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Effective optimization and control of lithium-ion batteries cannot neglect the relationship between funda-
mental physicochemical phenomena and performance. In this work, we apply a multi-step charging pro-
tocol to commercially relevant electrodes, such as LiNiggMng1Cog10, (NMC811), LiFePO, (LFP),
LiMny sNig 504 (LMNO), LiMng 4FeqsPO4 (LMFP), LisTisO1, (LTO) and NazV,(PO4)s (NVP), to investigate
how the initial rate affects their kinetic response. Remarkably, electrodes undergoing phase separation
exhibit a pronounced counter-intuitive memory effect under high-rate operating conditions. Using oper-
ando microbeam X-ray diffraction, the origin is demonstrated to be embedded in rate-dependent multi-
electrode particle dynamics. Developed phase-field electrochemical models capture the collective
behaviour of electrode particles underlying the kinetically induced memory effect, establishing how the
thermodynamics of the nanoscale (primary particle) level affects the macroscopic electrode response
under realistic conditions. Building upon these findings, an analytical model is presented, capable of cap-
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turing and predicting these effects. These results challenge established battery management strategies,
opening the doors for improved characterization and optimization of fast-charging protocols, crucial in
minimizing aging and heat production while enhancing energy efficiency and benefitting a wide range of

rsc.li/EESBatteries battery-powered applications.

Broader context

Lithium-ion batteries are among the defining technologies of this century, playing an irreplaceable role in grid storage and electric vehicles. These systems
are inherently dynamic, requiring the batteries to respond to unpredictable power demands. To maximize their performance, accurately predicting their
response to such inputs is essential. Achieving this requires a comprehensive understanding of their chemo-physical behaviour, coupled with advanced com-
putational modelling. This study presents a series of electrochemical experiments conducted on commercial electrode materials, including LFP, LTO, and
NMC. The results reveal unexpected behaviours in materials undergoing phase separation, characterized by their thermodynamic tendency to form Li-rich
and Li-poor phases. Remarkably, these materials exhibit an “activation” effect during faster (dis)charging pulses, resulting in a kinetic memory effect
through an inverse correlation between overpotential and the prior (dis)charge rate. The findings are further supported by a chemo-physical explanation
derived from microbeam X-ray diffraction and electrochemical phase-field modelling. These results are directly applicable to practical battery operations and
highlight the importance of accounting for phase separation phenomena when designing and operating lithium-ion batteries.

Introduction

The pursuit of a sustainable future has propelled lithium-ion
batteries (LIBs) into a pivotal role across diverse technological
realms.” Initially confined to consumer electronics, LIBs have
become indispensable in electric vehicles, renewable energy
storage, off-grid power systems, and grid stabilization appli-
cations. A comprehensive understanding of their chemo-physi-
cal behaviour is essential to unlocking the full potential of
LIBs within complex and multi-component systems such as
electric vehicles and grid storage.
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The concept of ‘memory effect’ in batteries has gained
widespread recognition in the case of Ni-Cd and Ni-metal-
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hydride systems, where traces of prior cycling are retained, dis-
torting the voltage profile.>™ Interestingly, while this phenom-
enon has been assumed not to affect LIBs, a pivotal study by
Sasaki et al.’ provided the first insights that this may not be
true. Researchers® redefined the memory effect found in the
study as ‘abnormal changes in working voltage’ and provided
compelling evidence of its occurrence in materials that
undergo phase separation within LIBs. Specifically, they show
that when a LiFePO, (LFP) electrode is charged to a designated
state of charge (SOC), discharged, and then rapidly recharged,
a small voltage peak emerges in its voltage profile. This peak is
consistently observed among different experiments, but it is
limited in magnitude and short-lived, making it a phenom-
enon of purely fundamental importance, without strong practi-
cal implications. Moreover, path-dependent effects on the
voltage of phase-separating materials were also notably
described by Katragnik® and Deng’ who focused on the obser-
vation of a slight change in open circuit voltage at a given SOC
depending on the previous discharge pulse.

The common denominator in the aforementioned studies
is the possibility of explaining these phenomena through the
lenses of the complex kinetic behaviour of phase-separating
active materials. In the active materials that (de)lithiate follow-
ing a solid-solution path, such as LiCoO, (LCO) and
LiNiasmyco1—x—yO2 (NMC), Li diffuses inside the particles uni-
formly such that, when the current is stopped, the concen-
tration inside the particles quickly equilibrates, both on crystal
and agglomerate levels. Thus, the system evolves without sub-
stantial intra- or inter-particle heterogeneities, relying solely
on the particle’s size distribution and position with respect to
the electrode’s depth as a source of heterogeneities. In con-
trast, LiFePO, (LFP) and Li,;TisO,, (LTO) undergo phase separ-
ation during the (de)lithiation process due to their physio-
mechanical properties. At a given state of charge, even under
equilibrium conditions, these particles exhibit coexisting Li-
poor and Li-rich phases. This fundamental difference in reac-
tion behaviour, evident in a flat voltage plateau and an equili-
brium voltage hysteresis,® is intricately linked to inter-particle
heterogeneities.

