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Broader context

Understanding energy—power trade-off in the
structure of Li-ion battery cathodes by localized
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Power and energy densities represent a trade-off in the design of lithium-ion batteries at several scales. At
the electrode scale this is because for high energy density, thick electrodes are required and for high
power density, thin electrodes are required. It is essentially a mass transport limitation. A strategy to break
this trade-off is to develop structured electrodes with regions of lower tortuosity (e.g. cracks or channels)
that can alleviate the mass transport limitations of thick electrodes. However, to achieve a rational design
of such electrodes a greater understanding of their inner workings is required. In this study, we apply the
multi-channel collimator X-ray diffraction technique, which obtains XRD patterns from a specific volume
of space, to study a model system for a structured electrode — an NMC622 cathode with pronounced
cracking — under operando conditions in a standard coin cell. Probing the local lithiation state near and
far from a crack allows us to elucidate the mass transport of lithium ions in the electrode and show how
the mass transport problem cannot be separated from the electrochemistry.

Conventionally designed battery electrodes are limited to a trade-off between energy and power densities. This trade-off limits how batteries can be deployed,
which limits the cases in which they can be employed to enable the energy transition. Our work seeks to understand a strategy for breaking this trade-off by

structuring electrodes to add lithium highways to speed up transport. We accomplish this with a new application of a specialized X-ray diffraction (XRD) tech-
nique, called “multi-channel collimator XRD” that can obtain XRD data from a spatially localized area (10 pm x 10 pm x 670 pm). This allows us to probe the
lithiation state of the cathode near and far from these lithium highways and to elucidate the way lithium moves through the structure. Understanding
lithium movement through these electrodes on a fine scale is essential for rational design, which is the only way to access their full potential. Our work
shows that this XRD technique is an ideal way to study systems like these, and we expect future research to utilize it in a similar manner in related areas. On
a concrete level, it will enable electrodes designed with both capacity and power, allowing for another expansion of how batteries can be employed.
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Batteries are an example of a technology that has both
immediate industrial relevance, with the battery market being
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featuring prominently in strategies for the transition to a
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teries (LIB) dominate both the current market place and
research and development of battery technology because their
high energy density has opened up many applications.* Even
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along with a high energy density.
This is due to the power-energy trade-off in LIB electrode
design - an electrode designed for high energy density will
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have a low charge/discharge rate and vice versa.” A result of
this is seen in LIB manufacturers offering the same form
factor of cells with different optimisations for power and
energy.” The mechanisms behind the power-energy trade-off
are manifold including contributing factors like current collec-
tor thickness and the intrinsic rate/density profiles of different
active materials.*” Active material particle level effects, for
example heterogeneous lithiation profiles and particle level
cracking, can be very important here.>'* However, for the pur-
poses of this work, the interesting feature is the overall struc-
ture of the electrode, not particle level phenomena. To achieve
high energy density in traditionally manufactured electrodes,
the electrodes are typically required to be thick,® for the maxi-
mization of the weight fraction of the electrode which is the
active material."* However, thick electrodes impose limitations
on rate because of the long, tortuous diffusion pathways
lithium ions must follow. Eventually, above a certain rate the
regions of the electrode closest to the current collector become
inactive, which has been seen through operando X-ray diffrac-
tion (XRD)'® and predicted in models.'® This highlights the
performance limitation associated with the mass transport of
lithium ions through the electrolyte within the electrode to
near the current collector.

To design electrodes that alter the power-energy trade-off of
slurry cast electrodes, this mass transport limitation of the elec-
trode design must be overcome, which means reducing electrode
tortuosity, particularly toward the current-collector. To affect this
reduction in tortuosity researchers have tried several strategies to
introduce a microstructure that has a bimodal tortuosity distri-
bution: very low in some regions, while similar to standard elec-
trodes in the rest— bi-tortuous electrodes. In practice these strat-
egies have included templating before casting,’”>* extruding in
shapes,®>?*® and machining after drying.”’° An alternative to
the bi-tortuous design could be a highly structured electrode,
but this may be difficult to manufacture.®*' The bi-tortuous elec-
trode design is agnostic of material selection at some level,
because porous electrodes will always face diffusion limitation
(in the electrolyte), regardless of the material. For this reason bi-
tortuous designs have proven beneficial for a variety of active
materials including Si,>*** LiMn,Fe;_,PO,,* LiFePO,,"?*>>3!
graphite,”**"?%*  1iC00,,'>** and LiNi,Mn,Co;_,_,0,.*"*"
This variety of materials show that the improvement of rate per-
formance from low tortuosity paths engineered into electrodes is
not dependent on a specific material. Another approach to gene-
rate structured electrodes is to formulate the electrode slurry to
control cracking in the electrode during drying, where cracks
provide pathways of reduced tortuosity.’** Scaling develop-
ments like these could be challenging,*® but perhaps less so
than more fundamental battery developments.>” Bi-tortuous
electrodes have been shown to be scalable to multi-layer pouch
cells,®® and laser patterning has been performed on roll-to-roll
machines.*® Even cracked electrodes show results repeatable
across 4 sets of manufactured electrodes, despite their stochastic
appearance.®® Structured electrodes are a promising technology
widely applicable to different materials and show signs of being
scalable.
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Another potential stumbling block for the wide adoption of
structured electrodes is design, since there are several extra
interrelated parameters to set. Currently, designing bi-tortuous
electrode structures is based on a mixture of informed intui-
tion and trial and error.*® A rational design paradigm, where
underlying chemistry, physics and material properties can be
used to specify optimal electrode structure directly, would be
preferred. Image based models'®*' ™ can be of immense help
here. They have already been applied to interpret results from
structured electrodes and to optimize a proposed structure
design.*****%%” However, these models are still sensitive to
parameters that are difficult to measure ex situ and can be
non-identifiable because several underlying microstructures
can produce the same electrochemical response.** This makes
these models difficult to apply at scale. What is required is a
greater understanding of the mechanics of mass transport
within the electrode during operation, more specifically the
intersection between the feature introducing reduced vertical
tortuosity and the resulting transport. This will allow for more
informed intuition-based design as well as be the foundation
for more accurate predictions from microscopic models via
spatially resolved datasets for fitting or validation. For this
purpose a model system is required, and here we use a cracked
electrode.®® It has the advantage that it requires no extra pro-
cessing and the slurry (and thus electrode properties) is hom-
ogenous. It provides vertically oriented features of low tortuos-
ity and leaves the rest of the electrode as a typical li-ion battery
electrode. The focus of the present work is to study transport
in structured electrodes through that model system by acces-
sing the hidden variables by operando XRD.

