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Entering Voltage Hysteresis in Phase-Separating Materials:
Revealing the Electrochemical Signature of the Intraparticle

Phase-Separated State

Tomaz Katrasnik,* JoZe Moskon, Klemen Zelic, Igor Mele, Francisco Ruiz-Zepeda,

and Miran Gaberséek*

1. Introduction

Hysteresis is a general phenomenon regularly observed in various materials.

Usually, hysteretic behavior is an intrinsic property that cannot be
circumvented in the nonequilibrium operation of the system. Herein, it is
shown that, at least with regard to the hysteretic behavior of phase-separating
battery materials, it is possible to enter (deeply) the hysteretic loop at finite
battery currents. This newly observed electric response of the electrode, which
is inherent to phase-separating materials, is related to its microscopic origin
arising from a (significant) share of the active material residing in an
intraparticle phase-separated state. This intriguing observation is further
generalized by revealing that a phase-separating material can feature
(significantly) different chemical potentials at the same bulk lithiation level
and temperature when exposed to the same finite current and external voltage
hysteresis. Therefore, the intraparticle phase-separated state significantly
affects the DC and AC characteristics of the battery. The experimental
evidence for entering the intraparticle phase-separated state is supported by
thermodynamic reasoning and advanced modeling. The current findings will
help advance the understanding, control, diagnostics, and monitoring of
batteries composed of phase-separating materials while also providing
pertinent motivation for the enhancement of battery design and performance.
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Lithium iron phosphate (LFP)-based batter-
ies, as well as their mixed analogs, such
as lithium iron manganese phosphate bat-
teries, are gaining importance owing to
their high safety, high power density, ac-
ceptable energy density, durability, lack of
resource-limiting critical metals, and es-
pecially their excellent price-performance
ratio.["?] This opens the way for them to en-
ter the mass market of electromobility and
large-scale energy storage, as well as other
application areas. Short- and medium-term
energy storage and transport applications
are characterized by highly dynamic op-
erating regimes; however, these applica-
tions require the precise monitoring and
control of a large number of cells to en-
sure their proper operation, longevity, and
safety.>®] Batteries containing other phase-
separating materials, such as lithium ti-
tanate oxide (LTO)#! and lithium man-
ganese phosphate (LMP), have also been
widely used.

Despite significant progress in un-
derstanding the phenomena in phase-
separating materials,-!!] the phase-separation reactions in real
electrodes remain poorly understood. This is largely because
of the high complexity of battery electrodes, which consist of
numerous particles interconnected by binders and conductive
additives.[”!?] There are still many electrochemical phenomena
that cannot be clearly and unambiguously explained by underly-
ing changes in the composition, structure, and microstructure of
the materials that constitute a battery electrode.

An example of a seminal work establishing a quantitative re-
lationship between the general electrochemical performance and
the corresponding phase transformation in phase-separating bat-
tery materials is the work by Dreyer et al.l!% published more than
a decade ago. The authors developed a thermodynamic model
that explained the widely observed inherent (zero-current) volt-
age hysteresis in phase-transforming materials by accounting for
the microscopic and structural changes observed in electrodes
composed of phase-separating particles. These findings have
been elaborated in several follow-up studies.[’*-16] Other well-
known phenomena relating to the macroscopic electrochemical
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output and underlying microscopic processes in active materials
include the so-called “memory effect’(*] and “group-by-group”
multiparticle Li intercalation in a battery system undergoing Li
phase separation leading to electrochemical oscillations.I”! Al-
though various mechanisms have been identified, the model de-
veloped by Dreyer et al.,['% which tacitly assumes that hystere-
sis cannot be avoided in phase-separating materials, remains un-
challenged. However, in this study, we challenge this basic as-
sumption by attempting to answer the following fundamental
dilemma: Is it possible to enter the hysteresis loop under dy-
namic operating conditions?

In the context of this study, it is important to distinguish be-
tween the hysteretic effects!'’] of thermodynamic origin and dif-
ferent types of overpotentials. Overpotentials have a kinetic ori-
gin and can be minimized, for example, by systematically re-
ducing the charge or discharge rate,'”! and eventually elimi-
nated in the asymptotic limit of exceedingly slow charge and
discharge currents. This does not apply to hysteretic effects of
thermodynamic origin, which cannot be avoided, except in very
rare cases.['®21l Several battery papers have clearly shown that
the hysteretic behavior of phase-transitioning battery materials is
ubiquitous.l??2°1 Only occasionally do published measurements
indicate voltages that are apparent within the hysteretic loop./1%3"]
Recently, entry into a hysteretic loop has been reported for Si
electrodes.[*132] However, it must be emphasized that lithiated
silicon is not a typical phase-separating material®>I; therefore,
the thermodynamic background, which is still not entirely clear,
may be different from the present case.

As for phase-separating materials, many studies have con-
firmed the existence of inherent voltage hysteresis.[131>:2>3441]
Considering the ubiquity of this phenomenon, it seems more or
less impossible for the active material to exist in a state that in-
creases its potential to a level that allows entry into the inherent
hysteretic loop (close to the equilibrium state) of a battery at fi-
nite currents. Similarly, based on current knowledge, it seems
impossible for a phase-separating material to form an electrode
that has (significantly) different chemical potentials when ex-
posed to the same finite current at the same lithium content and
temperature.

In this study, we challenge the existing views on hysteretic
properties, both theoretically and experimentally. We identified
and discussed new correlations among several material-related
phenomena. First, we demonstrate an innovative pulse-based
electrochemical experiment that generates numerous long-lived
intraparticle phase-separated states, in which the adjacent phases
are either Li-rich or Li-poor. The existence of these electro-
chemically induced intraparticle separated states was proven us-
ing ex situ scanning transmission electron microscopy—electron
energy-loss spectroscopy (STEM-EELS). Thus, we demonstrated
the existence of a new material state characterized by its
own chemical potential, which is significantly different from
the chemical potentials of other known phase-forming battery
materials.10154042] Tt is further shown that using various dy-
namic excitation protocols, it is possible to switch from the inter-
particle to the intraparticle phase-separated state of the active ma-
terial, i.e., that it is possible to manipulate the material to adopt
different values of chemical potential depending on its history.
This possibility has major implications for future battery applica-
tions, where the determination of accurate potential values and
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their control are crucial, as briefly discussed in the last part of the
paper.

2. Results and Discussion

2.1. Key Experimental Evidence

The basic electrochemical performance of the battery-grade
“Targray LFP” cathode material is shown in Figure S1A, Sup-
porting Information, which indicates that it exhibits good electro-
chemical performance with excellent capacity retention at high
current densities. Moreover, the results of the classical galvanos-
tatic intermittent titration technique (GITT, Figure S1B, Support-
ing Information) show a well-developed voltage plateau because
of the equilibrium between the coexisting Li-poor (Li,FePO,) and
Li-rich (Li,FePO,) phases with a corresponding equilibrium volt-
age of 3.428 V vs metal-lithium (Li*/Li%).

A direct bridge between the macroscopic electrochemical out-
put of a phase-separating battery material and the corresponding
microscopic processes occurring in the individual active particles
of an LFP material is shown in Figure la—c, respectively. Here
“particle” denotes either a single primary storage particle or an
aggregate.l*] The blue curve in Figure 1a corresponds to a regular
charge-discharge cycle at a low (dis)charge rate (C/100), whereas
the red dashed curve shows the potential evolution upon appli-
cation of the so-called dynamic excitation (the initial —C/100 rate
is switched to —5C and then returned to —C/100), as indicated
in the legend. It is clear that after the latter switch (from high to
low C-rates), the red curve enters deeply into the blue-shaded hys-
teretic area, which until now seemed unattainable at finite battery
currents.

At first glance, the results shown in Figure la seem to con-
tradict the original particle-by-particle lithiation process at low
currents, which explains the existence of hysteresis postulated
by Dreyer et al.l'% However, as shown in the continuation, the
reason for the observed behavior is not a flaw or deficiency of the
model by Dreyer et al.,l'” but a result of the simultaneous en-
trance of a large share of the active particle population into the
intraparticle phase-separated state.

