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TOPICAL REVIEW — Fundamental physics research in lithium batteries

Brief overview of electrochemical potential in lithium ion batteries*
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The physical fundamentals and influences upon electrode materials’ open-circuit voltage (OCV) and the spatial distri-
bution of electrochemical potential in the full cell are briefly reviewed. We hope to illustrate that a better understanding of
these scientific problems can help to develop and design high voltage cathodes and interfaces with low Ohmic drop. OCV
is one of the main indices to evaluate the performance of lithium ion batteries (LIBs), and the enhancement of OCV shows
promise as a way to increase the energy density. Besides, the severe potential drop at the interfaces indicates high resistance

there, which is one of the key factors limiting power density.
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1. Introduction

Lithium ion batteries (LIBs) celebrated their twenty-fifth
birthday this year, and among the most promising electro-
chemical cells which are expected to replace the traditional
fossil fuels in transportation, as well as energy storage for in-
termittent renewable energy such as solar or wind power, to
satisfy urgent environmental demands. In addition, they have
been widely applied in portable consumer electronic products.
Although LIBs have achieved the dominant position in cell
markets as compared with lead-acid and Ni-MH cells, they
are still restrained by insufficient energy density and power
density, and are in urgent need of further guarantees of safety.
This review will concentrate on how the above problems can
be considered and dealt with from the aspect of electrochemi-
cal potential.

The first requirement, energy density, can be realized
by developing novel electrode materials. Anodes (modified
carbons are widely adopted) generally have higher capacities
than common cathodes. The next-generation anode materials,
lithium metal or silicon-(active metal) alloys, even represent
better hope for quite great enhancement in capacity. As a re-
sult, the bottleneck of energy density always lies in the com-
mercial cathodes such as LiCoO,, LiFePO4 and LiMn,Oy.
Given the equation E = V¢, where E is energy, V is voltage,
and g is the electronic charge quantity, there are two methods
to improve the energy density, of which one is to enrich the Li
content (Li-rich cathodes), and the other is to increase the out-
put voltage (high-voltage cathodes). The latter is focused on
for its relationship to the electrochemical potential problems.
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With the given composition and structure, the output voltage
of a compound can be theoretically identified, making it possi-
ble to design cathode materials through calculations. Then the
maintenance of framework structure to assure the reversibility
is the only problem left to be taken into consideration for the
practical cathodes, which can be investigated by the lithium
(de)intercalation phase diagram, influenced by both thermody-
namic and kinetic factors. However, the output voltage, which
is determined by anode and cathode, also needs to be within
the electrochemical windows of electrolyte to suppress the de-
composition and side reaction at the interfaces. As a result,
new developments in electrolytes and electrolytic additives are
also in urgent demand to realize compatibility with the novel
cathodes.

The second requirement, power density, is not related
so directly to the electrochemical potential. However, the
high-rate charge and discharge usually bring about side reac-
tions and subsequent aging and capacity-fade at the interfaces,
which can be attributed to kinetic stability problems influenced
by the sharp potential drop across the interphases, where a
high proportion of a full cell system’s resistance lies. In ad-
dition, the potential variation at the interface modulates the
lithium diffusion mechanism there.

The safety issue, which is regarded as the third require-
ment, promises to be solved by the replacement of electrolytic
solutions by solid-state electrolytes. However, the high solid—
solid interface resistance is often the predominant limitation
of actual LIBs’ performance. By now, the space charge layer
of solid—solid interphases, which comprises the complicated
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problems such as chemical potential, electric potential as well
as electrochemical potential, still remains unclear. Further un-
derstanding of solid—solid space charge layer and the electro-
chemical potential variation therein can contribute to the ap-
plication of solid-state electrolytes and thus improve safety.
The problems related to electrochemical potential in LIBs
are reviewed, including the output voltage of electrodes, the
spatial distribution of electrochemical potential in the full cell
and its possible effects on the performance. The relevant fac-
tors affecting the output voltage are presented. Then appli-

cations such as high-voltage cathodes, anodes and electrodes
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based on conversion reactions are summarized. Moreover, the
reasons for discrepancies between calculated results and ex-
periments are discussed, involving thermodynamic and kinetic
factors, as well as the single electron approximation of Kohn—
Sham equation within the density functional theory (DFT)
framework.

2. Hierarchical structure of lithium ion batteries

As shown in Fig. 1, the full cell of a lithium ion battery
mainly contains: A-current collector, B-anode, C-electrolyte,
D-cathode, and E-current collector.
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Fig. 1. The hierarchical structure of lithium ion batteries.

The most common sandwich structural cell contains
cathode—electrolyte—anode. In the case of LIB with the or-
ganic electrolytic solution (including solvents and Li salts) as
the electrolyte, the full sandwich cell is assembled by rolling,
folding or stacking and placed within a hermetically sealed
casing. Then the porous material lies naturally across the
whole cell to guarantee the wettability of solid matrix of both
electrodes and separator filled with electrolytic solution. Out-
side the porous sandwich is the current collector, usually Cu
foil at the anode side and Al at the cathode side. The construc-
tion of each electrode begins with the active material pow-
der of spherical or ellipsoid particles with diameters ranging
from nanometers to micrometers. The powder is mixed with
conductive additives and binders, and the completed mixture
holds the liquid-filled pores throughout, referred to as “porous
electrode”. For the porous electrode, the active material is at
the core, which is chosen to drive the overall electrochemi-
cal reaction of the battery to produce the output electrical cur-
rent, preserving structural stability during the Li* intercala-
tion/deintercalation. In the case of polymer cells, only the
electrolyte is replaced by solid/gel polymer by contrast.

Inorganic all-solid-state batteries can also be fabricated
into the sandwich structure, just similar to their counterparts
with organic electrolytic solution, while the electrolytes of the
former are made of inorganic ionic conductor ceramic pellets.

Because there is no electrolytic solution to wet the electrodes,
the active materials should be mixed with solid electrolytes
together with conductive additives and binders instead. The
alternative strategy to realize the all-solid-state battery is to
adopt the thin film structure, where the cathode and electrolyte
are deposited onto current collectors in sequence, and Li metal
or Li alloys can be adhered as anode. Film all-solid-state bat-
teries have advantages such as simple construction of struc-
ture, freedom from the binders and conductive additives, and
the service life of as much as ten thousand cycles.!!! Besides
the sandwich-structure and thin film batteries, three dimen-
sional (3D) integrated all-solid-state batteries exist as promis-
ing candidates with higher energy density, for the significantly
increased surface area.!” Figure 2 shows the different forms of
inorganic all-solid-state batteries. Given that they always share
the same fundamental problems concerning the electrochem-
ical potential in LIBs, they will not be discussed individually
in the following.

The principal operating mechanism of batteries is shown
in Fig. 1: Li ions shuttle like a “rocking chair” between two
electrodes. During the discharge, Li ions deintercalate from
the anode and intercalate into the cathode, as the result of the
Li™ chemical potential difference between the two electrodes,
and this process decreases the energy of the full cell. With
respect to maintaining electrical neutrality, electrons leave the
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anode simultaneously and flow into the cathode through the
external circuit, which provides electrical energy to the load.
The general effect of discharge is to convert chemical en-
ergy into electrical energy by means of the redox reaction
of electrodes driven by the chemical potential difference be-
tween cathodes and anodes. The opposite is true during the
charge. Here we will focus on the electrochemistry-related
problems such as charge transfer and mass transport process
(both in bulk and at the interface) of the electrochemical sys-
tem, the electrode’s structural transformation and phase tran-
sition during the Li ion (de)intercalation, and the relationship
between the electrical and chemical effects at the various time
and space scales of the full cell.

“3p"
battery

thin film
battery

©0_0

all solid state
Battery

Fig. 2. A schematic representation of different battery configurations
using solid electrolytes. Current collectors are depicted in grey (pos-
itive) and brown (negative), and active materials in pink and green,
respectively. )

3. Open circuit voltage

Only under the equilibrium state condition can the system
be thermodynamically reversible, thus one thermodynamic pa-
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rameter should be introduced if the thermodynamic aspects of
electrochemical systems are of interest. When batteries doing
electric work outside, electrons are powered by the potential
difference, and the directional aspect should be assigned to
this parameter to describe the reaction other than the physical
system. This parameter can be fixed as electromotive force
(EMF).

The reversibility can be reached by applying an infinite
load resistance, then the potential difference between the ends
of the battery’s cathode and anode is defined as open circuit
voltage (OCV). The infinite load resistance assures finite cur-
rent. Providing the zero current, the electrochemical system
can be ensured of reversibility, then this potential difference
is equal to EMF, with the positive or negative value indicating
the actual reaction direction. OCYV is an observable param-
eter used more commonly than EMF in LIB investigations.
However, every process in practice occurs at finite rates with
finite current (nonzero), so the internal resistance cannot be
neglected. As a result, this so-called “OCV”, which is usually
misused in experiments by ignoring the sufficient load resis-
tance, is not exact and actually lower in value than theoretical
OCYV, or to say, EMF. The OCV is bound up with SOC, and
usually decreases accompanied by the discharge process.

