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1 | INTRODUCTION

Kimberly A. See® |

Laurent Pilon3

Abstract

Hysteresis is a phenomenon that pervades both the physical and social sci-
ences. While commonly associated with magnetism, it also occurs in a wide
variety of other materials, including ferroelectrics and shape memory alloys.
Hysteresis emerges when a particular property has a history dependence. It is
exploited in microelectronic memory, logic, and neuromorphic devices. In
electrochemical systems, such as Li-ion batteries, hysteresis is undesirable as
it leads to energy losses during each round trip charge-discharge cycle.
Unfortunately, many new battery concepts that promise significant increases
in energy density, including those that rely on displacement and conversion
reactions, or on anion-redox mechanisms, suffer from severe hysteresis that
prevents their commercialization. This article surveys different forms of hys-
teresis in electrochemical systems with a focus on Li-ion batteries and estab-
lishes thermodynamic and kinetic principles with which to understand and
rationalize electrochemical hysteresis. The ability to control hysteresis in re-
chargeable batteries will enable the implementation of promising electrode
chemistries. It will also open the door to many new device applications. As on-
chip batteries become more prominent, new possibilities will emerge to in-
corporate them not only as local energy sources but also as active components
of new device concepts that exploit electrochemical hysteresis.
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(e.g., a magnetic field, electric field or stress) differs from
that upon reversing the load, leading to path dependence.

Hysteresis is a well-known phenomenon of ferromag-
netic materials, ferroelectrics and shape memory alloys.
In hard magnets, the magnetization forms a loop when
cycling the external magnetic field." Ferroelectrics can
exhibit a similar loop in a polarization versus electric
field plot,” while shape memory alloys often exhibit a
loop in their stress-strain curves.” Hysteresis occurs
when the response upon increasing an external load

The focus of this overview is to survey hysteresis
phenomena in electrochemical cells, and in particular in
rechargeable batteries. The intense research on Li-ion
batteries over the past three decades has led to a wide
variety of battery designs that rely on complex reaction
mechanisms within the electrodes, with many of them
exhibiting hysteresis in their voltage versus charge curve.
Often deemed undesirable when it occurs in batteries,
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novel applications” that exploit electrochemical hyster-
esis can also be envisioned. The phenomenon of hyster-
esis serves as the foundation of many memory,”° logic,
and neuromorphic devices.”* Undoubtedly it will play an
important role in future quantum devices as well.

Most commercial batteries rely on intercalation pro-
cesses in which a guest cation, such as Li, fills the in-
terstitial sites of an open host crystal structure.”'” The Li
storage capacity of intercalation compounds, however, is
limited. Other reaction mechanisms that can achieve
significantly higher capacities have, therefore, also re-
ceived much attention. These include alloying reac-
tions,'" displacement and conversion reactions'’ and
reaction mechanisms that rely on alternatives to transi-
tion metal redox, such as anion redox processes.'” It is
these more complex reaction mechanisms that lead to
novel forms of hysteresis in electrochemical systems that
are distinct from the more traditional forms observed in
magnetic, ferroelectric, and shape-memory applications.

This overview catalogues different forms of electro-
chemical hysteresis and describes their mechanisms at a
fundamental level in terms of basic thermodynamic and
kinetic principles. A distinction is made between dis-
sipative hysteresis due to sluggish kinetic processes, more
appropriately called polarization, and other forms of
hysteresis that are present even when all kinetic pro-
cesses are facile. Mechanisms of hysteresis will be illu-
strated using different Li-ion batteries as examples, but
the principles are general and can be applied to many
other electrochemical systems.

2 | THERMODYNAMIC
PRELIMINARIES

A Li-ion battery consists of a cathode and an anode, se-
parated by an electronically insulating electrolyte that
allows the passage of Lit ions. The equilibrium voltage of
an Li-ion battery, measured in an open circuit, is related
to the chemical potentials of Li in the cathode, u;;, and
the anode, u?, according to the Nernst equation'*

V= —(Mfi - '“I?i)/e’ @

where e is the elementary charge. In Li-ion batteries that
use metallic Li as their anode, ufi is a constant and is
equal to that of pure Li. Any variations in the open cir-
cuit voltage are then due to variations in u[,, the Li
chemical potential of the cathode.

The voltage curve of an actual measurement
will deviate from the true equilibrium voltage curve
due to polarization and hysteresis. This is because

overpotentials are necessary to drive kinetic processes,
including electrochemical reactions at the electrode/
electrolyte interfaces, cation transport, and the migration
of interfaces during phase transformations. In exploring
hysteresis phenomena, it will be assumed that the kinetic
processes within the anode and electrolyte and those at
the electrode/electrolyte interfaces are so facile that their
contributions to polarization are negligible. It will also be
assumed that the electronic conductivity of the cathode is
sufficiently high that electron transport between the re-
action front at the electrode/electrolyte interface and the
current collector is not rate-limiting. In this somewhat
idealized scenario, the voltage is determined by the Li
chemical potential at the surface of the cathode particles
in direct contact with the electrolyte.'”'* The only
sources of polarization and hysteresis are then restricted
to the cathode. It is these phenomena that will be ana-
lyzed here. Hysteresis phenomena that emerge from in-
teractions between different electrode particles are not
considered. The reader is referred to other studies that
have explored these phenomena.'” *’

3 | POLARIZATION OF SOLID
SOLUTIONS

Any change of state requires an imbalance. Cations will
only diffuse if gradients in chemical potential are present,
which, in turn, are usually a consequence of gradients in
concentration.**" Such gradients cause polarization in
the voltage curve between charge and discharge."’
Figure 1 illustrates this for a simple intercalation com-
pound that forms a solid solution with Li. A solid solu-
tion has a sloping voltage profile as schematically
illustrated by the black curve in Figure 1A.*' Consider an
electrode particle (yellow) immersed in an electrolyte
and in contact with carbon black particles (gray) to
facilitate the removal and insertion of electrons
(Figure 1B). During charge, electrons are extracted from
the electrode particles, inducing a release of Li ions from
the electrode surface into the electrolyte. The depletion
of Li close to the electrode/electrolyte interface creates a
Li concentration gradient through the depth of the par-
ticle as schematically illustrated in Figure 1C, which re-
presents the Li concentration along the red dashed line in
Figure 1B.

