.7 M and 0.35 M LiPF6 in EC/DMC 1 : 1%v

(red, blue and green curves respectively). (a) Proportion of the galvanostatic charge (CC) over the total specific capacity obtained by CCCV with a CV
period of 30 min, as a function of the applied C-rate. The inset shows the galvanostatic capacities obtained during the rate capability tests. (b)
Lithiation profiles obtained at the C/4 rate for each salt concentration. (c) Differential capacity analysis of the lithiation profiles obtained at the C/4
rate.
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trend remains similar. Yet, we measured the ionic tortuosity
using EIS (presented in Note 1, SI). For an electrode with 50%
porosity, a tortuosity of 7 ± 0.2 was obtained while that of 9.4 ±
0.7 was obtained for an electrode with a porosity of 30%. The
values obtained are in the upper range of the reported values
for graphite electrodes with similar porosities and particle
morphologies (from τ = 5 to 10).20,40–43 Still, the ionic tortuos-
ity difference between the two electrode porosities is signifi-
cant, and it supports a longer diffusion of lithium ions
through the electrode thickness for a porosity of 30%.

Morphological characterisation

The graphite electrodes with 50% and 30% porosity were also
characterised by X-ray holotomography (ID16B, ESRF,
Grenoble) to assess the microstructure of the electrodes
(Fig. 3a and d). From the segmented tomographs (method-
ology is explained in Note 2, SI), each phase (graphite SFG 6L,
carbon-binder domain (CBD), and porosity) was characterised
in terms of volume fraction and median local thickness.
Table 1 summarises the main results obtained from the X-ray
holotomography measurement for each electrode. First, a good
agreement can be found between the theoretical (estimated
from the weight and density of the components) and experi-
mental values when it comes to the volume fraction of the
different phases, validating the segmentation process. Due to
the reached resolution (voxel size of 50 nm), a small fraction of
the pores (<100 nm) was possibly not accessible and instead

attributed to graphite and/or CBD phases, as observed in the
slight underestimation of the porosity volume fraction. It
seems that calendering does not have a huge impact on the
CBD domains since they are of similar thicknesses (195 vs.
240 nm), in the range of the experimental resolution. As
expected, the pore size decreases when the porosity of the elec-
trode is decreased (from 510 nm to 370 nm). From the porosity
phase, the pore intra-connectivity was evaluated and shows
proper wettability of the electrode (100% and 97% for 50%
and 30% porosity, respectively). Still, calendering slightly
decreases the intra-connectivity, probably because of the
closing of some pores. We also analysed the distribution of
porosity along the electrode thickness for both porosities as
presented in Note 4 (SI). We noticed that calendering enabled
a homogenisation of the porosity along the electrode thick-
ness, whereas at 50% porosity a higher distribution was
observed with larger porosity at the separator/electrode inter-
face reaching 60%.

The geometric tortuosity was estimated through geodesic/
Euclidean distances along the through- and in-plane direc-
tions (Fig. 3b and e). The in-plane and through-plane tortuos-
ity are given in Fig. 3c and f for the two electrode porosities. A
close in-plane tortuosity is found for both electrode porosities
(1.13 vs. 1.33), whereas the through-plane tortuosity (from
where the calendering is effective) was increased by the calen-
dering step (1.4 vs. 2.0 for 50% and 30% porosity respectively).
A thinner distribution is observed for the in-plane direction

Fig. 3 X-ray holotomography results obtained at the ID16B beamline at ESRF. (a) Segmented image of the 50% porosity graphite electrode, with the
volume fraction of each phase. (b) Geodesic distance map for the 50% porosity graphite electrode. (c) Cumulative geodesic/Euclidean distances for
the 50% porosity graphite electrode. (d) Segmented image of the 30% porosity graphite electrode, with the volume fraction of each phase. (e)
Geodesic distance map for the 30% porosity graphite electrode. (f ) Cumulative geodesic/Euclidean distances for the 30% porosity graphite
electrode.
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compared to the through-plane direction. The geodesic dis-
tance maps for in-plane and through-plane directions are
given in Note 5 (SI), with values in agreement with the litera-
ture.44 These observations correlate with the flake shape of
graphite particles that are naturally oriented with their basal
plane parallel to the current collector plane, generating more
tortuous pathways in the through-plane direction. The results
are also in agreement with the tortuosity estimated via EIS,
demonstrating the detrimental effect of decreasing the poro-
sity from 50% to 30% by calendering. The estimated values
with both techniques are different because the measured tor-
tuosity is not equivalent. Indeed, whereas electrochemically
determined tortuosity is sensitive to all the interactions
between lithium ions, the counter anion and the porous struc-
ture, the geometrical tortuosity does not account for it and is
limited to geodesic distance evaluation restricted by the
imaging resolution.45

