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Introduction

How lithium-ion batteries work conceptually:
thermodynamics of Li bonding in idealized
electrodest

Sam H. Finkelstein, 22 Marco Ricci, (2 °© Tom Botticher 2 ¢ and
Klaus Schmidt-Rohr (2 *@

A good explanation of lithium-ion batteries (LIBs) needs to convincingly account for the spontaneous,
energy-releasing movement of lithium ions and electrons out of the negative and into the positive
electrode, the defining characteristic of working LIBs. We analyze a discharging battery with a two-
phase LiFePO4/FePO, positive electrode (cathode) from a thermodynamic perspective and show that,
compared to loosely-bound lithium in the negative electrode (anode), lithium in the ionic positive
electrode is more strongly bonded, moves there in an energetically downhill irreversible process, and
ends up trapped in the positive electrode. Only a sufficiently high charging voltage can drive it back
to the other electrode. Since the stronger bonding in the positive electrode lowers the energy by
~320 kJ mol™, a lot of energy is released. This explanation is quantitatively supported by an analysis of
cohesive-energy differences of the electrode materials. Since electrons are only intermediates in the
discharge reaction and the chemical potential of the electron cannot be measured, electrons do not
need to be assigned a distinct energetic role. The incorporation of Li* and an electron into the cathode
is accompanied by the reduction of another ion or atom, usually a transition metal such as Fe or Co.
The metal's ionization energy in the corresponding oxidation step correlates with the cell voltage, based
on a decomposition of cohesive energy into electronic and ionic components. We relate the differences
in cohesive energies to the chemical potential of lithium atoms, which is quantified, for instance for a
two-phase electrode. The analysis is extended to a single-phase Li,CoO, cathode, whose average
voltage can be calculated from the cohesive-energy difference between LiCoO, and CoOs.

by the use of different transition-metal oxides or phosphates in
the positive electrode.> In recognition of the importance of

Lithium-ion batteries (LIBs) are electrochemical energy conver-
ters that play an important part in everyday life, powering
computers, tablets, cell phones, electric cars, electric bicycles,
and numerous other devices. They can also be used to store
intermittently produced renewable energy. The lithium-ion
battery’s immense utility derives from its favorable charac-
teristics: rechargeability, high energy per mass or volume
relative to other battery types, a fairly long cycle life, moderate
to good thermal stability, relatively low cost, and good power
capability."”” These characteristics can be tuned to some extent
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lithium-ion batteries, the 2019 Nobel Prize in Chemistry was
awarded to Goodenough, Whittingham, and Yoshino.?
Descriptions of the chemical processes in LIBs are common-
place,">*” but convincing explanations have been scarce. Why
do positively charged lithium ions and electrons spontaneously
move out of the negative into the positive electrode and release
energy? These processes are the defining characteristics of a
working LIB.” A lowering in chemical potential is frequently
invoked,>* but why the chemical potential goes down has not
been explained. Since traditional thermodynamics often cannot
quantify chemical potentials, but only their differences, discus-
sions of chemical potentials®*®"* in LIBs have mostly
remained abstract®* or empirical.'*> Some of the same treat-
ments also offered partial explanations of cell voltages in terms
of quantities that appear unrelated to lithium chemical-
potential differences, such as electronegativity'® or point
defects.” The US Department of Energy” tells us that LIBs work
because “the electrolyte carries positively charged lithium ions
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from the anode to the cathode’, but such an active role of the
electrolyte is not supported by the technical literature.

While analyses based on chemical thermodynamics
have, with some success,>”"*! relied on the difference in Gibbs
free energy and the chemical potential of lithium atoms in the
negative and positive electrode,®'* other researchers'*™'° have
proposed an explanation of LIBs in terms of the chemical
potential of the electron, which is the Fermi level familiar to
physicists. However, this leaves out a contribution from the
chemical potential of lithium ions, which we will show to be of
considerable magnitude. It appears that the analysis in terms of
the chemical potential of the electron has not led to reliably
quantitative predictions.’*® Some sources'*'® have equated
the chemical potentials of electrons and ions to their work
functions, but this results in incorrect predictions, as we docu-
ment below. Given that explanations of lithium-ion batteries
have been attempted based on a wide range of concepts, includ-
ing the electrolyte,” empirical reduction potentials,"”” point
defects,® unexplained reductions in Gibbs free energy,®”'!
electronegativity,” work functions,'>'® and the chemical poten-
tial “in the[ir] electrodes”,” of lithium,*'> and of the electron,"* ¢
it appears that no explanation so far has been convincing enough
to be widely accepted.

In prior work,'® we provided intuitive and quantitative
explanations of the energetics of galvanic cells and several
practical batteries in terms of cohesive energies per atom
(i.e., the bonding of atoms) in metals and metal oxides as well
as ionization energies in water.'® Here we develop a similar
energetic analysis for discharging lithium-ion batteries with
two-phase positive electrodes (cathodes), focusing on the
widely used lithium iron phosphate,'® and discuss the driving
forces for the movement of lithium ions and electrons, using a
chemical approach”'® that allows for analysis in terms of
cohesive energies.'® This also results in an explanation of the
correlation between cell voltage and the last ionization energy
of the transition metal in the positive electrode. We establish
the connection to the conventional formalism in terms of the
chemical potential of the lithium atom®® ' and give quantita-
tive, intuitive values of the chemical potentials of lithium and
of electrode materials. Various problems with, and incorrect
predictions of, the chemical potentials and work functions of
electrons and lithium ions in the literature'*™® are also pointed
out. Aging of LIBs and formation of disordered structures are
important in practice but outside the scope of this paper.