Theoretically, given the basic assumption of electrical
neutrality in the electrode particles, which is guaranteed by
the small sizes of particles and dispersed connective conduc-
tive additives, we can calculate the OCV/EMF (in the follow-
ing sections, only the term OCYV is used habitually) from the
perspectives of both Fermi energy level and Gibbs free en-
ergy respectively, arriving at the same conclusion, as shown in
Fig. 3.
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Fig. 3. Crystalline structures and voltage—composition curves of (a) layered-LiCoQ,; (b) spinel-LiMn;Qy; (c) olivine-LiFePOy4.!
(d) Open circuit voltage: from the aspect of Fermi energy level or electrochemical potential of Li (adapted from Ref. [5]).
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3.1. Fermi energy level perspective

Fermi energy level refers to the energy when the elec-
tron occupation probability equals 0.5 in the electronic en-
ergy level (Fermi—Dirac distribution). As the distribution is
similar to a step function, it can be approximately considered
that electrons mainly fill the energy levels below Fermi energy
level at the finite temperature, while levels above are unoccu-
pied. Then the levels in the vicinity occupied by the proba-
bility ranging from O to 1 are called “transition state”. The
lithium ion batteries referred to as “rocking chair” batteries,
electrolytes play only the role of transporting lithium ions and
are not involved in the electrochemical reaction. Ideally, dur-
ing the discharge process, only the electrodes are taking part
in the redox reaction, enabling electrons to flow through the
external circuit in the direction from anodes with higher Fermi
energy to cathode material with a lower one. Therefore, the
open-circuit voltage of the cell system satisfies

FVoe = —AEF = U — U¢, (D

where F represents Faraday’s constant. For the common solid
electrode materials, the Fermi energy level depends on the ma-
terial’s work function.

At the cathodes, the charge—discharge’s reversibility
is realized by applying the transition metals to the Li-
(de)intercalating materials, which enables itself to be stable
within a wide range of Li concentration. The electronic con-
figuration of the transition metal ion in cathode is 3d4s, there-
fore the losing or gaining of electrons in d-electron mani-
fold corresponds to the oxidation and reduction of transition
metal. Electrons in 3d-electron manifold display the localiza-
tion character and have a narrow energy band due to the strong
charge density Coulomb interaction. When the d-energy band
is close to the p-energy band, covalent electrons mix with
each other, which delocalizes electrons and broadens the band
structure, causing the Fermi energy level to move into the
conduction band. When electrons from an anode with higher
Fermi energy level fill into a cathode with lower Fermi energy
level, only the electrons near the Fermi energy level change
state rather than filled or empty additional band. The elec-
trons’ transfer at only the Fermi energy level will not lead to
an obvious changing in the OCV voltage profile as the SOC
evolves. In fact, the obvious change of voltage profile to the
“S” type is based on alteration of the configuration of the crys-
tal lattice, accompanied by a consequent shift of electronic
structure. For materials with electron localization, the Fermi
energy level lies between the valence and conduction bands.
Taking the discharge process of the battery with Li anode and
LiFePO4 cathode as an example, while electrons are flowing
out of the anode to fill the cathode, they occupy the additional
empty band (Fe>*) which was originally the valence band, be-
cause the conduction band is filled in Fe>*. From the perspec-
tive of real space, electrons are localized to the single Fe3 ™,

contributing to the formation of Fe?", and attracting the neigh-
boring unstable Li* to form LiFePOy. Note that the electrons
hop in (Li)FePO, as “small polarons”, arising from the fine
tuning of the surrounding crystal lattices. The propulsion of
phase interface is driven by the stress field, which brings out
the so-called two-phase reaction, exhibiting an “L” type volt-
age profile and a stable OCV during this discharge process.
Since LiFePO4 and FePO4 hold a certain degree of reduced
miscibility gaps arising from the dynamics factors, a limited
solid solution occurs, and thus appears the delocalization of
electrons to some extent. As shown in experimental results,
both side knees of the “L” type voltage profile will end up with
a limited range of “S” type curve. Next the physics meanings
of different types of voltage profiles is demonstrated in detail
from the aspect of Gibbs free energy.

At the anodes, the various analysis methods should be
taken to match the specific reaction mechanisms during the
charge/discharge process, such as alloying reaction (e.g., Li,
C, Si, and so on, summarized in Ref. [6]), (de)lithiation reac-
tion (LigTisO12),!”! conversion reaction (defined as that there
exists at least two products).®! (i) Li anode: The Li metal
anode contains a large number of itinerant electrons near the
Fermi surface, and will not experience a phase transition dur-
ing the charge/discharge process; thus the Fermi energy level
keeps unchanged unless considering the morphology factors.
(i1) Li binary alloy anode: The binary system usually expe-
riences a series of phase transitions when Li is in the alloy,
indicating the discontinuous changes of Fermi energy level.
The phase diagrams and voltage profiles of Li—-C and Li-Si
are illustrated in Refs. [10]{12] respectively as examples. The
most common carbon-based graphite anode with high electri-
cal conductivity keeps structural stability during staged phase
transition cycles. However, the silicon-based anode usually
endures the high volume expansion, resulting in great changes
in morphology and the totally different actual voltage profile
from the theoretical data.'?! (iii) The (de)lithiation-based an-
ode: Its reaction mechanism is quite similar to that of cath-
odes mentioned above, and LisTi5sO, will be illustrated from
aspect of Gibbs free energy in the next section. (iv) Conver-
sion reaction-based anode: In addition to complicated multi-
electron transfer, great changes of morphology contribute to
the modulation of voltage profile, called the kinetic hysteresis
effect.

3.2. Gibbs free energy perspective

To maintain the electrical neutrality, the injections and
ejections of electrons and ions from electrodes must appear si-
multaneously, with the differences of Fermi energy levels and
chemical potentials respectively as the driving forces, and the
latter can be deduced from relative Gibbs free energies of reac-
tants and products. So the relationship between Fermi energy
level and Gibbs free energy is as follows: At the isothermal—
isobaric process in the cells, the maximum electrical work gen-
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erated by the electrode reaction is equal to non-volume work
generated by the change of the reaction system, namely the
change of molar free energy (A;G).

The theoretical electric potential is defined by OCV as
Voc., and the work done by the cell system to surrounding en-
vironment is nF'V oc; thus the change of the Gibbs free energy
can be defined as the negative value of the output work in ther-
modynamics, therefore,

AG = —nFVpc. 2)

In LIBs, supposing that the chemical formula of the cathode
can be written as Li,TM,X;, for an arbitrary SOC, the open-
circuit voltage can be defined as

— [uEi) — ]

X2 . .
_/ {.LLILCI(x) - :ukl] dei|x2ﬁx| :x/(x2 _xl)

X1

FVoc(x)

—[Gui,, ™™, x, — GLi, ™™, X,
— (22— x1) GLi |xy—sx, =x/ (X2 — x1)

= _9G(x)/ox. 3)

In fact, not all theoretical Gibbs free energy can be obtained
easily for an arbitrary value x, due to the still unresolved prob-
lems of the Li-ion-occupied lattice sites and the resulting or-
dering structure at the given SOC, providing that different con-
figurations will give rise to discrepancies in Gibbs free energy.
As for the two-phase reaction, the respective Gibbs free ener-
gies can be easily obtained from the corresponding two phase
structures, while for the solid solution reaction, only the aver-
age OCYV can be estimated from initial and end configurations,
without the details about instantaneous OCV for arbitrary con-
figurations during the continuous intercalating/deintercalating
of Li ions.

In order to quantitatively study the dependence of Gibbs
free energy and the resulting Li chemical potential on the
Li™ concentration, we first suppose a simple mechanical mix-
ture of two pure components, where the Gibbs free energy
of the mixture reads GM = X,Ga + XgG5.
Gibbs’ phase rule, in a system where two phases coexist,
with fixed temperature and pressure, the system has no de-

According to

grees of freedom, which leads to a constant chemical poten-
tial and the linear Gibbs free energy GM, as shown by the
green line in Figs. 4(a)-4(d). Secondly, considering the ran-
dom mixing, configurational entropy ASy, (shown by the pink
line) should be included in total Gibbs free energy, as shown
in Fig. 4(a), the term of —TASy, leads the simple two-phase
Next, when the
effect of excess enthalpies AH (shown by turquoise line in
Figs. 4(b) and 4(c)) included, the total Gibbs free energy be-
comes G = Gy + AH — TASy,. On one hand, when the ex-
cess enthalpy is negative, it will further reduce the free energy

mechanical mixture to the ideal solution.

of the mixture in addition to —T'ASy, and the system results

in solid solution, as shown in Fig. 4(b). On the other hand,
when the excess enthalpy is positive as shown in Fig. 4(c), the
free energy has two minimum values at the composition of ¢
and 3. At the composition between « and f3, the free energy
of mechanical mixture @+ f is lower than the solid solution
(Note that within that range the chemical potentials for each
component are all the same). Namely, the phase separation
occurs. However, at the two ends of the composition, a lim-
ited range of solution appears as the result of configuration
entropy. When the lattice mismatch between A and B is too
much, the positive excess enthalpy can be quite large, lead-
ing to a sharp enhancement of Gibbs free energy as shown in
Fig. 4(d). Finally, strain and stress are usually important fac-
tors in consideration. Reducing the particle size to nanoscale
can increase the structural tolerance of strain and stress, and

thus restrain the phase separation.[!3]
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Fig. 4. Free-energy-composition diagrams for (a) ideal solution, (b) and
(c) regular solutions, and (d) incomplete solid solution.