From these microstructures, diffusion simulations were per-
formed using the software TauFactor by Cooper et al..46 This
software was developed to compute effective transport pro-
perties in 2D or 3D microstructures by setting specific bound-
ary conditions. Here, the 3D volumes obtained by X-ray holoto-
mography were injected and the effective diffusivity was com-
puted for each electrode porosity. By convention, the method-
ology imposes the definition of salt concentration boundaries
at the separator/electrode and electrode/collector interfaces
that were set to Csep = 1 and Ccc = 0, since it is commonly
accepted that the concentration will be minimal at the current
collector side. Then, by solving the Laplace equation for
steady-state diffusion, the tortuosity factors were computed as
described in Note 2 (SI). This methodology, even though it
might seem peculiar, still allows a fair comparison between
both electrodes. The simulation results are shown in Fig. 4,
with 3D views of the concentration gradient for both porosities
(Fig. 4a and b). Tortuosity factors of 4.65 for the electrode of
50% porosity and 17.9 for the electrode of 30% porosity were
obtained. The distribution of salt concentration along the elec-
trode thicknesses was also investigated and is shown in
Fig. 4c. A linear decrease of the normalised concentration was
observed by penetrating the electrode thickness for a porosity
of 30%, whereas two slopes (visible with the dashed lines)
were observed for the electrode of 50% porosity, with a slope
break around 30 µm. This demonstrates a better homogeneity
of the electrode’s microstructure for a porosity of 30%, due to
the higher calendering pressure. Furthermore, the evolution of
the median local pore size as a function of the electrode depth
is displayed in Fig. 4d. The profile shows a gradient from a
larger pore size towards the separator to smaller ones closer to

the current collector interface for the poorly-calendered elec-
trode (50% porosity) with variation of more than 10% to the
average median local pore thickness value (d50 = 510 nm). The
same trend is already reported for the local porosity volume
fraction as a function of depth in Note 4, SI (Fig. S4a). In con-
trast, a more homogeneous distribution along the electrode
depth is reported for the calendered electrode (i.e. 30% poro-
sity) (less than 3% variation to its average median local pore
thickness value of 370 nm). Moreover, the dual-slope behavior
observed for the 50% porosity electrode shows an inflexion
point that corresponds to the moment when median local
pore size goes below the average value of the entire microstruc-
ture (at a depth of 33 µm). These observations support the
hypothesis of a more homogenous salt concentration in the
more calendered microstructure.

Structural characterisation

From the preliminary observations obtained by electro-
chemical and morphological investigations, we expect hetero-
geneities of lithiation along the electrode thickness that
should be more pronounced for a porosity of 30%. Using the
methodology established in this first paper,47 these inhomo-
geneities were assessed by z-profiling experiments using X-ray
diffraction at ID31 (ESRF, Grenoble) on the two electrode por-
osities cycled in the half cell vs. the Li metal with the LP30
electrolyte at 25 °C. For the sake of clarity, the lag time
required for one full z-scan is ∼0.018 h (example of the elec-
trode with 30% porosity) which represents a delta of 0.5% SoC
at C/4, 1% SoC at C/2 and 2% SoC at 1C between the position
close to the separator and the one close to the current collec-
tor; thus it cannot explain the behavior discussed below. In
the following section, we will discuss the structural state of
charge of graphite determined by XRD, assigned to x in LixC6.
This structural state of charge should be differentiated from
the electrochemical state of charge of the cell (SoCcell), which
corresponds to the accumulated amount of charges.