4,6-11

Analysis
Components of a lithium-ion battery

While most household lithium-ion batteries consist of a single
electrochemical cell generating a cell voltage of around 3.4 V,
batteries providing higher voltages can be constructed from
several such electrochemical cells in series. A typical cell, see
Fig. 1, consists of two electrodes (negative and positive),
a separator between the electrodes and an electrolyte that
conducts ions but not electrons, as well as metallic current
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collectors on the electrodes that conduct electrons from the
active materials to the external electrical circuit that allows the
electrons to flow from the negative to the positive electrode.

Processes in a discharging lithium-ion battery

Fig. 1 shows a schematic of a discharging lithium-ion battery with a
negative electrode (anode) made of lithiated graphite and a positive
electrode (cathode) of iron phosphate. As the battery discharges,
graphite with loosely bound intercalated lithium (Li,Cq(s)) under-
goes an oxidation half-reaction, resulting in the release of a lithium
ion and an electron. The lithium ion crosses the electrolyte-soaked
separator and moves to the FePO,(s) cathode, where it enters and
fills channels or tunnels in the iron phosphate, forming LiFePO,(s).
Some details of this fascinating intercalation process are discussed
in the ESIt (see Fig. S1). Since the separator and electrolyte are
electrical insulators, the electron must travel through the external
circuit, giving off the energy released in the chemical reaction. At
the cathode, the electron is taken up by a transition-metal ion such
as Fe*", Co™, or Mn™, or by oxygen. This process is energetically
downhill because the weakly bonded lithium in Li,Cs is high in
energy compared to more strongly bonded lithium in the positive
electrode. Since lithium is bonded only relatively weakly to graphite
sheets (see below),> the lithiated graphite electrode stores a lot of
chemical energy.

Explaining energy release in a battery

Release of electrical energy due to movement of lithium ions
and electrons out of the negative into the positive electrode is

.

Non-aqueous
electrolyte & separator

Cathode
LiFePO,/FePO,

Lithium in FePO,
(weakly bonded) — > (strongly bonded)

Fig. 1 Schematic of a discharging lithium-ion battery with a lithiated-
graphite negative electrode (anode) and an iron—-phosphate positive
electrode (cathode). Since lithium is more weakly bonded in the negative
than in the positive electrode, lithium ions flow from the negative to the
positive electrode, via the electrolyte (most commonly LiPFg in an organic,
carbonate-based solvent®®). At the positive electrode, lithium enters
empty channels or tunnels in FePO,4 near and parallel?!™2* to the phase
boundary with LiFePO,4, whose tunnels are already filled with lithium
(indicated by rows of lithium ions). The LiFePO4/FePO,4 phase boundary,
marked by the dashed red line, can be sharp??23 or up to 20 nm wide.?*
Electrons travel through the external circuit, where they perform electrical
work; in the positive electrode, they are accepted mostly by iron of FePOy,,
in conjunction with the Li* uptake.

This journal is © the Owner Societies 2024
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the hallmark of a working lithium-ion battery. It is not the
“chemical potential in their electrodes”” but the Gibbs free
energy of the cell that is lowered in this process, and we will
explain how and why. The electrical energy released by an
irreversibly discharging electrochemical cell is

Wele = ArI_I - q ~ ArG - qdiss

(1a)

(see eqn (S4) and (S9) and their derivation from the first law of
thermodynamics in Section 2 of the ESIt), with enthalpy
decrease A.H, heat g, dissipative Ohmic heat loss ggiss in
the battery, and the reduction in the Gibbs free energy, A.G,
i.e. the difference between the Gibbs free energies of products
and reactants. If the current is small and resulting Ohmic
heating gqiss in the battery is minimal, we recover the univer-
sally accepted®?® simple equality between electrical energy
release and free-energy decrease,

Wele X ArG X |AnLi(electrode)|ArGo (1b)

where Anypjelectrode) 1S the change in the amount (in mol) of
lithium in one of the electrodes.

The same principle as in a Daniell cell, where the reactants
are higher in energy than the products,'® applies to a lithium-
ion battery; the low molar Gibbs free energy of lithium in the
positive electrode means that lithium is more strongly bonded
there and thus lower in energy than in the anode. In the
following, we confirm that bonding-, i.e. cohesive-, energy
differences between the negative and the positive electrode
provide an intuitive, quantifiable explanation of the energy
release in lithium-ion batteries.