While it is exceedingly difficult to measure the in-
stantaneous concentration profile within an individual
electrode particle, it is possible to track the average Li
concentration simply by integrating the current of the
electrons that have been extracted from the electrode.
This average concentration, X, is denoted by the dashed
green line in Figure 1C. The measured voltage is not
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FIGURE 1 Polarization due to Li diffusion in an
intercalation compound Li,M that forms a solid solution with
Li. (A) A solid solution exhibits a sloping equilibrium voltage
profile (shown in black). Polarization during charge and
discharge leads to a charge (discharge) curve that is above
(below) the equilibrium voltage curve. (B) Schematic of an
electrode particle (yellow) in contact with carbon black (gray)
and immersed in an electrolyte. The red dashed line represent a
slice along which the Li concentration is plotted during charge
in (C) and during discharge in (D)

determined by the average concentration, however, but
rather by the concentration at the electrode/electrolyte
interface, x’, where the electrochemical reaction takes
place."” During charging, the Li concentration at the
electrode surface, x;, is below that of the average Li
concentration, X, as illustrated in Figure 1C. According
to the equilibrium voltage curve of the model solid
solution, the voltage at x; is larger than that at X. Hence,
when plotting the measured voltage as a function of the
average Li concentration X during charging of the elec-
trode, a voltage profile is obtained that is above that of
the equilibrium voltage curve. This is schematically
illustrated with the purple curve in Figure 1A.

The reverse occurs during discharge (Figure 1D).
Li ions are then inserted into the particle at the surface,
leading to a local excess in Li close to the surface relative
to the average Li concentration X (Figure 1D). Since the
measured voltage is determined by the concentration at
the electrode/electrolyte interface, xj, a plot of the mea-
sured voltage versus the average Li concentration, X, will
be lower than the equilibrium voltage curve as schema-
tically illustrated by the green curve in Figure 1A.

The requirement of concentration gradients through
the depth of the electrode particles to drive Li diffusion
produces a loop in the voltage curve during a full charge
(purple) and discharge (green) cycle. The loop is not a
true form of hysteresis, but rather a type of polarization.
The polarization has a kinetic origin and can be mini-
mized by systematically reducing the rate with which the
battery is charged or discharged. In the asymptotic limit
of exceedingly slow charge and discharge rates, the
measured voltage curve will converge to the true ther-
modynamic equilibrium curve, and the loop in the vol-
tage versus composition curve essentially disappears. The
need for concentration gradients also leads to capacity
limitations as described by Radin et al."’

4 | HYSTERESIS OF FIRST-
ORDER PHASE TRANSITIONS

Hysteresis often accompanies a first-order phase trans-
formation. The principles of phase transformation hys-
teresis can be illustrated for a simple two-phase reaction
in an intercalation compound with the chemical formula
LiM. This form of hysteresis has many similarities with
the hysteresis phenomena of ferromagnets, ferroelectrics,
and shape-memory alloys. Figure 2A illustrates an elec-
trode particle undergoing a two-phase reaction during Li
insertion, with a Li-rich § phase consuming the original
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FIGURE 2 (A) A schematic of an electrode particle
undergoing a first-order phase transformation through a core-
shell mechanism. (B) The simplest free energy curve of an
intercalation compound Li,M that will lead to a first-order
phase transformation upon Li insertion or removal. The wells
shown in black represent minima corresponding to different
phases a and 8, while the red region represents an unstable
portion where the curvature of the free energy is negative. The
free energy of a two-phase mixture (in the absence of coherency
strains) resides on the common tangent (dashed line) to the free
energy between x* and xf. (C) The voltage curve for an
intercalation compound with the free energy of (B). The solid
line represents the voltage of a solid solution, but the true
equilibrium voltage curve follows the plateau at V* due to the
common tangent in (B)

a phase by means of a core-shell growth mechanism. The
simplest Gibbs free energy curve that will give rise to
such a phase transformation has two wells as a function
of the Li concentration, x, as illustrated in Figure 2B. One
well corresponds to the a phase, while the other to the
B phase. At intermediate concentrations, such as X, the
solid solution is unstable and the compound is prone to
decomposing into a two-phase mixture that has a free
energy residing on the common tangent shown as the
dashed line in Figure 2B. The coexisting phases have
compositions x* and x*.

The equilibrium voltage curve of an intercalation com-
pound, Li,M, as measured relative to a metallic Li reference
anode, is determined by the shape of the free energy of the
compound. This is a consequence of the Nernst equation,
Equation (1), which relates the voltage to the Li chemical
potential, ,uLCi, of the cathode. The Li chemical potential in
turn is linearly related to the slope of the free energy g with
respect to x.'* The voltage for a homogeneous phase having
the free energy of Figure 2B is illustrated as the solid line in
Figure 2C. It has a nonmonotonic shape due to the unstable
region (shown in red) where the Gibbs free energy has a
negative curvature. The true equilibrium voltage curve does
not have this shape, however, and instead exhibits a plateau
between x* and xf as shown by the dashed line in
Figure 2B. The plateau at V* emerges due to the two-phase
coexistence between x® and x#, where the chemical poten-
tial, and therefore the voltage, is a constant along the com-
mon tangent.