Structural state of charge determination. Fig. 5 summarises
the experiment realised on the lithiation of the graphite half-
cells, with the experimental set-up (Fig. 5a), the X-ray diffracto-
grams obtained during the operando measurement at the C/4
rate for the porosity of 50%, as an example (Fig. 5b), and the
electrochemical signature obtained at C/4, C/2 and C/1 rates
for both porosities (Fig. 5c). From the diffraction patterns
obtained in Fig. 5b, it was possible to extract the structural
state of charge of graphite (x in LixC6) using the methodology
developed in this article and the model curve obtained from
quasi thermodynamic equilibrium.47 A summary of the meth-
odology is described in Note 6 (SI) and the protocol of the

Table 1 Results obtained from the segmentation of the X-ray holotomography experiments for 50% and 30% porosity graphite electrodes

Electrode

Graphite CBD Porosity
CBD median local
thickness

Pores’ median local
thickness

Pores’
intra-connectivity%Vtheo %Vexp %Vtheo %Vexp %Vtheo %Vexp

50% 37% 40% 13% 12% 50% 48% 195 nm 510 nm 100%
30% 53% 57% 17% 18% 30% 25% 240 nm 370 nm 97%
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z-profiling experiment is given in the Materials and methods
section. The electrochemical signatures of the two cells at the
C/4 rate are displayed in Fig. 6a and b, for the 50% and 30%
porosities, respectively. The corresponding Fig. 6c and d show
the evolution of the structural state of charge (x in LixC6) for
each position in the electrode thickness (from 0.1 L, that is
close to the separator, to 0.9 L, close to the current collector)
depending on the electrochemical state of charge of the cell

(SoCcell, determined from the integration of current passing
through the cell with time). The dispersions of x in LixC6

appear during the potential plateaus for both porosities, with
a lithiation front directed from the separator toward the
current collector side. This observation leads us to conclude
that the limiting process in the power capability of these
graphite electrodes is the diffusion of lithium ions through the
electrode thickness, since the lithiation front would go in the

Fig. 4 3D views of the concentration gradient in the electrolyte estimated from the electrode microstructure of (a) 50% porosity and (b) 30% poro-
sity. (c) Normalized concentration profiles along the electrode thicknesses and (d) evolution of the median local pore thickness along the electrode
depth for both electrodes.

Fig. 5 Experimental set-up used at ID31 beamline (ESRF), and the main results obtained. (a) Scheme of the Swagelok® cell probed by X-rays along
the thickness of the electrode. (b) 3D waterfall plot of the diffraction patterns obtained upon lithiation of the 50% porosity electrode at the C/4 rate,
for the position near the separator (0.1 L). (c) Evolution of the cell voltage as a function of SoCcell for the two electrode porosities, obtained at C/4,
C/2 and C/1 rates.
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opposite way in the case of an electronic limitation.
Furthermore, graphite possesses good electronic conductivity
and calendering the electrodes helps to gain electronic perco-
lation, particularly with the usage of a conductive agent.
However, at a very fast charging rate, we cannot exclude that a
mixed-control regime could take over.

Assuming that each electron injected into the graphite con-
duction band induces the insertion of one lithium ion, a
perfect match between the structural state of charge (x in
LixC6) and the electrochemical one (SoCcell) should be
observed. We compared the evolution of the mean x (<x>)
along the electrode thickness with the x = y straight line in
Fig. 6e. One can observe a very good match between the x = y
line and the mean x in LixC6 for the electrode with 50% poro-
sity, even if a slight deviation is noticed around 0.85 SoCcell

which correlates with the holding potential period (CV). For
the electrode with 30% porosity, a good match is observed
from 0 to 0.5 SoCcell; above this value, a deviation reaching a
maximum of 7% appears with the structural state of charge
evolving slower than the electrochemical one. To prove that
this feature was not generated by the data treatment and is
reliable, another method of x in LixC6 determination was
applied using the proportions of stage II and stage I phases
(see Note 7, SI). A good agreement is obtained between the two
methods.

We list several hypotheses to explain the deviation observed
for the electrode with 30% porosity:

Upon cycling, graphite particles undergo volumetric
changes reaching +10% at the end of lithiation,5 translated
into a unidirectional expansion increasing the electrode thick-
ness. As a consequence, the z-positions that were probed by
the X-ray beam at the beginning of the lithiation are not
exactly the same as at the end. Since the electrode thickness
expansion is unidirectional and oriented toward the separator,
we suppose that the z-positions probed near the current collec-
tor do not significantly change upon lithiation, but near the
separator the initially probed graphite particles are no longer
in the field of the probe as schematised in Fig. 7. With a rough
calculation for the electrode porosity of 30%, we estimated
that the 0.1 L position initially localised at 5 µm near the
separator should be localised at 12 µm from the separator in
the end of lithiation (∼0.2 L). Therefore, the volume probed at
the end of lithiation might be slightly less representative of the
mean structural state of charge (x in LixC6), which is a possible
explanation for the deviation observed. To justify the differ-
ence between the two electrode porosities, we suspect that a
large porosity (50%) is more likely to buffer the electrode
thickness expansion. Indeed, with a larger fraction of pores,
a higher volume is available to accommodate the
volume changes, reducing the total thickness expansion upon