The literature consistently reveals that the applied current
does not uniformly distribute among all particles in the elec-
trode; rather, a subset of active particles carries the bulk of the
current while others remain unaffected in terms of (de)
lithiation.®™*®> Moreover, the active particle fraction has been
established to be proportionate to the applied rate.”'® This
phenomenon stems from the size-dependent energy barrier
for the nucleation of both the lithium-rich and the lithium-
poor phases, favouring the reaction in smaller or nucleated
primary particles."”® Consequently, the reaction dynamics
exhibit rate-dependent behaviour, ranging from particle-by-
particle lithiation at low rates to collective lithiation at high
rates, where the majority of particles are active to sustain the
applied current. These dynamic systems can be mathemat-
ically described using the regular solution theory,"**” and
simulated with phase-field modelling, providing a realistic and
predictive depiction of the complex dynamics.
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Building on this established theory, the acknowledged path
dependence of electrode materials,>*®*>' and previously
observed memory effects,>”'® our study reveals the presence
and the origin of the strong influence of the initial applied
rate on the subsequent cycling performances. Specifically, the
discovered phenomenon - hereby addressed as the kinetically
induced memory effect — presents an increase of 50% in the
fast-charging overpotential when slow charging is applied in
the initial step. Furthermore, herein, we demonstrate this to
be a general phenomenon in electrodes that exhibit a first-
order phase transition upon (dis)charge. Employing operando
monitoring of individual electrode crystallites, we reveal the
effect of the current on the active particle fraction, while
electrochemical phase-field simulations deepen the under-
standing of the underlying mechanism. Finally, the obtained
relationship between C-rates and active particles is included in
an analytical model capable of explaining directly the observed
results. We conclude by recognizing the pivotal role of preced-
ing applied rates in shaping the voltage profile and suggest its
influence on SOC estimation and fast-charging protocol optim-
ization in large-scale erratic systems coupled with LIBs.>?

Results and discussion
Memory effect in commercial battery electrode materials

Real-world battery utilization often results in frequent current
changes. So, to better understand the behaviour of commercial
battery electrodes in these scenarios, we designed a protocol
that is simple enough to allow interpretation and understand-
ing but can reproduce some of the key features of multi-step
charging (Fig. 1a). The protocol consists of three distinct steps:
the writing step, the resting step, and the reading step. The
writing step refers to a partial (dis)charge of the battery to 50%
SOC imposed at varying rates, to induce a non-equilibrium
state. Subsequently, a 1 h resting step under open circuit con-
ditions is applied to let the system partially relax and ensure
that no kinetically induced gradients exist in the electrolytes.
Finally, the reading step completes the (dis)charge process at a
fixed rate to examine the impact of the previously imposed
rate on the dynamic behaviour of the battery. The cell is then
slowly cycled towards full charge and discharge before apply-
ing the next protocol, bringing the system to an equilibrium
state and erasing the effect. Fig. 1a provides a schematic view
of the procedure. The results in Fig. 1c-e illustrate typical
electrochemical responses recorded from the described
writing, relaxation, and reading steps for commonly used elec-
trode materials. Focusing on the voltage curves during the
reading steps, a clear distinction emerges between the
different electrode materials. As expected, in the case of
LiNiy gMng 1C0 10, (NMC811), in Fig. 1c, when a lower char-
ging rate (0.5C) is applied during the writing step, the reading
step shows similar overpotential and marginally higher
capacity compared to writing steps performed at 1.0C or 2.0C.
In contrast, the protocol on an LFP||Li cell shows a different
behaviour (Fig. 1b and Fig. S1t): when the writing step is con-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Demonstration of the kinetically induced memory effects in phase-separating electrode materials. (a) Schematic of the memory effect proto-
col: the depicted coloured voltage curves relate to the various currents used in the writing step; zero current is applied during the resting step, and a
constant selected current is applied during the reading step. (b) Overpotentials in LFP||Li and LTO||Li half-cells, measured 60 seconds into the
reading step (voltage plateau) at different writing C-rates. The C-rate refers to the writing step and the equilibrium voltages of LFP and LTO are con-
sidered to be 3.42 V and 1.55 V, respectively. (c) Voltage profile of NMC811||Li half-cells with a charging rate of 0.5C/1.0C/2.0C in the writing step,
and 2.0C in the reading step (1.0C = 180 mA g~%). (d) Voltage profile of LFP||Li half-cells with a charging rate of 0.2C/1.0C/3.0C/5.0C in the writing
step, and 3.0C in the reading step (1.0C = 150 mA g‘l). The voltage relaxation during the resting step is also shown. (e) Voltage profile of LTO||Li
half-cells with the charging rate of 0.2C/1.0C/5.0C/10.0C in the writing step, and 3.0C in the reading step (1.0C = 175 mA g™).

ducted at 0.2C, the reading step presents a 3.75 V plateau,
whereas a writing step at 5.0C yields a plateau voltage of 3.63
V. The inverse proportionality between the applied rate and
reading step overpotential is clearly observed in Fig. 1b, which
also highlights a saturation current at 3.0C, beyond which no
further reduction in the overpotential occurs. Moreover, an
additional 4% capacity can be charged in the 5.0C-3.0C cycle
compared to the 0.2C-3.0C case. The LFP electrode, despite
starting the 3.0C reading step from the same SOC and at the
same open circuit voltage, shows a great difference in overpo-
tential and capacity depending on the previously applied rate.
This demonstrates that this material displays a kinetically
induced memory effect, that is, it is influenced by the previous
cycling history. Notably, the LTO||Li cell shows the same unex-
pected behaviour (Fig. 1e) although no saturation current was
observed within the range of C-rates tested (Fig. 1b). The
origin of this difference can be found in the different reaction
kinetics between LFP and LTO (Fig. S15 and S22}). Moreover,
the same behaviour can also be observed when a similar proto-
col is applied under other conditions: applying different
reading rates (Fig. S1t), during discharge of an LFP||graphite
full cell (Fig. S2t), and at various resting times (Fig. S3+).