The first-order phase transformation between a and
can also be analyzed with the help of the grand canonical
free energy, defined as ¢ = g — xu;;. This is the character-
istic thermodynamic potential at constant (;; (as opposed to
constant Li concentration x). Due to the Nernst equation, it
is possible to control the Li chemical potential, 1;;, in ther-
modynamic equilibrium by imposing a particular voltage on
the cell through the external circuit. Figure 3A plots the
grand canonical free energy, ¢, as a function of the voltage
for the free energy model of Figure 2. Figure 3B shows the
same relation between voltage and concentration x of
Figure 2C but now with the x and voltage axes interchanged
so as to make the voltage the independent axis. Each branch
in Figure 3A with a negative curvature corresponds to a local
well of the free energy curve g of Figure 2B. The branch
corresponding to ¢* crosses that of ¢f at V* the voltage
corresponding to the equilibrium plateau voltage.

A first-order phase transformation never occurs pre-
cisely at the equilibrium voltage plateau, V* but instead
requires an overpotential, AV, to create a thermodynamic
driving force, A¢, to spur the phase change. Figure 3
shows the relationship between an overpotential, AV and
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FIGURE 3 A first-order phase transformation can be analyzed
in terms of the grand canonical free energy, ¢ = g — xu;; when
controlling the voltage. (A) The grand canonical free energy for the
free energy model of Figure 2B. The red portion corresponds to the
unstable portion of the free energy in Figure 2B. The green line
denotes a possible path when decreasing the voltage starting from
the dilute a phase. An overpotential AV is always necessary to
create a thermodynamic driving force A¢ to overcome phase
transformation barriers. (B) The need for a driving force A¢ leads to
a polarization of the plateau in the voltage curve that is equal to the
overpotential AV
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FIGURE 4 Hysteresis in the voltage curve of an intercalation
compound undergoing a first-order phase transformation

a thermodynamic driving force when transforming from
a to 8. At high voltages, the cathode is stable in the dilute
a phase. The a phase follows the ¢* branch in the di-
rection of the green arrow upon decreasing the voltage.
Once the voltage reaches V* the grand canonical free
energies of a and 8 become equal and a transition from
a to 8 is thermodynamically possible. The transformation
will not occur spontaneously, however, until the voltage
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FIGURE 5 A schematic illustrating the different mechanisms
that consume the chemical free energy driving force during a first-
order phase transformation within an electrode particle. The
creation of new interfaces during a nucleation event and the strain
energy penalty that accompanies a coherent two-phase coexistence
between phases a and 8 consume a portion of the chemical free
energy driving force that is set up by an overpotential. The
migration of the interface separating « and  also dissipates free
energy as a frictional process. ¢ and ¢f represent strains within the
a and 8 phases to enable a coherent two-phase coexistence between
the two phases

is decreased below V* to build up a sufficiently large
thermodynamic driving force A¢ that can overcome both
dissipative kinetic processes and free energy barriers
accompanying the transient two-phase coexistence illu-
strated in Figure 2A. A similar overpotential AV, but in
the opposite direction is necessary during charging to
induce the reverse transformation from 3 to . The result
is a hysteresis loop in the voltage curve as illustrated in
Figure 4.

There are several ways that an electrode material
undergoing a first-order phase transformation can dis-
sipate the thermodynamic driving force A¢ (Figure 5).
A first-order phase transformation generally requires a
nucleation event, whereby a nano-scale embryo of cri-
tical dimensions forms as a result of thermal fluctuations.
An interface must be created separating the embryo of
the new phase from the original phase. The new inter-
faces constitute a free energy cost that will consume part
of the chemical driving force A¢.”” Free energy is often
also consumed to overcome strain energy penalties that
emerge during coherent two-phase coexistence. Most
topotactic first-order phase transformations involve
phases that have the same host crystal structure but have
slightly different lattice parameters. The common host
crystal structure allows the phase transformation to
proceed as a coherent mixture within the same electrode
particle. An electrochemical overpotential is then ne-
cessary to build up a chemical free energy driving force to
overcome the strain energy cost of coherent two-phase
coexistence. Calculations of the coherency strain energy
of two-phase coexistence are complex,”’ often requiring a
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numerical treatment, but there are several idealized ex-
amples that can be solved analytically and that provide
insights into the effect of coherency strains on electro-
chemical properties.”* *° Finally, a portion of the driving
force of a first-order phase transformation, A¢, will be
dissipated by the migration of the interface separating the
growing phase from the original phase.””*

In contrast to interfacial free energies and coherency
strain energies, which temporarily store the free energy
driving force, interface migration is similar to diffusion in
that it dissipates a free energy driving force as a frictional
process.””** As a result, the polarization due to interface
migration can be minimized by reducing the charge and
discharge rate. This is usually not the case with coher-
ency strain energy penalties, which constitute a ther-
modynamic barrier”* that is less sensitive to charge and
discharge rates. The overpotentials required to overcome
coherency strain energy penalties, therefore, produce
a more robust polarization in the voltage curve during a
first-order phase transformation that can be viewed as a
true form of hysteresis.

While the analysis of phase-transformation hysteresis
was illustrated for a topotactic two-phase reaction,
similar principles apply to more complex first-order
phase transformations.”” Many intercalation compounds
have a layered structure and undergo first-order phase
transformations that lead to a change in the stacking
sequence of their two-dimensional building blocks, in
addition to a change in Li concentration.'”***" This oc-
curs in LiCoO, at high states of charge'””*** and is
especially common in Na- and K-layered intercalation
compounds.’”*”** Changes in stacking sequence can be
mediated through the passage of partial dislocations,”**’
thereby triggering chemo-mechanical mechanisms of
free energy dissipation that are similar to those of plastic
deformation in metals. The underlying symmetry of
many layered crystal structures also allows for a multi-
plicity of glide directions that introduce additional irre-
versibilities responsible for a phenomenon termed
electrochemical creep.”” The result is an accumulation
of surface roughening and an overall increase in ex-
tended defect formation that consumes additional che-
mical energy that must be supplied by electrochemical
overpotentials.