To determine the underlying reason(s) for the unusual elec-
trochemical behavior shown in Figure 1a, we systematically ana-
lyzed the material changes occurring during high-current stim-
uli. Because the storage mechanism in the present material in-
volves compositional changes, that is, a reversible Fe?* /Fe* re-
dox reaction occurring within individual LFP particles, we per-
formed STEM-EELS. It is to be noted that both the electro-
chemical as well as STEM-EELS experiments were purposefully
performed on a commercial battery-grade (“Targray”) LFP ma-
terial with good electrochemical performance. Specifically, we
wanted to focus on general phenomena, that is, phenomena that
also occur and are relevant in realistic materials, rather than on
phenomena found mainly in special materials with laboratory-
tailored sizes and structural, compositional, and other features.
However, to perform reliable and correct STEM-EELS analysis on
realistic battery materials involving various inhomogeneities, a
special centrifugation separation procedure step was applied be-
fore electrode preparation. This way, we selectively removed the
largest LFP aggregates from the starting Targray LFP powder (see
Experimental procedures). Only the fraction that included thin
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Figure 1. a) Path-dependent entrance into the voltage hysteresis in phase-separating battery materials. The blue curve shows the conventionally ob-
served voltage hysteresis of LFP at small currents (measured on cell #1). The red curve demonstrates the entrance into the hysteretic loop after reducing
the current from the preceding current stimulus (starting at 25% and ending at 50% depth-of-discharge (DOD)) applied during a battery discharge. The
entrance into the voltage hysteretic loop is explained by an intraparticle phase-separated state depicted by the central scheme. This state is fundamentally
different compared to the other frequently encountered electrode states, which comprise solid solution state at low and high lithiation levels,[134042]
high-overpotential transient state within the miscibility gapl'>4042] (more details provided in Section S3.2, Supporting Information) under the application
of a large current, and interparticle phase-separated statel’"] or mosaic instabilityl '] being characterized by a particle-by-particle mode of lithiation!°]
under application of a small current without preceding current stimulus. b,c) STEM-EELS color map demonstrating the interparticle (b) and intraparti-
cle (c) phase-separated states (LFP (green) and FP (red)) that occur at small currents and after a current stimulus, respectively, obtained from cells
#2 and #3.
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and nonaggregated particles was extracted for the preparation of
the electrodes used in the microscopy experiments. Particularly,
most of the particles in our STEM-EELS study had thicknesses
in the range of 70-130 nm, corresponding to a relative thickness
(t/4) closeto 1 (here, tand A are the thickness and mean free path,
respectively), thus enabling a reliable collection of EELS spectra
(for more details, see Supporting Information Section S2.3). We
performed STEM-EELS analysis on particles that had been sub-
jected to a (very) small lithiation current (-C/100, Figure 1b), as
well as on particles from the experiment involving a high-current
stimulus (—5C, Figure 1c). In both cases, the corresponding elec-
trodes were at a depth of discharge (DOD) of 0.5, and were ob-
tained from cells #2 and #3 (see Figure S7 in Supporting Infor-
mation). The details for obtaining the reference spectra for Fe**
and Fe?*, as well as the coordination of the LFP/FP phase map,
are described in the SI (Figures S8-S12 and Figure S13, Support-
ing Information, respectively).

In the context of the current study, the most important find-
ing obtained using STEM-EELS analysis can be understood by
comparing Figure 1b,c. We can see that the application of a high-
current stimulus results in a significant increase in the number
of LFP particles that exhibit intraparticle phase separation (the
central part of Figure 1c). This crucial finding directly supports
the thermodynamics-based description of the finite-rate phe-
nomenon entering the voltage (energy) hysteresis, as discussed
in detail. To some extent, this finding can be anticipated from the
large body of experimental evidence using various approaches re-
ported in the field. However, this is the first study to offer sys-
tematic and direct evidence that intraparticle phase separation is
a consequence of high-current stimuli. Furthermore, a detailed
analysis of the level of Fe?* /Fe**mixing in the LFP and FP phases
(Section S2.5, Supporting Information), especially the degree of
Fe* /Fe3*mixing at the intraparticle LFP/FP phase boundaries
obtained from EELS mappings of high-current-activated LFP par-
ticles (Section S2.7, Supporting Information), reveals that the de-
gree of local Fe?*/Fe3* mixing within the particles is very low.
Therefore, the results of the current study strongly suggest that
for the high-rate performance of phase-separating insertion ma-
terials, the presence of large amounts (fractions) of nonequilib-
rium phases is not mandatory. Our findings suggest that the pres-
ence of the solid-solution Li FePO, phase(s) is probably not the
reason for the high rate performance of the LFP material. Rather,
the observed solid-solution phase(s) correspond to a part of the
LFP material that has not yet completely relaxed into the corre-
sponding Li-rich and Li-poor phases. This hypothesis, which is a
part of our ongoing study, requires more definitive experimental
proof(s).

The systematic connection between the electrochemical out-
put and microscopic observations can be better understood via
the schemes shown in Figure 1a. Within the hysteretic area, the
majority of active particles are in an intraparticle phase-separated
state, which does not occur upon regular constant cycling at low
C rates.

The phenomenon of interparticle phase separation was experi-
mentally observed in a recent study,['!) whereas the current study
presents and explains the corresponding electrochemical signa-
ture of the intraparticle phase-separated state for the first time.
The entry into the intraparticle phase-separated state after a pre-
ceding high-current excitation regime is a general phenomenon
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that can be demonstrated for several phase-transition battery ma-
terials and the conditions of interest. We have performed the fol-
lowing sets of diverse experiments, all of which demonstrate en-
tering into a hysteretic loop: i) at different lithiation levels of the
electrode (Figure 1 and Figure 2), ii) for current stimuli of differ-
ent lengths or transferred change (Figure 2a), iii) different mag-
nitudes of current stimuli at a small base current (Figure 2b),
iv) during charge and discharge (Figure S1, Supporting Infor-
mation), v) at various electrode thicknesses/loadings (Figure 1,
Figure 2, and Section S1, Supporting Information), (vi) for differ-
ent dilution ratios of active material in the electrodes (Figures 2a
and S2, Supporting Information), vii) for different phase separat-
ing materials (LMP: Figures S5 and S6, Supporting Information)
and, finally, viii) entering into hysteretic loop was also demon-
strated on commercial cells (Figures S3 and S4, Supporting In-
formation).

As shown in Figure la (and even more so in Figure 2a), it is
possible to reach voltages very close to the middle of the hys-
teretic loop. Another general observation is that the voltage re-
mains inside the usual hysteretic loop for a considerable period,
more or less almost to the end of the ongoing half-cycle per-
formed at small currents. This phenomenon, which is based on
fundamentally different underlying microscopic processes com-
pared to the previously reported phenomena associated with the
so-called “memory effect”('%) and “group-by-group” multiparticle
Li battery intercalation!”!?! (Section S3, Supporting Information),
features a large monotonous deviation of the cell voltage.

Figure 2a also indicates that voltage hysteresis occurs during
a low discharge current period for very different lengths (dura-
tions) of current stimuli, that is, in the range from ADOD =
0.008 to 0.5, confirming that a very short current stimulus is suf-
ficient to enter the hysteresis. A detailed study of Figure 2a fur-
ther reveals that the voltage approaches the equilibrium value in
the case of longer current stimuli (as explained in more detail
in Section S1.1.3, Supporting Information). It is also important
to emphasize that the experiments presented in Figure 2a were
performed on the diluted electrode, which further indicates that
ionic and electronic wiring do not affect the key phenomena lead-
ing to hysteresis. In addition, Figure 2b shows the entrance into
the voltage hysteresis for a wide range of magnitudes of current
stimuli and suggests that a deep entrance in the voltage hystere-
sis is already observed for current stimulus as low as —C/20 at
a base current of —C/100. These cases indicate that when restor-
ing the base current, the potential of the electrode is higher after
a current stimulus compared to the potential level at the same
base current without a current stimulus. In addition, at the same
base current, the electrode potential after a current stimulus is
higher than the electrode potential before the current stimulus,
despite the higher DOD of the electrode (denoted as the voltage
increase after a current stimulus—A'V, see Figure 2), which tends
to lower the electrode potential. These are clear indications that
the state of the material was changed by the application of the
current stimulus, which will be discussed in more detail later.