Energetics of negative electrodes (anodes)

The negative electrode of a discharging lithium-ion battery is
the anode (see Section 3 of the ESIt and Fig. S2 for a discussion
of electrode terminology; for brevity, we will mostly use
“anode” for “negative electrode”, and ‘“cathode” for ‘“positive
electrode” in the following discussions of a discharging battery,
as in most of the specialized literature). It consists of a
conductive material where lithium is weakly bonded and easily
released as a lithium ion while the electron is left behind in the
electrode and passed on to the external circuit. Conceptually
simplest is a lithium-metal anode, which is often used in
theoretical analyses,"®'*'**¢ including ours below.

In practice, lithiated graphite is the most widely used
material for anodes. The intercalation of lithium from lithium
metal into graphite®” can be written approximately as

Li(s) + 6C(s) — LiCg(s) AG°=—-15+ 6kl mol™" (2)

(see eqn (S26), ESIT). The negative free energy change indicates
that the intercalation is spontaneous: lithium is bonded
slightly more strongly in graphite than in metallic lithium.
Nevertheless, as demonstrated in the next section, the differ-
ence is small (<5%) compared to the difference in lithium
bonding energy between the anode and the strongly ionically
bonded cathode materials. This confirms that lithium is
relatively weakly bonded in a graphite anode.

This journal is © the Owner Societies 2024
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Bonding energetics of positive electrodes (cathodes)

Among the variety of cathode materials that have been studied
and applied,” we focus here primarily on the widely used iron
phosphate-based, two-phase cathode in conjunction with a
lithium-metal anode. According to eqn (1), the electrical energy
released per mole of lithium in the reaction

Li(s) + Fe"™PO,(s) — LiFe""PO,(s) (3)

equals the free-energy change, A,G° = —331 k] mol ', calculated
from literature data®® (see Scheme 1 and eqn (S11) for details,
ESIT). The enthalpy change in the reaction is similar, A,H® =
—337 kJ mol".>® The entropic contribution to the free-energy
change, —298 K A,S° = +6 k] mol*, is less than 2% of A,G° and
therefore quite insignificant.® The strongly negative values
confirm that discharge in a lithium iron phosphate battery is
energetically strongly downhill. According to the well-known
relation®®
cell = —AG°/F (4)

with the Faraday constant F = 96.5 kC mol ", the cell voltage is
on =3.43V.

cel

Cell voltage from cohesive energies of electrode materials

The energetics of lithium bonding in the negative and the
positive electrode can be quantified most clearly in terms of
the cohesive energies Hy of the solid reactants and products,
which can be calculated from the enthalpies of formation of the
solids and their elemental compositions as shown in the ESI,
see eqn (S12). The results are summarized in Scheme 1. The
cohesive energy H; quantifies the strength of bonding in
compound i relative to the free, unbonded atoms, which define
the zero point of the energy scale.'®*° The same applies to the
individual standard molar free energy, G¢, which is the cohe-
sive free energy of the solid relative to the unbonded atoms.

We can express the cell voltage explicitly in terms of the
cohesive free energies G; of the electrode materials from
Scheme 1 and their stoichiometric coefficients v; (which are
all 1 in eqn (3)):

WD =AGC= Y uG - Y w6 (sa)

i,products i,reactants

Li(s) +FellPO4(s) — LiFellPOu(s)

Hei -159.4  -3007 -3503  kJ/mol  AH°=-337 kJ/mol

Hei -159.4 -501 -500.4 kJ/mol

per atom

Goi -126.7 2749 -3206.5 kJ/mol A:G° =-331 kJ/mol
G°i -126.7  -458.2 -458.0  kJ/mol

per atom Eca® = -AG°/F =343V

Scheme 1 Cohesive energies (middle: enthalpies; bottom: free energies)
per compound and per atom in an iron phosphate-based battery with a
lithium-metal anode (see Section 4 of the ESIt for derivations). High (i.e.
only slightly negative) energy values are highlighted in red.
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_ Go _ (o _(°
— Y LiFePOy4 Li(s) FePOy4

[~3206.5 — (—126.7) — (—2749)] kJ mol " (5b)

—331kJmol™! =343V (—F)

and also approximately in terms of cohesive energies H; =
Econ,i from Scheme 1
o ~ o o )
cell(_F) ~ HLiFePO4 - HLi(s) — HFePOy
= Ecoh LiFePO; — Econ,Li(s) — Ecoh,FePO,
(6)

= (—3503 + 159.4 4 3007) kJ mol™"
= —337kImol™! —1 =349V (—F)

Eqn (6) provides a good approximation for the cell voltage
expressed in terms of cohesive energies since the entropic
contribution to the free energy change is only a few percent
for this reaction only involving crystalline solids. In terms of
eqn (1a) and eqn (S8) (ESIt), this means that for the electrical
energy given off by the LIB, the heat g released (—6 k] mol™*)
is negligible compared to the change in bonding energetics,
A:H, due to the chemical reaction (—337 kJ mol ™).