5 | REACTION PATH
HYSTERESIS

The hysteresis phenomena discussed so far arise from the
requirement of an overpotential to overcome a barrier.
The barrier may either be a sluggish kinetic (i.e., fric-
tional) process that dissipates the electrochemical work

required to achieve the overpotential or a high energy
intermediate state. Another form of hysteresis that is
unique to electrochemical systems occurs when several
kinetic processes must be activated during a charge and
discharge cycle. Multiple pathways connecting the end
states of a lithiation reaction then open up and the path
followed during discharge may differ from that followed
on the charge, leading to reaction path hysteresis."”*°
The likelihood of reaction path hysteresis increases with
the complexity of the lithiation reaction and with the
number of mobile species within the electrode. The fol-
lowing sections describe important classes of electrode
materials that exhibit path hysteresis.

5.1 | Displacement and conversion
reactions

Very high capacities can be achieved by exploiting Li
insertion mechanisms that displace a redox-active tran-
sition metal from a host and reduce the displaced cation
to the metallic state.'”"”** When the reaction occurs
topotactically (reconstructively) it is referred to as a dis-
placement (conversion) reaction. Most displacement and
conversion reactions are plagued by a substantial degree
of hysteresis in their voltage profile. The difference in
voltage between charge and discharge can easily exceed 1
Volt.'” Hysteresis during these reactions often emerges
because the path followed during discharge differs from
that of charge.

The mechanisms of displacement and conversion
reactions have been established in studies of a wide
variety of compounds, with notable examples, including
Fe and Cu fluorides as potential cathodes™ "’ and
Cu,Sb as a candidate anode.”®”’ Fundamental insights
about the factors that lead to path hysteresis have been
distilled from studies of model electrode chemistries,
such as FeF," and spinel CuTi,S,."*"

The reaction of Li with CugsTiS,, which undergoes
the displacement reaction, results in a large hysteresis
loop in the voltage profile due to a difference in the ki-
netic path followed during charge and discharge.” The
paths can be mapped in a ternary composition space
spanned by Li, Cu, and TiS, as shown in Figure 6A. The
spinel TiS, host retains its structure during the reaction
as Li insertion leads to the displacement of Cu. Super-
posed on the ternary composition diagram is a calculated
phase diagram at room temperature.”® Stable compounds
include CugsTiS,, LiTiS,, and TiS,, all three having the
same TiS, spinel host structure. Both Li and Cu fill in-
terstitial sites of the TiS, host as a solid solution but have
a limited solubility when both Li and Cu are present as
shown by the dark green domain in Figure 6A. When the
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FIGURE 6 The electrochemical insertion of Li into spinel
CugsTiS; results in the formation of LiTiS, and a displacement of
Cu from the spinel host. It is an ideal model system with which to
understand the mechanisms of path hysteresis during displacement
and conversion reactions. (A) The path followed during discharge
and charge can be mapped out in a ternary phase diagram. (B) Due
to a large difference in the Li and Cu mobilities within the spinel
TiS, host, the path followed on discharge differs from that on
charge leading to a large hysteresis loop in the voltage curve.
Adapted from Reference [46]

concentrations of Li and Cu are simultaneously high,
a miscibility gap opens up as shown by the two-phase
region in light green spanned by the dashed tie lines in
Figure 6A.

The overall composition of the electrode during Li
insertion into CugsTiS, upon discharge follows the dashed
black line that starts at CugsTiS, and points
toward the Li corner in Figure 6A. The electrode
passes through a three-phase region consisting of
CugsTiS,, LiTiS, and metallic Cu (orange triangle). As the
Li concentration increases, the fraction of LiTiS, and me-
tallic Cu increases at the expense of CugsTiS,. Since the
TiS, hosts of LiTiS, and CugsTiS, are the same, the Li
insertion process can proceed as a two-phase reaction within
the original electrode particle (path 1 to 2) with the third

IENERGY  -WILEy—-T*

phase Cu precipitating out on the surface of the electrode
particles, as schematically illustrated in Figure 6B. At the end
of discharge, in state 2, the original CugsTiS, has com-
pletely converted to LiTiS, and all the Cu has been
displaced to the surface. The voltage profile of this reaction is
a plateau (Figure 6B) since the Li chemical potential in a
three-phase region in a ternary composition space remains
constant with composition.

To return to the original state on charge (state 1), Li
removal must be accompanied by the reinsertion of Cu
into the TiS, host. In contrast to the discharge reaction,
however, Li extraction and Cu reinsertion can proceed
along one of a multitude of pathways. The path that it
chooses is sensitive to the relative mobilities of Li and Cu
within the TiS, spinel host as well as the rate of charge.
A first-principles study of diffusion in this system pre-
dicted eight orders of magnitude difference in the diffu-
sion coefficients of Li and Cu, with Li being substantially
more mobile than Cu in spinel TiS,.”” The electro-
chemical removal of Li is, therefore, very facile and can
proceed to completion at typical charging rates before Cu
ever has a chance to diffuse into the TiS, crystal.

In the most extreme scenario, where Li extraction
occurs rapidly compared to time scales required for ap-
preciable Cu diffusion, the charge reaction will follow the
path connecting points 2 and 3 in Figure 6A, represent-
ing the electrochemical extraction of Li without any Cu
reinsertion. It is only after Li has been completely re-
moved that Cu then has a chance to reinsert. The Cu
reinsertion into TiS,, however, occurs chemically, as
opposed to electrochemically, since it is decoupled from
the electrochemical Li extraction process. The chemical
insertion of Cu into TiS, comes to completion when the
original CugsTiS, is reformed (from state 3 to state 1).
The open circuit voltage curve along this path differs
substantially from that during discharge as is clear in
Figure 6B, which shows the calculated voltage along the
pathway 1 to 2 and 2 to 3. The calculated hysteresis loop
is similar to that measured experimentally.’® It should be
noted that the slow extraction of Li during charge, at
rates comparable to those of Cu diffusion, may be ac-
companied by simultaneous reinsertion of Cu, leading to
a more curved path in composition space in Figure 6A.