Thus far, we have shown the possibility of entering hystere-
sis at very low base currents. We further demonstrated that the
different nonequilibrium states of the phase-separating mate-
rial at the same bulk lithiation level and temperature signifi-
cantly influenced the electrochemical characteristics of the bat-
tery in the entire operating region, that is, outside the hysteretic
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Figure 2. a—d) Voltage increase after a current stimulus for: a) variation of the duration of current stimuli in a wide range of values, i.e., in the range
from ADOD = 0.008 to 0.5 (a diluted LFP cathode in cell #11 was used for this set of experiments); b) variation of the magnitudes of the current stimuli
in the range from —C/20 up to 10C at base discharge current —C/100 on the LFP-Li cell #8; c) variation of the magnitudes of the current stimuli in the
range from —C/2 up to —12C at base discharge current —C/5 on the LFP-Li cell #8; and d) variation of the base current in the range from —C/500 up to

—C/5 at current stimulus —1C on the LFP-Li cell #8.

loop (Figures 2c,d, and 4). This is demonstrated in Figure 2c,
where the altered electric response of the electrode after a cur-
rent stimulus and its subsequent entry into the intraparticle
phase-separated state, is demonstrated for a base current of —C/5.
Figure 2d shows an increased cell voltage after the application
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of a current stimulus and the restoration of the same base cur-
rent for a wide range of base currents. The results presented in
Figures 1 and 2, and in Section S1, Supporting Information, con-
firm the generality of the altered electric response of the electrode
in the intraparticle phase-separated state under a wide range of
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dynamic operating conditions. This has far-reaching and general
material-related consequences as it positively answers a material-
related question by demonstrating that the phase-separating ma-
terial in the electrode can feature (significantly) different poten-
tials at the same bulk lithiation level and temperature when ex-
posed to the same finite current. We note that the variation (re-
producibility) of the voltage curves measured during the baseline
low-current regime measurements is ~+0.5 mV (in a thermostat
with a controlled temperature at 25.0 + 0.1 °C). The apparent
omnipresence and importance of the present phenomenon may
raise another question: why has the possibility of entering the
intraparticle phase-separated state not been previously reported?
The answer may be partially linked to the absence of targeted and
systematic electrochemical and microscopic experiments, as pre-
sented in Figure 1. However, this phenomenon might have been
overlooked. The entrance into the intraparticle phase-separated
state is associated with relatively small potential differences com-
pared to other phenomena influencing overpotentials; however,
the effects are far from negligible in practice, as discussed in Sec-
tion 2.5. Nevertheless, as seen from the systematic studies shown
in Figure 2 and Figures S3-S8, Supporting Information, thereisa
clear and reproducible electrochemical signature of entering the
intraparticle phase-separated state over a very broad range of base
currents and current stimuli. This signature was observed even
though some of the voltage levels after current stimuli did not
enter into hysteresis owing to high overpotentials (Figure 2c,d).
It is also important to note that the smallest current stimulus re-
quired to enter the intraparticle phase-separated state was much
smaller than the largest base current used in this study (Figure 2).

These additional pieces of evidence, combined with previ-
ous arguments on the generality of the observed phenomenon
(Figure 1 and Figure 2, Section S1, Supporting Information) un-
der a wide range of dynamic operating conditions, strongly sug-
gest that at least a non-negligible share of active particles enter
and remain in the intraparticle phase-separated state during the
realistic dynamic operation of a battery (Figure 3c,e). However,
as is discernible from the present figures and accompanying ex-
planations, a very large proportion of active particles can enter
the intraparticle phase-separated state after larger current stim-
uli, which at low base currents results in a very deep entrance into
the voltage hysteresis, approaching the middle of the hysteretic
loop (Figures 1 and 2a).

2.2. Theoretical Background

In idealized diluted and homogeneous electrodes with identi-
cal particles, the intraparticle phase-separated state represents
an ensemble of particles, all of which are split uniformly into
two phases occupying equal volumes within each particle if the
DOD is 0.5. In a more realistic situation, where the distribution
of particle properties and their heterogeneous ion and electron
wiring are considered, one may expect a distribution of the de-
gree of particle lithiation, as schematically depicted in Figure 1a
(central scheme). This scheme is well supported by experimen-
tal observations using STEM-EELS (Figure 1c), in which several
particles are split into two phases, although each particle has a
slightly different degree of lithiation (for details, see Section S2,
Supporting Information). In any case, the intraparticle phase sep-
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aration differs from the interparticle phase separation, which is
experimentally shown in Figure 1b. This occurs at small currents
without applying current stimuli, further supporting the postula-
tion of a particle-by-particle lithiation process at low currents.[1%]
Because the intraparticle phase-separated state exhibits a lower
chemical potential, it is characterized by a higher potential of the
bulk active material and thus of the electrode with respect to the
other known states of the active material, as shown in Figures 1a,
Figure 3, and Figure 4.

The thermodynamic basis for the present explanation relies on
the postulate that the lithiation level of the electrode is equal to
the sum of the Li mole fractions of the many-particle system ¢!

1= Y % i)

I=1

where x; is the Li mole fraction of an individual particle (indexed
by I), and N is the number of (de)lithiating particles inside the
electrode. This constraint implies that in a many-particle system,
it is only possible to control the total amount of Li in all the parti-
cles; thus, the amount of Li inside the individual particles is not
uniquely determined. Another driving force for this behavior is
the free-energy minimization of the many-particle system.

N
Fror = Z /fl (xl) av (2)
=]

1

where Frorror denotes the total free energy of the many-particle
system, V), and fjare the volume and free-energy density of an
individual particle, respectively. The amount of lithium inside in-
dividual particles (x;;) and the exchange of lithium among active
particles are therefore driven by the minimization of the energy
of the whole ensemble.