Measurements made in specialized operando cells using
X-rays have been invaluable in improving our understanding
of batteries.*® This is in part because it is possible to correlate
unit cell parameters with the state of lithiation.*® “Pencil
beam” experiments (conventional transmission XRD with a
very small spot size) have been used to obtain XRD measure-
ments representative of the whole path of the beam through
the cell. These measurements are fast enough for almost any
electrode level process, but the fact that you obtain signal from
the entire path of the beam restricts the kind of geometry of
regions that can be compared. For example, this has been
deployed successfully to study lithiation state variation versus
perpendicular distance from the current collector.'>>%%?
XRD-CT,"*”? another candidate technique, has the advantage
of being able to provide three-dimensional maps of the lithia-
tion state made with a spatial resolution determined only by
the beam dimension or primary particle size.*> Unfortunately
typical acquisition times, which could be 15 min per slice
(dependent on acquisition conditions and the size of electro-
des) even at synchrotron X-ray sources, are too slow to be con-
sidered operando at the charge/discharge rates of interest (e.g.
at even ~0.5C this would be far too slow).”® An alternative
method to consider for localized measurements is multi-
channel collimator (MCC)-XRD. MCC-XRD can acquire XRD
patterns where the signal comes from a specific volume in
space (the gauge volume) by blocking all other paths. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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approach was originally developed for conducting XRD in
harsh environments,>®™*> but has recently been applied in
examining the interior temperature of cylindrical18650 bat-
teries.>® It provides a compromise between the speed of pencil-
beam measurements and the site specificity of XRD-CT.
Spatially, the diffracted rays measured in MCC-XRD come from
a volume bounded by the geometry of the beam in directions
perpendicular to the orientation of the beam. In this respect,
it is the same as a pencil beam. Along the direction of the
beam for the MCC-XRD the volume’s length depends on the
beam energy and the reflection angle but can be 0.2-3 mm for
energies and angles typically used to measure battery
materials. Temporally, an MCC-XRD measurement can take ~1
s, about 1000x slower than a rapid synchrotron diffraction
measurement, but still fast enough for time scales involved in
even high-rate battery processes. Exactly how high rate
depends on how many points of MCC-XRD are required. For
example, if 10 points are required this could enable operando
characterization of a 20C cycle. Overall, it has the right blend
of speed and accuracy to study lithiation at a feature size rele-
vant to tortuosity-modified electrodes (the features must have
at least one axis which is 100s of pm long, but otherwise can
be quite small) at speeds fast enough to be of interest (~1 s
per point). Importantly, it can probe the interior of devices
non-destructively and so little to no modification of the cell is
required. This can be a major advantage as reflections from
the casing can be completely suppressed. This allows analysis
of reflections that would normally be obscured by overlaps.
MCC-XRD can be an appropriate technique when the spatial
and temporal resolutions match the structures/processes
under study, or when isolating the signal from the background
is important.

In this work, we utilise MCC-XRD to explore the behaviour
of electrodes which have been microstructured by cracking in
the electrode during drying installed in typical 2032 type coin
cells as model systems to better understand bi-tortuous elec-
trode function and design. The MCC-XRD technique allows
sufficiently site specific XRD measurements which enable the
direct observation of the lithiation and delithiation behaviour
of active material particles near cracks in the electrode during
capacity limiting cycling rates. The cracked electrodes are very
appropriate for this study because they have directional tortu-
osity and a proven increase in discharge capacity at high rates,
and the active material particles remain pristine until cycled.
MCC-XRD measurements on these electrodes allow us to shed
new light on the lithium-ion mass transport inside an elec-
trode which is a key step toward establishing the rational
design of tortuosity modified electrodes.

Methods and materials
Electrode and cell manufacturing

Electrodes were manufactured by following methods described
in a previous publication.®> A slurry was mixed in a planetary
mixer (Thinky ARE-250, Intertronics) composed of NMC 622
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(BASF), super C65 (IMERYS GRAPHITE & CARBON), and PVDF
(Solvay) in an 87: 8: 5 weight ratio with a 40% solid content in
N-methyl-2-pyrrolidone (NMP). This has been shown in pre-
vious work to consistently generate electrode crack struc-
tures.?® Coatings of two different thicknesses (900 and 600 pm
- wet thickness) were produced with a doctor blade and draw
down coater (Elcometer 3600/4 and 4340 respectively) and
dried on a hot plate at 80 °C and found to have 55% porosity.
Discs of the cast electrode were cut out at 5 and 10 mm using
a laser micro-machining system (Series A, Oxford Laser). The
discs were circular except for two short flat, notched edges
which were cut to be at right angle to each other (for use
during beamline alignment). The sample location (within the
macroscopic electrode sheet) was determined by the use of a
microscope (VHX-7000, Keyence). Long straight cracks in the
electrode that appeared isolated from other cracks were
screened and then careful measurements were taken to align
the electrode sheet in the laser to extract a smaller electrode
with that crack. These cracks will typically go through most of
the thickness and be slightly narrower on the bottom than the
top. The microscope was also used to measure the features of
interest and general electrode dimensions (used during beam
alignment), alongside an image analysis procedure using
Iastik®” as previously described.

