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Charge Dynamics Induced by Lithiation Heterogeneity in
Silicon-Graphite Composite Anodes

Christopher L. Berhaut, Marta Mirolo, Diana Zapata Dominguez, Isaac Martens,
Stéphanie Pouget, Nathalie Herlin-Boime, Marion Chandesris, Samuel Tardif,
Jakub Drnec,* and Sandrine Lyonnard*

The reaction processes in Li-ion batteries can be highly heterogeneous at the
electrode scale, leading to local deviations in the lithium content or local
degradation phenomena. To access the distribution of lithiated phases
throughout a high energy density silicon-graphite composite anode,
correlative operando SAXS and WAXS tomography are applied. In-plane and
out-of-plane inhomogeneities are resolved during cycling at moderate rates,
as well as during relaxation steps performed at open circuit voltage at given
states of charge. Lithium concentration gradients in the silicon phase are
formed during cycling, with regions close to the current collector being less
lithiated when charging. In relaxing conditions, the multi-phase and
multi-scale heterogeneities vanish to equilibrate the chemical potential. In
particular, Li-poor silicon regions pump lithium ions from both lithiated
graphite and Li-rich silicon regions. This charge redistribution between active
materials is governed by distinct potential homogenization throughout the
electrode and hysteretic behaviors. Such intrinsic concentration gradients and
out-of-equilibrium charge dynamics, which depend on electrode and cell state
of charge, must be considered to model the durability of high capacity
Li-ion batteries.

1. Introduction

In the search for high energy-density batteries to replace com-
bustion engines in the automotive sector,[1] metals and metal-
oxides such as silicon, germanium, or tin have been explored
as anode materials.[2,3] Silicon in particular attracted a lot of at-
tention due to its high theoretical specific capacity upon lithia-
tion (>3500 mAh g−1), ten times higher than that of graphite
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(372 mAh g−1).[4] However, severe
swelling during lithiation (≈300% for
silicon vs ≈10% for graphite) hinders
its use as anode material. The silicon
volume variations lead to particle pul-
verization, increased active material
surface area, continuous solid elec-
trolyte interphase (SEI) growth, electrical
disconnection, and thus the decay
of electrochemical performance.[5–7]

To circumvent these issues, the
nanostructuration of Si particles has
been evaluated, and advanced designs
were proposed using nanoparticles
or nanowires, coatings, or even hi-
erarchical structures inspired by egg
yolk or pomegranate.[6,8–13] Currently,
it is expected that high energy den-
sity electrodes will rely on composite
systems, based on the combination of
“robust” graphite and high-capacity Si,
with the possible addition of stabilizing
phase or dual-phase materials.[14–21]

However, gaining knowledge on
charging and capacity fading mechanisms remains a challenge
to unlock large-scale applications of these materials.

To understand lithiation and aging mechanisms in detail,
we need experimental techniques suited to probe both the
nanostructured, usually amorphous, Si component and the
crystalline graphite part in real-time and under real operation
conditions.[3,22–24] Moreover, spatially resolving structural and
morphological changes in the depth of the electrode and/or in 3D
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is crucial to understand how heterogeneities may evolve during
cycling as well as their potential impact on battery performance.
This is particularly important for thick industrial electrodes and
fast charging conditions, where inhomogeneous (de-)lithiation
processes unevenly distribute lithium across the material and
may generate an increased amount of unavailable lithium local-
ized in dead regions and thick SEI.[25–27]

The observation of silicon-graphite composite anode behavior
is usually performed at one scale using a single-technique in-
forming on either structure, chemistry, or morphology.[28–34] Yet,
composite anodes are intrinsically complex hierarchical multi-
phase materials, where the interplay between reaction and ag-
ing mechanisms requires detailed information such as chemical-
knowledge over time and over extended spatial dimensions,
spanning from the atomic level up to device scale.[35,36] In this
context, the combination of operando small and wide angle X-ray
scattering (SAXS–WAXS) is enabling novel correlations, as SAXS
is sensitive to changes at the nanoscale while WAXS probes the
atomic order.[23,37]