When the solid solution reaction occurs in the electrodes,
it will exhibit a smoothly sloping voltage curve as shown in
Fig. 5(b), the single phase system observes the Gibbs phase
rule as: the number of degrees of freedom is 1 for the fixed
temperature and pressure. From Eq. (3), the variation of the
chemical potential with the Li™ concentration satisfies

Voc(x) = % (Taasx(x) - az;z)(cx))

“

When, however, Li insertion is accompanied by a first-
order phase transformation from a Li-poor phase ¢ to a Li-
rich phase 3, there are two local minima (assuming the host
maintains the same crystal structure), as shown in Fig. 5(c). In
the phase separation region (the range between the two min-
ima), the total Gibbs free energy is the mechanical mixture of
the two minima. As a result, a linear tangent with the con-
stant partial derivative of dG(x)/dx leads to a plateau volt-
age profile as shown in Fig. 5(d),['*] which is consistent with
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the equivalent chemical potentials of two phases in equilib-
rium. For this case of first-order transition, the nano-size ef-
fects have a significant influence on the voltage profile, and
the miscibility gap is reduced because of the additional Gibbs
free energy,!'>13-1°1 which may be caused by strain,!'”! sur-
face or interface energy,!!® or Lit concentration gradient in
the diffuse interface,!'”! as shown in Fig. 6.71 The insertion
chemical potentials are different along various crystal orien-
tations near the surface, responsible for the more curved volt-
age profiles, as shown in Fig. 6(c).[”) In addition, the term of
surface energy together with the distribution of particle sizes

will lead to a combined effect similar to that resulting from
the solid solution,”! and make a further step to account for
the differences among the curved shapes as shown in Fig. 7,[7]
especially for the cases that the phase transition occurs in sepa-
rate individual small particles rather than evolving two-phases
interfaces.>!! Under this condition, the phase transition ap-
pears continuously particle-by-particle, and the Gibbs free en-
ergy variation of each particle is influenced by the configura-
tion entropy. The two factors together have a combined effect
of hysteresis presented in the voltage profiles, also as shown
in Fig. 7.1%)
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Fig. 5. Voltage curves are linearly related to the slope of the free energy of the electrode material. If the electrode host material forms a solid
solution with Li as panel (a), it will exhibit a smooth sloping voltage curve as illustrated in panel (b). If, however, Li insertion is accompanied
by a first-order phase transformation from a Li poor phase, a, to Li rich phase, 3, it will have a free energy curve as illustrated in panel (c), and
resulting in a plateau in the voltage curve as illustrated in panel (d). Steps in the voltage profile appear if an intermediate phase is stable as in

panels (e) and (f).114
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When an intermediate phase is stable with lower Gibbs
free energy, as shown in Figs. 5(e) and 5(f), it is necessary
to consider the two ranges of x; —x, and x3 — x4 respectively,
and the explanation is identical to that of phase-separation re-
action.

In LIBs, certain ranges of the voltage profile (especially
for the low voltage sides) often appear as capacitor behavior.
Significantly different from typical voltage profiles for the in-
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sertion reaction in Fig. 8(a) and the phase separation reaction
in Fig. 8(b), the electric potential changes with the compo-
nents linearly with a non-zero slope, as shown in Figs. 6(b)
and 6(c),!”! and Fig. 8(c),?! which usually corresponds to the
Li* storage at the interfaces!>*! or near the surfaces,!”! both
of which can lead to reconstruction of the surfaces and irre-
versible capacity loss, although the capacitor-like voltage pro-
files may just result from the electrolyte decomposition. [>#!
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Fig. 7. Schematic of the impact of the surface energy on the Gibbs free energy (a) and voltage (b) profile of an insertion material
exhibiting a first-order phase transition upon (de)lithiation. A difference in surface energy leads to a different free energy that scales
with the particle surface area. The consequences are a change in the chemical potential and hence in voltage plateau and a shift in the
solubility limits. A distribution in particle sizes leads to a distribution of voltages as shown by the dotted voltage profile.!”!
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Fig. 8. Sequence of three different stages of Li storage. Insertion in the bulk of MX (a). If the solubility limit is exceeded, a
heterogeneous solid-state reaction characterized by phase separation occurs (b). Finally, the interfacial charging takes place (c).[?!

4. Spatial distribution of potential in the cell

In order to improve the performance of LIBs, it is neces-
sary to balance the various processes and interactions occur-
ring in electrodes and electrolytes. The temporal—spatial de-
pendent potential in cells is determined together by the Li ions
transport in electrodes and electrolytes respectively, as well as
by the complicated coupled electrochemical reactions at the
interfaces between the electrode and electrolyte. Thermody-
namics determines the maximum of power, while the mutual
effect of dynamics and mass transfer deviate the system from

the ideal thermodynamic equilibrium, influencing the perfor-

mance and cell lifetime. Since multiple transport phenomena
are all based on the charges and masses flow, the operating
mechanism can be understood from the aspects of electric po-
tential, chemical potential and electrochemical potential. In
this way, the limiting factors and their effects on the cell per-
formance can be found to help design batteries with higher

capacity, higher power, and longer cycle life.
4.1. The chemical and electronic potential variation within
the full circuit

In the batteries, the flows of multiple species and pos-
itive/negative charges are often coupled together according
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to the Onsager relation, and the mass-charge coupled trans-
port is driven by the concentration related chemical potential
(neutral atoms, atomic groups, or vacancies etc.) and elec-
tronic potential (electrons or holes). When the electron dis-
tribution is considered in the atomic scale, electrons can de-
part from neutral atoms, for example, the electrons (e) and
lithium ions (Li*) can be thought about separately for lithium
atoms, then atomic groups or vacancies are left behind (the
other charged parts), and they will all re-distribute in the elec-
tric field. Then the electric potential describes the gradient dis-
tribution of all nonneutral particles, including electrons/holes,
nonneutral ions/ionic groups and nonneutral vacancies). In ad-
dition, the flow of nonneutral ions, ionic groups or nonneutral
vacancies driven by both chemical and electric potential si-
multaneously, that is, they are actually driven by the electro-

chemical potential.

The operating mechanism in batteries is influenced by
coupled electrical and chemical factors, and the whole circuit
is powered by the cooperative motion of Li ions and electrons:
in the external circuit, the charge transfer is driven by electric
potential and mediated through electrons, while in the internal
circuit driven by chemical potential through Li ions. However,
the charge and mass transfer across the interfaces between
electrode and electrolyte is usually of greatest importance in
the cells, which is elaborated in the other issue of this series.
Simplifying the complicated interphases as the step potential
drop because of the existence of space charge layer, the distri-
bution of Li™ chemical potential as well as electronic potential
are shown in Fig. 9.

(a‘) Dischal 3 (b) i
rge e Charge e
P o
Anode
1-,‘_3 Inte Electrolyte + Interphase Electrolyte
2 se E Interphase
| Discharge Li* > b athode Anode Charge Li
Disch g -
(C) d) ischarge e (d) Charge e ®
An
. i ase Electrolyte | Interphase Electrolyte Cathode
:‘_’ | )
| E 3
Inte se
L Interphase
i' - Y 'h d o
Discharge Li ode ode Charge Li
—
(e) Charge e @ Discharge e-
tal effects Total effe
®
g Interphase Electrolyte in
s
L
= Discharge Li*
Charge Li*

Fig. 9. The distribution of lithium chemical potential and electric potential for the whole circuit. (a) The distribution of Li* chemical potential
during the discharge process; (b) the distribution of Li* chemical potential during the charge process, the contribution of which is opposite to
the actual electric potential for the negative charge it has; (c) the distribution of electronic (e™) potential during the discharge process; (d) the
distribution of electronic potential during the charge process; (e) the total electric potential distribution of both e~ and Li* simultaneously.

Figures 9(a) and 9(b) show the concentration of Li™, pro-
viding the assumption that every effective Li atom (mobile Li
atom) has one electron delocalizing from Li™, and Li™ other
than Li is the only mass carrier. The assumption is not always
true especially for alloy anodes, which actually comprise itin-
erant electrons; thus Li ions diffuse accompanied by electrons.
The gradient concentration directly results in the chemical po-
tential (y; ;+) variation, which is one of the driving forces. And

the inhomogeneous distribution of nonneutral Li* also con-
tributes to the electric potential variation, as the other driving
force. The sloped line of the electrolyte’s potential indicates
a nonequilibrium state, and the slope factor is dependent on
the current and resistance there, with the assumption that elec-
trons’ mobility is negligible when compared to ions’ mobility,
and all the electric potential change can be attributed only to
Li ions’ re-distribution during the charge and discharge non-
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equilibrium dynamic process.

Figures 9(c) and 9(d) show the other contribution to the
redistribution of the electric potential, that is the so-called
electronic potential variation defined by the energy of elec-
trons. For electrodes, that is equal to the Fermi energy level,
and in electrolyte, that is equivalent everywhere for its elec-
tronic insulation, except for regions near the interfaces, where
the nonneutral electron or hole defects work.

The total effect resulting from hysteresis is shown in
Fig. 9(e), which is consistent with the in-situ electron hologra-
phy observation of electric potential in an all-solid-state Li-ion
battery.[>>2% This can be explained as follows: In the charge-
discharge process, there usually exists two separately electro-
chemical half-reactions, which are the so-called electrode re-
actions. Then the consequent total reaction of the above two
half-reactions, namely cell reaction, maintains the electrical
neutrality. During the discharge process, when the external
circuit is switched on, since the Fermi energy level in an an-
ode is higher than that in a cathode, electrons flow from anode
to cathode through the external circuit, while Li ions from an-
ode to cathode through internal section to partly make up for
the electrical neutrality of electrodes, leaving behind nonneu-
tral interphases called “space charge layers”. As a result, the
electric potential Uejecricar distribution is more similar to that
of the negative .-, although alleviated by the 1 ;+’s compen-
sation. In contrast, during the charge process, external elec-
tric field makes the mass and charge flows reverse. Note that
only the electrons near the Fermi energy level can flow into
or out of electrode particles, and the change of Fermi energy
level is finite and modulated by the fine crystal structural ad-
justment. Thus the formation of Li* caused by electrical field
induced local phase transition predominately accounts for the
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M 1 u So (gas ion, solvent
L J
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S e— o% E3 and SEI formation
“"0'

" Donor solvent
c% SEI conversion,

E C% % stabilization and growth

$=——F SEI dissolution, precipitation

o 02
) °° Positive / Negative interactions

S oo

Lithium plating and
subsequent corrosion

~—=—E

reversed reaction, and electrons flow in the direction opposite
of the external circuit to compensate partially for the neutral-
ity. Therefore although theoretical OCV between electrodes
can be calculated thermodynamically, the real output voltage
must be influenced by dynamic factors such as the above hys-
teresis effect.