The cohesive (free) energies per formula unit and per atom
in the reaction of eqn (3) are shown in Scheme 1. While the
cohesive energy H; of a compound i with many atoms is always
relatively large in magnitude, we can distinguish weak from
strong bonding by comparing the cohesive energy per atom.
Relatively strongly bonded, stable, low-energy compounds have
a more negative H; per atom than do more weakly bonded,
high-energy compounds.'®

The crucial small magnitudes of the cohesive energy Hy,
per atom (—159.4 k] mol™") and cohesive free energy Glis)

(—126.7 k] mol ™) of lithium metal have already been pointed
out.'® Due to its weak bonding, lithium metal is a high-energy
material that reacts spontaneously even with a stable com-
pound like H,0, and according to eqn (2), lithium intercalated
in graphite is only slightly (—15 k] mol ") more stabilized.

By contrast, according to Scheme 1, in the cathode Li is
bonded by (—3503 — (—3007)) = —496 k] mol ', the difference
in cohesive energies of LiFePO, and FePO,, which is stronger by
(—496 — (—159.4)) = —337 kJ mol " than in the Li(s) anode.
(Compared to a lithiated graphite anode, the energy difference
is only slightly smaller in magnitude, (—496 — (—159.4) + 15) =
—322 kJ mol ") If we compare the cohesive energies per atom
of LiFePO,(s) and Li(s) in Scheme 1, we find a difference of
(=500.4 — 159.4) = —341 kJ] mol " between the bonding
energies of lithium in the cathode vs. the anode, very similar
as before. All the variously calculated enthalpy and free-energy
differences between lithium in the negative and positive elec-
trode are found in a narrow range of —335 + 13 kJ mol .

Why lithium ions move to the positive electrode

The data in Scheme 1 and Fig. 2 show that lithium is bound
much more strongly (by —331 k] mol™') in the positive elec-
trode (cathode) than in the negative electrode, which means

24160 | Phys. Chem. Chem. Phys., 2024, 26, 24157-24171
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(a) 0 F Free atoms (Li(g), C, Fe, 0, P, ...)
G’un 100} Weak bonding
[KVmol] | LWE®-—————————————
200 e
300 -331 kJImol
-400} RN
FePOy ~-rroorrrrmmrmrees) > LiFePO,
-500F  Reactants Product StOng
bonding
(b) o g Free atoms (Li(g)) --reerreeererees
Yi -100} Weak bonding
(ki/mol] | T T T T T T T T TS
-2001 .
-300 -331 kJImol
-400F RN
r Lij,FePOs  -oveveves » Li,,FePO,
-500F  Reactants Product Strong
bonding

Fig. 2 Energetics and bonding of lithium in an iron phosphate-based
lithium-ion battery. (a) Cohesive Gibbs free energy per atom. (b) Gibbs free
energy per lithium atom, also known as the lithium (electro)chemical
potential. The free-energy difference of —331 kJ mol™! between the
reactants and the product can be released as electrical energy.

that it can move only from its less stable, weakly bonded state
in the negative electrode to the more stable, strongly bonding
positive electrode; once lithium is trapped in the positive
electrode, the reverse process cannot occur spontaneously.
Transfer of lithium (as Li" and e”) from a less to a more stable
bonding environment is an irreversible movement from higher
to lower energy, i.e. energetically downhill; the corresponding
(free) energy difference is released as electrical energy. This
picture is similar to a description in terms of the chemical
potential of lithium"* (which is formally confirmed below), but
the use of intuitive and quantifiable bonding concepts provides
a more meaningful explanation of the discharge process and
energy release in a lithium-ion battery. Lithium (as Li* and e~)
moving spontaneously from a weakly to a strongly bonded state
is a robust principle that applies as long as the battery voltage is
large enough (e.g. >2 V), even in the presence of disorder or
amorphous structures, or after aging (because entropic con-
tributions —TA,S to the free energy change are always relatively
minor (<100 k] mol™" or 1 eV) at 298 K).

Cathode charge neutrality after Li* incorporation by transition-
metal reduction

Lithium is incorporated into the positive electrode (cathode) as
Li', with a strong electrostatic interaction due to its small size.
But it is not possible to simply add macroscopic amounts of Li"
into an otherwise unchanging cathode solid, since all solids
must be nearly electrically neutral. This problem is solved
by a reduction in oxidation state of a transition metal or other

This journal is © the Owner Societies 2024
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ion/atom in the cathode, with the cathode achieving this charge
neutrality by taking up the needed electron from the external
circuit. The effect of the energetics of the change in oxidation
state on cell voltage is discussed below. This description also
applies to the lithium-air battery:'® Li" has strong ionic bond-
ing in the cathode (Li,0,), and the oxidation state of oxygen in
the cathode decreases.