Recently, the alloying process of silicon and the staging pro-
cess of graphite were accessed in a single operando synchrotron
SAXS/WAXS experiment performed on full cells in pouch
geometry.[24] This study provided electrode-scale averaged infor-
mation, for example, the amount of capacity contributed by each
active material was extracted at any given state of charge, and the
sequential (de-)lithiation mechanism was established. However,
due to the transmission mode experiment, local effects such as
lithiation gradients across the electrode thickness remained un-
resolved.

Herein, we report the operando SAXS/WAXS-computed to-
mography (CT)[29,38,39] study of a dual-phase high performance
silicon-graphite composite anode in a custom-made half-cell.
We identify heterogeneous lithiation processes during both cy-
cling and relaxation steps, resolving the dynamics of lithium
(re-)distribution between silicon and graphite phases across the
depth of the electrode as well as in-plane. We observe that, on av-
erage, silicon is always receiving lithium from graphite during
relaxations. However, we find distinct mechanisms in regions
close to the separator against regions close to the current col-
lector, due to the thermodynamics of surface chemical potential
equilibrium, and hysteretic behavior of silicon. These findings
highlight charge dynamics phenomena that must be accounted
for to improve modeling of battery aging, not only under contin-
uous current conditions but also in storage conditions or during
realistic usage cycles.

2. Results

2.1. In-Plane/Through-Plane Structural Heterogeneities

The investigated anode is a dual-phase silicon-graphite com-
posite that is rather porous and inhomogeneous in composi-
tion and morphology (Figure S1, Supporting Information). The
silicon phase itself is a composite material made of a nanos-
tructured amorphous Si phase mixed with crystalline FeSi2
clusters.[22–24,40] The role of the iron disilicide in the composite
is to buffer the Si expansion upon lithiation and improve the
electronic conductivity.[14,20] While it is an active material (spe-
cific capacity of 60 mAh g−1),[21] its relative capacity (2.5%) in

the electrode is negligible compared to Si (68.5%) and graphite
(29%), and it has even been shown to remain inactive when
used with Si and ionic liquid electrolytes.[41] This material is
studied in a custom-made half-cell battery by electrochemical
cycling and SAXS/WAXS operando measurements. Details on
the materials, cell assembly, design, and set-up are provided
in the Supporting Information (Figure S2a–c, Supporting In-
formation), together with typical real-time SAXS/WAXS data
(Figure S2d,e, Supporting Information). The in-plane lithium
content distribution is obtained from analyzing SAXS/WAXS-
CT slices (T1 to T6) taken at three different depths in the
electrode (z-positions close to the separator, in the middle of
the anode, and close to current collector, i.e., zsep, zmid, and
zcc). These measurements are collected during relaxation steps
started at given states-of-charge (SoC) over the course of the
first cycle (Figure 1A) and second cycle (Figure 1B,C) charging
steps. This is complemented by fast vertical 1D depth-scanning
of the electrode during the relaxations at open circuit voltage
(OCV, Figure 1E), to determine the dynamics of out-of-plane
phase concentrations.

Both CT and 1D-scans are performed in WAXS and SAXS
modes, allowing to quantify graphite and silicon lithiated struc-
tures concomitantly. Figure S3, Supporting Information, shows
z-scan data (scan along electrode plane normal), evidencing the
typical variations in WAXS and SAXS features on cycling. By an-
alyzing the WAXS profiles, we can track the lithiation stage of
graphite, looking at the peak intensities and positions between q
= 1.70 Å−1 and q = 1.90 Å−1 and calculating the fraction of Li+ in
the graphite phase, x in Lix C6 (see Figure S4a, Supporting Infor-
mation), labeled xgraphite.[23,28] The lithiation extent in Si phase, x
in LixSi, labeled xsilicon, is evaluated by integrating the SAXS sig-
nal in the q region between 2 × 10−2 and 3 × 10−1 Å−1, where
the expansion of Si nanodomains gives rise to an extra-intensity
and appearance of a characteristic correlation length related to
the mean size of lithiated nanodomains (see Figure S4b, Support-
ing Information).[23,42] With a similar approach, different compo-
nents of the cell can be identified (e.g., the PEEK body, as shown
in Figure S5, Supporting Information).