These electrode discs were assembled into half-cells in stan-
dard 2032 coin cells (Hohsen), albeit in a slightly altered con-
figuration (see Fig. S1) which has been proven to work for high
rate operando XRD measurements.”" Cells had spacers on both
sides and the cathode side spacer was aluminium instead of
the normal stainless steel. This is to ensure a flat electrode
and allow refelected X-ray transmission. Additionally, the
cathode was only 5-10 mm diameter instead of the normal
15 mm to allow for beam transmission optimization. Lithium
discs were the normal size, removing issues of electrode align-
ment. Two of the assembled cells were selected for measure-
ments at the beamline. The electrode mainly discussed here
(see Fig. 1a) was selected for having particularly long and
straight crack features in it and are comparable to electrodes
studied in our previous work® in terms of the cracking inten-
sity factor (the amount of the surface which is covered by
cracks), coat weight and thickness (see Table 1). Another elec-
trode was also studied (see Fig. 1b) and also had promising
characteristics (see Table S1), except that it was thinner and
the crack was shorter. Of the two electrodes that were studied,
the one that is focused on here was thicker (195 pm vs.
145 pm), wider (10 mm vs. 5 mm diameter), and had a longer
crack to focus on. Thicker electrodes are more interesting for
bi-tortuous designs, larger electrodes will be more representa-
tive, which is why this electrode was focused on, and the
length of the crack is important for the MCC-XRD measure-
ments as discussed below.

Electrochemical tests

Electrochemical measurements and cycling were undertaken
using a Biologic SP300 cycler with 10A booster (Biologic,
France). After assembly into 2032-coin cells, all cells were
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Fig. 1 Micrographs of the cathode used for operando measurements discussed here (a) and the electrode referred to in the Sl (b). The crack that
was studied in this work is circled with the length noted. The crack is comparable to those seen previously and imaged by X-ray computed

tomography.35'58

Table 1 The properties of the electrode in Fig. 1, see also Table S1

Electrode radius 5 mm

Crack intensity factor®® 2.03%

NMC loading 32 mg cm™>
Wet coat thickness 900 pm

Dry thickness 195 pm
Length of the crack of interest 1300 pm
Width of the crack of interest 50 pm
Capacity@formation 4.3 mAh
Specific capacity@formation 170 mAh g™*

5.47 mAh cm™>
U =25,M =80, B=135 um

Aerial capacity
Measurement depths

formed using three formation cycles consisting of a C/20 con-
stant current charge to 4.2 V, 30 s rest, a C/20 constant current
discharge to 2.5 V and a 30 s rest. Formation showed that the
main cell achieved specific capacities of 97% of practical
capacity of this NMC622 (175 mAh g ') as outlined in Table 1.
Beyond the formation cycles the cells were only cycled on the
beamline. Cells installed on the beamline were cycled at various
charge and discharge rates between C/10 and 2C in a pattern of
constant current charge to 4.3 V, constant voltage charge until
the current decayed to 0.5 of the constant current charge rate, a
rest of five minutes, followed by a constant current discharge to
2.5 V. Then the cell was rested until the voltage recovered to 3.6
V and a second constant current discharge was applied with a
lower rate at least a half of the nominal rate.

MCC-XRD measurements

The MCC-XRD measurements were performed operando at the
ID15A beamline of the European Synchrotron Radiation
Facility (ESRF). ID15A and the extra brilliant source are highly

EES Batteries

appropriate facilities for operando experiments because of the
high flux and stability of the source.>® The beam energy was 90
keV and the cross-sectional dimensions of the X-ray beam at
the battery cell were 10 pm x 10 pm. Diffraction rings produced
by the gauge volume were collected using a Pilatus3 X CdTe 2
M hybrid pixel detector which was 1 m from the cell. A Cr,03
sample was measured prior to operando measurements for cali-
bration. A single pattern from the MCC was collected in ~3 s
with an exposure time of 0.1 s (the MCC must be rocked back
and forth to collect an entire pattern).

The geometry of the gauge volume is determined by the
geometry of the MCC and the incident beam (see Fig. S2). This
geometry is physically determined and, thus, stable through-
out the experiment. Two dimensions of the gauge are defined
by the dimensions of the beam incident on the sample (10 x
10 pm in this case). With this arrangement, the length of the
gauge volume is defined by accepting only scattered rays which
pass directly between the slits comprising the inner and outer
rings distant r; and r, from the centre of the sample stage. The
MCC used in this experiment wass made inhouse at ESRF and
contains 75 slits, separated by 0.8°, with distances of 50 and
200 mm, respectively, from the sample.”® The dimension of
the gauge volume full-width at half-maximum along the direc-
tion of the beam (8x) is thus given as follows:

a oy
r + tan 260
<1 — —1) sin 260
r

where a is the spacing of the inner slits and 8y is the horizon-
tal width of the pencil beam. As can be seen in eqn (1), the
length of the gauge volume is different depending on the 26 of

(1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interest. This fact has two important consequences in this
work because the length of the gauge volume is important for
data interpretation, namely the diffracted signal at higher 26
originates from a smaller gauge volume and increasing the
X-ray energy lengthens the gauge volume.