Coexisting nonstoichiometric compositions

In a more detailed analysis (see eqn (S63), ESIt),*° one finds
that due to a strong entropic driving force, a small amount of
lithium will get incorporated uniformly into initially neat
FePO,, forming Liy 0,FePO, throughout the cathode. The addi-
tion of more lithium leads to the formation of LijqgFePOy,,
again deviating slightly from regular stoichiometry due to
entropic effects. In a discharging battery, the two phases coexist
until eventually the phase boundary has traversed every particle
and converted all cathode material to Li, ogFePO,. Therefore, a
more realistic description of the main discharge reaction is

0.96Li(s) + Lig ,FePO, — Lij osFePO, (7a)
This is equivalent to
Li(s) + 1.04Li o,FePO, — 1.04LiyqsFePO,
AG° = —331 k] mol " (7b)
a special case of the equation
Li(s) + Li, FePO4/(x, — x;) — Li, FePO,/(x, — x1) (7¢)

of Urban et al'' The off-stoichiometric compositions are

stabilized by the strongly nonlinear entropy of mixing of Li" +
Fe" and Vacancyy; + Fe™.'° According to eqn (7), the change in
the amounts (in moles) of the two phases is 4% larger than
the amount of lithium transferred, but since the two off-
stoichiometric phases are also about 2 + 2 = 4% less different
in G; than are FePO, and LiFePO,,'! the Gibbs free energy
change remains nearly the same, —331 kJ mol ™, as in eqn (5b)
for the stoichiometric compounds, see also Fig. S3 (ESIT).'® The
~2% larger value (3.51 eV = 339 kJ mol ") reported by Phan
et al."® appears to be due to an inconsistency in Gibbs-energy
referencing, see the ESLt eqn (S67).

Other cathode compositions

Fig. 3 shows that the cell voltages for other cathodes paired with a
lithium-metal anode can also be calculated quantitatively from
cohesive energies (enthalpies A7, neglecting entropic effects). The
cohesive energy differences for the two end-member phases
of layered Li,CoO, and Li,MnO, cathodes were calculated from
their standard enthalpies of formation®”''*%*! as shown in the
ESIt (Scheme S1). While Li,CoO, is a single-phase cathode with
decreasing voltage as x increases,’® the average voltage over a
theoretical full discharge cycle, converting CoO, to LiCoO,, can
still be calculated simply from the difference in the cohesive
energies of Li(s) + CoO, vs. LiCoO, (from Scheme S1a, ESIf),%"!

Ecen(xri = 0.5) ~ average Ece;y = —AG°/F &~ —AEcones/F

(8)
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Ecoh,LiMXOy, - Ecoh MXOy,~ Ecoh Li(s) [eV]

ST SN B M M
. 4F LiXCOO,Zl"' 4
Ecell | LiFePO4 o |

[V] ;| Li MO, -{ 13
2L =42
i J1

Li(s) + MXO,, —> LIMXO,,

0 e ’ ! | 1 | 1 1 ! 1 L
0 100 200 300 400 500

Ecoh LiMXOy, - Ecoh MXO,~ Ecoh Li(s)
[kJ/mol]

Fig. 3 Relation between the cell voltage and the difference in cohesive
energies of a lithium—metal anode and the two phases in the cathode, for
three types of cathodes. The theoretically expected relation (without a free
factor) is indicated by the dashed line. Note that E stands for energy on the
horizontal and for electromotive force on the vertical axis. For cohesive
energies see Section 4 of the ESI, while the cell voltage data were taken
from ref. 2 and 10.

= 7(Ecoh,LiCoOZ - Ecoh,Li(s] - Ecoh,CoOZ)/F

= —(-1762 — (—159 — 1213)) kJ/96.5 kC = 4.0 V

as rederived below (eqn (53)); this is also the voltage near 50%
lithium incorporation.*> The same applies for Li,MnO,, where
(see Scheme S1b, ESIt)

Eeen(xyi = 0.5) & —(—1768 — (=159 — 1301)) kJ/96.5 kC = 3.2 V

)

The good agreement of the experimental data points in Fig. 3
with the theoretical prediction (dashed line) confirms
the theory as well as the consistency between thermodynamic
data from calorimetry (horizontal axis) and electrochemical
measurements (vertical). It also shows that disorder and amor-
phous states, of great concern to a reviewer, do not prevent the
thermodynamic analysis for idealized electrodes from making
correct predictions of the cell voltage and electrical energy
release measured on real-world batteries.” This is reasonable
because, as proved in the Discussion, the cohesive energy of an
amorphous phase differs from that of its crystalline counterpart
only by a small margin.

Charging a lithium-ion battery

While the movement of ions and electrons in a discharging
battery is driven by chemical bonding forces and a reduction in
free energy, in a charging battery it can be understood based on
simple macroscopic electrostatics. Whereas in a discharging
battery, the positive lithium ions move from the negative to the
positive electrode, contrary to expectations from electrostatics,
see Fig. 1, in a charging battery the applied voltage overcomes

Phys. Chem. Chem. Phys., 2024, 26, 24157-24171 | 24161
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the favorable bonding of lithium in the positive electrode so
that Li" ions are pushed out by like-charge repulsion and pulled
to the negative electrode by electrostatic attraction. The phos-
phate or oxide electrode becomes positive because the external
voltage source pumps electrons out of the material, see Fig. S2b
(ESIT), while graphite becomes more negative by electrons
pushed into it by the external voltage source. It should
be noted that the cathode in a discharging battery becomes
the anode during charging but remains the positive electrode
(see Section 3 of the ESI¥).