Fig. 6 Evolution of the structural state of charge (x in LixC6) for both porosities upon lithiation at the C/4 rate. (a) and (b) Graphite potential evol-
ution as a function of SoCcell, respectively, for 50% and 30% porosity electrodes. (c) and (d) Structural state of charge (x in LixC6) evolution as a func-
tion of SoCcell, respectively, for 50% and 30% porosity electrodes. (e) Mean structural state of charge (<x>) for both porosities as a function of
SoCcell.
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lithiation. Additionally, the dispersion in the structural state of
charge (x in LixC6) being less important for 50% porosity, this
effect is again reduced. To verify this point, we carried out an
additional experiment using a nano-dilatometer measurement
and compared a commercial graphite electrode (around 30%
porosity) and a home-made electrode (around 70% porosity).
As explained in the SI (Note 8), it is difficult to establish a
direct correlation between the electrode volume expansion and
graphite particle expansion, since microstructural components
such as the binder and porosity play significant roles in accom-
modating volumetric changes. As can be seen in Fig. S11,
nano-dilatometric measurements were conducted on a graph-
ite electrode with 70% porosity across several cycles at a very
low cycling rate (C/40, imposed by the ceramic T-frit separa-
tor). The theoretical delithiation of graphite particles (rep-
resented by the dotted line) was compared to the measured
dilation obtained from the dilatometer. The observed agree-
ment between the dilation profiles was achieved by applying a
factor of 0.25 to the theoretical particle dilatation rate, indicat-
ing that only one quarter of the particle-level expansion is
reflected at the electrode level. This implies that approximately
75% of the particle’s expansion is accommodated by electrode
porosity and binder deformation. A similar experiment using a
commercial electrode demonstrated that when the graphite
porosity decreases to 30%, the electrode is capable of
buffering only 50% of the volume change.48

Another hypothesis relies on the consumption of charges
by parasitic reactions such as SEI and/or adsorption. As an
example, we suppose that upon lithiation, because of the
volume expansion, new “fresh” surfaces of graphite particles
are exposed to the electrolyte and solvent reduction can
proceed. This would imply the consumption of charges
without modifying the structural state of charge, which can
contribute to the slight deviation observed. However, we do
not expect a large amount of charges to be consumed by this
SEI formation. This solely cannot explain the observed
deviation.

Heterogeneities of lithiation. To quantify the heterogeneity
of lithiation along the electrode thickness, an absolute average
deviation (AAD, eqn (1)) was calculated by analogy with the
NAAD.13,19

AADðxÞ ¼ 1
L

ðz¼L

z¼0
xðzÞ � xzj jdz ð1Þ

where L is the electrode thickness, x(z) is the structural state of
charge at the corresponding z-position and xz is the mean
structural state of charge along the electrode thickness. It
should be noted that the NAAD parameter has a sensitivity
depending on the region of x in LixC6, with a higher sensitivity
near x = 0. In contrast, the AAD parameter expresses the absol-
ute deviation in x in LixC6 with the same sensitivity on the
overall lithiation range, bringing the possibility to compare its
evolution from x = 0–1 quantitatively.

Fig. 8b shows the plot of the evolution of the AAD para-
meter depending on the SoCcell for the graphite electrode of
50% porosity cycled at the C/4 rate. Data were correlated with
the graphite electrode potential and are shown in Fig. 8a and,
on the right y-axis, with the evolution of d(SoC)/d(E) =
f (SoCcell) (this representation is analogous to the DCA analysis
but expressed as a function of the SoCcell). One can observe
that low values of AAD are obtained for the regions 1 and 3,
involving the transitions of graphite to LiC72 (stage I′) and
LiC36 to LiC24 (stage IV → stage III), transitions driven by solid
solution mechanisms. In contrast, a bell-shaped curve is
observed for the AAD parameter in correlation with the peaks
observed on the dSoC/dE representation; it should be noted that
each peak is linked to a potential plateau ascribed to biphasic
mechanisms.