The in-plane variations in time of both xgraphite and xsilicon,
measured in the middle of the composite anode, are reported
in Figure 1C,D, respectively. Overall, it is seen that the lithi-
ation trend follows the established sequential (de-)lithiation
mechanisms.[25,28,43,44] During charge, graphite and Si lithiate
at similar rates until full charge (T3), while upon discharge,
graphite delithiates first (T4), followed by Si (T5). The second
charging leads again to full lithiation of both graphite and Si (T6).

A more detailed analysis of the 2D colored maps in
Figure 1C,D reveals in-plane heterogeneities that persist along
the cycling sequence. They are found at all locations in the an-
ode and within both active phases. Interestingly, some parts of
the cell show significantly different graphite and silicon in-plane
lithiation levels, even for a fully charged cell (T3). For instance, in
the areas close to the cell walls, graphite is underlithiated (blue),
while the Si phase is almost fully lithiated (red; see Figure S6,
Supporting Information, for more details). Furthermore, we ob-
serve that the first and second full lithiations lead to a very similar
in-plane distribution of lithiation inhomogeneities, which indi-
cates that electrode configuration during manufacturing might
lead to predetermined lithiation pathways. This is demonstrated
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Figure 1. Visualizing structural heterogeneities. A) Operando cell for correlative SAXS/WAXS-CT performed in the composite anode at three positions: in
the middle region (zMID), close to current collector (zCC), and close to separator (zSEP). B) Electrochemical lithiation/delithiation sequence and relaxation
steps at OCV (dashed lines) where SAXS/WAXS-CT sequences are performed (T1 to T6). C,D) Evolution of the 2D in-plane distribution of lithium content
at zMID during cell cycling. Pixels are colored from red-to-blue for high-to-low lithiation contents in graphite (C, x index in LixC6 extracted from WAXS
analysis) and silicon (D, x index in Lix Si extracted from SAXS analysis). E) T6 data acquired at OCV. The potential relaxes from 5 to 115 mV during the 6
h time measurement where three SAXS slices (zCC, zMID, and zSEP) are followed by three WAXS slices in identical positions. WAXS and SAXS 1D z-scans
are performed to fast scan the depth of the electrode before, during, and after the CTs (black star, Ewe = 5 mV; blue star, Ewe = 104 mV; and red star,
Ewe = 115 mV).

by a high correlation in the internal structure of T3 and T6 slices,
as shown in Figure S7, Supporting Information.

Further quantification of these large in-plane spatial (de-
)lithiation variations is not trivial, because the various tomo-
graphic data are convoluted with time offsets, as seen on the typ-
ical measurement frame represented in Figure 1E, showing T6
as an example. The acquisition time for each tomography slice
is about 1 h, causing a delay of ≈6 h between the first SAXS-CT

acquired at position zCC (Ewe = 60 mV) and the last WAXS-CT
acquired at position zSEP (Ewe = 112 mV). On the WAXS recon-
structed slices, where the colors scale as xgraphite, we observe a
decrease in lithiation content when measuring from the current
collector (start CT time = 44.3 h, Ewe = 105 mV) to the separa-
tor (start CT time = 46 h, Ewe = 112 mV) positions. Contrarily,
the lithiation of silicon observed in the SAXS slices shows an ap-
parent global increase in lithium content in the in-plane maps
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measured from the current collector to the separator. These ob-
servations point to a distinct behavior of the two active materi-
als depending on their location inside the electrode. However,
space-variations and time-variations arising from the large time-
laps between the various datasets need to be decoupled. The dif-
ferences observed in the WAXS-CT slices are not a direct indica-
tion of a z-dependent concentration gradient of Li+ in graphite,
but rather a time-dependent concentration, as shown in the next
section.