As discussed above, when the current flows through the
circuit, the internal resistance in the battery will cause an
Ohmic drop, which results in energy loss, also called Ohmic
loss. Many factors contribute to the Ohmic drop, including
imperfect contact between electrode slurry and metal current
collector, welding spot between current collector and exter-
nal circuit, potential drop on porous electrode with the cer-
tain thickness and accordingly the certain resistance, potential
drop on the electrolytes (especially for solid electrolytes), and
so on. Besides, side reactions often enhance the internal resis-
tance of cell, such as the formation of solid electrolyte inter-
phase (SEI), which is also ascribed to aging.

Another topic with regard to potential is the “overpo-
tential” phenomenon, which is caused by the kinetics of
the charge and mass transfer with the response frequen-
cies of 1 kHz and 10 Hz, respectively.”’”] The Butler—
Volmer model has been widely accepted recently to interpret
overpotential.[zg] Besides, other complicated side reactions
near or of the electrodes, as shown in Fig. 10,?°! have com-
prehensive influences on the potential distribution adjacent to
the region where the reactions occur.

In the following subsections, the factors with less influ-
ence on potential distribution, such as separator and current
collector, are not focused on. Only the electrode, electrolyte
and their interfaces are involved.

ﬁgas evolution

particles
electrolyte
corrosion cecompostion
of current
collector (] surface layer

formation

g,,.v

dlssolutl

loss of contact to

conductive particles
re-precipitation of migration of
new phases soluble species
(b)

Fig. 10. (a) Changes at the anode/electrolyte interface; (b) overview of basic ageing mechanisms of cathode materials.!>’]

4.2. Hierarchical porous electrodes

Porous electrodes are often designed to be applied to
LIBs, and usually contain active materials with sizes ranging
from micrometers to nanometers and the conductive additives
for lowering the resistance, which are mixed and then spliced

by binders as a unit, and electrolyte with high ionic conduc-

tivity filled into the particles’ skeleton to promote ion diffu-
sion, resulting in a so-called porous electrode shown in Fig. 11.
Once there is current in the battery pole pieces with a certain
thickness and resistance, the Ohmic drop must occur. For com-
mon commercial LIBs, carbon materials are applied as the an-

odes, which usually have much higher capacity than cathodes.
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As a result, the cathode plates are often thicker. Along with
the usually lower conductivity (often determined by the con-
ductive additives) of cathode materials,*”) the Ohmic drop is
more severe accordingly.

(b)

Current Collector
(electron source)

Electrolyte
(ion source)

Fig. 11. Typical Li ion battery porous electrode. (a) Low magnifica-
tion (on left) and high magnification (inset on the right). (b) Schematics
showing the main phases constituting a modern insertion cathode and
its role in transport. The polymeric binder is not shown (its effect on the
transport is thought to be marginal).3!]

Fine single active particles with size of nanometers to mi-
crometers and the continuous conductive additive ensure high
electronic conductivity, so that the active particle surfaces can
be seen as an electronic equipotential body. Therefore, the
ion transport inside the particle is driven only by the Li con-
centration gradient (i.e., chemical potential). With high ionic
conductivity, the electrolyte can be treated as the equipoten-
tial surface of Li* chemical potential, despite the complicated
interfaces’ space charge layer. Then the Li ion diffusion rate
within the active particle becomes the limiting factor of the
total diffusion time.

The advantages of small sizes for the active particles are
as follows: (i) The diffusion path and grain boundary resis-
tance of every single particle are both reduced to lower the
Ohmic drop on the electrode; (ii) In the case of the Li ion
transport in the solid host, assuming the diffusion time 7, the
diffusion length L, and the diffusion coefficient D, the rela-
tionship among them is: 7T = L?/2D, which indicates that a

shorter diffusion path can reduce the diffusion time of Li*
and improve the kinetics performance; (iii) As for a fixed to-
tal volume of battery pole piece, the smaller size of single
particles means a larger reaction area, which can reduce the
operating current density per unit area and improve the cath-
ode/anode reaction rate with the given rated current, so as to
ameliorate the charge transfer polarization; (iv) Reducing the
particle sizes into the order of magnitude of nanometers is a
common method to increase the solid solution limit, while si-
multaneously introducing more defects such as vacancies or
interstitials to improve the intrinsic Li ion mobility in the ma-
terials. However, nanocrystallization causes some problems,
for example: (i) High porosity leads to a suppression of the
compact density thus the energy density; (ii) Surface effects
predominate over the intrinsic bulk features, which turns the
interface resistance into the main limiting factor of the rate
performance; (iii) The side effects near the surface increase;
(iv) A contact problem appears between the active particles
and the conductive additives. Moreover, when the particles
size decreases to the order of magnitude of nanometer, other
unknown effects may occur, for example: Will the reconstruc-
tion of the surface crystal and electronic structures due to the
nanocrystallization have the influence the cell performance?
Will the nanoscale interface bring about the pseudocapacitive
effect or not? What is the formation mechanism of coexistence
and segregation of nanoscale phase, or of heterogeneous inter-
face and space charge layer? These are all problems left to be
solved.

Given that the size effects are usually accompanied by the
interface effects, the problem of the charge and mass transfer
across the active particles and electrolytes will be discussed in
Section 4.4.

Table 1. Relationship between the diffusion coefficient and the particle
size.

2D (cm?/s) 1074 1072 1071 108 10° 10°*
6/(3.75x)(S/em) 10711 10° 1077 102 1073 107!
L (1 mm) 102 100 108 10?
100 pm 100 108 1

10 pm 108 10° 1 1072

1 pum 100 1 1072 107

100 nm 102 1 1072 107* 10°°

10 nm 10? 1 1072 10* 10°% 10°%

1 nm 1 1072 107* 10® 10°% 10710

Table 1 assumes the condition that 7 = 298 K, and the
system is simplified to 1 M dilute solution (the concentration
is 1 mol/L) model. The ionic conductivity can be derived from
o = (Dng*)/kT,

ng®  6.0221415 x 107 x 10° x 1076 em =3 x (1.602176565 x 10~!° C)?

o(S/cm)/D(cm?/s) T

3750 cm ™3 -S-s.

Q

1.3806505 x 1023 J /K x (273.15+25) K
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However, since the carrier concentration is unknown, the cal-
culated ratio, o/D, may be not suitable for the solid elec-
trolytes. The concentration can be estimated from the calcu-
lation of defect formation energy, or from the SOC of elec-
trode materials. Thus the above method of estimation is not
accurate, and valid values are difficult to directly measure in
experiments.

It can be obtained: 10% s (1.7 min)~36 C; 10* s (2.7 h)
~ 0.36 C. The rate performance between these two points can
satisfy the demands of most energy storage devices, so the re-
lationship between the diffusion coefficient and particle size
is of importance, as shown in the red and blue square frame.
For example, for a particle with a size of about 10 um, with
the requirement for the charge and discharge rate as 1 C, the
diffusion coefficient must reach as high as 3 x 10~ cm?/s.

4.3. Electrolytes

High power density requires fast lithium ion transport. It
can be seen from the porous electrode model that lithium ion
diffusion path is very short within the electrode particles, re-
sulting in generally small resistance of the battery pole pieces.
Therefore, for the traditional battery structure, the potential
drop usually lies in the electrolyte section. The high charge
and discharge rate usually leads to the energy loss occurring
in multiple regions of the cell, among which the significant
energy loss and heat generation are usually located on elec-
trolyte.

Electrolyte is the electronic insulator for LIBs, thus only
the transport of ions and ionic groups is driven by electrochem-
ical potential. Apart from the interfacial region concerning
the space charge layer, it can be considered that the large pro-
portion of the region maintains local charge neutrality. Sup-
posing the thermodynamic equilibrium conditions, the spatial
distribution of the lithium concentration is uniform, leading
to the equivalent chemical potential everywhere. As a result,
the electrochemical potential is equal to the electric potential
within the electrolyte. The overall potential drop between the
two ends can be simply considered as the Ohmic drop. In com-
parison with the fluid and mobile electrolytic solution with-
out a boundary, in the case of solid electrolyte with the stable
configuration, the strong restrictions of lattices or skeletons
may lead to long-range interaction, which can hardly be ex-
plained by the general space charge layer model in liquid solu-
tion without the specific crystal structure and interacting forces
from skeletons. In addition, the Li ion mobility of the solid
electrolyte is 1 and electronic conductivity is extremely low.
Therefore, a natural question is that as compared with the sol-
vation of Li ions in the electrolytic solution, how can the solid
electrolyte maintain the electroneutrality under lattice restric-
tion conditions? To the best of our knowledge, there is little lit-
erature presenting investigations of the mass-charge transport
model specialized for the crystalline solid electrolytes, which

may depart from the ideal crystal structure with defects and
charges.

4.4. Interfaces

Providing the two assumptions, i.e., electroneutrality and
continuously changing potential, on which the whole discus-
sion is based, a lot of important thermodynamics and kinetics
features are focused on the surfaces and interfaces. For ex-
ample, when overpotential exists, the partial energy dissipates
in the form of heat during the charge/discharge process, and
the extent of overpotential is related to the charge/discharge
rate. The challenging problems about the interfaces that re-
main to be solved include: (i) the non-linear phenomena re-
sulting from ultrafast charge/discharge, (ii) the space charge
layers with distinct characteristics under various conditions,
(iii) the pseudo-capacitance effect, (iv) the spatial and tempo-
ral scales of the studied objects, (v) the complex side effects
and aging mechanism near the interfaces, including the growth
of SEI layers, the decomposition of electrolytes, the formation
of Li dendrites, the precipitation of transition metals, the exis-
tence of the separated interphase between the solid electrolyte
and electrode, and so on.