Experimental studies of the displacement reaction of
CugsTiS, using in-situ X-ray diffraction have shown
clear evidence that a different path is followed in the
ternary composition space spanned by TiS,, Cu, and Li
during charge and discharge.” Phase-field simulations
relying on first-principles thermodynamic and kinetic
data predict similar behavior.”® These fundamental stu-
dies of the CugsTiS, model system have shown that path
hysteresis emerges when multiple cation species are
mobile, with the susceptibility to hysteresis increasing as
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the difference in mobility between Li and the other
mobile species increases.”® Other more subtle thermo-
dynamic factors also play a role as the extraction of Li
must set up sufficiently large driving forces for the re-
insertion of displaced transition metals, which is a
property of the free energy surface of the compound.**”’

5.2 | Li-excess materials and disordered
rocksalts

Li-excess materials have received much attention during
the past decade due to their ability to deliver high ca-
pacities by means of nontraditional redox mechan-
isms.”” °" While highly promising, they, unfortunately,
suffer from voltage hysteresis.”’ ® Although the redox
mechanisms responsible for the anomalous capacity of
Li-excess materials remain poorly characterized and
understood, they appear to be tied to the presence of
oxygen ions that are undercoordinated by transition
metal cations.'”®*°7" Li-excess materials can be syn-
thesized as having either a layered or a disordered
rocksalt crystal structure.””°”°*°*7* The various redox
mechanisms that have been proposed to explain the
anomalous capacity either facilitate’””* or require®”’’
transition metal migration, possibly coupled with the
detachment of oxygen ions from the crystal to form
trapped 0%~ molecular species.””’"””

Figure 7 shows’® the voltage profile of a typical
Li-excess compound having a layered crystal structure that
is made of a coherent mixture of Li(Ni_,_,Mn,Co,)O,
(NMC) and Li,MnO3.°>°* The Li,MnO; component is
Li-excess in the sense that its Li to Mn ratio is greater than
one. The initial sloping region on the first charge is due to
the NMC component, which ends when all transition
metals have reached an oxidation state of +4. This is fol-
lowed by an activation plateau, where excess capacity is
extracted. The voltage profile on discharge has a different
shape from that of the first charge, strongly suggesting
that the electrode material has undergone structural
changes. The first charge voltage profile is never recovered
on subsequent cycles and a hysteresis loop persists.
Furthermore, the shapes of the charge and discharge
voltage profiles evolve over time and the average voltage
gradually decreases with each cycle, a phenomenon
referred to as voltage fade.

While the structural changes that occur during the
activation plateau and during subsequent cycling re-
main to be precisely characterized experimentally, it
is now well established that transition metal ions
migrate and that trapped O%~ molecular species may
form and cleave during Li insertion and removal.’’ ®*
The occurrence of cation and anion migration within
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FIGURE 7 Li-excess materials consisting of a coherent
mixture of layered NMC (Li(Ni;_,_,Mn,Co,)O,) and Li,MnO;
exhibit an anomalous capacity that cannot be explained by
traditional transition metal redox mechanisms. The first charge is
accompanied by an activation step, characterized by a voltage
plateau around 4.5V. Subsequent cycles are characterized by
persistent hysteresis. Adapted from Reference [76]

the crystal during electrochemical Li insertion and
extraction makes the electrode susceptible to path
hysteresis in a way that is similar to that exhibited by
displacement and conversion reactions as described in
the previous section. The parallel with displacement
and conversion reactions becomes apparent upon the
introduction of order parameters’”’® that track the de-
gree of disorder among transition metals and/or the
extent with which O}~ molecular species have formed.
For example, when the transition metal cations occupy
either octahedral or tetrahedral sites depending on their
oxidation state,”” a suitable order parameter, 7, would
track the fraction of filled tetrahedral sites. Alter-
natively, if redox processes occur through the formation
and cleavage of trapped O}~ molecular species during
charge and discharge, then the order parameter would
track the number of O}~ molecular species. More so-
phisticated order parameters can be devised’’ when
tracking the degree of long-range order among transi-
tion metals in the host.

The free energy of the electrode material is a
function not only of the Li concentration but also of
any relevant order parameters.”””’® Figure 8A illus-
trates a free energy surface as a function of Li con-
centration and a simple order parameter, 5, for a
hypothetical intercalation compound (e.g., a dis-
ordered rocksalt) in which cations or anions are mo-
bile. The equilibrium state of the electrode at a fixed Li
concentration is determined by the minimum in the
free energy with respect to the order parameter 7. In
this hypothetical example, the minimum in the free
energy of Figure 8A with respect to the order para-
meter shifts with Li concentration.
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FIGURE 8 Path hysteresis can occur in electrodes that contain
mobile transition metals or anions. The state of the cation and/or
anion ordering within the electrode material can be tracked with
order parameters, 7). (A) The free energy of the electrode material will
not only be a function of the Li concentration but also of the order
parameter. Path hysteresis can occur if the Li mobility is higher than
that of the transition metals/anions, whereby a different portion of the
free energy surface is traversed during discharge as compared with the
charge. The result is a hysteresis loop in the voltage profile (B)

A free energy surface as that of Figure 8A makes the
electrode material susceptible to path hysteresis when
the mobilities of the cations or anions tracked by the
order parameter are more sluggish than that of Li. For
example, rapid charging will lead to Li extraction at fixed
order parameter, denoted by path 1 to 2 in Figure 8A. At
high states of charge (x = 0), a strong driving force sets in
for the cations to reorder and attain the minimum free
energy at a finite value of the order parameter in state 3.
This change of state, which occurs at a constant Li con-
centration, is a chemical reordering process, without any
exchange of electrochemical work. On discharge, a dif-
ferent path is therefore followed, whereby Li insertion
again occurs at a constant value of the order parameter,
taking it to state 4 (Figure 8A). At the end of discharge,
the cations will again reorder to reach the minimum free
energy at x =1. The voltage curve, when neglecting dis-
sipative kinetic processes, is, according to the Nernst
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equation (Equation 1), related to the slope of the free
energy with respect to Li concentration. Since a different
path is followed in composition and order parameter
space during charge and discharge, the voltage profile
during charge will differ from that during discharge,
leading to a hysteresis loop as schematically illustrated in
Figure 8B. The degree of hysteresis in the voltage profile
will depend on the shape of the free energy surface as a
function of the order parameter(s) and the difference in
mobility between Li and the mobile cations/anions
within the compounds.