2.2. Time-Resolved Lithium Concentration Dynamics

To further establish the dynamics of lithium content variations
during cell relaxation, we analyze the fast 1D vertical scans. Dur-
ing the experiment, SAXS and WAXS z-scans are performed con-
tinuously along charge and discharge to monitor cell behavior.
More importantly, they are also recorded during the relaxation
steps, in between the sequences of tomography acquisitions. As
indicated in Figure 1E, exemplary for T6 (SoC corresponding to
T3 in Figure S7, Supporting Information), z-scans 1 to 3 are taken
before the first WAXS-CT (black star, Ewe = 5 mV), in between
SAXS-CT and WAXS-CT (blue star, Ewe = 104 mV) and at the
end of the full relaxation period T6 (red star, Ewe = 115 mV). This
is very advantageous as it enables to check the impact of the po-
tential drift on local phase heterogeneities.

Typical z-dependent WAXS and SAXS evolutions during the
T6 relaxation step are shown in Figure S8, Supporting Informa-
tion, while the full SAXS/WAXS intensity variations during the
entire cycling sequence are displayed in Figure S9, Supporting
Information. Note that we analyse z-values spanning from 15 μm
(close to the separator) to 38 μm (close to the current collector),
therefore covering most of the electrode but avoiding intensity
artifacts in the WAXS and SAXS signal. It is clear that z-scan
data acquired at the end of the first and second lithiations (T3
and T6) exhibit a reproducible and systematic trend, confirming
the correlative analysis performed on the CT slices (Figure S7,
Supporting Information). This is summarized in Figure 2 for T6
and Figure S10, Supporting Information, for T3, where the time
evolution of mean and depth-resolved lithiation contents of both
graphite (gray) and silicon (red) phases are reported.

Our findings show that lithium ions get redistributed between
the two active materials while the battery is kept at OCV after
full lithiation. On average, in the electrode, lithium ions leave
graphite to relocate into silicon domains (Figure 2A; Figure S10A,
Supporting Information). The details of this mechanism are
elucidated by analyzing the depth-resolved variations of xgraphite
and xsilicon, reported respectively in Figure 2B,C for T6 (see also
Figure S10B,C, Supporting Information, for T3).

The lithium content in graphite across the electrode continu-
ously decreases during the OCV step. As the lithiation is not fully
completed during the second cycle (T6), the initial state is not
fully lithiated (mean xgraphite ≈ 0.8). At the end of the relaxation,
the amount of lithium is decreased to ≈0.6, with no significant z-
dependence (Figure 2B). In particular, xgraphite ranges from 0.876
(z-scan 1) to 0.595 (z-scan 3) close to the separator (z = 15 μm),
and from 0.85 to 0.6 close to the current collector (z= 38 μm). The
flat profile along the z-direction is expected due to the graphite
charge homogenization in the presence of silicon.[34] In contrast,

the amount of lithium in silicon exhibits notable z-dependent fea-
tures: xsilicon increases when probing the region close to the cur-
rent collector, while it decreases when probing regions close to
the separator. This is directly visualized in Figure S9, Supporting
Information, where the SAXS integrated intensities exhibit posi-
tive low-z and negative high-z trends during T3 and T6. We note
that, in the initial state at 5 mV, silicon is, as expected, more lithi-
ated close to the separator than close to the current collector.[25,43]

Globally, the depth-dependent gradient observed in silicon tends
to diminish with time, as a result of lithium redistribution to
equilibrate the chemical potential through the electrode. Yet, a
remaining non-monotonous shape is still observed at the end
of the 6 h of relaxation, with a local maximum roughly in the
center of the electrode, shifting toward the current collector with
time (Figure 2C). This might be explained by the fact that z-scans
probe only one region in the plane of the electrode (in the center
of the cell and not on the edges). It cannot be excluded that, due
to in-plane heterogeneities between the center and the edges (see
Figure 1), faster paths for re-equilibration could be located out of
the probed area, biasing the absolute levels of x in LixSi, but not
the observed trends in dynamical behavior. Hence, we can con-
clude that the depleted region close to the current collector tends
to relithiate during the relaxation to homogenize the concentra-
tion throughout the electrode, which goes at the expense of the
initially highly lithiated region close to the separator.