The distinguishing factor between LFP, LTO, and NMC is
the presence of a first-order phase transition upon (de)lithia-
tion for the first two: materials undergoing a first-order phase

© 2025 The Author(s). Published by the Royal Society of Chemistry

separation are susceptible to the kinetically induced memory
effect. To confirm this hypothesis, more materials displaying a
first-order phase transition, such as LiNi,sMn; 50, (LMNO),
LiMn, 4Fe, (PO, (LMFP), and Na;zV,(PO,); (NVP) were evaluated
using similar protocols, also displaying the same phenomenon
(Fig. S4-S61). This observation aligns with previously docu-
mented memory effects on phase-separating materials,>® here
demonstrating the great impact on realistic high-rate con-
ditions. Altogether, these results suggest a broad and general
phenomenon that highlights the crucial necessity for more
extensive investigations into the dynamic response of these
materials under diverse operating conditions.

Monitoring the phase transition in individual grains

In order to better describe the kinetically induced memory
effect, we investigated the impact of applied rates on the active
particle population throughout different stages of the test pro-
tocol. Given the extensive knowledge of it and its relevance as
a commercial material, LFP was selected as the representative
phase-separating material for this study, with the primary
objective of quantifying the active particle fraction during vari-
able reading rates. A unique method to monitor the phase
transformation of individual crystallites (primary particles)
during operando conditions in pouch cells is microbeam X-ray
diffraction."®"" This technique employs use of an X-ray beam

EES Batteries, 2025, 1, 437-449 | 439
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of size comparable to the particle size (~1 pm) to obtain
single-grain reflections instead of powder averages (Fig. 2a).
Observing the evolution of their 20 values it is possible to
identify the crystallite’s composition (by observing the 26
angle) and orientation (monitoring the 5 values), during oper-
ando conditions. Approximately 100 reflections, representing
an equal amount of LiFePO, crystallites, were tracked during
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the electrochemical protocol with the same methodology
applied by van Hulzen.'®'* From hereon we refer to one crys-
tallite as one particle. The anticipated first-order phase tran-
sition between LiFePO, (LFP) and FePO, (FP) is observed
through the disappearance of the LFP reflection and the
appearance of the FP reflection at a different 26 value (Fig. 2d
and e). Particle categorization is established on the observed
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Fig. 2 Microbeam X-ray diffraction analysis. (a) Schematic of the microbeam X-ray diffraction experimental setup. (b) Measured voltage evolution
during the microbeam X-ray diffraction operando experiments: 0.2C-3.0C and 5.0C-3.0C cycles, respectively. (c) Fractions of particles uncharged
(LiFePO,, red), charged (FePO,4, blue) and partially charged (Li,FePOy,, striped) at the end of the resting writing steps of the 0.2C-3.0C and 5.0C-
3.0C cycles, respectively. (d) Evolution of the (200) reflection during the 5.0C-3.0C cycle for three different tracked grains. (e) Evolution of the (111)
and (020) reflections during the 0.2C-3.0C cycle for three different tracked grains. The left-hand graphs show the evolution of the maximum inten-
sity point for the selected grain reflection along the 26 and 5 directions. The heatmaps show the detected grain reflection at different times.
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shift of the 26 reflections at the conclusion of the writing step.
As shown in Fig. 2d and e, charged particles are identified
based on the exclusive presence of the peak associated with
the FP phase during the resting step; partially charged par-
ticles exhibit both the FP and LFP peaks, indicating partial
delithiation; uncharged particles retain an unaffected LFP
phase and are activated only during the subsequent reading
step. The sudden shift in the 20 value indicates fast delithia-
tion, while the presence of two parallel 20 values at the same 7
value indicates slow delithiation, occurring through phase
separation.

Two different charging protocols were applied to the same
battery: a protocol where the writing step was conducted at a
high charging rate (5.0C) and one where it was conducted at a
low charging rate (0.2C). In both cases, the battery was rested
for 30 minutes, and the charging was completed at 3.0C
(Fig. 2b). After both protocols a 0.1C memory-erasing dis-
charge was conducted so that the batteries differ only in the
charge rate during the writing step. Analysing the microbeam
results provides direct insights into the role of the active par-
ticle population in the kinetically induced memory effect
under operando conditions (Fig. 2d). Specifically, at a charge
rate of 0.2C (writing step), a particle-by-particle lithiation
mechanism is observed, where few particles are rapidly
delithiating at each given time. Focusing on the electrode’s
state after the completion of the resting step, we found 39% of
the particles being charged (full phase transition from LFP to
FP) and 27% nucleating the lithium-poor phase without com-
pleting the charge (i.e., the coexistence of LFP and FP phases),
while the rest remain uncharged (LFP phase). This is in line
with the expected mosaic arrangement composed of either
lithiated or delithiated crystals. Subsequently, during the 3.0C
reading step, the remaining particles (61%) are charged by the
imposed current. In contrast, when subjected to a charge rate
of 5.0C during the writing step, a lower fraction of particles
(26%) achieves full charge during this step, while the majority
(47%) enter the resting period partially charged, in a phase-
separated state. The subsequent 3.0C current can then be sus-
tained by a higher fraction of particles (74%) being either par-
tially charged or uncharged. These findings, summarized
graphically in Fig. 2c, underscore the complex relationship
between the charging rates of the active particle population,
shedding light on the dynamics of (de)lithiation processes
within the electrode.