Discussion
Cohesive energy and ionization energy

The cohesive energy of a solid is the energy released when a
mole of atoms come together and form the solid, in reality or
conceptually, at constant T and P. It is known with as many
significant figures as the enthalpy of formation of the solid, see
examples in Scheme 1 and ESL.{ For instance, the cohesive
energy of Li(s) is Hy;, = —159.37 kI mol~',** while that of
LiCl(s) is HY ;¢ = —690 kJ mol~!, see Fig. 4a. In magnitude,
the cohesive energy is equal to the energy needed to dissociate
the solid into atoms. It can therefore be considered as the
binding or bonding energy of the solid. The cohesive energy
also has the same magnitude as the energy of atomization or
the enthalpy of sublimation, and for simple metals, the
enthalpy of formation of the gaseous element.*® The corres-
ponding cohesive free energy, e.g. Gii(s) = —126.7 kJ mol~!,
shows a moderately different value due to entropic effects.

It is interesting to note that the cohesive energy of a metallic
or ionic substance differs only little in its different condensed
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phases. For instance, the cohesive energy of liquid (molten,
completely amorphous) lithium metal is different by only
3 kJ mol™" (the enthalpy of fusion) or <3% from that of
crystalline lithium metal (—159 kJ mol %), while the cohesive
energies of amorphous LiCl(l) and crystalline LiCl(s) differ by
only 20 kJ mol " (the enthalpy of fusion) out of —690 kJ mol .
The data reflect that the cohesive energy is due to local
bonding. These observations imply that disorder or amorphous
structuring do not have a major effect on the cohesive energy of
a cathode material and the bonding energetics of lithium that
are crucial for a working lithium-ion battery.

For ionic solids and metals, it may be instructive to split the
cohesive energy into an ionic and an electronic part. For LiCl(s),
for instance, the ionic part, ie., the lattice energy,® is
—861 kJ mol ', which is the energy released when Li‘(g) and
Cl (g) ions form solid lithium chloride. The cohesive energy of
HEiCl(s) = —690 kJ mol~!, or —345 kJ per mol atoms, is released
when neutral Li(g) and CI(g) form solid LiCl. Converting Li(g)
and Cl(g) to Li'(g) and Cl (g) requires the input of the ioniza-
tion energy of Li(g) (+519 k] mol ') and the release of the
electron affinity of Cl(g) (—349 kJ mol™"), see Fig. 4a. The net
energy input, 519-349 = 170 k] mol™’, required for electron
removal and re-uptake, can be considered as the electronic part
of the cohesive energy. The cohesive free energy of LiCl(s) is
Glicis) = —6017kJ mol~!, with an ionic part of —792 kJ mol '
(considering the entropy difference of —245 J mol™ " K '
between LiCl(s) and Li*(g) plus Cl7(g)) and an electronic part
of 175 kJ mol .

For simple metals such as Li(s), the “ionic” part of the
cohesive energy is the energy of binding of the ion cores
in the sea of conduction electrons (—678 k] mol " for Li(s)),
while the electronic part is the ionization energy of the atom

Lit(g) +e(g)

-648
kJ/mol

Lit(g) +e(g)

(©

lonization free energy
of Li (521 kJ/mol)
f electrons

lonization energy
of Li (519 kJ/mol)
Electronic contribution

.—: .
(4]
-~

.-: .
(4]
-~

-126.7 .
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ions in sea of electrons
Binding free energy of

S
gy
ions in sea o
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Cohes.
ener.
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Q
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Cohes
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Fig. 4 Quantification of electronic (red, upwards) and ionic (purple, downwards) contributions to the cohesive energy of (a) and (b) LiCl(s) and (c) and (d)
lithium metal. (a) and (c) Enthalpies; (b) and (d) free energies. The diagrams correspond to generalized Born—Haber cycles.
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(IEpigg) = +519 kJ mol™');** they add up to the cohesive energy
(Hii(s) =—159kJ m01‘1>. The cohesive free energy of

lithium metal is —126.7 k] mol™*, with an electronic part of
521 k] mol " and an “ionic” part (the free energy change when
Li*(g) + e (g) come together to form Li(s)) of —648 kJ mol "
(less negative than the enthalpy change due to entropic favor-
ability of gaseous Li'(g)). A corresponding expression in terms
of chemical potentials is shown below (see eqn (25)).

Cell voltage increase with the last ionization energy

Our analysis in the preceding section predicts that due to the
larger ionization energy, a more ionized transition metal, ie.
in a higher oxidation state, has a larger, more destabilizing
electronic contribution to the cohesive energy. (There will also
be a more stabilizing ionic contribution due to the higher
charge, but this effect should be nearly constant across olivines
and across metal oxides, given that the nominal charge of the
metal always increases by one unit and the variation in unit-cell
volume for a given crystal structure is small.”) In the discharge
reaction for a transition-metal phosphate cathode

Li(s) + M™PO, — LiM"PO, (10)

we expect a systematic variation of the energy release with the
difference in the energy of M** and M*", i.e. the third ionization
energy (IE;, in the gas phase). The bigger IE3, the more energy is
released in the reverse process of converting M™" to M" accord-
ing to eqn (10), i.e. the more favorable the discharge energetics
and the larger the cell voltage. Accordingly, the plot of the cell
voltage for transition-metal phosphate cathodes®® in Fig. 5a as
a function of IE; shows a clear correlation. Notably, Fe is not
near Co and Ni, nor near Mn, in both cell voltage and IE;; both
quantities dip significantly for Fe relative to the preceding and
following elements, Mn and Co, respectively, which supports
the correlation of voltage and IE;.
Similarly, in a discharge reaction for an oxide cathode