All these evolutions are schematically summarized in
Figure 2D where grayish and reddish squares indicate the
amount of lithium in the graphite and in the silicon phases,
respectively, as a function of the location in the electrode (from
separator, top, to current collector, bottom). When the lithiation
is stopped at 5 mV, graphite is homogeneous through the
thickness of the electrode. It starts losing lithium during the
subsequent relaxation step, without any lithium concentration
gradients developing across the depth of the electrode. In con-
trast, silicon is either gaining or losing lithium, an effect that
strongly depends on the localization in the anode.

2.3. Origin of Time-Space Heterogeneities

To elucidate the origin of the charge dynamics observed during
relaxation, we compute the chemical potential μ of both graphite
and silicon phases as a function of the lithiation index x, such
that x = 1 corresponds to the most lithiated phases, LiC6 and
Li3.75Si.[4] Both depth-averaged and depth-resolved situations are
examined (Figure 3A–C,E–G). While 𝜇graphite only depends on the
lithiation index (black line), 𝜇silicon also depends on the internal
strain, 𝜎, and therefore exhibits a strong hysteretic behavior.[45,46]

Accordingly, several lithiation (red lines) and delithiation (orange
lines) chemical potential curves can be considered depending on
strain values (𝜇silicon = f (xsilicon, 𝜎), see Supporting Information
and Figure S11, Supporting Information, for details). During re-
laxation, the material evolution has to bring the active particles
of the composite anode to a common μ equilibrium value for the
two phases, indicated by a green line in Figure 3B,F. We repre-
sent schematically the initial state of the anode by round sym-
bols labeled i, located on the graphite and silicon curves at their
corresponding initial lithium content values (Figure 3A,E). Sim-
ilarly, we represent the final state f (Figure 3C,G), after transiting
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Figure 2. Lithium redistribution during a relaxation step (T6). A) Depth-averaged (mean) lithium content in graphite (gray) and silicon (red) obtained
by performing fast WAXS/SAXS z-scans (1, 2, 3, at Ewe = 5, 104, and 115 mV, respectively). B) Depth-resolved lithium content, xgraphite and C) xsilicon, in
the function of the z-position (close to the separator = 15 μm; close to the current collector = 38 μm) during the three z-scans as in (A). The gray arrow
indicates the systematic decrease in lithium content in graphite, independent of the location, while the red arrows show that silicon gains lithium close
to the current collector and loses lithium close to the separator. D) Schematic representation of the electrode dynamic evolution during relaxation. The
gray (red) color bars indicate the amount of lithium in graphite (silicon). From left to right, time dynamics along z-scans 1 to 3. From top to bottom:
Depth heterogeneities from the separator to the current collector.

through the intermediate state (Figure 3B,F) where the chemi-
cal potential of the two phases is equilibrating and, accordingly,
points must move following the chemical potential curves, as in-
dicated by arrows.