The kinetically induced memory effect can so be explained
by the difference in multi-particle dynamics during the initial
step. Specifically, at high applied charge rates, the current is
supported by a greater number of particles (increased active
population), resulting in a higher fraction of nucleated (phase-
separated) particles at 50% SOC. These nucleated particles are
more accessible to the system during the subsequent reading
step, having already surmounted the nucleation energy
barrier. Notably, the phase separation persists during the
resting period. Conversely, at low applied writing rates the elec-
trode reaches 50% SOC following particle-by-particle delithia-
tion, so the majority of the particles result in being either

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uncharged (lithiated) or completely charged (delithiated). In
the subsequent reading step, the applied current is sustained
by a reduced number of particles, i.e. the particles that are
either partially charged or wuncharged. Moreover, the
uncharged particles need to overcome the nucleation barrier.
The combination of these factors leads to the higher overpo-
tentials as shown in Fig. 1b.

Previous work'®'»** described the formation of a meta-
stable solid solution phase transition in LFP, such that, during
fast (dis)charge, the particle cannot proceed toward phase sep-
aration due to the mismatch in characteristic times between
reaction and diffusion kinetics. In contrast, no solution phase
transition at 5C was observed within this study, which can be
attributed to a fundamental distinction in particle shape.
Specifically, by leveraging the b crystalline direction for 1D fast
diffusion kinetics, platelet-shaped LFP particles demonstrate a
reaction-limited behaviour. On the other hand, the spheroidal
commercial particles employed in this work (Fig. S7-S9%),
characterized by higher defect concentrations and, conse-
quently, quasi-isotropic diffusivity, effectively exhibit diffusion-
limited behaviour resulting in more favourable phase separ-
ation. Moreover, the presence of the kinetically induced
memory effect in a wide set of phase-separating materials
(Fig. 1e and Fig. S4-S6%) shows that the presence of a meta-
stable solid solution transition in LFP is not a decisive factor
in explaining the observed memory effect.

Electrochemical modelling of the memory effect

To further unravel and quantify the underlying mechanisms
responsible for the kinetically induced memory effect, we
suggested electrochemical porous electrode models extended
to encompass the thermodynamics of phase-separating active
particles through phase-field modelling.'* Traditional
models** consider uniform diffusion and fit the open circuit
voltage from experimental data; in contrast, phase-field
models account for size-dependent nucleation barriers* >’
and derive the chemical potential from the free energy land-
scape.'” This technique can predict the behaviour of phase-
separating active battery materials at both the single-particle
and multi-particle  levels under various operating
conditions.””*'>'7?83% The coupling between the phase-field
and electrochemical modelling can also fit experimental
voltage curves,’>* provide an accurate picture of the active
particle population,” and generate realistic operando X-ray
diffractograms.'” Considering the capabilities of this model-
ling technique, we utilize the software MPET"* to build an LFP
electrode model capable of reproducing the experimental
results. In particular, we consider spherical diffusion-limited
particles that react with the surrounding electrolyte following
the couple ion-electron transfer theory,® and account for elec-
tronic transport losses between the particles (see the Methods
section and the ESI{ for further details).

The simulated results for LFP in Fig. 3 unfold the kinetics
of the system during the memory protocol, revealing the effect
of a range of writing rates on the reading overpotentials. The
voltage curves in Fig. 3b are in good agreement with the experi-
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from 0.1C to 6.0C and a fixed reading rate of 3.0C. (c) Li-ion distribution in a randomly selected set of representative particles of phase-field simu-
lation at 55% SOC during the reading step for the case of 0.2C and 5.0C writing rates. Blue corresponds to the FP phase, and red corresponds to the
LFP phase. The transport phenomena considered in the model are also shown. (d) Fraction of particles in the charged (FePO,), partially charged
(LixFePO,4), and discharged (LiFePO,) states at 55% SOC at different writing rates. (e) Evolution of the active particle population during the memory
protocols for the simulation presented in (b). A particle is considered active if its average lithiation state is between 15% and 85%.

mental results (Fig. S117), showing the correct voltage at the
onset of the reading steps, the kinetically induced capacity
losses, and plateauing at high rates. It is noteworthy to specify
that the model does not consider the evolution of the charge
transfer resistance of the Li metal electrode or self-discharge
mechanisms. The simulations, by matching the experiments
solely considering the phase separation mechanism, also
confirm it to be the main responsibility of the memory effect.

By analysing the simulation data, the origin of the total
overpotential can be separated into its components (Fig. 3a):
both the reaction and diffusion overpotentials at the onset of
the reading step are inversely proportional to the applied
writing rate, whereas the transport overpotential is marginally
affected by the writing rate due to the low loading of the tested
sample (2 mA h ecm™).