This thermodynamic basis offers a direct explanation for
all the states depicted in Figure 1 (see also Section S4, Sup-
porting Information). At small currents and consequent small
overpotentials that barely exceed the initial energy barrier im-
posed by the convex part of the free energy density of a particle
(Figure 3a,b), the particles undergo interparticle phase separa-
tion. During most of the (dis)charge cycle, the vast majority of
particles are at high and low lithiation levels.['®3*] In contrast to
the intraparticle phase-separated state, the interparticle phase
separation is characterized by the particle-by-particle lithiation
regime (Figure 3a,b), where only a small fraction of particles is
simultaneously active (ref.[10] and Figure 5b), which forms a
mosaic pattern of particles!’! (see also Figure 1b). This is also
supported by Figures 3b,d, and S29d, Supporting Information,
which present corresponding representations in the free energy
diagram showing insufficiently high energy for particles to
transverse the lithiation range in the high-overpotential tran-
sient regime. The resulting inter-particle phase-separated state
inherently yields voltage hysteresis.[!®) This phenomenon is
schematically presented in Figure 3a,f. Figure 3f shows the inter-
particle phase-separated state at the mid-levels of the DOD under
equilibrium conditions, that is, during a long period of zero cur-
rent. In this case, the active particles undergo phase separation,
such that some particles are lithiated and some are delithiated,
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Figure 3. a) Schematic presentation of constant small current discharge, without a previous current stimulus, corresponding to interparticle phase-
separated state, being characterized by particle-by-particle lithiation process and b) corresponding representation in the free energy diagram. In this
case, the chemical potential of the electrode is above the spinodal point, as indicated by the black dashed line. c,d) Schematic presentation of chemical
potential (c) and free energy (d) during entering intraparticle phase-separated state. Under the application of a larger current, the majority (or significant
share) of the active particle population undergoes a nonequilibrium transition following the spinodal potential, which, as elaborated in Section S3.2,
Supporting Information, indicates a high-overpotential transient state. After a sufficiently fast reduction of a current, and thus, the overpotential, the
majority of particles undergo intraparticle phase separation (i.e., they internally split into two phases) yielding the intraparticle phase-separated electrode
state. The chemical potential of the particle in the intraparticle phase-separated state is close to the equilibrium state (red dashed line in (c)) and is
characterized by a minor offset of the free energy associated with intraparticle strain and interfacial energy due to the internal phase boundary.[*!l e) If
current stimuli are smaller or shorter or if the base current is larger, the share of particles in the intraparticle phase-separated state is lower, which results
in the increased chemical potential of the bulk active material. f) Schematic representation of the interparticle phase-separated state in equilibrium
conditions at mid-levels of DOD, where particles do phase separate in a way that some particles are lithiated and some delithiated. The arrow indicates
an initial increase of the chemical potential required to surpass the chemical potential barrier at the application of a finite current.
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Figure 4. a) Schematic presentation of the voltage hysteresis associated with interparticle phase-separated state and entrance into the voltage hysteresis
associated with intraparticle phase-separated state with indicated voltage hysteresis (V},,) and increased cell voltage levels after a current stimulus (AV).
b) Schematic low base current representation of electrode potentials, nonequilibrium active material potentials (A®ay neamne), and corresponding
overpotentials due to reaction kinetics and transport phenomena () of interparticle phase-separated state (Figure 3a) and intraparticle phase-separated
state with the lower (Figure 3e) and higher (Figure 3c) shares of active particle population, where both intraparticle phase-separated states feature
increased cell voltage levels after a current stimulus (AV). ¢) AV for all cases presented in Figure 2.
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Figure 5. a) Comparison between experimental (cell #1) and simulation results for hysteresis obtained at C/100 charge and discharge cycle as well as
for —C/100 discharge with a —5C discharge stimulus between 25% and 50% DOD (discharge —C/100 — —5C — —C/100). b) Simulated active particle
population for —C/100 discharge and —C/100 discharge with a —5C discharge stimulus between 25% and 50% DOD. c,d) Evolution of the DODs of
the particle as a function of the electrode level or cell capacity during discharge. The initial solid solution lithiation until the spinodal point followed by
particle-by-particle lithiation lasting nearly to the end of the cell capacity range is shown in (c). (d) clearly shows the initial solid solution lithiation until
the spinodal point followed by particle-by-particle lithiation until 25% DOD and subsequent lithiation in the high-overpotential transient state increasing
active particle population, also shown in (b). This is a prerequisite for entering the intraparticle phase-separated state upon reduction of the current.
This intraparticle phase-separated state is characterized by a larger share of active particle population at high potentials ((b) and (d)) further supporting

key conditions that need to be satisfied to enter into the hysteretic loop under dynamic operating conditions.

and their chemical potential is approximately in the middle of the
hysteresis (Figure 3f and Section S5, Supporting Information).
The arrow in Figure 3f indicates the increase in the chemical
potential required to surpass the chemical potential barrier upon
the application of a finite current, resulting in an intraparticle
phase-separated state at a higher chemical potential (Figure 3a).
The higher chemical potential of the interparticle phase-
separated state, which decreases the cell voltage, is the origin of
the voltage hysteresis that occurs during the discharge/charge
cycle at small currents. Despite the small currents, this hysteresis
is characterized by non-negligible entropy generation, resulting
in the dissipation of useful electrochemical work such as heat.!”]
To a large extent, this is a consequence of the chemical potential
barrier that imposes states on the system that are far from
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thermodynamic equilibrium and Li redistribution between the
particles.1%]

Another limiting (dis)charging regime is observed at large cur-
rents when the system is far from thermodynamic equilibrium
and is thus characterized by high overpotentials. In that regime,
the majority of particles simultaneously lithiated via a pathway
involving a poorly defined, nonequilibrium disordered struc-
ture denoted as the “high-overpotential transient state” (Figure
S29¢,d, Supporting Information), and this has been confirmed
by multiple simulations and experimental studies.['>3*#2] This
high-overpotential transient state is characterized by a large ac-
tive particle population.[!1:3442]

The thermodynamic background explaining the dynamic pro-
tocols for entering the intraparticle phase-separated state is
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graphically shown in Figure 3c,d. The following key conditions
for entering the intraparticle phase were identified:

® The application of a current stimulus that is sufficiently larger
than the base current and ends inside the spinodal region en-
sures that a considerable share of the active particle population
undergoes a transition through a high-overpotential transient
state (Figure 3c,d).

o A sufficiently fast reduction of the current to a sufficiently
low value so that local overpotentials are appropriately re-
duced results in the phase separation of particles in the high-
overpotential transient state.

e Simultaneously, the minimization of the energy of the entire
ensemble (Equation 2), driving the intraparticle and interparti-
cle redistribution of lithium with a preferential occurrence of
intraparticle phase separation (Figure 3c,d) over interparticle
phase separation owing to longer characteristic times for the
latter.11]

® Entering the intraparticle phase-separated electrode state,
where the majority (Figure 3c, or a significant share, Figure 3e)
of the particle population is intraparticle phase-separated, is
characterized by a lower energy level, and therefore, by a lower
intraparticle phase-separated chemical potential compared to
the interparticle phase-separated chemical potential, increas-
ing the electrode potential.

There is an additional condition for entering into the hysteretic
loop:

® The base current should be sufficiently low such that the over-
potentials after the current stimulus are smaller than the elec-
trode potential increase associated with the intraparticle phase-
separated state.

The existence and interplay between intraparticle and inter-
particle phase separation have been investigated in several ex-
perimental studies.35*1##7] Detailed reasoning on the differ-
ent characteristic times for intraparticle and interparticle phase
separation is provided in Section S5, Supporting Information.
This detailed reasoning addresses the causal chain of phenom-
ena that covers the transition from the high-overpotential tran-
sient state to the long-term-lived intraparticle phase-separated
state and subsequent relaxation to the lower energy interparticle
phase-separated state with long characteristic times.

Figure 2 and Figure 4c indicate that the voltage increases af-
ter current stimuli, which are associated with the share of par-
ticles in the intraparticle phase-separated state, are not identi-
cal for different combinations of base currents and current stim-
uli. In addition, the duration of the stimuli also exerts an effect.
These phenomena can be schematically explained by compar-
ing Figure 3c,e. Figure 3c shows a limiting (hypothetical) case,
in which all active particles would enter the intraparticle phase-
separated state. In this case, the potential of the active material
that has been exposed to a small current (denoted as the nonequi-
librium active material potential) approaches the open-circuit po-
tential of this material at a given level of bulk lithiation. There-
fore, at low currents, the electrode potential deeply enters into
the voltage hysteresis because of the overpotentials due to the
reaction kinetics. Moreover, the transport phenomena are neg-
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ligible (Figure 4b). However, Figure 2 also reveals that the volt-
age increase after current stimuli can be smaller if the current
stimuli are smaller or shorter or if the base current is larger
(e.g., approaching 1C, Figure 4c). In these cases, fewer parti-
cles entered the intraparticle phase-separated state, as schemati-
cally depicted in Figure 3e. Consequently, the intraparticle phase-
separated state with a lower proportion of active particles features
an increased chemical potential of the active material compared
to the intraparticle phase-separated state with a higher propor-
tion of active particles, which inherently yields a lower nonequi-
librium potential of the active material (Figure 4b) and a lower
cell voltage. This explains the different voltage increases after the
current stimuli, as presented in Figure 2.