The sample was aligned so that the position of a crack
feature on the electrode surface was aligned with the location
of the gauge volume. The cell was rotationally aligned so that
the crack was parallel to the beam. In this alighment when the
cell is translated perpendicular to the beam, XRD patterns can
be collected from volumes of the electrode that are near to, or
far from, the crack (and near or far from the current collector).
In this alignment XRD measurements were taken at three
different depths into the electrode, and over a distance of at
least 160 pm horizontally, stepping 10 pm (the beam width at
the sample) between each measurement (see Fig. 2). The
importance of the length of the gauge volume is underlined
here, the shorter the gauge volume (higher 26 reflections) the
more representative of the volume near the crack the measure-
ment can be. Too long a gauge volume (low 26 reflections) and
the measurements will be averaged with scattering from the
bulk electrode.
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Fig. 2 Schematic of MCC-XRD measurement positions relative to the
crack in (a) cross-sectional (beam path through the page) and (b) plan
view beam path up and down the page. This is a schematic, the crack’s
position and width are not to scale, it does not narrow so much, and the
boundary is not so abrupt as shown here (there are still refinable diffrac-
tion patterns even for the points full “inside” the crack”, but less in
counts). However, based on XRD intensities, there are approximately 6
points “in the crack” near the surface, and at the lowest depth this fell to
5 (consistent with the microscopy observation). Measurements were
carried out at three specific depths: upper (U), middle (M) and lower (B),
and at sixteen horizontal positions. The side of the electrode closest to
the separator is taken as the “top”. The horizontal positions were 10 ym
wide and 10 pym apart (directly next to each other). The crack has a
length L and the gauge volume length [ (depends on the beam condition
and 26 angle — see MCC-XRD measurements below).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Rietveld refinements & state of lithiation estimation

The XRD patterns were analyzed to determine the state of
lithiation of the particles within the gauge volume for each
measurement. First, the two dimensional diffraction patterns
were integrated with pyFAI®® to give one dimensional patterns
of intensity against the 20 angle. The one dimensional patterns
were then batch refined using command line scripts and
TOPAS.®" The fitted model consists of a single R3m phase (no
other phases are present because of the nature of the MCC),
with 4 Chebyshev polynomial background elements. The 2
lattice parameters a and c, scale factor, the oxygen z-position,
2 tan(260)-dependent peak width parameters were refined in
the model and the background elements were refined. Peak
shape was also convoluted with a fixed Pseudo-Voigt contri-
bution previously refined on the calibrant powder (Cr,O3).
Refinement was undertaken from 20 angles of 2.8-7.35°, but
the lowest 20 feature is the 104 peak at 3.3° and the highest 20
is the 202 peak at 6.5°. This means the MCC gauge volume was
1.3 mm long for the lowest peak and 0.67 mm long for the
highest 20 peak (the 202). See Fig. S4-S6 for example refine-
ments at different stages and locations of the experiment and
Fig. S6 and Fig. S7 for an examination of goodness of fit
during cycling, and also Fig. S8 for a pristine XRD pattern of
the used material before installation in a cell. This range omits
the NMC622’s normally important 003 peak from the analysis
because the gauge volume length for the 26 corresponding to
the 003 peak was much longer than the crack, but the remain-
ing peaks were sufficient to refine the dimension of the unit
cell. The state of lithiation (SoL) was estimated from the
refined unit cell volume via interpolation of the data published
by de Biasi et al. (see section S1 in the SI).** Refinements were
also examined for just the low 20 reflections as well as pro-
gressively higher 26 and the derived SoL was found to be
similar in each case (see section S2 and Fig. S9, S10 in the SI),
demonstrating the robustness of the refinement procedure.
Uncertainty bounds were calculated from the uncertainty
range from the refinement, propagated through the partial
derivative method of propagation (section S1 in the SI). It
should be noted that it is not expected for the electrode to
reach 100% or 0% SoL because of the manner of calculation
which arbitrarily defines these points.

Results and discussion
Operando cell electrochemical performance

Two electrodes of different thicknesses were cycled on the
beamline at different rates in a standard coin cell configur-
ation which allowed for more representative electrode sizes
when compared to the bespoke operando cells commonly used
at beamlines. The electrochemistry of both electrodes is shown
in Fig. 4a and Fig. S13. A good range of rates was determined
by cycling 3 times and by experience with similar electrodes.
On the beam it was cycled symmetrically at 0.8C, 0.5C with a
final asymmetric cycle of charge at 0.65C and discharge at
1.5C (see Fig. 3). While the formation cycle reached nominal
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Fig. 3 The electrochemistry of the cells during cycling for the thicker
electrode showing voltage/current vs. time (left/right, solid/dotted) (a),
and capacity plots (b). The cycles are colour coded between (a) and (b)
the first cycle (0.8C symmetric) is purple, the second cycle (0.5C sym-
metric) is green and the final cycle (0.6C charge/1.5C discharge) is blue.
The background of the plot is also colour coded so that blue is open
circuit, yellow is constant current, red is constant voltage, and grey is a
constant current with a lower rate than the nominal rate (0.4C, 0.25C
and 0.1C for each of these cycles respectively). Each cycle has a *' at
the start and end in the capacity-potential plot (b) to help differentiate
overlapping curves. For the electrochemistry of the thinner electrode
see Fig. S13.

capacity (Table 1), the chosen rates were selected so that the
discharge capacity would be between 25% and 75% of the full
cell capacity. This shows the energy-power trade off of these
cells in action as it fits with previous work®> and is expected
based on the electrode’s physical characteristics (Table 1).
There is a clear trade-off between rate and capacity, which was
found in previous work to be superior to the trade-off observed
in non-structured electrodes of similar thicknesses. This is
also observed for the thinner electrode studied (see Fig. S13).
Two features of the electrochemistry that should be noted are
the significant constant voltage holds which aided SoC equili-
bration across the different cycles following every charge cycle
and the slow discharge (grey background duration in Fig. 3) at
half the nominal discharge rate.

Operando state of lithiation from MCC-XRD

The direct results of the SoL analysis were found to show gradi-
ents in both the horizontal and vertical depending on the
point in the cycle (see Fig. 4). These trends are the most inter-
esting feature of these data, but there is also a large degree of
local variation. To enable engagement with the trends and
remain quantitative, while minimizing the local variation,
several averaged measurements were calculated. Averaging of
the discrete MCC-XRD points allows for smoothing out the
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Fig. 4 Contour plot the calculated SOL from the MCC-XRD measure-
ments for the 0.8C cycle of the thick electrode (lines are contours). The
crack’'s centre is on the left, at ~35 pym, indicated by the red line. The
circles on the plot are the locations of MCC-XRD measurements, and
the colour in between these points is interpolated. The graphs are of (a)
start of charge, (b) 30 minutes into the charge, (c) top of charge (1 h
10 m), (d) 18 minutes into discharge, (e) end of normal discharge, and (f)
5 minutes into the slow (C/10) discharge after the normal discharge. In
these plots, the SOL is interpolated between the measured positions
(indicated by circles).

local variations and the identification of wider overall trends
across and through the electrode.