Fig. 3e illustrates the complete multi-particle dynamics by
showing the evolution of the active particle population during
the memory protocol. At low rates, the system maintains a low
active particle population during the writing step, following a
particle-by-particle lithiation scheme, reaching the reading
step with a few particles that are internally phase-separated.
The system is then forced to overcome the nucleation barrier
with a reduced available reactive area. As the writing rate
increases, the system reacts more homogenously, accommo-
dating higher currents towards more particles. Due to the wide
difference in particle sizes (Fig. S8 and S9%), the smaller par-
ticles will be delithiated faster such that the active particle
population starts to decrease before reaching 50% SOC. The
kinetics is therefore dominated by larger-sized particles, which
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are the system’s major current drivers. This imposes a limit on
the maximum active particle population achievable during
(dis)charge and explains the saturation of the kinetically
induced memory effect at rates higher than 3.0C. After the
resting step, where we observe a small drop in the active par-
ticle fraction due to intra-particle Li exchange (Fig. 3e), the
available surface area of the phase-separated particles will
accommodate the reading step current. Additionally, in the
supplementary results, we explore the effect of the resting step
on the active particle population (Fig. S201). It is important to
note that while the overpotential saturation occurs at 3.0C for
LFP, the LTO electrode does not exhibit saturation even at
10.0C (Fig. S13t). Despite the similar particle size, the
maximum active particle population, and its related saturation
current, depend on both particle size and exchange current
density. The significant difference in reaction kinetics between
the two materials accounts for the distinct behaviour
(Fig. S227). This highlights the capability of the memory proto-
col to provide insights into charge transfer resistance in phase-
separating materials. To further clarify this relationship, in the
supplementary results, we present the influence of the particle
size distribution and exchange current density on active par-
ticle population dynamics (Fig. S15f) and saturation current
(Fig. S167).

Fig. 3d depicts the dynamics of the system in the same
fashion as described for the microbeam data, i.e. an increase
in the writing rate leads to a greater fraction of particles being
phase-separated at the onset of the reading step. In particular,
the 5.0C writing rate leads to 46% of the particles being phase-

© 2025 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/d5eb00014a

Open Access Article. Published on 29 March 2025. Downloaded on 12/22/2025 5:53:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Batteries

separated and only 2% of them being fully delithiated,
while the 0.2C writing rate only achieves 5% and 12% of
phase-separated and delithiated particles, respectively. Finally,
Fig. 3b visually shows the particle concentration at the begin-
ning of the reading step for the two C-rates explored: 0.2C and
5.0C. The former presents a mosaic lithiation scheme where
most particles are found either completely uncharged or
charged due to the particle-by-particle lithiation dynamics. In
particular, smaller particles are completely charged due to
their lower energy barrier for nucleation and faster diffusion
times, while larger particles are mostly uncharged. The 5.0C
case is instead mostly composed of phase-separated particles,
with only a minority of smaller particles being completely
charged.

The thermodynamic interpretation of the phenomenon
also clarifies why solid solution materials cannot experience a
kinetically induced memory effect. As the electrochemical
model demonstrates (Fig. S14}), the combination of Fickian
diffusion and monotonic chemical potential of solid solution
materials imposes fast relaxation on the system: the single par-
ticle is rapidly homogenized by internal diffusion, and the
difference between the surface concentrations, induced by the
previous fast kinetics, drives an inter-particle reaction that
quickly homogenizes the system. In phase-separating
materials, instead, once the particle is nucleated, both phases
will be characterized by similar chemical potentials, and the
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driving force for multi-particle equilibration is strongly
reduced. The origin of this kinetic response is also shown to
be general and reproducible in other phase-separating
materials as shown by the simulation performed with the
Li Tis0;, model®’ (Fig. $137).

Linking C-rate to overpotential: an analytical approximation

Although a complete description of the phenomenon requires
solving a set of partial differential equations, this approach is
often impractical. Here, we present an analytical approxi-
mation that captures the key trends using simplified relation-
ships. For a uniform particle size distribution, the reactive
surface area is proportional to both the fraction of active par-
ticles during the reading step (f) and the total reactive area
(S). Given the exchange current density at the particle surface
(Jo), the reaction overpotential (i,x,) can be expressed as a
function of f and imposed reading current iz. Assuming
Butler-Volmer reaction kinetics we obtain:

kT . | _ iR
~ 2" ginh ™! )
oo 2 510 (157

In addition to the reaction overpotential, the diffusion over-
potential (n4i¢) can be approximated using the Nernst relation-
ship #aier ~ In(cs/ceq), where ¢s and c.q are the surface and equi-
librium concentrations of the delithiated phase, respectively.
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Fig. 4 Analytical solution for the relationship between the writing C-rate and reaction and diffusion overpotentials. (a) Scaling of the reaction and
diffusion overpotentials as a function of active particle fraction. The overpotentials are normalized w.r.t. the values at f = 1. Arbitrary parameters
were chosen within reasonable values (close to fitted values). (b) Schematic of different phase arrangements of particles corresponding to varying
active particle fractions. (c) Fit of the experimental overpotential for the LiFePO,||Li half-cell. (d) Fit of the experimental overpotential for the

LigTisO4pl|Li half-cell.
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Fig. 5 Schematic summary of the origin of the kinetically induced memory effect. The thermodynamic origin of the memory effect in terms of free
energy (G) evolution during slow and fast writing steps is described. The size-dependent energy barriers are considered.?® The common energy
tangent is followed at low rates, increasing the rate results in a deviation from the minimum energy path. Lower rates are thus capable of overcoming
the energy barrier for small particles, while higher rates allow particles of greater size to reach a metastable higher energy configuration. The result-
ing difference in the energy landscape is represented with red particles as fully lithiated (low energy), blue particles as fully delithiated (high energy)
and bi-coloured particles as phase separated. Energy and capacity (Q) are purely representative and not at scale.