The theoretical findings are summarized in Figure 4. A large
difference is observed in the electrode potentials of the interpar-
ticle and intraparticle phase-separated states at very small cur-
rents (Figures 1a and 4a). This can be explained by the fact that
the voltage hysteresis originates from two contributions: i) a po-
tential shift owing to a nonequilibrium active material poten-
tial (AD gy neanmne)> Since a large share of particles is at the lithia-
tion level that corresponds to the first spinodal point (Figure 3a),
and ii) overpotentials owing to reaction kinetics and transport
phenomena (y) (Figure 4b). Both contributions yielded half of
the total hysteresis observed during the full cycle, V,,,/2. When
entering the intraparticle phase-separated state, V;,,/2 almost
completely vanishes when the proportion of active particles is
very large (Figure 4b). This is a consequence of two contribu-
tions. The first is a nearly eliminated shift due to the nonequi-
librium active material potential (A®y cany) Decause intra-
particle phase-separated particle have a lower chemical poten-
tial (Figure 3c). The second contribution arises from the lowered
overpotentials owing to a larger share of the active particle popu-
lation in the intraparticle phase-separated state, thereby reducing
the losses associated with the reaction kinetics and transport phe-
nomena. Consequently, the intraparticle phase-separated state is
associated with a much lower V, /2 than the interparticle phase-
separated state, which leads to the voltage increase after current
stimuli denoted by AV. To support the reasoning behind the re-
sults presented in Figure 2, Figure 4b presents two cases of an in-
traparticle phase-separated material with a lower (Figure 3e) and
larger (Figure 3c) proportion of active particles, resulting in dif-
ferent values of V,;,/2, whereas both are smaller than the V,,/2
value of the interparticle phase-separated state. Figure 4c shows
the AV values for all cases presented in Figure 2 further support-
ing the finding that a phase-separating material in the electrode
can feature (significantly) different potentials at the same bulk
lithiation level and temperature when exposed to the same fi-
nite current. Hence, Figure 4 represents a theory-based bridge
between the macroscopic electrochemistry and microscopic pro-
cesses analyzed in Section 2.1.

2.3. Simulation Results

The thermodynamic explanation proposed in the previous
section is further supported by simulation results obtained with
the extended continuum-level porous electrode model*! shown
in Figure 5 and discussed in detail in Sections S6.1 and S6.2,
Supporting Information. The advantages and limitations of the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD 3A 8.0 (e (dde aLp Aq peusenob afe sejoie YO ‘sn J0 Sa|nJ Joy AriqiT8uIUO 8|1 UO (SUOIPUOD-pUe-SW.l/Woo" A3 1M ARe.q 1 [eul|uo//Sdny) SUORpUOD pue swie 1 8y} &8s *[£202/80/82] U0 AriqiTaulluo A8|Im ‘imissul pfiwed Aq 266012202 BWpe/z00T 0T/10p/wiod A8 |imArelqiul|uo//sdny woly papeojumoa ‘T€ ‘€202 ‘G60FTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

proposed model are discussed in detail in the next section. It is
important to note that all key phenomena of entering the intra-
particle phase-separated state are confirmed by tailored experi-
mental techniques and that the modeling of all relevant phenom-
ena in multiparticle electrodes exhibiting collective effects is be-
yond the current capabilities. Therefore, a simulation model was
applied to provide a provisional link between the thermodynamic
reasoning presented in Figure 3 and the experimental evidence
presented in Figure 1, to elucidate the thermodynamic back-
ground of the newly discovered phenomenon without claiming
a full quantitative agreement. Nevertheless, the model replicated
the C/100 hysteresis with acceptable accuracy. Importantly, it is
capable of predicting the entrance into hysteresis when entering
the intraparticle phase-separated state upon the reduction of the
current after the current stimulus. An adequate model prediction
of AV after the current stimulus, Figure 5a, was the Primary
aim of applying the simulation model. Therefore, the present
simulation results establish a model-based bridge between
thermodynamic reasoning (Section 2.2) and experimental evi-
dence (Section 2.1). Figure 5a also reveals that the discrepancies
between experimental and simulation results become observable
after adequately predicting voltage increase after current stimuli,
i.e., AV. This can be attributed to a very complex interplay of
phenomena, which cannot yet be adequately captured to the full
extent in multiparticle models aimed at simulating hundreds of
hours of battery operation, as explained in Section S6.1, Support-
ing Information. Nevertheless, at 50% DOD, Figure 5b—d show
that, in the small current regime, the active particle population
is significantly larger at the same level of electrode lithiation
when a current stimulus is applied, which is in agreement with
experimental findings. Therefore, the combination of a signif-
icantly increased active particle population and a higher cell
voltage (Figure 5a) provides unique proof of the hypothesis on
the simultaneous entrance of a larger share of the active particle
population into the intraparticle phase-separated state after a
large current stimulus (more details are provided in Section S6.2,
Supporting Information). Therefore, both parameters can only
be achieved simultaneously if the electrode is in the intraparticle
phase-separated state. This is because a higher battery voltage
can only be realized if a large share of the particles feature lower
chemical potentials, such as those inherently found in particles
that are in the intraparticle phase-separated state. This agrees
with the thermodynamic reasoning shown in Figure 3.

2.4. Further Experimental Evidence

This section presents additional electrochemical results that fur-
ther underline the impact of this newly discovered phenomenon
on the electrical output of the cell. Figure 6c,d offer direct exper-
imental proof that after applying a current stimulus of —3C the
cells exhibit considerably different electrochemical characteris-
tics compared to a nominally identical cell discharged at —C/30
(Figure 6b) within the same initial DOD range (from 0 to 0.1).
The significantly different current responses (Figure 6c¢), as well
as the different ratios of the apparent cell-level total (DC) resis-
tances (Figure 6¢) of both cells, confirm that after a current stim-
ulus, the electrode enters a different state, that is, intraparticle
phase separation. The macroscopically observed significant vari-
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ation in the apparent DC cell resistance after a current stimu-
lus was directly related to the higher potential level of the intra-
particle phase-separated electrode state (Figures la and 3a) and
the lower overpotential for lithiation owing to a larger share of
the active particle population (Figure 4). Importantly, after the
cells were connected in parallel (inset of Figure 6b), the voltages
of both cells increased, which is consistent with the findings in
Figure 1 and Figure 5 as well as with the thermodynamic rea-
soning presented in Figure 3. As expected, the trends of the cur-
rent and resistance ratios are reversed towards the end of the dis-
charge period (Figure 6¢,d), as the present cells feature nominally
identical capacities.

The connection between a lower overpotential for lithiation
and a larger proportion of the active particle population can be
explained thermodynamically, as depicted in Figure 7a,b. Dur-
ing a small current discharge, a large proportion of the particles
are at the lithiation level, which corresponds to the first spin-
odal point (Figure 7a). This is characterized by a large derivative
of free energy, AF, (i.e., potential), as a function of variation of
the single particle lithiation fraction (Ac), and consequently, the
current (Figure 7a). In contrast, the intraparticle phase-separated
state was characterized by a much smaller gradient of free en-
ergy, AF,, as a function of the variation in the single particle
lithiation fraction, Ac (Figure 7a), and thus impedance (including
DC resistance). From a different perspective, it can be said that
the phase boundaries, which are inherently present in intraparti-
cle phase-separated particles, are moved without a large energy
penalty.[*4]

Finally, the proposed mechanism was additionally confirmed
by other experimental evidence employing electrochemical
impedance spectroscopy (EIS) measurements after galvanostatic
excitation at different rates (C/100 and 5C), terminated at a DOD
of 0.1 (Figure 7c). The experiments show a pronounced effect of
the preceding current stimulus on the low-frequency part of the
impedance response, in which solid-state or active-material pro-
cesses strongly prevail. Specifically, after a large current stimulus
(red curve), this part reveals impedance values that are 20%-40%
lower compared to the case with a small current (blue curve). This
different behavior further proves that the intraparticle phase-
separated state is characterized by a lower overpotential for lithi-
ation, owing to a larger share of the active particle population
being closer to the equilibrium state.