It should be emphasized that the true origins of
hysteresis in Li-excess and disordered rocksalts remain to
be fully established. Many questions persist about the
structural changes that occur during each charge and
discharge cycle. More precision is needed in the identi-
fication of relevant order parameters that track these
structural changes. Furthermore, in contrast to many
common electrode materials, Li-excess materials and
disordered rocksalts tend to be poor electronic con-
ductors.”” Sluggish electronic conductivity is not only
responsible for polarization in the voltage curve, but may
also open up additional asymmetries in kinetic pathways
between charge and discharge, especially if redox states
are localized. It is well-known, for example, that charge
ordering phenomena, whereby localized oxidation states
order over the transition metal sites, can lead to hyster-
esis phenomena, even in intercalation compounds, as
was elucidated for Li;V5(PO,);.”” In this context, order
parameters can again be invoked to track the degree of
charge ordering, in addition to the order parameters that
describe the degree of metal and/or anion disorder.
Sluggish electronic transitions between different adia-
batic free energy surfaces, with each free energy corre-
sponding to a particular electronic configuration, have
also been invoked as a cause of hysteresis in disordered
rocksalts.*”

5.3 | Path hysteresis accompanying
sulfur anion redox

Anion redox in oxides yields high capacity at high po-
tentials, but the many side reactions that can occur at
these high potentials convolute mechanistic studies.
Various spectroscopies are used to probe charge com-
pensation mechanisms but if the electrolyte is decom-
posing in addition to the oxidation of the material, it can
be difficult to determine the origin of spectroscopic fea-
tures. Sulfide oxidation, on the other hand, occurs at
lower potentials due to the higher energy S p states and
thus sulfides provide an opportunity to study anion redox
within the voltage window of electrolytes. Additionally,
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FIGURE 9 The Li-excess sulfide Li,FeS, is capable of
reversible multielectron redox. The initial sloping region in the
charge curve corresponds to Fe oxidation and the subsequent
plateau corresponds to sulfide oxidation. The discharge curve
reveals path hysteresis, but the reduced product is very similar to
the pristine material resulting in a nearly identical charge curve on
cycle 2. Adapted from Reference [82]

Li-excess sulfides can be prepared with abundant metals,
like Fe, compared to the less abundant metals used in
oxides, like Ni and Co.

The Li-excess metal sulfide Li,FeS, is discussed first
as a case study. Different from the Li-excess oxides, the
Li,FeS, structure is characterized by hexagonally closed-
packed layers of sulfur and alternating layers of edge-
sharing octahedral Li with edge-sharing tetrahedral
mixed site Fe/Li (50/50).°" Figure 9 shows the discharge
and charge curves of the first and second cycles of
Li,FeS,. The charge curve is characterized first by a
sloping region below 2.5V, followed by a long plateau.
The primary charge compensation mechanism in the
sloping region is the oxidation of Fe?* to mixed Fe?2+/3%,
which accounts for approximately 0.5 electrons per for-
mula unit (f.u.).*” Above 2.5 V, S$2~ is oxidized to (S,)*~
accounting for almost one electron per fu.”” The sub-
sequent discharge curve is shifted negative by approxi-
mately 0.36 V. The shape of the discharge curve reflects
that of the charge curve to some degree, although the
features are smeared out and the kinks observed at lower
potentials are not observed. Importantly, the hysteresis
and shape differences cannot be attributed to kinetic ef-
fects.”” The presence of the hysteresis and the changes in
shape suggests that the reduction path does not mirror
the oxidation path. In the oxides, such path hysteresis is
attributed in part to metal migration. Here, however, Fe
remains tetrahedral throughout the charge,82 which
suggests that it is not migrating to the now vacant octa-
hedral sites, although it could be migrating among the
tetrahedral sites. The path hysteresis is additionally ob-
served in the asymmetric evolution of the (001) reflection
upon charge and discharge.” If the material is cycled
below 2.5V, the hysteresis is largely absent. Thus, the
hysteresis originates from the structural changes in-
curred during anion oxidation.

A notable difference between the sulfides and oxides
is observed on cycle 2. In Li,FeS,, the shape of the charge
curve on cycle 2 is nearly identical to that measured on
cycle 1 (Figure 9). Therefore, while Li,FeS, exhibits path
hysteresis during each charge/discharge cycle, the dis-
charged material returns to its original crystallographic
state, being structurally very similar to the pristine ma-
terial even though a different path is traveled upon re-
duction. Such a result suggests that the sulfide/persulfide
structural distortion is reversible. Persistent and re-
producible path hysteresis from cycle 1 to cycle 2 has also
been observed in the Li-S system, which undergoes sig-
nificant conversion reactions involving extensive S-S
bond breaking and forming although through very dif-
ferent mechanisms.*’

Interestingly, the reproducibility of the cycle 1 hys-
teresis in cycle 2 is not universal to Li-excess sulfides. For
instance, the charge curve of Fe substituted Li,(Sn/Ti)S;
(i.e., Lij33—,/3(Sn/Ti)o67—y/3F€,S;) is significantly dif-
ferent from cycle 1 to cycle 2, more similar to
the electrochemistry of the oxides.”* The first cycle
exhibits path hysteresis, similar to Li,FeS,, and metal
migration is similarly ruled out. Interestingly, when
Li; 13Tigs7Feq3S, is cycled, the hysteresis slowly fades.*