The origin of the bell-shaped curve is linked to the nature
of the lithiation mechanism, and here we can take the
example of region 2 associated with the stage I′ to stage IV
transition as described in Fig. 9:

Fig. 7 Scheme showing the 30% porosity graphite electrode expansion
upon lithiation. The coloured points represent the z-positions probed by
the X-ray beam, before and after cycling to show the impact of uniaxial
volume changes.

Fig. 8 Correlation between the AAD parameter and the electro-
chemical signature obtained at the C/4 rate for the graphite electrode
with 50% porosity. (a) Evolution of the graphite potential on the left axis
and dSoC/dE on the right axis, as a function of SoCcell. (b) Evolution of
the AAD parameter as a function of SoCcell.
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(i) When the graphite electrode reaches stage I′ (LiC72 stoi-
chiometry, Fig. 9a), no heterogeneity is observed, meaning
that graphite enters the first potential plateau of lithiation
homogeneously in the electrode volume. Since this transition
(stage I′ to stage IV) is mainly driven by a biphasic mechanism,
the electrochemical potential associated with lithium interca-
lation is rather constant and homogeneous along the electrode
thickness. Then, the consumption rate of lithium ions is con-
trolled only by the local concentration of salt in the electrolyte,
which becomes more and more heterogeneous along the elec-
trode thickness upon charging due to the tortuous microstruc-
ture. This is responsible for the generation of a salt concen-
tration gradient with depletions in the current collector direc-
tion; the consequence is the appearance of heterogeneities of
the state of charge (increase of the AAD parameter, increasing
part of the bell-shaped) with favoured lithiation at the separa-
tor/electrode interface.

(ii) This biphasic transition ends earlier for graphite par-
ticles near the separator side, implying that their electro-
chemical potential begins to change by entering the solid solu-
tion domain (Fig. 9b). The latter acts as an activation barrier
energy and limits the intercalation of lithium ions. In these
conditions, the rate of lithium ion consumption is not only
controlled by the salt concentration but also by the electro-
chemical potential that increases the cost for lithium intercala-
tion. It results in a favourable lithiation of the graphite par-
ticles that are still in the biphasic transition, i.e. near the
current collector side, and a homogenisation of the structural
state of charge (x in LixC6) is observed (decrease of the AAD
parameter leading to the decreasing part of the bell-shaped
curve).

Pursuing our investigation with region 4, one can notice a
slight increase of dispersion in x between 0.2 and 0.25 SoCcell,

shown by an asterisk in Fig. 8b, which can be due to the tran-
sition between stage III and stage II-L (LiC24 to LiC18) that is
partially driven by the biphasic mechanism as discussed in a
previous report.47 Entering the stage II formation at 0.25
SoCcell, a large increase in the dispersion of x (second largest
bell-shaped curve) is observed. The larger heterogeneity com-
pared to the first bell-shaped curve (stage IV formation) is
related to the higher number of exchanged coulombs on this
second potential plateau. At the end of stage II formation, the
dispersion in x did not disappear totally, indicating that the
re-homogenisation of the state of charge was partial, despite
the potential drop between the two last potential plateaus.
Therefore, the dispersion in x observed in region 5 during the
biphasic transition between stage II to stage I (LiC12 to
∼Li0.9C6) is even more pronounced. Between 0.83 and 0.88
SoCcell (region 6), a rather stable AAD evolution is noticed and
correlates with the transition between stage I and the
enriched-stage I, materialised by the stable period on the dSoC/
dE representation. This specific feature is like the trend
observed for the transitions involving solid solutions (Gr →
stage I′ and stage IV → stage III, regions 1 and 3 respectively);
it supports the existence of solid solutions during the enrich-
ment of stage I to form the LiC6 phase as discussed
previously.47

The impact of the porosity on the AAD parameter can be
seen in Fig. 10a. A similar evolution of the AAD parameter of
the two electrodes with different porosities is noticed until
0.25 SoCcell, indicating that the distribution in x is similar in
both cases and independent of the microstructure of the elec-
trodes. In contrast, a larger heterogeneity in x is observed for
the second bell-shaped curve (associated with stage II for-
mation) for the electrode with a porosity of 30%. The latter is
highlighted in Fig. 10b, where the structural state of charge at
the current collector side (0.9 L) is plotted for both porosities.
Starting from 0.25 SoCcell, the 0.9 L position for 30% porosity
is more delayed in terms of the structural state of charge evol-
ution (below the x = y line). This is directly linked to the so-
called penetration depth of lithium ions, which is lower for
this electrode porosity (higher tortuosity), indicating that the
kinetics of lithiation at an equivalent relative depth (0.9 L) is
lower. Pursuing the last bell-shaped curve, the dispersion in x
is even larger for 30% porosity. It should be noted that at the
end of the galvanostatic part (shown by a star on both AAD
curves), the electrode with 30% porosity is way more hetero-
geneous in the structural state of charge along its thickness,
demonstrating the limitation for power applications.