Approximating the ionic diffusion with a mass transfer coeffi-
cient, k., we can also obtain a relationship between fand 7q;gs:

kgT IR
2 —In(1+——). 2
Naift p n( +ekmcoSf) (2)

These equations hold under the assumption that the
current regime during the reading step activates all remaining
particles (see the Methods section of the ESIf). Finally, an
empirical relationship, based on a sigmoid function, is used
for linking f to the writing C-rate (CR):

f - fmax

~ 1+ e—w*(CR-D)

(3)

where the maximum active particle fraction fi,ax, the weight w
and the bias b, are fitted based on the phase-field results. This
relationship is admittedly difficult to obtain analytically since
it depends on the particle size distribution, exchange current
density and the state of charge.

When plotted (Fig. 4a), the resulting relationships show the
significant influence of the active particle population on reac-
tion and diffusion overpotentials. For instance, the diffusion
overpotential can increase by a factor of four if the active par-
ticle population is reduced. The analytical model is then used
to fit the experimental data presented in Fig. 1. By allowing w
and b to vary within realistic bounds (informed by the phase-
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field model), the relationship between the writing C-rate and
active particle fraction can be captured accurately.

The precision in the fitting, of both the LFP and LTO cases
(Fig. 4c and d), showcases the use of the derived approxi-
mation for predicting and understanding the Kkinetically
induced memory effect. The effective diffusivity of LTO and
LFP is comparable, as is their particle size, resulting in similar
activation-induced overpotentials. The slower reaction kinetics
of LFP is the primary reason for its larger overpotential differ-
ence between slow and fast charging. Moreover, the fit also
predicts that the relationship between active particle popu-
lation and C-rate is in good agreement with the phase-field
results. This and the possibility to fit these data with the pro-
vided analytical model further validate the conclusion that the
previously activated particles are responsible for the difference
in overpotentials.

Conclusion

This study shows and explains a general phenomenon
affecting all phase-separating electrode materials: a strong
inverse correlation between the initial applied (dis)charging
rate and the resulting overpotential during a subsequent step,
thus a kinetically induced memory effect. The origin of this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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behaviour is herein described from a thermodynamic perspec-
tive (Fig. 5).

If lower rates are employed during the writing step of the
protocol (e.g. 0.2C) the reaction primarily occurs for smaller
particles, characterized by faster kinetics and a lower nuclea-
tion barrier. The resulting electrode is composed mostly of
either fully lithiated or fully delithiated particles. A greater
overpotential is required to activate larger-sized particles
during the reading step. Higher charging rates (e.g. 5.0C)
spread the current to multiple particles, leading to a set of
phase-separated metastable particles. The inter-particle
lithium exchange is delayed by the coexistence of the same
chemical potential of the two phases and, when the reading
current is applied, the phase-separated particles are electroche-
mically more active since the nucleation barrier has vanished.
This allows the system to achieve the same reading rate (e.g.
3.0C) with lower overpotentials. From an energy perspective,
part of the additional energy supplied to the system during a
high-rate writing step is stored within the phase boundaries.
Consequently, less additional energy is required to drive the
current during the reading step. This nuanced interplay
between current rates and phase-separation dynamics sheds
light on the crucial role of activation barriers and population
dynamics in governing the electrochemical behaviour of these
systems.

Multiple studies, primarily focusing on LFP, assessed the
non-trivial multi-particle and single-particle reaction path that
phase-separating materials follow during (de)intercalation.>”™*!
Early descriptions relied on a domino-cascade model,
suggesting a particle-by-particle (de)lithiation process.*!
However, subsequent experimental®'® and computational®*?
studies have provided compelling evidence that the active par-
ticle population is intricately linked to the applied rate, chal-
lenging the initial univocal interpretation. Building on these
findings, other works have been focused on the investigation
of the metastable solid solution®>*®?%29 (characteristic of LFP
but not universal to all phase-separating materials) and the
relaxation behaviour,”*>** providing a foundation for the
understanding of current-induced phenomena. Specifically,
Deng and coworkers’ characterized the unexpected change in
overpotential during quasi-equilibrium discharge of LFP fol-
lowing a high-rate current pulse, revealed by the study of
Katrasnik et al.,® through X-ray microscopy and phase-field
modelling on reaction-limited micro-platelet particles.
Notably, whilst offering valuable insights, they did not quanti-
tatively assess the significant consequences of these pulses
under the subsequent high-rate operating conditions.

Our protocol, which is closer to those using commercially
relevant rates, reveals the impact of these non-equilibrium
phenomena on typical battery operations. The thermodynamic
interpretation of it (Fig. 5), obtained by combining modelling
and operando monitoring of individual particles, opens the
doors to improved protocol design for both deeper fundamen-
tal understanding and battery management strategies.

Robust indication of multi-particle dynamics can be
obtained by combining the multi-step protocol and the devel-
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oped analytical model (eqn (1)—(3)). By collecting data from a
set of writing currents, we use the presented relationships to
obtain the active particle population as a function of the
C-rate. This offers valuable insights into optimal charging
rates able to activate the majority of particles within the
electrode.