The data have thus been averaged in two ways. First, to
examine the lateral behaviour, SoLs from gauge volumes are
separated into three groups per level, namely near the crack,
middle and bulk (see Fig. 5a, pink, green, and blue, respect-
ively), this corresponds to directly adjacent to the crack,
20-30 pm into the electrode and 100 pm in, respectively. Bulk
and middle analyses are conducted using a two-point average
and the “near crack” being a 5-point average because these are
all points which are in/near the crack, which have sparser
signals. The interpretation does not depend on the exact
points selected, which was essentially arbitrary. This can be
seen in Fig. S14 in the SI, which shows an alternate averaging
which still maintains the overall trends. Second, for compari-
son of vertically oriented trends all points on each depth
(bottom, near the current collector, halfway, and top, near the
separator, see Fig. 1b) are averaged together (see Fig. 6,
orange, purple, pink, respectively). These plots highlight
several interesting features of the data, which will be examined
and then discussed subsequently.

The local state of lithiation near the crack can be seen in
Fig. 5 for the 0.8C cycle of the thick electrode. An overall trend
can be seen in which lithiation in all regions decreases from
ca. 90% to 40% at top of charge. In contrast to this overlapped
behaviour during charge, a clear separation of SoL can be
observed during discharge. It occurs in the middle (Fig. 5a
middle curves) and bottom (Fig. 5a bottom curves) layers (near
the current collector) by the end of the CC discharge with this
separation occurring later in the middle layer than the bottom

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6eb00017g

Open Access Article. Published on 07 April 2026. Downloaded on 6/10/2026 3:29:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

EES Batteries Paper

a) i | T | T c) T T
1.1 F 115 ¢ ]
F 1 11F =
1.05 F 3 _§ ]
: 11.05 E
1F = £ ]
- ] 1F =
0.95 F - - 3
; 10.95 | -
09 E— —E 09 i_\ .'_i
-5 0.85 — :;0.85 _ _
_g 0.8 — ::,: 08 _ _;
o 0.75 - ‘50.75 - E
) C ] £ 3
:"g 0.7 3 E 0.7 — _E
® 065 10.65 E
0.55 - Scale for :: 0.55 3 E
- bottom set e E 3
05F 4 05F Scale for 3
D F 1 - bottom set ]
- 1045 | =
045 F 7 . f
C ] 04 N =

o | 1 | ] | | 1 | | f | ! |

b) , , , , , , , oy
s I A 1 af -
I 35§ 1 3.5 1
3 -| 1 1 1 1 1 1 1 il 3 _l 1 1 1 1 1 ¥ 1 1 ]
Q ) Q \3) Q ) Q \3) Q N0 O O N O O O O

S N RPN PN S DRSPS P K

FFIFFITTD FFFIITNNIE IS

Time (hh:mm) Time (hh:mm)

Fig. 5 Time evolution of the state of lithiation of different regions of the thick electrode during (a) 0.8C and (c) 0.5C cycles as computed from
MCC-XRD measurements. In both there are 3 sets of 3 curves offset from each with the scale on the y-axis corresponding to the lowest set of
curves, and each higher set of curves being offset by 0.13. See Fig. S15a—d in the Sl for separate plots for each set of 3. Each curve is additionally sur-
rounded by a confidence interval, which corresponds to the statistical uncertainty from refinement, but this is mostly hidden under the curve. The
topmost group corresponds to the measurements near the surface of the electrode (labeled “Top”). The second group down corresponds to the
measurements in the middle of the thickness of the electrode (labeled “Mid"). The third group down the level of measurements closest to the
current collector. Each curve is the average of 2 (middle and bulk) or 5 (near crack) MCC-XRD point measurements. The inset is a schematic of the
electrode cross-section near the crack (as in Fig. 2) with all MCC-XRD measurement points shown, and the measurement points which are plotted
are highlighted with the colour corresponding to the curves. (b) and (d) are the voltage curves during the cycle. In all plots the background colour is
synchronized to the electrochemical state: blue: open circuit, yellow: constant current, pink: constant voltage, grey: slow CC discharge. The slow
discharge in the grey is at 0.4C, which is why the SoL curves continue to separate after the end of the yellow section. The SoL curves are additionally
shown in a dotted line during the slow discharge to distinguish them.

layer by ca. 10 min, but the final separation between the near
crack and bulk is similar. This is all in direct contrast to the
upper layer (Fig. 4a top curves), which shows much more even
lithiation for the entire cycle and serves as an internal control.

Another important difference to note is which curves
separate at which points. In the middle layer (Fig. 5a middle
curves), the SoL near the crack (pink) separates from the mid
position (green), indicating that the particles near the
crack lithiate faster, but the SoL of the mid and bulk remain

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

overlapped, lithiating at the same rate. In contrast, in the
bottom layer (Fig. 5a bottom curves) the SoL of each horizontal
position separates. Finally, note that measurements nearest
the surface (Fig. 5a top curves) have overlapping SoL for
the entire discharge. In sum, if we consider the gradient of
SoL, the bottom layer has a gradual gradient away from the
crack, the middle has a gradient just slightly into the electrode
from the crack and then flat, and the top layer has no
gradient.
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Fig. 6 Time evolution of the state of lithiation of different regions of the thick electrode and the cell voltage during the (a) and (b) 0.8C and (c) an
(d) 0.5C cycle as computed from MCC-XRD measurements. In each SoL plot the orange curve is near the surface, purple in the middle of the elec-
trode and pink is near the bottom of the current collector. Each curve is an average of all the MCC-XRD point measurements at the specified level,
this is schematically shown in (e), with a schematic highlighting all the averaged points for each colour of curve (similar to Fig. 2). In all plots the
background colour is synchronized to the electrochemical state: blue: open circuit, yellow: constant current, pink: constant voltage, grey: slow CC
discharge. The Sol curves are additionally shown as dotted lines during the slow discharge to distinguish them.