There has been lots of research on the space charge
Owing to the difficulties
lying in experiments, the establishment of theoretical mod-

layer in the electrolytic solution.

els and reasonable simulations becomes markedly important.
To balance the requirements of accuracy and practicability,
the Gouy—Chapman—Stern model is most widely accepted and
adopted so far. Based on the space charge layer model and
considering the finite rate, the Butler—Volmer model can be
used to explain the kinetics factors such as the overpoten-
tial, the transfer of species and charge, the irreversible side
effects, and so on, which are caused by the difference be-
tween the oxidation and reduction rates under the nonequilib-
rium condition. In addition, the Poisson—Nernst—Planck equa-
tion (including modified forms of the PNP equation,3233])
the classical continuous ion transport model, can be applied
to simulate the linear/nonlinear response with the temporal—
spatial parameters, to obtain the spatial distribution of the
electric potential, charge density and the salt concentra-
tion in the electrolytic solution.**-361 The macroscopic con-
tinuous model on electric-chemical potential of the solid—
liquid interface has been widely studied, including the model
based on equilibrium thermodynamics,’*”! non-equilibrium

5,138 thermal fluctuations,*! and so on. For

thermodynamic
the interface between the specific active particle and solvent,
both of which have distinct surface structures and chemical
properties, the specific theory and simulation at the smaller
atoms/molecules scales should be applied to describe the in-
teraction potential among atoms and the electronic structure.
For the more complicated phenomena occurring in the prac-

tical applications, including the porous electrode geometry,
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the small-size effect at the nanometer scale, the wettability of
electrolytic solution and the influence of the interfacial strong
field effect, more accurate models concerning the quantum and
atomistic scales are in demand, followed by the difficulty in
balancing the calculation cost and accuracy. Note that unlike
the periodic structure of crystalline, the disordered interphases
need to be simulated by covering larger structurally spatial
scales, while electrode kinetics needs to be simulated by cov-
ering wider temporal scales. In addition, in order to predict the
materials properties and then realize rational materials design,
linking up the simulations at different scales is still a long-term
challenge, as well as verifying the theoretical results with rel-
evant experiments.

In the case of electrolytic solution,
tion of interface is usually based on at least one of two
assumptions:*7-3%! dilute solution hypothesis and local elec-

the investiga-

troneutrality hypothesis. However, the case is different for the
solid electrolyte: (i) The dilute solution model does not work
for the strong interaction among mobile carriers and between
mobile carriers and lattices; (ii) Thermal fluctuation cannot
be ignored for the lattice effects; (iii) Given that the chemi-
cal potential is almost equivalent all through the inner bulk of
the solid electrolytes (which is equal to the charge/discharge
current multiplied by the resistance), the chemical potential
difference between anode and cathode (which is the so-called
OCV when the current approaches 0) drops mainly on the
interfaces and causes a sharp concentration change. In this
way, the Debye screening length, which is the spatial scale
of the space charge layer treated within the classical Debye—
Hiickel theory, is hard to estimate for the solid materials with
the strong interaction and intrinsic lattice stability; (iv) It is a
challenge to establish the evolution model of the solid—solid
space charge layer, and even the interphases, because of the
lack of reliable experimental data and phenomena for estab-
lishing the reasonable models. Therefore, the need is most
urgent to develop novel characterization techniques combined
with multi-scale theoretical models and simulation methods.

5. The dependence of voltage on the electrodes

Based on the theoretical derivation above, the OCV of the
electrode material can be obtained from the thermodynamics
calculation. One available method is to solve the many-body
Schrodinger equation with the approximation of density func-
tional theory (DFT) using the electron density as the functional
of the ground state energy, aiming at “the energy required to
bring all constituent electrons and nuclei together from infinite
distance.”!*! Combined with the Nernst equation, the reaction
energy with Li can be obtained. The DFT calculations are
scalable when compared with experiments, and can realize the
fast “mapping” of the certain properties of a series of composi-
tions in the phase diagram. The finiteness of Inorganic Crystal
Structure Database and Powder Diffraction Database enables

enumerative investigations. When making use of the “elemen-

d,[41421 povel

tal substitution” or “machine learning” metho
materials and compositions outside the original databases can
be built up and studied. So far, applying the high-throughput
calculation to screen the high-performance Li ion battery ma-
terials has been an important part of the Materials Genome
Initiative (MGI). The Li™ intercalation potential is one of the
most easily calculated properties, and Fig. 12 presents the Li™
intercalation potentials of thousands of materials relative to
Li metal.[*) The common existing electrode materials and
their Li* intercalation potentials are summarized in Table 2,

grouped by the crystal types.

Capacity/mAh-g—!
0 50 100 150 200 250 300 350 400
1 1 1 1 1 1

Voltage/V

@ oxides

Q phosphates @ borates @ silicates @ sulfates

Fig. 12. Calculated lithium insertion voltage versus theoretical capacity
for several thousand compounds. These compounds have to be further
screened on other properties such as Li mobility, electron mobility, sta-
bility, and safety before they can be considered reasonable candidates
for new battery materials. (0]

One of the most important missions for the high-
throughput calculation is effective data mining to get the rela-
tionship between the crystal structure, composite elements and
Li™ intercalation potential, which is one of the most important
scientific bases for screening the possible electrode materials.
As shown in Fig. 13, the electrode materials attracting the most
extensive attention can be grouped in terms of the intercalation
potential as: (i) high-voltage cathodes; (ii) anodes with volt-
age higher than 1 V that can prevent the SEI or PC/EC decom-
position; (iii) anodes with low voltage just above metal Li.
The electrodes have been extensively reviewed,**% where
the common electrolytic solution, whose electrochemical win-
dow within the range of 1.0 V-4.3 V, is usually taken into
consideration. However, when other electrolytes such as ionic
liquid, solid polymer and inorganic solid electrolytes are ap-
plied, the range of alternative electrodes can be extended. In
addition, the criteria to judge whether the electrodes can be
applied to cells are multiple; thus other properties, including
Li™ and electron mobility, stability and the safety of the elec-
trodes operating under given conditions, need to be confirmed
by further experiments and calculations.
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Table 2. The voltage of common electrodes, relative to Li metal. 6.49-53]

~0V 0-1V 12V 2-3V 34V 445V >45V
Li alloys,
graphite/carbons,
Alloys Li Si/SiO, Sn/SnO, Sn-C
TCO-1,Si-C,3M
L-20772
FeP, NiP
Phosphides ? L
Nng,CUj;P
Nitrides Ni3N, Fe;N, CozN
CogSs,
FeS,Ni3S,,
Sulfides MoS,, MnS, CrS -
FeS», NiS, NiSy,
Cu, S, CuS, TiS,
MnO;,MoO Co30 MnO,,
Oxides ‘n 2o LS A V,0s,
NiO, FeO, CoO Cu0,Cu,0 i
L1V30g
Lianli\-MyOz
: M =Cr,Co,..],
Layered oxides A[ ] r,Co,..]
Li; ,Nij—, ,CoyM;04
[M=Mg,Al.. ]
LiMn; 5Nig 504,
LiMn; 45Nig4.5Cro.1 O,
LiMn; 5Crq 504,
Spinel oxides LisTisOp, LiMn, Oy LiMn; 5Cug 504,
LiCrMnOy,
LiCoMnOy,
LiFeMnOy4
Fluorides VF;, TiF; CrF3, NiF,, FeF; CoF, CuF,
Borates LiFeBO3
Silicates Li,FeSiO4
LizTiNb(POy)3,
Li3Tiy (POy4)3,
NASICON Li;TiNb(PO )3, 4 Ti2(PO4)s , _
) Li4FeTi(POy)3, Li3V5(POy)3 LiV,(POs)3
phosphates LisV,(PO4)3 . )
L15FBT1(PO4)3
Li5F62<PO4)3
o i LiCoPO,
Olivine LiFePOy, X .
hosohat i o TG LiMnPO4 LiNiPO4
1
phosphates 165€2/3804 LiNiVOy
P—LiFSPO4 . 2H20,
Hydrated i
S—LIFBPO4 ° 2H20,
phosphates X
M-LiFePOy - 2H,O
LiCl”PzO77
Diphosphat d LiFeP,O LisFe4(P207)3 - 4H,0, LiMnP,O
AP RS LisVP,0; IR 4Fea(Pa0r)s 4H0. 5y 8,07)5(PO), VRS,
diarsenates Li,FeAs, 07 LisFes(P,07)3 LiFeP,07,
LiCoP,0;
NASICON sulfates Li; V2(SO4)3 LirFes(SO4)3
Marinite Li;Fe(SO4)>
LizFez (MOO4)3 5
Other NASICON LiFey (WOy)3,
Li3Fez(SO4)2PO4
: LisFe, (P04 )3, :
Anti-NASICON sFez(POs)s LiyFe (PO, )3
L15F62<ASO4)3
) LiCoPO,F,
LiZng,1 Feo9SO4F, .
. . i . LiCrPO4F,
Fluoro- Li, VPOF Li,FePO,F LiFeSO,F, LiVPO4F _
. LiMnPO4F,
LisV(PO4)2F, .
LiFePO4F
LiCoPO4OH,
Hydroxy- Li;FePO4(OH) LiFeSO4(OH) LiCrPO,OH,
LiFePO4,OH
Lis VO(PO.
LiVPO,O, o (POy):
) Li, VO(HPO,),
) €-LiVPO,0, i
Oxy- Li,VPO,0 | LiVO(H,PO3),,
LiVPO40-H,0, X
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Fig. 13. Voltage versus capacity of insertion-compound electrodes (a), and of lithium-alloy anodes and sulfur or oxygen cathodes (b)
for a lithium-ion battery. The LUMO and HOMO are for organic liquid-carbonate electrolytes. Oxide structures (top to bottom) are

layered LiMO,, spinel Li[M,]0y4, and olivine LiMPO,.[43]