While this study focuses on half-cell charging for better
fundamental understanding, we also prove the described
memory effect in commercially relevant LFP||graphite full
cells (Fig. S27). Similarly, the previously applied current influ-
ences the subsequent overpotential, but the role of graphite
hinders its presence when a higher rate is applied during the
reading step. The kinetically induced memory effect in full
cells is so dependent on the kinetically limiting electrode and
therefore on a wide range of manufacturing parameters. Based
on these results, we also speculate the presence of the memory
effect in an LTO||NMC cell. In fact, LTO electrodes reliably
show the kinetically induced memory effect, while the kinetics
of the NMC is not influenced by the previous current rate. The
combination of these materials, important in high-power
applications, is therefore a candidate process for the exploita-
tion of the discovered phenomenon. Since the discovered
effect arises from particle-level heterogeneities, its magnitude
can be reduced in high-capacity electrodes, where the ionic or
electronic transport along the electrode thickness is the limit-
ing factor (Fig. S191). In the case of next-generation battery
materials, such as LMNO, LMFP and NVP,** the kinetically
induced memory effect can instead become a tool for charac-
terizing specific regions of capacity that exhibit phase separ-
ation (Fig. S4-S67).

Moreover, our study underlines the significant implications
that may arise from oversimplifying the treatment of phase-
separating materials, both computationally and experi-
mentally. Although single-particle models have demonstrated
their ability to predict constant current kinetics,*’ they fall
short in capturing behaviours intrinsically linked to the active
particle population and phase separation. In fact, the relation-
ship between SOC and kinetic properties is not univocally
definable. At the same SOC, the electrode can be composed of
different ratios of phase-separated and homogeneous particles
depending on the previous applied rate. As shown here, these
phenomena have a significant effect on the voltage profile.
Thus, its prediction and the subsequent management and
optimization of battery operations can be misled by oversim-
plified models.>**®™*® It becomes so critical, when modelling
phase-separating materials, to account for multi-particle
dynamics and phase-separation kinetics to correctly predict
voltage and current responses in complex protocols (Fig. S17
and S187%). Thus, this study proves the necessity of phase-field
methods for improving state-of-the-art battery management
strategies.’® We also speculate that SOC estimation algorithms
could be misled by these memory effects, if not properly
included in the equivalent circuit representation. To apply
these findings to fast control-oriented numerical tools, we
suggest coupling phase-field models and advanced equivalent
resistors. The former would be initially used to capture the
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relationship between the C-rate, SOC and active particle popu-
lation (eqn (3)), and the latter can then be modelled based on
the analytical equations provided in this work (eqn (1) and
(2)). Furthermore, how multi-step protocols can maximize the
active particle population has been shown. This can directly
translate into the reduction of intra-particle stresses, side reac-
tions, heat generation, and energy consumption. To fully
deploy this effect in real-world scenarios, future studies should
focus on exploiting this phenomenon via numerical optimiz-
ation and clarifying its impact at multiple SOCs, temperatures,
and rates.

Finally, we showed how the continual pursuit of fundamen-
tal knowledge in the field of batteries can have direct impli-
cations on current technology, leading to better protocols for
battery management systems, improving battery performance,
energy efficiency, and lifespan, ultimately contributing to
advancing battery technologies and the broader field of energy
storage systems.

Materials and methods
Materials

LiFePO,, composed of single crystal particles, was obtained
from Leneng Technology. The cathodes were prepared by
mixing the LiFePO, material, poly(vinylidene difluoride)
(PVDF, MTI) binder and Super P (Alfa Aesar) conductive
carbon in a weight ratio of 92:4:4. The resulting slurry was
cast on Al foil and then dried at 60 °C for 6 h, followed by
drying overnight at 120 °C in a vacuum oven. The Li,TisOq,
anode and LiNipsMn,;s0, were purchased from MTI
Corporation and used as received. LiNiygMng;C0410,
(NMC811) was synthesized using the coprecipitation method:
a certain amount of alkaline aqueous solution (NH,OH and
NaOH) was poured into deionized water (1.5 L) to form the
base solution in a tank reactor under continuous stirring.
Then, a 2 M solution of NiSO,-6H,O, Co0SO,-7H,0O, and
MnSO,4-H,0 with a molar ratio of 8:1:1 and an aqueous solu-
tion of 5 M NH,OH and 10 M NaOH were added into the base
solution in the tank reactor at a steady rate of 8 mL min~". The
coprecipitation temperature was controlled at 50 °C, and the
pH value was maintained at approximately 11 by NH,OH with
a stirring speed of 500 rpm under a nitrogen atmosphere. The
coprecipitated NiygMn,;Co,1(OH), precursor was prepared,
which was subsequently washed with deionized water and
ethanol four times and dried in a vacuum at 120 °C for 24 h.
The apparent and tap density of the NijgMng;Coq1(OH),
precursors were measured at 1.88 g em™ and 2.06 g cm™,
respectively. For the preparation of NMC811 materials, the as-
obtained precursor was mixed with LiOH-H,O at a molar ratio
of 1:1.03, then heated to 500 °C for 5 h and subsequently cal-
cined at 780 °C for 12 h in an oxygen atmosphere. After
cooling naturally, the material was immediately placed in an
Ar-filled glovebox to prevent being exposed to moisture. The
NMC811 electrodes were prepared by mixing active material,
Super P and PVDF binder in a mass ratio of 90:5:5 in an
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N-methyl-2-pyrrolidone (NMP) solvent and cast on Al foil and
then dried at 60 °C for 6 h, followed by drying in a vacuum
oven at 120 °C overnight. The X-ray diffraction pattern demon-
strates the pure phase of this prepared NMC811 material.
Battery-grade lithium hexafluorophosphate (LiPF¢), ethylene
carbonate (EC), diethyl carbonate (DEC), and fluoroethylene
carbonate (FEC) were purchased from E-Lyte innovations, and
subsequently dehydrated using a 4 A molecular sieve (Sigma-
Aldrich).