Cycling rate and current distribution. Here, we discuss the
rate capability measurement of the 50% porosity graphite elec-
trode in terms of dispersion in x (at C/4, C/2 and C/1, Fig. 11a).
For very low SoCcell, a similar AAD is observed which is consist-
ent with a cell that is not limited by any transport phenomena.
However, pursuing the lithiation, larger heterogeneities are
observed by increasing the cycling rate, with higher AAD
values at the maxima of the bell shapes. Additionally, in the
regions where the structural state is re-homogenised (such as
at SoCcell = 0.5), one can notice the higher AAD values by

Fig. 9 Scheme explaining the AAD bell-shaped evolution. (a) Graphite
particles display similar electrochemical potentials ðμ̃GRe� Þ, meaning that
the lithiation is favoured near the separator. (b) A chemical potential
barrier limits the lithiation near the separator and the lithiation becomes
favourable near the current collector. [Li+]sep and [Li+]cc correspond to
the lithium concentration in the electrode porosity near the separator or
near the current collector.

EES Batteries Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Batteries

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

9:
11

:5
9 

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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00003g


increasing the C-rate, which reflects the difficulty in homogen-
izing the lithium content along the electrode thickness. The
increase in the AAD parameter as a function of the cycling rate
is larger for the second bell-shaped curve (shown by a black
arrow) than the last one (shown by a red arrow), meaning that
the graphite electrode power ability seems to be more C-rate
dependent from 0.25–0.6 SoCcell than above. The evolution of x
in LixC6 at the 0.9 L position (near the current collector) was
plotted and is shown in Fig. 11b as a function of the applied
C-rate. By increasing the cycling rate, one can observe a struc-
tural state of charge being more and more delayed by deviating
from the straight line in the region 0.25–0.6 cell SoCcell (this is
true for C/4 and C/2 rates that are in CC mode, whereas at the
C/1 rate the cell entered the CV mode at ∼0.55 SoCcell). One
interesting feature to note is that when the structural state is

above x = 0.55 (at the potential step between stage II formation
and stage I formation), no additional delay is observed by
increasing the C-rate. This highlights the lower dependence on
the C-rate increase in this region of SoCcell (x > 0.55). The data
for the electrode with 30% porosity are provided in Note 9 (SI)
and present very similar behaviour as for the electrode with
50% porosity.

We demonstrated here the detrimental impact of the high
ionic tortuosity in the through-plane direction of graphite elec-
trodes with flake particle shape, despite having almost 100%
of interconnected porosity, indicating no problem of wetting
in the electrode depth. The limited penetration depth of
lithium ions through the electrode microstructure during fast
lithiation generates depletions of salt concentration that
appear upon charging, and it implies a current distribution
that should be heterogeneous along the electrode thickness.
We further analysed the local current distribution for the elec-
trode porosity of 30%. By plotting the differential evolution of
x in LixC6 as a function of the electrochemical SoCcell for each
z-position (Fig. 6c and d), we determined the equivalent
current of lithiation (effective C-rate) along the electrode thick-
ness. The effective C-rate corresponds to the rate of structural
state of charge evolution for a given scanned position and
state of charge as a function of the global cell state of charge.
Physically, it is an estimation of the lithiation rate, determined
through the structural variations of the graphite particles.
However, this is an estimation of the current only responsible
for lithium intercalation and does not consider eventual sec-
ondary reactions such as SEI formation. Fig. 12 shows the evol-
ution of the effective C-rate for the graphite electrode with
30% porosity, at the z-positions 0.1 L (near the separator) and
0.9 L (near the current collector), for the three applied C-rates.
All the other positions from 0.1 L to 0.9 L recorded at a rate of
C/4 are provided in Note 10 (Fig. S13). With this representa-
tion, we can easily observe that the distribution of current is
favoured near the separator. As an example, looking at Fig. 12a
around 0.1 SoCcell, the 0.1 L position is in a higher regime of

Fig. 10 Comparison of the lithiation heterogeneity for the 30% and 50% electrode porosity. (a) Evolution of the AAD parameter as a function of
SoCcell for both porosities. (b) Evolution of the structural state of charge at 0.9 L for the two electrode porosities depending on the SoCcell.