Let us first analyze the depth-averaged case, taking T6 data as
input. The initial average lithiation content of each material of the
composite electrode estimated from the WAXS and SAXS scans
is x = 0.8 in graphite and x = 0.6 in silicon (see Figure 2B,C).
These initial states (i) are indicated as black and red points corre-
sponding to chemical potentials of 90 and 115 mV, respectively
(Figure 3A). To reach the final experimental equilibrium poten-
tial (120 mV, Figure 1E), the two materials have only one way to
evolve. The initial graphite point can only move leftward follow-
ing the potential curve. Hence, graphite delithiates to reach its
final state, point f at 120 mV (green line, x = 0.6 according to
Figure 2A). During OCV, silicon experiences relaxation of the in-
ternal stress hence, the initial red silicon point i moves upward
to one of the stress-relaxed lithiation curves (red dotted curves).
To compensate for the graphite delithiation, silicon gets lithiated,

following one of the relaxed lithiation curves toward a more lithi-
ated final state f (x = 0.8 according to Figure 2A, filled red point).
Note that this mechanism stays valid in all conditions, regardless
of the exact initial location of the points on the curves. Therefore,
the process of charge redistribution between these two active ma-
terials (also known as shuttle reaction) that we describe here is
very general, as schematically represented in Figure 3D: On aver-
age, graphite always gives some lithium ions to silicon until both
phases are equilibrated at the same potential.

The depth-resolved case is more complex, although it funda-
mentally obeys the same potential-driven equilibration mech-
anism. We have to consider not only the stress-relaxed lithia-
tion curves (i.e., the potential evolution for silicon during re-
laxation, in which silicon gains in lithium content, depicted in
red dotted lines in Figure 3B), but also the batch of silicon
delithiation curves starting from various lithium contents (or-
ange dotted curves in Figure 3F). Essentially, during OCV, highly
lithiated silicon particles can start the delithiation process at a
lower potential compared to the pseudo-equilibrium potential
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Figure 3. Mechanism of charge dynamics in silicon-graphite during relaxation (T6). Black line: Chemical potential of graphite. Red/orange lines: Chemical
potential of silicon during lithiation and delithiation, shifted on decreasing stress (dotted red and orange lines) as highlighted with the dark red and
dark orange arrows (𝜎lith. and 𝜎delith., respectively). Filled symbols describe a higher lithiation state compared to empty ones (black points: graphite;
red points: silicon). Initial states i (A,E); intermediate dynamics (B,F); final states f (C,G). A–C) Depth-averaged case: to equilibrate the system from the
initial state (xgraphite = 0.8, xsilicon = 0.6) to the final state at 120 mV (green line in B), graphite can only get delithiated following the black potential curve,
while silicon lithiates following the red arrows in the dotted curve due to the stress-relaxation at OCV. E–G) Depth-resolved case using two distinct initial
situations: Close to separator (SEP, where silicon is initially more lithiated) and close to current collector (CC, where silicon is initially less lithiated).
While close to the current collector graphite and silicon behave as in the depth-averaged case, close to the separator silicon starts to delithiate due to the
lowering of the potential as the stress relaxes at OCV (dashed orange lines). Globally, as expressed in the schematic drawings (D,H), the equilibration
of chemical potentials leads to graphite and lithium-rich silicon regions releasing lithium toward lithium-poor regions.

delithiation curve by following one of the orange dotted curves
if its potential is lower than the one of the other particles. The
initial space-heterogeneity in lithium content is represented by
the two graphite star symbols (black, iCC, and iSEP at similar x val-
ues, close to 0.8 according to Figure 2B) and by the two silicon
star symbols (red, iCC at x = 0.55 and iSEP at x = 0.92 according
to Figure 2C). To reach the final equilibrium potential at 120 mV,
graphite points move on the black potential curve to the left, as

for the depth-averaged situation (moving from iCC/iSEP to fCC/fSEP
states, x = 0.8 to x = 0.5). Silicon behaves differently depend-
ing on its location: silicon is initially much more lithiated close
to the separator than close to the current collector (iSEP = 0.92
and iCC = 0.55). The silicon particles close to the current collec-
tor behave as in the average silicon case described above, follow-
ing one relaxed lithiation curve until reaching a more lithiated
state (red 4-branch-star, moving from x = 0.55 to x = 0.72). The
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silicon particles sitting close to the separator (the six-branch red
star symbol) follow one of the delithiation paths (dotted orange
curve) and slightly move to the left of the graph to more delithi-
ated states. Hence, silicon close to the separator slightly delithi-
ates (from xi, SEP = 0.92 to xf, SEP = 0.87). Globally, the mechanism
is represented in the sketch in Figure 3H, where we show how
the lithium-depleted silicon region close to the current collector
is lithiated from both graphite and lithium-rich silicon regions
close to the separator.