5.1. Elements’ influence on OCV

5.1.1. Transition metal’s influence on Li .M, X,

I view of the Fermi energy level explanation of OCV,
during the Li* (de)intercalation, the accompanying electron
transfer often occurs in 3d atomic orbits of transition metals.
As a result, transition metals have an important effect on the-
oretical Li™ intercalation potential. Early investigations indi-
cate that for the layered structure, the materials on the right
side of periodic table of elements provide a wider energy gap
and higher intercalation potential,>>! Al substituted for Co can
enhance the intercalation potential.’®37! Early DFT studies
based on the single electron approximation without the cor-
rection of additional interactions led to a narrower energy gap,
which is not quantitatively accurate. However, the qualitative
trend of the relationship between intercalation potential and
transition metal is offered. Thanks to the correction of calcu-
lation methods (including +U and HSE, to will be discussed
below), the accuracy of calculated intercalation potential is
greatly improved. In addition, a tremendous amount of infor-
mation can be derived from the high-throughput calculation,
and even from the accessional new data produced by system-
atic replacement of elements mapped in the periodic table. As
an example, figure 12 contains the massive information wor-
thy to be dug into. Figure 14 gives another example, in which
the phosphates always provide the higher intercalation poten-
tials than their oxide counterparts (see Fig. 14(a)), whereas fig-
ure 14(b) exhibits the various intercalation potentials by vary-
ing the transition metals of the phosphate family.[40-34]

For LiMn,O4 with the spinel structure, Mn>* :Mn** =
1:1. %geé, which
can result in the Jahn-Teller effects. As a result, with the
evolvement of discharge till the proportion of Mn3* reaches

The electron configuration of Mn3* is t

up to 50%, lattices will distort, leading to a reduction of

cycle performance. One way to avoid the depression is to
take advantage of doping methods to reduce the amount of
Mn3+.58-641 For example, if Mnin LiMn, 0y is doped by Ni
to form LiNig sMn; 504, during the charge process up to 4.5V,
the 4.1 V plateau arising from Mn>* almost disappears. Given
that when LiNig sMn; 504 is charged up to 5.0 V, Ni2* can
be oxidized to Ni**, LiNipsMn; 504 was found to exhibit
another capacity plateau appearing at 4.7 V, called the high
voltage cathode by Zhong and Dahn.[%>! The electrochemical
properties of various high voltage spinel cathodes with the dif-

ferent doping elements are listed in Table 3.
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Fig. 14. (a) About 450 phosphate compounds, from those in Fig. 12,
were used to data-mine the voltage range over which different cations
can be oxidized by Li removal.[**! (b) Mean voltage in phosphates ver-
sus maximum gravimetric capacity achievable. 34!
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Table 3. Electrochemical data for spinel cathode materials.

[50]

Cathode High-voltage plateau Discharge voltage® Theoretical

material redox couple (V versus Lit/Li) capacity/mAh-g~!
LiMn, Oy Mn3+/4+ 4.1 148
LiNig sMn; 504 NiZH/4+ 47 147
LiNig 45Mn 45Crg 104 Ni2+/4+/Cp3+/4+ 4.7/4.8 145
LiCro sMn; 504 Crit/4+ 4.8 149
LiCrMnO,4* Cr3t/4++ 4.8 151
LiCug sMn; 504 Cut/4+ 49 147
LiCoMnOy4? Codt/4+ 5.0 147
LiFeMnO,4* Fedt/4+ 5.1 148

4A partial delithiation occurs at ca. 4 V versus Li*/Li due to the Mn>+/4* redox couple.

Voltage of the upper plateau.

5.1.2. (Poly)anion’s influence on Li.M,X,

For the electrodes, (poly)anions can modulate the redox
potentials for transition metals, which has been investigated
in NASICON!7! andolivine systems (shown in Fig. 15).[60]
From the aspect of Bronsted acidity, (S04)>~ > (PO4)3~,1¢7]

while from the aspect of Mulliken electronegativity,
) A P Co2+/Co¥*:LiCoXO
50- Ge si S | / O 0+ LICOX0O,
|

’ 11 Slb | Ni2+/Ni3+:Li,NiXO,
4,6./ Co*2/Co*3:Li,CoXO4

@l e WL,
. V+4/V+5:Li, VOXO,4
a

1@ (=)
30 — - . - - )
19 20 21 22 23 24 25

Lithium insertion voltage/V

Mulliken electronegativity /Pauling units
(b) Li;MPO,

.\4 45°

[ —>FeFe 34

—> Mn¥*/Mne- 41

——— Co™/Co™~48
| —— Ni*/Ni~ 53

l Olivine " 0.2p¢

a ————

Fig. 15. (a) Calculated and experimental (crosses) lithium inser-
tion voltage for olivine polyoxianionic compounds versus the X Mul-
liken electronegativity. The lines show the fit to respective linear
functions; °®! (b) the structure of the ordered olivine. [40]

P>As>Sb>Si>Ge.[%] Therefore, it can be said that the
stronger the electronegativity of central atoms, the stronger
the acidity of the polyanionic salts, and the higher the in-
tercalation potential the corresponding electrodes will have.
Figure 16 exhibits the multi-electron Li* phosphate cathodes
made by mixing transition metals with different ¥ substitu-
tion. One advantage is that the substitution of Y with its
lower valence can replace the redox couple with one corre-
sponding to higher valences for the transition metals during
the charge/discharge, leading to the elevation of output volt-
age. Asin Fig. 16, the intercalation potential of Y = F is higher
than that of ¥ = OH for the stronger electronegativity of F.[33]
Figure 17 takes Li,MPO4Y with the tavorite structure as an ex-
ample. It can be clearly seen that for the same redox couple of
the given transition metal the intercalation potential is higher

when Y = F than that when ¥ = O or ¥ = OH.!*"

A LiM(P207) . LiM(PO4)F
¢ LiIM(PO,)(OH) xPhosphates
5 8 $ L
° ¥ X
. serennennsn s SRR —
< 4 ¥ * L4 X
g)b . A x . ; X
X L4

<3 . 4
> . i .

2 : ¢

gIXE F¥ Jx ¥y ¥ Fas
YT g% N G G S
G O ] & @ «° P P I ° °
Fig. 16. Computed voltages for different redox couples active in various
phosphate and multielectron phosphate cathodes. 3]
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Fig. 17. (a) Representation of the tavorite structural arrangement and (b) overview of corresponding Li,MPO4Y compositions
and redox voltages. !

5.2. Structure and order degree influences on OCV Fig. 19.9 For the Fd3m structure, Li and O atoms occupy
Figure 18 lists the potentials of Fe3*/Fe?* redox couple  the 8a sites and 32e sites, respectively, and Ni and Mn atoms
versus lithium of various Fe-based cathode materials, indicat- 164 sites randomly, called the disordered structure, in which
ing the strong dependence of the potential on the crystal struc-  the O defects usually occur. While for the P4332 structure, Li
ture. For the phosphates, complex in solution, sulfates, and  atoms occupy 8c sites, Ni 4a sites, Mn 124 sites, and O 8¢ and
others (as listed in Fig. 18), the potential variation span of  24e sites, called the ordered structure. Figures 20(a) and 20(b)
Fe3*/Fe?* among them is close to 1.5 V. Apart from the in-
fluence by the various (poly)anions as discussed in Section

5.1.2, this phenomenon can also be greatly attributed to the Fd3m
c
differences among structures. In order to discuss the relation- I
. . a 4 .
ship between the electrode potential and structure, we set forth be—" N T i

the specialized polymorphism as an example, and then intro-
duce the difference between potentials of two materials with
the same components but different structures.

Fe*/Fe*+ Redox Couple

4.5 V|- |@ Phosphates (O Complex in solution
@ Sulfates @ Others

Li(Mn,Fe)SO,F i
5 aovk c[;e(pmu,. Fe(phen),f* (triplite, 2011) |Li,(Mn.Fe)P,0, -
S A0vp [eGremFifepremtt WS 0 T AN
5 )
LiFeSO,F
2 Ferrer Fes0), (avorie: 2010) Ni (16d) Lt
2 in water .(1989) LiFePO, Li,Fe,(P,0,). o
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o 30Vf ©  urer, O o
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25V . e 1 !
2000 2010
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Fig. 18. Historical diagram comparing the potential of Fe’t/Fe?*
redox couple (versus Li*/Li®) of various Fe-based (phosphates,
sulphates, complexes and others) cathode materials.  The Mn-
substituted Lis(Fe;_Mn,)P,07 binary pyrophosphate shows the high-
est Fe3T/Fe?t redox potential, close to 4 V and similar to that of
Li(Fe;_Mn,)SO4F.[086]

Li(8c) Mn(12d)  Ni(4b)
There are two kinds of crystal structures with differ- (b)

ent order degree in LiNiysMn; 504, corresponding to the -
Fig. 19. The structures of LiNigsMn; sO4 with the (a) Fd3m and (b)

P4332 space groups.[50]
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show the electrochemical performances of two structures. In  during the charge/discharge process, both the Fd3m (lattice
Fig. 20(a), for the Fd3m structure, there is a little capacity =~ parameter: 8.12 A) and the P4332 (lattice parameter: 8.16 A)
in 4.0 V arising from the Mn>*. In the differential curves  experience three phase transitions within 3.5-5 V voltage re-
in Fig. 20(b), the oxidation peaks of Fd3m lie at 469 V and  gions, as shown in Figs. 20(c) and 20(d). The investigation
4.75 V, while those of P4332 at 4.74 V and 4.77 V, and their ~ of the doping effects on the mechanism and critical points of
reduction peaks of different structures are also different from  phase transition for LiNiy sMn; 504 is still ongoing. Figure 21
each other, which can be ascribed to the different band en-  exhibits the polymorphisms of Li;MnSiOy4, and the more obvi-
ergy structures of different structures. A comparison between  ous structural differences contribute to the greater distinction

the phase transition behaviors of two structures indicates that  in the calculated average voltages.[*7*!
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Fig. 20. (a) Charge/discharge curves, (b) the corresponding differential capacity versus voltage curves of LiNig sMn; 504 with the Fd3m and
P4332 space groups respectively. The charge curves and XRD spectra of LiNig sMn; 504 with the (c) Fd3m and (d) P4332 space groups. 7}
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Fig. 21. Calculated total energy versus volume curves of Li;MnSiO4
polymorphs; Pmn2; (red), Pmnb (blue) and P2, /n (green). Calculated
average voltage for the 2 electron process, host-Li;MnSiO4 <> host—
MnSiO4+ 2Li, is given in parentheses./*7!