Fig. 11 Evolution of the structural state of charge dispersion for the
50% porosity graphite electrode at different cycling rates. (a) Evolution
of the AAD parameter as a function of SoCcell for different cycling rates.
(b) Structural state of charge evolution as a function of SoCcell at the 0.9
L position (near the current collector) for different cycling rates.
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lithiation exceeding the applied C-rate (0.25, C/4) while the 0.9
L position displays a lower regime of lithiation. In contrast, at
other times of the cell lithiation (0.5 SoCcell for example), the
effective C-rate is higher for the 0.9 L position and the 0.1 L
position displays a lower-regime of lithiation. With this, we
observed opposite trends for the two curves, and this is in
agreement with the behaviour described above. During the
two-phase transitions (potential plateaus) the current is dis-
tributed where the resistance is the lowest and then near the
separator because of a higher local salt concentration. This
corresponds to a mass-transport limited period. Once the
graphite particles near the separator exit the potential plateau,
an extra resistance appears due to the decrease in the electro-
chemical potential, which redistributes the current to the
delayed regions still present in the potential plateau (near the
current collector). This corresponds to a period combining
mass-transport limitation and an extra potential resistance
limitation. This specific trend is repeated along the cell lithia-
tion because of the several plateaus of potential that graphite
undergoes, and this explains the opposite trends of effective
C-rates near the separator and the current collector observed
in Fig. 12. In addition, we noticed that the maximal effective
C-rate reached (between 0.1 L and 0.9 L) is around two times
higher than the applied C-rate, regardless of the cycling rate.
We observed that the mid-Z-position thickness experiences a
lower amplification of the effective C-rate (∼1.5 amplification
compared to two times ) (Note 10, Fig. S13). The same trend

was observed for the graphite electrode with 50% porosity,
with similar maximal effective C-rates (Note 11, SI).

These current distributions through the electrode thickness
raise important questions about aging. We expect higher
degradation processes near the separator/electrode interface
for at least two reasons: (i) graphite particles systematically
reach higher SoC and then undergo higher volumetric changes
that can be detrimental in long-term cycling; (ii) higher kine-
tics of lithiation are observed near the separator, that probably
can increase the local temperature and degrade the electrolyte
and/or the SEI.

Conclusion

Rate capability tests were performed on graphite electrodes of
50% and 30% porosity by varying the electrolyte’s salt concen-
tration, showing high power limitation for the electrode with
30% porosity. An in-depth morphological investigation,
carried out using X-ray holotomography, reveals a high tortuos-
ity pathway for the less porous electrode, indicating a probable
ionic transport limitation. These results were correlated by
operando X-ray diffraction performed in the z-profile of the
electrode.

A gradient of lithiation was indeed highlighted from the
separator/electrode interface to the current collector/electrode,
validating a power limited by the transport of lithium ions

Fig. 12 Evolution of effective C-rates as a function of SoCcell at the positions 0.1 L and 0.9 L (black and red curves, respectively) for the graphite
electrode with 30% porosity. (a) Cycling rate of C/4; the dashed line at 0.25 corresponds to the applied C-rate at the cell level. (b) Cycling rate of C/
2. (c) Cycling rate of C/1. The double arrows highlight the regions where electrons are distributed in priority near the separator/electrode interface.
The switch between CC and CV periods is indicated by the grey stars.
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through the electrode microstructures. The analysis of lithia-
tion heterogeneities using AAD revealed a peculiar dynamic
depending on the mechanism of lithium insertion. Indeed, it
was found that the electrode lithiation was only controlled by
mass transport in the biphasic regions, whereas a chemical
potential barrier exists during solid solution processes and
takes precedence over the mass transport. With the analysis of
structural evolution, we estimated the local effective C-rate as a
function of the electrode depth. It was observed that local
current values can reach two times the applied current, regard-
less of the electrode porosity.

These works highlight concerns about the ageing phenom-
enon for high-rate battery applications because of the local
current reaching twice the applied current for a tortuous elec-
trode. These results can serve as experimental data to compare
with modelling, based on Newman’s model as an example.
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