2.5. Discussion

On a broader scale, entering a hysteretic loop has been reported
for systems other than stable multiparticles.[??2°] For example,
such states have been achieved by changing the temperature
of a multiphase system and tracing the temperature path de-
pendence or shifting the system vertically across the phase
lines of the phase diagram. Unlike these previous studies, we
have demonstrated and explained the existence of long-living
intraparticle phase-separated states, which enable entrance into
the hysteretic loop at small base currents, of a phase-separating
Li intercalation material by shifting the multiphase system (i.e.,
phase-separating active particle) horizontally across the phase
diagram in the direction of variation in the fraction of lithia-
tion. In addition, we provide clear experimental and theoretical
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Figure 6. a) Schematic presentation of a parallel battery experiment performed on two nominally identical LFP-Li cells (A = cell #4 and B = cell #5).
In the 1st step, each cell was connected to its own current (voltage) source with the corresponding terminal voltages V, and V. During the following
2nd step the cells were connected in parallel to a single current (voltage) source with a terminal voltage V(A||B). b) During the 1st step, the cells were
partially galvanostatically discharged whereby their global DOD was changed from 0 to 0.1; however, the magnitude of discharge current was different:
—C/30 for cell A (blue curve) and —3C for cell B (orange curve). The discharge was followed by a short relaxation period at the open circuit (inset in
(b)). In the 2nd step, the cells were connected in parallel (A||B, green curve in (b)). While the pair was discharged using a total current of —C/30, the
individual currents through the cells (/5 and I) were also monitored. c) A strong deviation of the individual cell currents from the total current value
—C/30 is observed. Importantly, in the initial part of the 2nd step, a considerably larger current is observed in cell B which in the 1st step was subjected
to a larger current (—3C). d) The observed effect can be expressed in terms of the ratio of the apparent DC cell resistances R5:Rg, where the maximal

value of the ratio was found to be as large as 2.4. The zero value on the time scale corresponds to the end of the current stimulus.

evidence that the system remains in the intraparticle phase-
separated state, and thus, at a higher electrode potential under
nonequilibrium conditions, that is, at a range of finite currents.

Moreover, the higher potential level of the electrode and higher
share of active particles inherent to the intraparticle phase-
separated state (Figure 1a and Figure 3a) also explain why par-
allelly connected cells of the same type feature significantly dif-
ferent currents despite being at the same DOD and temperature
(Figure 6). In addition, the intraparticle phase-separated state
is characterized by a much smaller gradient of free energy as
a function of the variation in the single particle lithiation frac-
tion (Figure 7a) and a larger share of the active particle popula-
tion. These particular characteristics of the intraparticle phase-
separated state explain why cells at the same DOD and tempera-
ture feature a much lower impedance in the low-frequency part of
the impedance response, in which solid-state processes strongly
prevail (Figure 7c). These findings are of overarching importance
not only for a better understanding of the fundamental processes
occurring in state-of-the-art battery systems but also for their
increased control, diagnostics, and monitoring during dynamic
battery operation in real applications.
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In this context, it is to be noted that the levels of the base cur-
rents and stimuli presented in Figure 2 and Section S1, Support-
ing Information, cover a realistic range of currents encountered
in several applications. Despite the relatively small voltage shifts
owing to the intraparticle phase-separated state, such changes are
significant. For example, in an LFP-based electrode, the entrance
into the intraparticle phase-separated state yields a voltage shift
of up to 10 mV (at any given DOD) with respect to the value ob-
served at the same DOD under normal (low current) operation of
the cell (Figure 2, Figure 4, and Sections S1.1 and S1.2, Support-
ing Information). In the case of LMP active materials, this shift
can reach up to 20 mV (Section S1.3, Supporting Information).
These values were significantly larger than the typical slopes of
the open-circuit potentials (OCP) of phase-separating materials.
Specifically, in the region within the spinodal points, the present
Targray material features an open-circuit potential (OCP) slope of
~—1mV for the ADOD of 10%. Similarly, a pure LTO material”’
exhibits a pseudo-OCP slope (measured at small currents) of less
than —0.5 mV for ADOD of 10%, whereas another referencel*!
also shows a pseudo-OCV slope in the range of —0.5 mV for
ADOD of 10% for an LFP/LTO cell. Since graphite also features
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Figure 7. a) Schematic explanation of larger impedance of the interparticle
phase-separated state compared to b) the intraparticle phase-separated
state indicating smaller gradient of free energy (f) and thus potential as a
function of variation of the single particle lithiation fraction (c); the color
code in (a) and (b) is identical to that in Figure 3. c) EIS measurements
of the experimental cell #6 measured 8 h after the termination of 5C dis-
charge at DOD 0.1 (red curve) and after the termination of C/100 dis-
charge at DOD 0.1 (blue curve).

a very flat OCP region with #—0.7 mV for ADOD of 10%,1>"]
the voltage shift due to entering the intraparticle phase-separated
state (AV) features much higher values compared to OCP varia-
tion for the significant values of DOD. The values of AV are also
much larger compared to the maximum cell voltage error of volt-
age sensors for battery management systems featuring values of
1 mV or even less with cell voltage measurement resolution in
the range of 0.1 mV or up to a few tenths of a millivolt.>*-3
In the light of these typical practical numbers that are within
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or below the voltage shifts related to the present discovery, it is
reasonable to assume that the discovery will ultimately push the
boundaries of understanding for advancing the control, diagnos-
tics, and monitoring of batteries composed of phase-separating
materials.

Ultimately, inspired by the newly revealed causal chain of
events in phase-separating materials, the battery community may
try to search for new ways of minimizing entropy generation in
future electrode designs and/or with the elaboration of tailored
control strategies for batteries and battery systems by explor-
ing the interactions between material properties, particle size-
dependent effects,>*%] the impact of particle connectivity!*33¢]
and current profiles. In particular, if a battery could predomi-
nantly operate in the intraparticle phase-separated state, it would
exhibit very low losses, and thus minimize heat generation.

3. Conclusions

In terms of scientific progress, this study provides a comprehen-
sive resolution to the fundamental question of whether a phase-
separating material can feature (significantly) higher potentials
at the same bulk lithiation level and temperature when exposed
to the same finite current. This was achieved by linking the
electrochemical experiments to an accurate microscopic analysis
(STEM-EELS), which enabled the revealing of the electrochem-
ical signature of the intraparticle phase-separated state (two dif-
ferent phases occurred within most of the individual active parti-
cles). Importantly, the intraparticle phase-separated state is char-
acterized by a higher potential for the active material than the in-
terparticle phase-separated state at the same bulk lithiation level
and temperature when exposed to the same finite (low) current.
In addition, we unambiguously show that the entrance into the
intraparticle phase separated after a preceding high-current exci-
tation regime is a general phenomenon that can be demonstrated
for several phase-transition battery materials and conditions of
interest. This was demonstrated through experiments conducted
on different phase-separating active-battery materials under dif-
ferent dynamic conditions. It was shown that a high(er) C-rate op-
eration increases the share of particles in the intraparticle phase-
separated state. In contrast, at low C-rates, the transition to the in-
traparticle phase-separated state is negligible. The intraparticle-
separated state exhibits voltage increases in the range of 10 mV
for LFP-based electrodes, whereas, for their LMP-based counter-
parts, the voltage increases can exceed 20 mV. Importantly, once
formed, the intraparticle phase-separated state can persist for sev-
eral hours within the electrode, thereby affecting the voltage. This
can be summarized as a fundamental explanation of the origin of
the dependency of electrode potentials for phase-separating ma-
terials, as from the current findings it is evident that the history
of battery charging-discharging dynamics will have a decisive im-
pact on the actual potential of phase-separating electrode materi-
als at any given moment. These findings also explain the appar-
ent “breach of thermodynamic postulates” by entering the hys-
teretic loop at sufficiently low finite currents. It can be envisaged
that this newly discovered phenomenon will have far-reaching
consequences in the technological applications of batteries (such
as diagnostics, monitoring, and control), where state-of-the-art
devices exploit voltage changes in the range of 1 mV or even less.
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4. Experimental Procedures