(11)

the energy release should reflect the difference in the energy of
M** and M*, ie. the fourth ionization energy (IE,). Fig. 5b
shows the cell voltages for transition-metal oxide cathodes>>°
plotted as a function of IE,. Again, a clear trend consistent with
our prediction is observed. In particular, Mo (in the same group
as Cr) lies closer to this curve than when ordered by the number
of d-electrons.” The simple analysis underlying Fig. 5 yields a
more systematic correlation with cell voltage than does the
change in electron chemical potential or Fermi level y.-'* from
band-structure calculations for the same oxides as in Fig. 5b,”
which exhibit weaker or even opposing trends with smaller R*
values, see Fig. S4 (ESIT).

The correlation of EZ,; with the nth ionization energy
quantifies previous arguments® that the cell voltage is
increased when ‘““electrons in the outer shells are more strongly
attracted by atomic nuclei”” of transition-metal cations
with increasing atomic number (in the same oxidation state),
due to increasing effective nuclear charge. We can now better

Li(s) + MV0, - LiM™O,
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Fig. 5 Plots of the change in cathode cohesive free energy upon lithiation
and of the cell voltage of lithium-ion batteries with a Li(s) anode and a
transition-metal-containing cathode, as a function of the 3rd or 4th
ionization energy of the transition metal. (a) For phosphate cathodes with
M2*/M3* couples, cell voltage plotted as a function of the 3rd ionization
energy of the transition metal M in the gas phase. Filled symbols: experi-
mental data for LIMPO4/MPQO, olivines, as reviewed in ref. 35. Open
symbols with large uncertainty ranges: data from quantum-chemical
calculations for transition-metal phosphates.*® (b) For MO, cathodes with
M3*/M** couples, cell voltage plotted as a function of the 4th ionization
energy of the transition metal M. Simple vertical bars: experimental data as
compiled by Liu et al? Open squares: predicted cell voltages from
quantum-chemical calculations.” The observed trends (with R = 0.83
and 0.82 for (a) and (b), respectively, and dashed lines as guides to the eye)
are qualitatively predicted in our analysis based on the electronic (ioniza-
tion) component of the cohesive energy.

understand why Li is strongly bonded in LiFePO, (in addition
to the electrostatic attraction of Li" to PO,*7): lithium inter-
calation lowers the energy of its environment, and therefore of
lithium itself in this environment, by allowing the transition
metal to reduce its energy by becoming less ionized.
Quantum-chemical calculations and analyses by Aydinol
et al” have indicated that for transition-metal oxides, only
about % of one electron is transferred to the transition metal;
this may go a long way towards explaining why in Fig. 5b the
magnitude of the energy released is significantly smaller than
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the ionization energy. Dielectric screening of the electric field
between the ion and the electron by intervening charged
particles will also reduce their interaction energy.

The conceptually well-supported relation between the nth
ionization energy and the cell voltage revealed here can be used
to make predictions about relative cell potentials: generally,
late transition metals are more difficult to ionize and therefore
give higher voltages. More quantitative estimates are possible if
some cell voltages for the same type of oxide or phosphate have
already been measured.

No electrons in the overall reaction of a discharging battery

The process in a discharging lithium-ion battery with a lithiated
graphite anode and an iron-phosphate cathode can be
described by

LiCe(s) + Fe"POy4(s) — 6C(s) + LiFe"PO,(s)  (12)

without electrons as reactants or products; they are only inter-
mediates showing up in the half reactions. This absence of
electrons in the overall reaction greatly simplifies the energetic
analysis. It means that the chemical potential of electrons,
sometimes considered a major driving force in lithium-ion
batteries'*™'° as discussed below, is of secondary importance.
Fig. S5 (ESIt) shows that the chemical potentials of electrons in
LiMO, or MO,, as estimated by quantum-chemical calculations,
only weakly correlate (R* = 0.58 for a positive correlation and R
= 0.42 for a weak anticorrelation, respectively) with the 4th
ionization energy of the transition metal M. This also demon-
strates that the electronic component of the cohesive energy
discussed above does not correspond to p-.

It may be important here to conceptually distinguish
between an open lithium-ion cell on the one hand and a
discharging, possibly reversible, cell on the other. In an open
cell, electrons do show up in the overall reaction, see eqn (S69)
(ESIt), but since they do not travel through an external circuit,
no electrical energy is released. In a continuously discharging
cell, the electrons released by the oxidation at the anode travel
through the external circuit, performing electrical work, and
end up in the cathode, where they are consumed in the
reduction reaction. As a result, electrons disappear from the
net reaction of a discharging cell.