Electrochemical measurements

Electrochemical cycling tests of all batteries were based on
CR2032 coin cells assembled in an Ar-filled glove box (H,O <
0.1 ppm, O, < 0.1 ppm) with Celgard 2500 separators and
tested at room temperature, unless stated otherwise. The elec-
trolyte used consisted of 1 M LiPF in EC/DEC (1:1 in volume)
with 5% FEC. 70 pL of electrolytes were injected into each coin
cell for comparison. All coin cells were tested using multi-
channel battery testing systems (Land CT2001A or Lanhe
G340A). 15.6 mm diameter lithium metal foil of 250 um thick-
ness was used as both the working and counter electrodes.
The electrochemical cycling performance of the electrodes
(12 mm diameter) was tested using an areal capacity of 2 mA h
cm™? with lithium metal foil as the counter electrode. All the
cells underwent a formation cycle comprising two 0.1C
(0.2 mA cm™2) charge-discharge cycles.

Materials characterization

The morphologies of the electrodes were observed using a cold
field scanning electron microscope (SEM, HITACHI-S4800,
SU8010). XRD was performed using a Bruker D8 Advance diffr-
actometer equipped with a Cu Ka radiation source (4; =
1.54060 A and A, = 1.54439 A at 40 kv and 40 mA). Rietveld
refinement of the XRD data was carried out using General
Structure Analysis System software with the EXPGUI software
interface. TEM experiments were performed using a STEM
instrument (JEM-ARMB300F, JEOL) operated at 300 kV with a
cold field emission gun and Cs double correctors. The micro-
scope was equipped with Gatan OneView and K2 cameras for
image recording. STEM images were obtained at an electron
dose rate of 50-500 e~ A~ s™* with an exposure time of several
seconds for each image, with a built-in drift correction func-
tion in GMS3 using the OneView and K2 cameras.

Microbeam diffraction experiments

For the LFP microbeam diffraction experiment, a similar setup
was used as described in van Hulzen et al.'® The LFP||Li half-
cells were prepared as pouch cells and fixed in a clamp with a
conic opening on both sides to allow the X-ray beam to pass
through. A monochromatic X-ray beam with wavelength
0.2852 A (energy 43.47 keV) and spot size of ~1 micron was
used to register the diffraction patterns on an Eiger2 X CdTe
4M detector with 2068 x 2162 pixels. To increase the number
of grains under Bragg conditions the sample was rotated along
the z-axis (perpendicular to the beam). For all measurements
the total rotation was 5° with a step size of 0.05° and an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exposure time of 0.05 seconds, collecting 101 frames in about
6 seconds. To mitigate beam damage, four locations were
probed by rotation resulting in a time resolution of about 30
seconds per location. A detailed description of the provided
data can be found in ESI section 2.a.T The raw data were ana-
lysed following the methodology outlined in the Methods
section of van Hulzen et al."®

Electrochemical phase-field modelling

The physics-based electrochemical model was developed
by expanding on the open-source software MPET.'* The
single particle of LFP was simulated by considering a
diffusion-limited spherically symmetric one-dimensional
particle axis so that the local Li concentration ¢ evolves

accordingly to
d_y (D
de kT ')

where D is the concentration-dependent diffusivity and y is the
phase-field chemical potential. The particle’s reaction rate R
between the particle of concentration ¢, and the electrolyte of
concentration cr;+ is modelled through the coupled ion elec-
tron transfer theory,>®® specifically the electron-coupled ion
transfer approximation:

R ko ¢ CLit _ ¢/cmax
2 Cmax 1+ eene/ksT 1 4 e—ene/ksT

A ene > A
BT ¢ (i) 1+ Vaz
N
kT

where k, is the exchange current density, #¢ is the formal over-
potential and 1 is the reorganization energy for the electron
transfer. The electrode is discretized into sub-volumes, each
consisting of 8 particles of varying sizes following the experi-
mental particle size distribution. The electrode-level ionic and
electronic losses were modelled employing porous electrode
theory.'® Moreover, wiring losses within the sub-volume are
considered, similar to the work of Li et al.® A more detailed
description of the model can be found in ESI sections 2.b.
Model formulation and 2.c. Model parameters.¥

The analysis of the overpotentials was defined as follows:
the reaction overpotential of a single particle is the overpoten-
tial driving the reaction, and it corresponds to the difference
between the surface chemical potential of the particle and the
electrolyte chemical potential at a specific electrode depth; the
diffusion overpotential is defined as the difference between
the surface chemical potential and the equilibrium potential
of the material at that average composition; the transport over-
potential is the difference between the electrochemical poten-
tial of Li ions at the Li-metal-electrolyte interface and the
electrochemical potential at the current collector. The
total overpotential is the difference between the equilibrium

chemical potential of the LFP plateau and the potential at
55% SOC.

erfc x
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