The results in Fig. 5c show SoL curves for the 0.5C cycle,
which immediately followed the 0.8C cycle. Similar trends are
seen - the SoL overlaps during charge and separates on dis-
charge, except for the surface layer, where minimal separation
occurs (Fig. 5¢ top curves). However, the magnitude of separ-
ation between the SoL curves is greater at the end of discharge.
Similarly, the mid level only has the near crack position lithiat-
ing faster than the bulk and the middle.

For the 0.5C cycle the separation of SoL between near the
crack and the bulk at the lowest level is larger than at that the
middle level, contrary to the 0.8C cycle. In the 0.8C case, the
separation in SoL between near the crack and the bulk is 4.5%
and in the 0.5C cycle it is 7.3% for the bottom layer and 4.1%
for the middle layer.

A further detail to note is that the time at which the SoL
curves first separate is also different between the 0.8C and
0.5C cycles. In the 0.5C case, the three SoL curves for both the
middle and bottom layers separate from each other at 15 min
and 30 min left in the discharge, respectively, and for 0.8C it is
8 min and 15 min. This means that the difference in the rate
of change of SoL is faster in the 0.8C case, but the cycle ends
faster yielding a smaller separation at the end of discharge.

A second notable difference is that the slow discharge (grey
region) after the 0.8C cycle did not fully reset the electrode to a
uniformly lithiated state, as differences between the positions
at the lowest depth (Fig. 5¢ bottom curves) are apparent from
the first moment of the charging cycle. This allows for obser-

EES Batteries

vation of how uneven lithiation state at the start of charge
behaves. It is apparent that the particles near the crack begin
delithiation immediately, while the particles toward the bulk
have either a constant SoL or a very slight amount of lithiation
(the opposite of what is expected) at the start, until the SoL
matches its neighbours, the mid position (green) begins
delithiation when it has the same SoL as that near the crack
(pink), and the same for mid and bulk (blue). For this lithia-
tion it is important to stress that it is an average of all the par-
ticles in several gauge volumes which are lithiating during
charge, opposite to the rest of the electrode and what is nor-
mally expected. Finally, during the slow discharge (grey region)
at the bottom level the SoL of the three regions continue to
separate.

The comparison of the SoL in the vertical direction for both
the 0.8C and 0.5C cycles can be seen in Fig. 6. Contrary to the
horizontal trends, in the vertical direction the SoL do not
overlap during charge. In the 0.8 C cycle (Fig. 6a), during the
CC step, the top level (orange) delithiates the fastest, then the
middle (purple), and the bottom level (pink) is the slowest.
When the CV step hits, the SoL curves again overlap.
Additionally, it is evident from the curvature that the top layer
starts fast and slows down, the middle layer has a consistent
rate, and the bottom layer starts slow and speeds up. Looking
to the 0.5 C cycle (Fig. 6¢) the effects of non-uniform SoL after
discharge can again be seen. As in Fig. 5¢ bottom curves (the
bottom layer during the 0.5 C cycle), the rate of change of SoL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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differs between the three levels till they reach the same SoL.
Another feature in Fig. 6 is the difference of SoL between the
layers during discharge. The SoL of the three levels separate
quickly. From the start of discharge the top layer lithiation rate
is the highest overall, but the bottom layer rate also drops off
at ~15 minutes. This mirrors the discharge phenomenon in
Fig. 5a bottom curves.

Here, a comparison between the difference in SoL at the
end of discharge between the layers (Fig. 6) and horizontally
(Fig. 5a) is interesting. Between the top layer and the bottom
layer there is 110 um, and between the near crack region (pink
curves Fig. 5) and the bulk region (blue curve Fig. 5), there is
100 pm. So, although the distance is comparable, both the gra-
dient and the absolute difference in SoL is greater vertically
than horizontally. The lateral difference in SoL compared to
the vertical difference is 4.5% to 27.3% (or 0.045% pm™ " to
0.25% pm™') and 7.3% to 27.3% (or 0.075% pm™" to 0.25%
pum™) for 0.8C and 0.5C respectively. For another comparison
we can see a similar plot in Fig. S16, showing the average SoL
per depth for the thinner electrode. The distance between the
top and bottom measurements is only 80 pm for this experi-
ment. The separations are 8% (0.1% pum™') at 0.6C, 12%
(0.15% pm™") at 1.15C, 10% (0.125% pm™") at 1.5C and 14%
(0.175% pm™") at 1.35C. Both the gradient and the absolute
separation are smaller than the thick electrode.

The last cycle of this electrode can be seen in Fig. 7, where
the SoL for an asymmetric slow charge and fast discharge (fol-
lowed by the normal slow discharge) can be seen. During the
1.5C discharge the top layer (Fig. 7a top curves) rapidly and
evenly lithiates, the middle lithiates slightly with some separ-
ation between bulk and near the crack (Fig. 7a middle curves),
and the bottom layer (Fig. 7a bottom curves) hardly starts
before the cut-off voltage is reached and the cell begins slow
discharge (grey region). The top and middle layers both show
delithiation during the slow discharge (the grey background
portion of Fig. 7), when the electrode as a whole is lithiating.
Fig. 7b compares the levels vertically - after the fast discharge
during the slow discharge (grey region) the top layer delithiates
~15% of its SoL over 20 minutes of discharge before beginning
to lithiate again.