5.3. High-voltage cathodes

Generally speaking, the cathode materials with discharge
voltage higher than 4.5 V are called the high voltage cath-
ode materials, and they mainly include the spinel, olivine and
other polyanionic salts (including —O, —F, —OH substitu-
tions). Examples are shown in Table 2, among them, those
with the spinel structure, with the olivine structure and with
other polyanionic salt structures along with their discharge
voltages are shown in Table 3, in Figs. 15 and 16, respectively.
The upper limits of the voltage are doubly controlled by both
external and internal factors.

The external limiting factor is the highest occupied
molecular orbitals (HOMO) of the electrolyte, as shown in
Fig. 13, which usually cannot be exceeded by the Fermi energy
level of the cathode to prevent the electrolytes from being ox-
idized during the initial charge/discharge cycles. Methods to
mitigate the external limitation include cathode coatings and
adding additives contributing to cathodic SEI layers. How-

(d+p)n/ dn*l

ever, the elementary way to push the restriction boundary may
be the application of electrolytes with wider electrochemical
windows, such as the solid electrolytes.

The inner limiting factor lies in the fact that the transi-
tion metal elements of the cathodes in the charged state reach
a higher valence and exhibit strong oxidizability. As shown
from Figs. 22(a)-22(c), the Fermi energy level gradually drops
from (d + p)"/d"! close to the primarily d band of transition
metals, into the bottom of the combinational bonding (p+d)",
even into anions’ p band. It can be concluded that if the an-
ions prefer to be deprived of the electrons and oxidized, the
structure will lose stability during the intensive Li* deinterca-
lation, as shown in Fig. 22(c). As a result, the energy of the
redox couple of transition metals should be higher than the p-
orbital level of anions, as shown in Fig. 22(a), or should be
close to the p-orbital level top, which leads to the splitting of
d-orbital level of transition metals into the bonding orbital b.
(d+ p)"*! and anti-bonding orbital a. b. (d+ p)", and only the
electrons of the latter can be deprived during the charge, thus
the Fermi energy level can be pinned above the p-orbital of the
anions, as shown in Fig. 22(b). In conclusion, the position of
the p-orbital energy level restricts the voltage of the cathodes
intrinsically, which makes it necessary in materials design to
match the energy level of the redox couples of transition met-
als and the p-orbital of the anions. In the early Li secondary

[73] are used as the cathodes.

batteries, sulfides such as LiTiS,
However, the energy level of the high oxidation state of transi-
tion metals is lower than the 3 p-orbital level of S, resulting in
the preferential oxidization of S ions and the low OCV. Oxy-
gen has lower energy with 2p-orbital than S with 3p-orbital
and promises a higher OCV versus given anode, thus oxide

cathodes are much more widely applied than sulfide ones.

(b) b ©

reanaentnenee e

> >

Density of state N(E)

L >

Density of state N(E)

Density of state N(E)

Fig. 22. Schematic representation of a slightly oxidized redox couple for different positions relative to the top of the anion p bands.
(a) Itinerant versus polaronic character of hole states of a couple on the approach to the top of the anion p band, (b) pinned couple
with predominantly antibonding (a.b.) anion p hole states and predominantly cationd bonding (b.) states, and (c) couple too far below

top of anion p band for significant cation d character in hole states.

[44]
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Fig. 23. Problems and their solutions for cathode materials under increasing operating voltages and temperatures. !

When the layered cathodes Li[NiyCo,]O, are highly
charged, the O 2p-orbital usually tends to lose electrons rather
than the transition metal 3d-orbital. In other words, the O%~
(751 and may

be released in the form of O5,17%771 making the lattice struc-

is oxidized by the high-valent transition metals

ture lose its stability and causing safety problems. Manganese
doping can lower the energy level of O, p-orbital and enhance
the thermal stability, at the cost of the capacity decreasing.!””}
Apart from the instability arising from O, evolution, other
problems related to the layered cathodes and their promising
solutions are summed up in Fig. 23.174]

The more fundamental method to improve stability is to
screen for novel materials with the proper structures and com-
positions that promise higher thermal stability. For example,
the spinel structure material Li[Nip sMn; 5]O4 has higher ther-
mal stability than the layered materials. Figure 24 shows
the relationship between the output voltage (i.e., intercala-
tion potential) and the oxygen chemical potential for thou-
sands of materials, obtained from high-throughput calcula-
tions. With the chemical potential depicted by the scatter di-
agram, the charged cathode (under the high intercalation po-
tential) with higher valent transition metal has the probability
to decompose, the products can be thermodynamically O, (if
the charged state oxygen chemical potential is above 0 eV ver-
sus O;) along with other phases containing the same transition
metal with the lower valence (to keep the products’ electric
neutrality). This trend can be seen: the materials with higher
intercalation potential usually have higher O chemical poten-
tial. Moreover, the safety range of the O chemical potential
determines the upper limits of the voltages of the cathodes.
However, as shown in Fig. 24, corresponding to the same in-

tercalation potential, the range of O chemical potential is very

wide, enabling the possibility of materials design for high-
voltage and high-stability cathodes. Although the phosphates
are widely believed to have higher stability even when charged
to a higher voltage, it can be inferred from the calculated re-
sults that borates and silicates may perform better, guiding the
direction for further material screening and design. [°]

Charged state oxygen chemical potential/eV
-5 -4 -3 -2 -1 0 1 2

6 1 1 1 1 1 1
More safe Less safe & J
55

5

4.5

4

Voltage/V

35

3

25

@ borates @ silicates @ sulfates

@ oxides O phosphates

Fig. 24. Oxygen chemical potentials at which the charged state of thou-
sands of cathode materials decompose versus their Li intercalation volt-
age. A more negative chemical potential indicates that the material can
better withstand a reducing environment (higher temperature) and hence
is safer. [40]

5.4. Anodes

Since OCV is the difference between the anodic and ca-
thodic Li ion chemical potentials, or from the other aspect,
between their electronic Fermi energy levels (i.e., their elec-
tric potentials), higher OCV can theoretically be obtained by
lowering the (de)lithiation potential of the anode. Given that
Li metal has the most negative standard electrode potential
among the metals, it can be applied as the anode with the low-
est potential for Li secondary batteries, as shown in Table 2.
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However, when the output voltage of the anode is lower than
1 V versus Li metal anode, as shown in Fig. 13,131 the Fermi
energy level of the anode will be lower than the lowest unoc-
cupied molecular orbital (LUMO) of organic electrolytic solu-
tions, which makes the electrolytes decompose and SEI layers
form. Note that since the current batteries are always assem-
bled in the fully discharged state, and cathodes are usually the
only Li source, then the formation of SEI layer will consume
Li ions of the cathodes and lead to capacity loss.

Usually, ethylene carbonate (EC) can be added to the
electrolyte to form a stable SEI layer during the initial cycles.
Thanks to the additives, graphite with the potential of 0.2 V
can be applied as the anode for the batteries, with low irre-
versible capacity loss. In addition, the not too low potential
also avoids the Li plating. With other advantages, such as the
low cost and plentiful raw materials, high specific (2.5 times
more than LiCoO,) and volumetric (nearly equal to LiCoOy)
capacities, low voltage hysteresis, good rate capability, good
thermal stability (providing the not too large surface), low vol-
ume expansion during lithiation, long cycle life, high Coulom-
bic efficiency (CE), good electronic conductivity, good com-
paction performance, and so on, graphite anodes are called
“miracles”. 6]

In order to obtain the higher capacity, Li alloy anodes (in-
cluding metal oxides sharing the same mechanism with alloys)
are widely investigated.!®) Since their Fermi energy levels are
less than 1 eV versus Li metal, it is a challenge to enable the
formation of SEI layer at the initial cycles (the better solution
is to complete the formation of SEL layer before the batteries
are assembled) and handle the capacity loss. In addition, the
volume expansion during the lithiation (charge) process is usu-
ally a serious problem. Moreover, for the Li alloy anodes with
low potential, Li plating on the surface of SEI layers should
be avoided because it can bring about the safety issues, lead to
the continuous growth of SEI layers and capacity loss.

The problems related to the low potential anodes can be
solved by the application of electrolytes with a wider electro-
chemical window and higher stability. Another solution is to
take advantage of anodes with potential higher than 1 V, such
as LiyTi5Oq2, so that the electrolyte decomposition and the
SEI layer growth can be prevented within the operating volt-
age. In addition, the higher potential avoids Li plating, has the
zero-strain property, and high rate capability.