6 | HEAT DISSIPATION DUE
TO HYSTERESIS

Polarization and hysteresis lead to the dissipation of
useful electrochemical work. The energy lost during a
round-trip charge-discharge cycle is equal to the area
enclosed by the hysteresis loop. This electrochemical
work is ultimately dissipated as heat. Indeed, the change
in internal energy, AU, of the battery after a full charge/
discharge cycle is equal to zero since the battery has re-
turned to its original state (assuming that the effects of
mechanical damage or irreversible side reactions can be
neglected). According to the first law of thermodynamics,
AU = W + Q, where W is the net work performed on the
battery and Q is the heat transferred from the environ-
ment to the battery. The convention is adopted that W
and Q are positive when work and heat are supplied to
the battery. The net work W performed on a battery
during a round-trip cycle is always positive due to po-
larization and hysteresis. Thus, over a cycle where
AU = 0 it follows that Q = —W. The electrochemical
losses W are therefore completely converted to heat re-
leased to the environment. The wider the hysteresis loop
in the charge/discharge voltage profile, the larger the
amount of electrochemical work dissipated as heat. The
next two sections describe mechanisms of heat dissipa-
tion due to polarization and path hysteresis.
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6.1 | Heat dissipation due to
polarization

Polarization due to sluggish kinetics within the cathode
dissipates heat through frictional processes, such as dif-
fusion and interface migration. Overpotentials that are
necessary to overcome the strain energy that is built up
during a transient two-phase coexistence is generally also
dissipated as heat, in a manner similar to that of shape
memory alloys.”

There are at least two ways that transporting ions
dissipate heat. In electrodes that are semiconductors or
insulators, electric fields can emerge within the elec-
trode particles. The transport of ions in an electric field
results in a form of Joule heating.”® Even in the absence
of internal electric fields, as in metallic electrode ma-
terials, ion diffusion can lead to heat evolution due to
changes in the enthalpy of the electrode. Concentration
gradients throughout the electrode particle are accom-
panied by a nonuniform variation of the local enthalpy.
As the Li ions diffuse and thereby flatten concentration
gradients, the overall enthalpy of the electrode material
changes as well, leading to the release of heat if the
enthalpy of mixing of the intercalation compound is
negative. This form of heat production is referred to as
the heat of mixing due to diffusion.””*® Electron
transport within the electrode will also contribute re-
sistive losses when the electronic conductivity is low.
Other kinetic processes such as interface migration
during a first-order phase transition also lead to heat
production.

While the focus of this overview is on polarization
and hysteresis phenomena in the cathode, heat is gen-
erated throughout the battery as a result of the electro-
chemical reactions at the electrode/electrolyte interfaces
and ion transport through the electrolyte.*>*’ In battery
materials, heat dissipation due to Joule heating dom-
inates while the contribution from the enthalpy of mix-
ing becomes significant at high charging rates when
concentration gradients are the largest.”’

6.2 | Heat dissipation due to path
hysteresis

Additional mechanisms of heat dissipation occur during
path hysteresis that are qualitatively different from
those described in the previous section for simple in-
tercalation reactions. Path hysteresis can occur with
minimal polarization but still produce a sizable loop in
the voltage profile. The voltage curve shown in
Figure 6B for the Li+Cug;sTiS, displacement reaction,
for example, was calculated using the equilibrium Li
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chemical potential along the path mapped out in
Figure 6A."° It neglects any polarization due to dis-
sipative kinetic processes or overpotentials that are
needed to overcome nucleation barriers and coherency
strain energy. The separate paths are therefore assumed
to be reversible electrochemical processes. Nevertheless,
the large hysteresis loop in the voltage profile still re-
sults in the dissipation of useful electrochemical work
as heat.

The net work w, per number of TiS, units, performed
during the reversible electrochemical discharge (1—2)
and charge (2—3) paths of the Li+CugsTiS, displace-
ment reaction of Figure 6, is equal to

2 3
w= ﬁ— eVdx = f —eVdx + f —eVdx = Ag_ ,, 2)
1 2

where e is the elementary charge, V is the voltage, and
Ag __, is the difference in free energy between states 3
and 1 (i.e., gns, + 1/28¢, — 8cu,.1is,)- Here as well, the
free energies are normalized by the number of TiS, units.
The second equality relating w to the difference in the
free energy Ag,_,, follows from the Nernst equation for
reversible paths, Equation (1), and the relationship be-
tween the Li chemical potential and the free energy.'* No
electrochemical work is performed between 3 and 1 as no
Li ions are exchanged between the anode and cathode

along this portion of the cycle.
It is straightforward to verify that the heat q (per TiS,

unit) that is evolved to the environment during a full
cycle is indeed exactly equal to —w. When paths 1 to 2
and 2 to 3 occur reversibly (i.e., without polarization), the
heat exchanged with the environment is equal to
TAs;—,, and TAs,_,3, where s is the entropy (per TiS;)
and T is the temperature, assumed to be constant during
cycling. The total heat exchange between states 1 and 3 is
then TAs;_,; = —TAs;_,;. Heat is also released during
the chemical mixing step at the end of charge when Cu
irreversibly diffuses back into the TiS, host (from state 3
to 1). The heat released during this irreversible mixing
process is equal to the enthalpy of mixing, Ah;_,; (per
TiS;). The total amount of heat exchanged with the en-
vironment during a full cycle is the sum of these terms,
q = Ah;_,; — TAs;_,,, which is also equal to Ag, ,,
the free energy of mixing to form CugsTiS, when start-
ing from a two-phase mixture of TiS, and 1/2Cu. As
required by the first law of thermodynamics for a com-
plete cycle, this is equal to minus the positive work
performed on the electrode (i.e., —w = —Ag,_ ), sig-
nifying that g < 0, that is, heat is transferred to the
environment.