This model allows us to account for the phenomena observed
in the CT and vertical scans data, as well as the dynamics visu-
alized in Figure 2. Based on the simple consideration that the
silicon chemical potential depends both on lithium content and
stress, we rationalize the dynamics of heterogeneities: i) observed
between graphite and silicon particles; and ii) across the depth of
the electrode during relaxation steps.

3. Conclusions

The (de-)lithiation mechanism in a composite electrode is a com-
plex process due to the inherent nature of the electrode itself.
Not only the Li+ have different interactions with the materials
(graphite and silicon, in the case described here), but its dis-
tribution might vary both in- and through-plane due to differ-
ent kinetics and preferential pathways. To add more complex-
ity, Li+ flows not only when the current is applied, but a redis-
tribution/equilibration is also observed during the relaxation of
the cell potential at an open circuit. By employing a combina-
tion of fast vertical scans and WAXS/SAXS-CT we probe all these
multiple effects and deconvolute the contribution of spatial and
temporal dynamics to the overall (de-)lithiation process. Hetero-
geneities in the in-plane lithiation are observed at full charge due
to the morphology of the electrode and the cell fabrication, in
which the graphite particles do not fully lithiate close to the walls
of the cell, while silicon is able to reach its fully lithiated state.
Moreover, correlational analysis performed on CT slices acquired
after the first and second lithiation shows that the electrode hap-
pens to be lithiated in the same areas, indicating a preferen-
tial lithiation pathway. When we look at the lithiation through
the plane of the electrode, however, graphite and silicon show
different behaviors. While graphite (de-)lithiates homogeneously
across the electrode, silicon shows a lithium content gradient,
with the silicon close to the separator being more lithiated than
the silicon close to the current collector at the end of charging.
Due to the spatial heterogeneities in the lithiation content of the
graphite and silicon particles, there is a mismatch in chemical po-
tential among the particles in the different locations of the depth
of the electrode when the cell is left at open circuit potential.
Hence, the charges equilibrate with time and we observe a partial
and homogeneous delithiation of graphite and of the highly lithi-
ated silicon particles close to the separator, in favor of the poorly
lithiated silicon particles close to the current collector.

These effects combine and create intrinsic inhomogeneities
not only during battery cycling but also during battery storage
at OCV. The direct observation of charge dynamics and phase-
to-phase redistribution during relaxation steps has several im-
plications. First, it raises the question of experimental data fi-
delity when performing in situ measurements or operando char-
acterization, especially when the time for data acquisition corre-

sponds to some significant potential relaxation. Space-resolved
mappings of properties might be convoluted with the time dy-
namics of the system and not represent a given SoC or specific sit-
uation of equilibrium but rather incorporate intricated processes
that need to be identified and separated carefully. Second, the ob-
served phenomena are not accounted for in cell-level models that
aim at predicting battery aging by applying continuous current
operation descriptions. Intermittent storage conditions, for ex-
ample, periods of relaxation at OCV, are common in real appli-
cations. However, models usually do not incorporate the ingredi-
ents for describing these modes. Not integrating significant re-
distributions of charges may bias realistic aging prediction if us-
age cycles, including storage, are considered. Taking the graphite-
silicon composite anode as an example, we see that, after pausing
the charged battery, silicon uptakes lithium from graphite, there-
fore, it contains more lithium than any model would predict and
may age more than anticipated. As the charge redistribution di-
rectly correlates to the chemical potentials of each component, we
indicate that electrodes can be engineered to stay in the safe zone
where each active material can be used with minimized charge
transfers during storage.
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