5.5. High-capacity electrodes and conversion reactions

For the traditional electrodes based on the intercalation
reaction (e.g., LiCoO, and LiMn;QO4) or phase transition
(e.g., LiFePO4 and Li4Ti5012),[9J the specific capacity is usu-
ally restricted by the electron exchange capacity on the 3d-
orbital of transition metals. In 2000, Poizot et al. found the
novel reversible Li storage mechanism in the transition metal

oxides, 8! followed by the discovery of abundant transition
metal sulfides, fluorides, nitrides and phosphides with the sim-
ilar mechanism, 379871 which reads: MX+Li<LiX + M X=
O,S,EN, P, Se; M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Sn, Sb, Ru, Mo), called the conversion reaction. Based on
this mechanism, there can be more than one oxidation state of
the transition metal’s redox couples, and the Li storage capac-
ity can be increased to 400-1100 mAh/g. The average OCV
(AOCYV) can be calculated from the thermodynamic data once
the cathode and anode are chosen.$3% In 2011, Zu and Li cal-
culated the AOCVs of the binary transition metal compounds
with different anions (X =F, 02,82 N3- ), versus the var-
ious metallic anodes (Li, Na, Mg, Al), as shown in Fig. 25.1!
With a simple calculation method based only on the known
thermodynamic data, the Li-, Na-, Mg-, Al-, Zn-based batter-
ies’ conversion reactions can be systematically investigated,
aiming at screening for secondary batteries with higher energy
densities.
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Fig. 25. Calculated EMF values (V) of conversion reactions between (a)
selected binary transition metal compounds and lithium, (b) selected bi-
nary transitional metal fluorides and Li, Na, Mg, or AL

6. Deviation from the theoretical calculation

As reviewed in Section 3, the OCV can be calculated from
the aspect of electronic Fermi energy level or the Li chemical
potential. As for the Fermi energy level aspect, the problems
concerning the electronic structure are as follows: [ (i) The
actual energy band is not exactly derived from the rigid band
model, and the Li insertion during the discharge has an impact
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on the crystalline structure and thus on the electronic structure
of the host matrix. (ii) The electrons may not totally transfer to
or from the host matrix; instead, they may interact with Li™, or
to say, electrons may not completely delocalize from Li atoms.
(iii) The electrons may also not only transfer to the expected
transition metal’s redox couples, as shown in Fig. 3, but also
partly to the anions or anionic groups, as shown in Fig. 22(b).
Given the above problems, the voltage profile is hard to obtain
from the aspect of Fermi energy level.

A more practical method is to calculate the total free en-
ergies of both host compound and Li metal, as explained in
Eq. (3), resulting in the OCV versus Li metal anode. Since

AG; = AE; 4+ PAV; — TAS;, (5)
where AS; or AV, usually has an ignorable effect on the cell
voltage (< 0.01 V), AG; can be approximated by the internal
energy AG;. In this way, DFT calculation can be applied to
obtain the ground-state energies at 0 K.

6.1. Thermodynamics: Deviation from the ideal stru-

turel4!

DFT calculation can be applied to investigate the periodic
crystals with high accuracy, although for the electrodes in re-
ality at the specific SOC, the Li ions and vacancies are usu-
ally distributed in a certain random degree. For the partially
disordered crystals, the long- or short-range order of Li ions
will make a difference to the actual voltage profile, so, only
the SOC with the well-known Li ions distribution can be cal-
culated. Even with the help of cluster expansion, only a few
states can be established, and their free energies at 0 K have
been calculated, as shown in Fig. 26(a). In addition, the disor-
der effect in the crystal caused by defects or mixing also shifts
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the voltage profile as shown in Figs. 26(a) and 26(b). More-
over, the calculations for the disordered structures are often
imposed to start from an ordered simplified structure (for ex-
ample, supercells are introduced to simulate the crystal with
defects, and the adopted supercell is endowed with the period-
icity), which leads to deviation from the reality.
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At finite temperature above 0 K, entropy should be ac-
counted for, as shown in Fig. 27(a), which can stabilize the
structure. In some cases, considering only the configurational
ionic entropy is not enough to reproduce the experimental re-
sults. Taking LiFePO4 as an example, as shown in the top
panel of Fig. 27(b) for the experimental result and the bottle
panel of Fig. 27 for the computed one. Therefore, the con-
figurational electronic entropy should be included; the corre-
sponding result in the middle panel of Fig. 27(b) is consistent
with the experimental one. Besides, other complicated phe-
nomena, such as the nano-size effects and interphase effects,
are still challenging.

6.2. Kinetics: Non-equilibrium asymmetric reaction path

An obvious hysteresis usually occurs in the conversion
reaction, which can be ascribed to kinetics, including the si-
multaneous displacement of inserted Li ions and host matrix
ions both, and the existence of nano-particles with the large
specific surface areas after the initial cycles.[”33%-92] Besides,
Li-storage obeying the conversion mechanism is often accom-
panied by complicated phenomena such as phase separation
and interphase Li storage, rather than merely Li insertion, as
shown in Fig. 8.[23
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Fig. 28. (a) The voltage profile for iron fluoride reconversion during
charging (blue, solid line) as compared with the voltage profile for iron
fluoride conversion when accounting for the energy of GGA computed
nanoscale Fe (green, solid line) and the experimental profile (black, dot-
ted line). The potentials required to form phases with Fe> 3™ during
reconversion (red, solid line) are also presented. (b) The corresponding
reaction path is highlighted for discharge (green, dashed arrows) and
charge (blue, dashed arrows).[%?!

As for LiFeF3,[*] the voltage profile is shown in green
line in Fig. 28(a) and the corresponding discharging reaction
path is shown in green dashed line in Fig. 28(b). However,

the charging reaction path shown in blue dashed line is not
consistent with that in green dashed line, and neither is the
voltage profile. The phenomenon of non-equilibrium asym-
metric reaction paths, as well as the corresponding signifi-
cant polarization and the consequent considerable hysteresis
of voltage profile for the conversion (discharge) and reconver-
sion (charge), can be explained by kinetic models, based on
the fact that the diffusion coefficient of Li* is much larger than
that of Fe. In the conversion process, the interdiffusion prob-
lem can be thought as follows: at low temperatures, structures
often convert to the reaction product that is kinetically most
easily reached, rather than to the thermodynamic ground state.
In the conversion reaction beginning with Li and FeFs, be-
cause of the of Fe having lower diffusivity than Li, Fe’* tends
to be reduced to Fe’>* rather than metallic Fe nano-particles
to compensate for the fast loss of Li™, resulting in thermody-
namically unstable products. For similar reasons, in the re-
conversion reaction beginning with Fe and LiF, because of the
Fe-deficiency ascribed to the slower diffusivity, the Fe tends
to be oxidized to Fe3*, resulting in stable products, including
Li3/4FC3/4F3, Li3/2Fel/2F3, Li15/8Fe3/8F3.

6.3. The correction of the calculation methods!®#!

With the local density approximation (LDA) and the
generalized gradient approximation (GGA) of exchange—
correlation potential within the DFT framework,*>~7! early
computational studies of cathodes usually underestimated the
band gaps, corresponding to the underestimation of the theo-
retical OCV. This is due to the self-interaction error, and can
be explained from the nature of Kohn—Sham formulation, in
which the energy is obtained by solving the one-electron equa-
tion written as

n
" 2m

where the first term is the kinetic energy of the electron, the

— V24V (r)+Vau(r) +Vxe(r) | wi(r) = swi(r), (6)

second is the potential energy of an electron interacting with
the nucleus, Vyy is the Hartree electron—electron repulsion po-
tential, and Vxc is the exchange—correlation potential. In this
way, all the electron—electron interactions are grouped into
the Hartree term, while others are grouped into the exchange—
correlation term. The Hartree potential reads

Vu(r) = ez/ n(r') &' @)

|r—7|

The above formula describes the Coulombic interactions be-
tween the electron and the total electron density of the system.
Note that the total density contains the electron’s repulsion to
itself, which is unphysical and gives rise to the self-interaction
error (SIE). In order to minimize the self-interaction, the un-
paired electrons tend to delocalize in real space. However, as
pointed out by Zhou et al.,!”®! for cathodes with the transition

metals, the partially filled 3d-shell electrons tend to interact
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with each other and consequently to be localized. DFT +U
introduces a single numerical parameter U—-J to correct the
electron self-interaction, and a voltage profile coinciding with
experimental result can be obtained, as shown in Fig. 29.
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Fig. 29. Error in calculated Li-insertion voltages for a series of
cathode materials using the standard GGA, GGA +U, and HSE
approximation. ]

The shortcoming of the above method lies in the ad-
justable parameter U—J, which should be provided by refer-
ring to the experiments or other separate calculations. An-
other method to correct the potential calculation is to mix ex-
act Hatree—Fock (HF) exchange energy with DFT to get rid of
other parameters, called the hybrid functional. However, the
exact exchange introduced by HF method is nonlocal, which
increases the calculation costs greatly (for 50-100 times more
calculating time). Since the exchange interaction involves
long- and short-range, Heyd—Scuseria—Ernzerhof (HSE) intro-
duces the HF exchange only to the short range part, which can
give the result in accordance with the experiment within the

acceptable calculation costs as shown in Fig. 29.[40]

7. Conclusion

This review introduces the relationship among the elec-
tric potential, chemical potential, electrochemical potential,
and the Fermi energy level in lithium ion batteries, as well
as the relationship between the OCV and the structure, as well
as the potential distribution all through the whole cell. A bet-
ter understanding of the above scientific problems contributes
to developing and designing high voltage cathodes, to design-
ing interfaces to reduce the Ohmic drop of the internal circuit,
to mitigating the heat generation during operation to prolong
service life, to improving the rate performance, to retarding
the interfacial ageing, to prolonging cycle life at a high rate,
and so on. The internal circuit’s potential usually drops at the
interfaces, determining the output voltage and power density
and structural stability, although it is still a great challenge to
investigate the thermodynamic and kinetic processes at the in-
terfaces either experimentally or theoretically.
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