The example of the Li+Cug;sTiS, displacement re-
action shows that there are at least two ways in which
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heat is exchanged between the battery and the environ-
ment during a charge/discharge cycle that exhibits path
hysteresis, even when the effects of polarization are ne-
glected. The first occurs along the electrochemical paths,
which will exchange a net quantity of heat since the
electrochemical paths do not return the electrode to its
original state. The heat evolved along reversible electro-
chemical paths is equal to TAs, where As is the net
change in entropy along the electrochemical portions of
the cycle. The second form of heat production is due to a
change in enthalpy that occurs when the electrode irre-
versibly relaxes to a lower free energy state. This portion
of the cycle is a spontaneous chemical process that is
decoupled from the external circuit as it does not involve
the transfer of Li ions between the cathode and the
anode.

7 | DESIGN PRINCIPLES

Several design principles can be formulated to help mi-
tigate or enhance electrochemical hysteresis. In energy
storage applications it is desirable to minimize polariza-
tion and hysteresis to reduce round-trip energy losses.
Applications, such as memory, logic and neuromorphic
devices, in contrast, often leverage hysteresis phenomena
that are robust and reproducible.

Polarization in the voltage curves of intercalation
compounds can be minimized by making unit kinetic
processes, such as diffusion and interface migration more
facile. Electrode materials that enable fast Li transport, as
manifested by large Li diffusion coefficients, will incur less
polarization in the voltage profile than those in which Li
transport is sluggish. The guest cation diffusion coefficient
of intercalation compounds is very sensitive to the host
crystal structure, its chemistry, and the overall guest ion
concentration. Variations in lattice parameters with guest
ion concentration and the onset of correlated diffusion in
the concentrated regime can produce orders of magnitude
changes in the guest ion diffusion coefficient.”"”* %

Overpotentials of first-order phase transformations
can be minimized if the coexisting phases have very si-
milar lattice parameters. This reduces the strain energy
of coherent two-phase coexistence that needs to be
overcome with an overpotential. Interfacial free energies
between coexisting phases also need to be small to sup-
press the need for large overpotentials to nucleate a new
phase.

Several strategies can be pursued to minimize path
hysteresis.”**”” The presence of mobile species that are
not electrochemically active increases the number of ki-
netic pathways that can be followed during charge and
discharge, making the electrode prone to kinetic

asymmetries. In a displacement reaction, for example,
only one path is available during discharge, since the
insertion of Li into the electrode must often be accom-
panied by the simultaneous removal of a transition metal
cation to vacate sites for Li occupancy. Electrochemical
Li extraction, in contrast, can often proceed along a
multitude of pathways, as the reinsertion of the displaced
metal cations is not essential. This form of asymmetry
can be minimized by increasing the diffusion coefficient
of the displaced metal cation relative to that of Li."° The
free energy of the compound can also be engineered in a
way to ensure that a small overpotential in the Li che-
mical potential produces a large driving force for the
reinsertion of the displaced metal cation.”” The two fac-
tors together then increase the likelihood that the dis-
charge path is retraced during charge.

When metal cations are mobile within the compound,
as in Li-excess materials, kinetic asymmetries emerge due
to particular crystallographic features of the host. For ex-
ample, transition metal migration during Li extraction may
be restricted to one hop path (e.g., from an octahedral site
to an adjacent tetrahedral site). However, upon the re-
insertion of Li, the migrated transition metal cation may
have multiple hop options, with only one of the hop paths
taking the transition metal back to its original site in the
fully lithiated state.”””” An asymmetry in the entropy as-
sociated with hop paths, therefore, emerges. This scenario
can lead to a progressive disordering of the original
compound during each cycle. The suppression of this
type of path hysteresis can be achieved by alterations
to the crystal structure that prevent transition metal mi-
gration altogether, or that limit transition metal migration
to the same pair of sites. The first strategy has been
successfully realized in Li-excess-like compounds, such
as layered Na,Mn;0;,'""'"" where the presence of Na as
opposed to Li increases the spacing between Mnz;O; layers
and thereby suppresses Mn migration.'””

Many battery concepts that promise very high capa-
cities, such as Li-air and Li-sulfur batteries, suffer from
sizable voltage hysteresis that has prevented their wide-
spread commercialization.'”*'”> While still poorly under-
stood, hysteresis in these systems can also be attributed to
asymmetries in kinetic paths between charge and discharge
due to a multitude of possible reaction mechanisms.
However, compared to the examples described in this
overview, additional considerations arise as the kinetic
processes of Li-air and Li-sulfur batteries are highly coupled
to processes within the electrolyte and at the electrode/
electrolyte interface.”*'”" Furthermore, the reaction pro-
ducts of Li-air and Li-sulfur batteries are electronic in-
sulators, which can lead to additional kinetic asymmetries
between charge and discharge.'”'”” Fully understanding
voltage hysteresis in Li-air and Li-sulfur batteries will
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require identification of all relevant reaction coordinates
and order parameters and careful mapping of the relevant
free energy surfaces in this variable space.

8 | CONCLUSION

Electrochemical hysteresis comes in many forms. The focus
of this overview has been on the hysteresis phenomena in
electrode materials of rechargeable batteries. Electrodes
consisting of simple intercalation compounds are suscep-
tible to the classical forms of hysteresis that are well un-
derstood in magnetic and ferroelectric materials. New
forms of hysteresis emerge in electrochemical systems
when two or more chemical species are mobile, thereby
opening up a multitude of kinetic pathways that introduce
asymmetries between charge and discharge. This can lead
to path hysteresis, which plagues displacement and con-
version reactions as well as the Li-excess and disordered
rocksalt materials that achieve high capacities by non-
conventional redox processes. The distinct forms of hys-
teresis can be understood in terms of basic thermodynamic
and kinetic principles. This understanding is crucial to
enable the design of electrode reaction mechanisms with a
prescribed degree of hysteresis. While undesirable for bat-
tery applications, the ability to control hysteresis electro-
chemically opens up many new opportunities in other
fields where hysteretic behavior can be exploited in device
applications.
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ENDNOTE

! This is true in the assumption that there are no other sluggish
kinetic processes in the battery outside the cathode that cause
additional polarization.
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