Finally, a comparison can be made between these data and
the thinner electrode, the full results for SoL during cycling
can be seen for the thinner electrode in the SI in Fig. S11 and
S12 (for refinements corresponding to a shorter gauge volume
length). The main points observed for the thicker electrode
presented here can be seen in the results from the thinner
electrode, in addition to the 0.6C cycle for the thin electrode it
shows that at a sufficiently low cycling rate (for a given thick-
ness) the horizontal gradients in SoL are not seen. This
additional experiment, with a thinner electrode, can help show
the extent to which the results examined here can be
generalized.

Mass transport and electrochemistry

All of the features present in the SoL plots (Fig. 5-7) consist of
various patterns of differences or similarities in the SoL of the
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Fig. 7 Time evolution of SolL in different regions for the 0.6/1.5C
charge/discharge cycle of the thick electrode with lateral breakdown of
(a) the top layer, mid layer, and bottom layer, and (b) the average on
each layer. In (a) there are 3 sets of 3 curves offset from each with the
scale on the y-axis corresponding to the lowest set of curves, and each
higher set of curves being offset by 0.13. Each set is a different level in
the electrode; the top level is the top set of curves and the bottom level
is the bottom set of curves, as also labeled on the plot. In each set the 3
curves correspond to near crack, mid and bulk positions (similar to
Fig. 6). This is shown schematically in the inset with highlighted colours
matching the curves’ colour. Each curve is additionally surrounded by a
confidence interval, which corresponds to the statistical uncertainty
from refinement (see section S1 in the Sl). In all plots the background
colour is synchronized to the electrochemical state: blue: open circuit,
yellow: constant current, pink: constant voltage, grey: slow CC dis-
charge. The slow discharge in the grey is at 0.1C, which is why the SoL
curves are slow to change in this region, except for regions with diver-
gent current. The SoL curves are additionally shown as dotted lines
during the slow discharge to distinguish them.

electrode horizontally from the crack and through the thick-
ness. An important first note is that in all cases the measure-
ments for the level near the surface show very similar lithiation
at all horizontal positions. This is expected, since, as will be
seen, the effects we see in the middle and bottom layers
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require some diffusional path in the electrolyte. The top layer
measurements are important, however, because they represent
an internal control for the experiment. This is simlar to what
happens if an electrode is cycling slowly (see Fig. S1la-d in
the SI).

To start to explain why these are important in understand-
ing the working of the cracked electrode as a model for general
bi-tortuous electrodes we start with what a gradient in SoL in
the electrode can mean. If a gradient in SoL develops, it can
indicate that a gradient in the local concentration of Li" ions
in the electrolyte ([Li']) exists. This is because the local current
density at each particle partially depends on [Li']. If the charge
transfer reaction occurs at different rates in different regions,
due to differences in [Li'], the SoL in those regions will separ-
ate. Thus, the presence of an SoL gradient, as observed, can
suggest some gradient in [Li'].

This points towards one explanation of one of the interest-
ing features: the asymmetry observed in the SoL plots between
charge and discharge. During discharge there is a horizontal
gradient and a large vertical gradient of SoL, while during
charge the horizontal gradient is non-existent (except for
effects from the previous cycle) and the vertical gradient is
much smaller. This can all come about because of how [Li']
determines the rate of the charge transfer. There are two
effects [Li'] has on local current. The first is through the equili-
brium potential, which is dependent on [Li'] as can be seen

through the Nernst equation:*>~%*

: RT (M)

Ecathode = cathode T 711’1 [Lip} (2)
where [Li,] is the local concentration of lithium in the particles
(as a fraction of the full state of lithiation) - i.e. the SoL.** This
effect is symmetric with respect to [Li'] and lithiation or
delithiation. At high [Li'] the equilibrium potential is high,
which makes lithiation easier and delithiation more difficult
and vice versa for low [Li'] causing lower equilibrium potential.
Therefore, it is not likely a cause of the noted asymmetry.
Secondly, [Li'] impacts the exchange current density (f,):

ip oc [Lit]*°[Lip)**(1 — [Lip))*”. (3)

This effect is asymmetric with respect to lithiation and
delithiation; higher [Li'] resulting from poor mass transport
during delithiation will inhibit delithiation through equili-
brium potential but increase the rate via i,, but for low [Li']
delithiation is easier due to equilibrium potential, but also
more difficult due to lower i,. Thus, all else being equal, an
asymmetric response in SoL between charge and discharge is
expected from a similar (but inverted) [Li'] gradient in the elec-
trolyte. The final influence of [Li'] is through voltage gradients
in the electrolyte: Li' mass transport limitation will lead to
high resistance in the electrolyte, which can cause a decreasing
gradient in voltage from the top to the bottom of the electrode.

Another possible cause for the asymmetry is the depen-
dence on SoL of the diffusion constants in the active material.
If the solid-state diffusion rate is lower, the (de)lithiation reac-
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tion itself will be slow, and so the dependence on mass trans-
port in the electrolyte is reduced. The results in this study
could be consistent with a lower solid state diffusion constant
at low SoL, but the literature reports the opposite (solid state
diffusion is lower at high SoL®®), so this explanation of the
asymmetry in SoL between charge and discharge is unlikely.
The final potential cause for the asymmetry is that the mass
transport problem presented by the electrode may be inher-
ently asymmetric. Although the paths followed by Li" are the
same the difference is between Li" ions coming from several
places (the AM particles) and diffusing toward one place (the
separator) and vice versa. This can be exacerbated by the
dependence of the diffusion constant of Li* ions on [Li*],%
and potential asymmetry in reaching the maximum [Li'] (solu-
bility limit) or minimum [Li’] (ie. 0). The combination of
these three effects can explain the asymmetry; however, the
electrochemical explanation must be said to be the most com-
plete and likely.