4.1. Active Cathode Materials

Three types of LiFePO, (LFP) battery-grade powder materials
were used as active materials for the LFP cathodes. a) Commer-
cially available powder provided by Targray (SLFP02002): accord-
ing to the specifications, this LFP material has a specific surface
area of 11 + 2 m? g7!, an agglomerate size of 3 + 1 um by the
D50 criterion and a native carbon content of 2 + 1 wt%. b) The
second type of LFP material was prepared using a novel pulse
combustion reactor (PCR-method) method in a slightly reduc-
tive environment, as described in detail in our previous paper.’!
However, extensive experiments did not reveal any meaningful
effect of the synthesis procedure on this phenomenon. Briefly,
the second material was synthesized in a reactor setup consisting
of a Helmholtz-type pulse combustor with a natural frequency of
280 Hz (at a temperature of approximately 1250 K) and a 4 m-
longstainless-steel reactor pipe. Air was supplied to the combus-
tor using an aerodynamic valve via a blower. This method allows
precise control of the atmosphere in the reactor, as well as the fre-
quency and amplitude of pulses, all of which have a pronounced
effect on the reaction outcome.*®! In the current synthesis, the
spraying gas was 99.9% nitrogen, with a pressure of 1.5 bar and
a flow of 45 mL min~!. The precursor was composed of 13.5 g
of LiNO;, 76.1 g of Fe(NO;);-9H, 0, 36.4 g of triethyl phosphate,
78.5 g of glycine, 30.9 g of NH,NO;, everything dissolved in 400 g
of deionized water. We used a 4 mol.% excess of lithium owing to
losses in the reactor and annealing oven. The temperature at 0.5
m after the spray nozzle was maintained at 700 + 5 °C with the
amount of precursor sprayed being 20 + 1 mL min~!. The com-
bustion frequency was maintained at 240 Hz. The prepared ma-
terial was collected in an electrostatic precipitator and annealed
in an electrical oven under a constant argon flow and in the pres-
ence of carbon at 700 °C for 6 h. The annealed material had a
tap density of approximately 1 g cm= and was used as prepared
for the preparation of cathodes. c) The third type of LFP material
was used specifically for the experiments in which STEM-EELS
analysis was performed (Figure 1b,c). The material was essen-
tially a commercial LFP powder provided by Targray and was not
exposed to any further chemical modification or heat treatment.
To perform STEM-EELS measurements, we selectively removed
large agglomerates and the largest LEP aggregates from the start-
ing Targray LFP powder by centrifuging the dispersed Targray
LFP powder in an inert organic solvent. 9 g of the starting Targray
LFP was dispersed in 300 mL of isopropanol (propan-2-ol), where
70 mg of Triton X-100 (Sigma-Aldrich) non-ionic surfactant was
dissolved; the latter was shown to be completely compatible with
the LFP cathode.’! Ultra-Turrax T25 (IKA) homogenizer was
used at 13000 rpm for 30 min to break apart large agglomerates,
followed by 20 min of sonication with an ultrasonic liquid horn
disperser (Sonics, Vibra-Cell) by applying a sequence of 8 s pulse
+ 2 s pause steps in a cooling ice bath to promote effective dis-
persion of particles. We applied the first centrifugation step (5
min at 2300 rpm) to remove large aggregates (settled at the bot-
tom of the centrifuge tube) and a second centrifugation step (30
min at 10000 rpm) to remove the desired fraction of LFP particles
from the excess Triton X-100 in the residual solution, the smallest
(nano-) particles of LFP and potential impurities that remained
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in the dispersion. The sediment of LFP particles was redispersed
in fresh isopropanol, and the anticipated powder sample of LFP
particles with selected particle size was obtained (150 mg) after
final drying under reduced pressure (rotary evaporator, 3 mbar,
40 °C).

4.2. Electrode Preparation

Conventional porous electrodes were prepared using the stan-
dard procedure for preparing laboratory-scale cathodes. Starting
from a selected active material (AM) powder and carbon black
(CB) conductive additive, we prepared a homogeneous slurry
(dispersion) of the solid components in an already prepared 15
mg mL~! solution of PVAF binder (182702 Aldrich) in NMP sol-
vent (99.5% pure, 8.06072.2500 Merck) to obtain the final stan-
dard (dry) electrode composite composition AM: CB: PVdF = 90:
5: 5 (wt%). The special (nonstandard) composite formulations
used in this study are listed in Table 1. The composition of the
LMP-based cathodes was AM:CB:PVdF = 80:10:10 (wt%). The
slurry was homogenized in a planetary mill for 30 min at 300
rpm and then applied to the surface of a carbon-coated Al foil us-
ing an automated doctor blade applicator. The distance between
the blade and the surface of the Al foil was set to 200 um. In the
first step, the coated Al foil was dried for 3 h at 90 °C at reduced
pressure (10 mbar). Subsequently, we cut circular electrodes with
a diameter of 16 mm (geometric area A = 2 cm?). The electrodes
were pressed by applying 5 t (2.5 tons per 1 cm?) for 1 min in a
hydraulic press. Before transferring to an argon-filled glove box,
the electrodes were additionally dried under vacuum overnight
at 90 °C in a vacuum chamber. This implied the prepared elec-
trodes had typical LFP mass loadings of about 3—4 mg per cm? of
the electrode geometric area (composite loading 3.3—4.4 mg per
cm?) and the obtained composite thickness was in the range of
18 to 19 pm. The electrode porosity was calculated by taking the
values of the electrode composite mass, thickness, and bulk den-
sity of the composite components as 41-44 vol%. The porosity of
the LFP cathodes is comparable to the typical practical range of
LFP cathodes with good electrochemical performance.>*¢! The
special (dedicated) electrode composite formulations and param-
eters are presented in Table 1.

4.3. Preparation of Electrochemical Cells and Electrochemical
Measurements

All the electrochemical experiments were conducted using
vacuum-sealed pouch-type electrochemical cells. The conven-
tional 2-electrode LFP-Li cells were assembled in an Ar-filled
glove box using pre-prepared circular cathodes as the working
electrodes and a circular metallic lithium foil (geometric area of
2.5 cm?) as the counter electrode. The lithium foil used to pre-
pare the lithium anodes was immediately scratched and man-
ually rolled in a glove box to remove the surface layer(s), thus
yielding a freshly exposed shiny surface. We used glass-fiber filter
paper (Whatman, GF/A glass microfiber) with a geometric area
of 3.5 cm? and thickness of 260 um (non-compressed) and ap-
proximately 200 um (when squeezed in an assembled cell). The
electrolyte used was a commercial “LP-40” 1 M solution of LiPF
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Table 1. Specifications of the testing cells used in the present study.

www.advmat.de

Cell no. Active material (AM) Electrode composition Electrode parameters Measurement, DOD at
AM:CB:PVdF [wt%] stopping
AM mass loading Porosity
[mg cm™2] [vol%]
#1 Targray LFP 90:5:5 4.5 41+ 1 Baseline, current stimuli,
complete C/100 cycle
#2 Targray LFP with selected particle 90:5:5 0.6 ~50 Baseline,
size/aggregation DOD = 0.5
#3 Targray LFP with selected particle 90:5:5 0.6 ~50 Current stimuli,
size/aggregation DOD =0.51
#4 LFP by PCR-method 90:5:5 4.1 43 +£1 Parallel battery experiment
#5 LFP by PCR-method 90:5:5 4.1 43 +1 Parallel battery experiment
#6 LFP by PCR-method 90:5:5 2.1 43 +1 EIS measurements,
DOD =0.9
#3 LFP by PCR-method 90:5:5 3.1 43 +1 Current stimuli of base —C/5
#9 LFP by PCR-method 90:5:5 3.4 43 +1 Current stimuli in both
directions (effect of
electrode thickness)
#10 LFP by PCR-method 90:5:5 0.3 ~43 Current stimuli in both
directions (effect of
electrode thickness)
#11 Targray LFP 5:73:22 0.018* 75+2 Baseline, current stimuli
(variation of stimuli
duration)
#12 Targray LFP 90:5:5 4.5 41+1 Baseline, current stimuli,
complete C/100 cycle
#13 Targray LFP 90:5:5 31 41+ 1 Baseline, current stimuli
#14 LMP 80:10: 10 0.4 ~54 Baseline, current stimuli
(variation of baseline
current magnitude)
#15 LFP by PCR-method 90:5:5 33 431 Current stimuli (variation of

baseline current magnitude)

Provided is the information about the type of active insertion material (AM), (dry) electrode composite composition (CB = carbon black, PVdF = polyvinylidene difluoride
binder), electrode parameters, and the type of electrochemical measurement. “LFP by PCR method” denotes LFP material synthesized in-house by the PCR method. *Cathode
with “diluted LFP” contains an extremely low mass fraction of LFP and very high mass fraction of CB—effectively providing good electronic and ionic wiring of the AM. All the

cells presented in Table 1 included an LFP-based cathode and lithium-metal anode.

in ethylene carbonate/diethyl carbonate (EC:DEC = 1:1 wt/wt,
Merck).