The next point to discuss is the final separation of SoL after
discharge (Fig. 5a and c bottom curves). A naive explanation
could be that faster rates should lead to more separation in
SoL. What prevents this is the cut-off voltage. Faster (dis)
charge rates do lead to greater rates of separation of SoL. This
can be seen by comparing the 0.8C (Fig. 5a) to 0.5C (Fig. 5c)
cycles - despite a faster rate of change in the difference of SoL
between the near crack region and the bulk the total time of
discharge is less, allowing the final separation to be greater in
the 0.5C case. The time is less not only because of the faster
rate, but because the electrode reaches the cutoff potential at
an earlier overall state of charge. This is because there is a
higher polarization resistance at higher current because of
resistive components, but there is also likely a reactive com-
ponent as well. An extreme case can also be seen in the fast
discharge (Fig. 7), where the middle layer is the only level
where any lateral SoL separation is observed, and this is
because the electrode hits the voltage limit almost
immediately.

At this point it is interesting to discuss the capability of the
channel for Li" transport, since this is the idea of these electro-
des. It can be seen by examining one of the most obvious fea-
tures in all 3 cycles: that the through thickness separation of
SoL (Fig. 6 and Fig. S16) is so much more significant com-
pared to the horizontal separation (Fig. 5 and 7). This basic
fact is explained by the [Li'] gradient being much higher verti-
cally than horizontally. As estimated by the SoL, the gradient
vertically is either 3x (0.5C) or 6x (0.8C) higher than horizon-
tal. This means that in the 0.5C cycle the ratio between Li*
transported through the crack vs. the bulk is higher than that
at 0.8C, when it might be expected to be the opposite. The
expectation could be that at high rate the bulk becomes trans-
port limited, and more is transported through the low tortuos-
ity crack. This explanation ignores the fact that although
inside the crack tortuosity might be seen to be 1, the transport
of Li" is still by diffusion and will be limited by the cross-sec-
tional area. This is because a proper calculation of tortuosity is
not a simple geometric calculation, but requires a simulation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of diffusion.®® In sum, at a high enough rate transport is bad
everywhere, the channel does not help, so the ratio of Li" trans-
ported through the channel to Li' transported through the
bulk is lower than that at more marginal rates where the
channel helps more. This highlights an interesting point
about electrode design, any directional porosity must be
designed around a target (dis)charge rate because at each rate
there will be a depth at which the directional porosity ceases
to assist transport.

The final matter for discussion is the points where it’s appar-
ent that the local current in some regions is divergent from the
overall current density, i.e. local lithiation during charge or vice
versa. Previously it has only been directly observed or predicted
during discharge.’® In the data here it can be seen during
charge in Fig. 5c, Fig. 7 and slightly in Fig. 6 and Fig. S16.
During discharge we can only see it during the slow discharge
(grey region) in Fig. 7. This phenomenon is more influenced by
potential than mass transport. The local potential is ultimately
what determines the reaction direction at any particle. It is made
up from the difference of the electrolyte potential and the par-
ticle potential and the equilibrium potential, which depends on
[Li"] and the particle SoL, see eqn (2). The particle potential can
be approximated to be constant throughout the electrode. Not
exactly true, but illustrative since the electrical resistance is
much less significant than the electrolyte transport issues. The
electrode potential is set to maintain the desired current and
changes throughout a cycle. A particle will have a divergent
current when its SoL is different from those of nearby particles,
so that even though the potential and [Li'] are similar, the equi-
librium potential is different. Thus, we see a divergent region
first stabilize and then become typical (non-divergent) as its SoL
catches up with the local SoL like in the bottom curves in Fig. 7a
during charge and this is true of the trend for the extreme result
in Fig. 7b as well. The divergent current can all be viewed as the
more extreme version of the different inflections in the slopes of
the SoL curves seen at different depths (Fig. 6a) or different hori-
zontal positions during discharge. For the faster delithiating par-
ticles near the surface, the rate slows as the SoL decreases and
[Li"] increases and for the bottom level there is an issue with too
high [Li"] to start which is overcome by an increasing electrode
potential. The electrochemistry cannot be ignored to explain
these features.

Conclusions

In this work, we have shown that MCC-XRD is a powerful tool
for understanding the dynamic lithiation processes in a char-
ging and discharging cathode in a normal coin cell, especially
for patterned electrodes. We were able to monitor the local
NMC particle lithiation state in operando measurements in a
gauge volume which the electrode was moved through to map
the lithiation state relative to features in the electrode. This
capability is important where lateral variation in the lithiation
state is expected. An asymmetric charge/discharge behavior for
NMC electrodes was identified which is ascribed to a combi-
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nation of the effect of [Li'] on local reaction rates, the SoL
dependence of solid-state lithium diffusion coefficients, and an
inherent asymmetric mass transport into vs. out of the elec-
trode. Additionally, we observed several unique trends in the
(de)lithiation which require a fully electrochemical explanation.
Especially notable in this regard is locally divergent current:
local delithiation when the electrode is on average lithiating
and vice versa. This highlights the extent to which even when
focusing on the mass transport issues (such as investigating a
patterned electrode) the electrochemistry cannot be neglected,
a full electrochemical engineering approach is required.

These results are significant for developing a full under-
standing of the electrode, since they reveal a normally unob-
servable variable: the local lithiation state. This provides a new
lens through which to think about tortuosity structured elec-
trodes like these cracked electrodes, informing design philos-
ophy for such electrodes. The fact that the gradient in SoL is
pronounced in the vertical direction is key to understanding
the dimensions that channels, holes or other electrode fea-
tures must be to have a substantial effect on electrode per-
formance. The asymmetric nature of delithiation and lithiation
should also be considered in design and testing procedures
for cathodes. It will also be valuable for modeling by increas-
ing model parameter identifiability compared to validating
against only electrochemical data, but due to the intricate
nature of this work we have left it to future work.

Finally, the circumstances of divergent current regions are
highlighted here and should be considered more often in
high-rate tests. The counter-intuitive result of the slower char-
ging rate yielding more SoL separation suggests that rate-based
capacity fade could be alternatively viewed as an issue of over-
charging surface particles instead of a problem of mass trans-
port to the bottom layers of the electrode.
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