Before all the current stimulus experiments, the LFP-Li cells
with “pristine” LFP electrodes were galvanostatically pre-cycled
with C/10 (5 cycles) in the voltage window 2.7-4.1 V, followed
by a +C/10 charge up to 3.9 V vs Li, potential hold for 6 h at
3.9V, and relaxation at OCV for 6 h. This implies that the cells
were free of initial cycling effects, and the global DOD of the
LFP electrodes was driven outside the 2-phase regime to be close
to 0 (x = 0 in Li FePO,). A similar pre-cycling routine was ap-
plied for LMP-Li cells (3 cycles at C/20 in voltage window 2.7—
4.5 V). All the galvanostatic and impedance electrochemical ex-
periments were performed using a “VPM3” (Bio-Logic) poten-
tiostat/galvanostat running with EC-Lab software. For the dedi-
cated experiment with the LFP-Li cell, in which we measured the
impedance response after partial discharge into the plateau re-
gion of the LFP, we used a small-amplitude (5 mV) sinusoidal per-
turbation in the frequency range of 20 kHz to 0.2 mHz. We have
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deliberately used a low number of measured points (3 points per
decade of frequency sweep) to reduce the measurement time to a
minimum and thus minimize the effect of further cell relaxation.
To diminish the effects of surrounding temperature variation, all
the measurements were performed by keeping the battery cell
temperature constant in a thermostatic bath (dipped in silicone
oil with a temperature of 25 + 0.1 °C). The specifications of all
the electrochemical cells used in the current study are listed in
Table 1.

4.4. Sample Preparation for Scanning Transmission Electron
Microscopy — Electron Energy-Loss Spectroscopy (STEM-EELS)
Experiments

The particles of the Li FePO, electrode material were obtained
from the LFP cathodes that were subjected to selected electro-
chemical protocols in the corresponding LFP-Li cells as follows.
We conducted two main electrochemical experiments (baseline
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and current stimuli) and two additional experiments for the Fe?*
and Fe** references. Initially, the LFP-Li cells were pre-cycled (3
cycles at C/10 in voltage range 2.5-4.1 V), followed by slow +C/20
charge and 20-h voltage hold at 3.8 V to achieve complete de-
lithiation and thus drive all the active particles in equilibrium
Li-poor solid solution (FP) corresponding to the thermodynamic
state at 3.8 V vs Li. The cell used to obtain material for the Fe**+ ref-
erence was stopped under these conditions. For the baseline ex-
periment, the cell was discharged by —C/100 down to DOD = 0.5.
For the experiment with electrode activation, the cell was first dis-
charged by —C/100 down to DOD =0.25, followed by —5C current
stimuli until DOD = 0.5, and finally discharged for 50 min with
—C/100 exactly to the point corresponding to the local maximum
of the voltage curve (Figure 1a). The cell that was used to obtain
the material for the Fe?* reference was discharged by slow C/20
discharge, followed by a 20 h voltage hold at 2.7 V to complete
lithiation and thus drive all the active particles in the equilibrium
Li-rich solid solution (LFP) corresponding to the thermodynamic
state at 2.7 V vs Li.

All samples of the LFP/FP (Li,FePO,) particles were obtained
from the corresponding cells by transferring them rapidly into
an Ar-filled glove box, followed by fast disassembly and wash-
ing of the cathode in 40 mL of high-purity anhydrous diethyl
carbonate (DEC, Sigma-Aldrich) for 5 min (with stirring). The
washed electrode was allowed to dry in a glove box for approx-
imately 2 min. This indicates that the electrolyte was removed
from the cathode and further relaxation of the local Li FePO,
composition within the particles was significantly diminished
(inhibited)." The inspected electrode was dipped in 3 mL of
Ar-purged Ethyl acetate, sealed, and transferred to an ultrasound
(US) bath. After 20 min of electrode exposure to US agitation,
the dispersion was allowed to settle down (10 min), followed by
pipetting out 10 pL of the dispersion of particles and drop cast-
ing them onto a Cu lacey TEM grid. After drying for 2 min, the
grid was placed in an Ar-filled container and sealed for trans-
fer to the TEM room (within 3 min). The grid was mounted
onto a TEM holder and inserted into the microscope within 1
min. The total exposure of the sample(s) to air was less than
3 min.

4.5. STEM-EELS Measurements

STEM-EELS observations were performed using a cold-field
emission gun and a Cs-corrected JEOL ARM microscope
equipped with a GIF Quantum (Gatan) Dual EELS spectrome-
ter. The acceleration voltage was set to 200kV and the estimated
electron-beam current was ~48.9 pA. The convergence and EELS
collection semi-angles were 18 and 60 mrad, respectively. Maps
and standards spectra were collected using an energy dispersion
of 0.1 and 0.25 eV per channel in the spectrometer. The exposure
time during mapping acquisition was 0.5 s per pixel using a sub-
pixel scan. Different pixel sizes ranging from 5 to 14 nm were
used depending on the size of the particles. The chemical maps
for the determination of the local Fe?* /Fe3* composition (LFP/FP
phases) in the individual LFP particles were analyzed using mul-
tiple linear least squares (MLLS) fitting. More technical details
concerning EELS data collection and a description of the analysis
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of the measured EELS mappings are presented in Section S2 of
the Supporting Information.

5. Brief Description of the Simulation Model

The primary aim of the simulation results was to provide a bridge
between the thermodynamic reasoning presented in Figure 3
and the experimental evidence presented in Figure 1. The spe-
cific goal was to explain the first-order experimental phenom-
ena observed in this study, that is, the pulse effect. For clar-
ity and generality, various details might further improve the fit-
ting of secondary characteristics of measured curves, but are
not essential for the explanation of the pulse effect, as this
would be beyond the scope of the current study. The simulation
model is described in more detail in Section S6.1, Supporting
Information. In the following paragraphs, we outline its general
characteristics.

Simulations were conducted using an extended continuum-
level porous electrode model inspired by the porous electrode
theory,[°62] which was upgraded to more consistently represent
the electrode topology and material characteristics. It is based on
the governing equations for the concentration of ionic species
in the electrolyte and liquid, as well as the solid-phase potential.
These equations are solved under the assumption of electroneu-
trality, while considering the widely adopted Butler-Volmer equa-
tion, with the exchange current density derived from the reg-
ular solution theory!®! to model the charge-transfer molar flux
coupling the transport between the electrolyte and the solid
domain.

Another merit of the applied modeling framework is the plau-
sible determination of the chemical potential of active particles
via a multiscaling approach that preserves a high level of consis-
tency with lower scales and thus increases the modeling fidelity
of the cathode (elaborated in references!*®*+%]). Owing to their
relatively small size and short characteristic diffusion times,!>]
the particles were simulated as 0D particles!®! with a chemical
potential derived through a consistent reduction of the detailed
spatially resolved model relying on the regular solution theory for
phase-separating materials.l% This 0D virtual representation of
particles is necessary to ensure finite computational times when
performing electrode-level simulations that are required to virtu-
ally represent the electric performance response of the battery,
which comprises a large number of particles.

The model considers that the equilibrium chemical potential
is inherently linked to the lithiation level of a particle and thus to
mass conservation in the active particle, which is very important
for modeling the redistribution of Li between active particles via
the electrolyte or direct contact by considering the real electrode
topology and material properties.[*8] For the simulations of the
half-cell, a 2D unstructured mesh with 273 control volumes was
used.

The applied approach thus opens possibilities for long-term
dynamic simulations of the entire electrochemical cell or half-
cell while considering the specific topological characteristics of
the materials, which are crucial for the credible analyses of the
path-dependent entrance into the voltage hysteresis in phase-
separating battery materials.
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