The discharging battery: net Li atom transfer

Fig. 6 schematically shows a discharging lithium-ion battery
and emphasizes that the simultaneous transfer of Li* and an
electron is equivalent to the transfer of a lithium atom. According
to the path-independence of the change in free energy, which is a
state function,* and with eqn (1b), the energy release by the real
process in Fig. 6a and the simpler hypothetical one in Fig. 6b is
the same. This equivalence of the processes in Fig. 6a and b
explains why the energetics of a discharging lithium-ion battery
are determined by relatively simple differences in lithium-atom
bonding energy and chemical potential yy; rather than differences
in lithium-ion electrochemical potential fi;+, which also depend
on an unmeasurable’”*® difference in the Galvani (or inner)
electrical potential ¢. Fig. 6 again highlights that the energetics
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Fig. 6 (a) Schematic of a discharging lithium-ion battery. Li* ions and
electrons flow from a lithium metal anode to a cathode particle converting
from the delithiated to the lithiated phase (shaded white and green,
respectively). (b) Simplified process, chemically and energetically equiva-
lent to that in (a), with a transfer of lithium atoms from anode to cathode.

of electrons do not need to be considered separately in a dis-
charging battery. This has also been emphasized by Ceder and
coworkers in highly cited publications.*”"* The fundamental
relation between lithium ions, electrons, and lithium atoms in
materials is discussed below (see eqn (38)).

Why the electrons flow

The electron flow in a discharging lithium-ion battery is driven
by the chemical reaction. Electrons flow from the anode with a
negative charge usually due to the chemically induced excess
of electrons, left behind by Li atoms leaving the anode as Li"
ions, to the cathode where electrons from the external circuit
get attracted to the positively charged freshly incorporated Li".
Equivalently, one can argue that the flow of lithium ions,
usually driven by their different bonding strength in the
two electrodes, produces an ionic current that must be accom-
panied by an electron current through the external circuit
because circuits of current must always be closed (otherwise
charge would accumulate excessively and stop the current due
to electrostatic repulsion).

In an alternative view, the electron movement is driven by a
difference in electron chemical potential.'*"*® This statement is
trivially true for the electron electrochemical potential fi.-: like
any chemical species, electrons move spontaneously from
high to low electrochemical potential.*® Notably, a voltmeter
measures the difference in electron electrochemical potential
between its probe tips. In a good lithium-ion battery, the
difference in electron electrochemical potential between the
electrodes is mostly due to the electric potential difference A¢
resulting from (chemically insignificant amounts of) excess
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charge on the electrodes that are maintained by the chemical
reaction. The analysis in terms of the purely chemical parts
of the electrochemical potentials, i.e. the electron and lithium-
ion chemical potentials,*™*® which cannot be measured,*”*® is
critically discussed below.

Chemical potentials in lithium-ion batteries

The description of the energetics of a discharging lithium-ion
battery with two-phase cathodes in terms of bonding differences
is intuitive and can be quantified as demonstrated in Scheme 1.
Nevertheless, traditionally a formalism in terms of chemical
potentials has been used instead, specifically focusing on the
chemical potential of lithium atoms, ir; = (0G/dny)rpm, 47
(for basic aspects see the ESL 7 starting at eqn (S33)), which we can
rigorously relate to our analysis in terms of cohesive energies. The
chemical potential of lithium is the (partial) molar Gibbs free
energy of lithium. When lithium atoms move from high to low
chemical potential 1, the Gibbs free energy is reduced, which is
allowed according to the second law of thermodynamics.
A description of the chemical potential as a measure of how
much Li(0) is “disliked” in a given phase® may give the misleading
impression that Li(0) is disliked more in pure metallic lithium
than as an intercalant in a metal oxide or phosphate; in reality,
lithium is stabilized (“liked”) by bonding in both environments,
but much more so in the ionic oxide or phosphate, see Fig. 2b.

In the following, we show first that the chemical potential of
lithium atoms in the cathode is equal to the difference in the
molar Gibbs free energies, or chemical potentials, of FePO, and
LiFePO,, which are the cohesive free energies used in our
analysis above. Then we express the cell voltage in terms of a
difference of chemical potentials.

Chemical potentials in coexisting iron phosphates

The system under analysis in this section is a two-phase
cathode consisting of FePO, and LiFePO, in various propor-
tions. We start from well-established*”

Gsys = Zﬂini
i

where the n; are amounts in moles. Considering that lithium
is contained only in LiFePO, while Fe is part of both phases,
we have

(13a)

(13b)

Nyi = Nyirepo, and Npepo, T Niirero, = NFe

This gives

E MiNi = My jFep0,MLiFePO, T HEepO,MFePO,

! (14a)

Gcath =

= [iLiFepo,MLi T HFepo, (MFe — MLi)

The same result can be obtained from additivity of the Gibbs
free energies of the two phases in the cathode:

Geath = GLirepo, T Grepo, = Hiirero,MLi + llFePo4(”Fe — 1)

(14b)

where we have used npepo, = (re — n14) from eqn (13b).
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From this dependence of G on the amount of lithium in the
cathode, we can immediately derive the chemical potential of
lithium in the cathode by taking the derivative:

Hvi(cathode) = (aGcath/anLi)T,P,n’ = Hiirero, — HFePO, [15)
Since w; = G{ + RT Ina; and the activity a; of a pure solid is
Apuresolid = 1,°>° we can equate
Hpure solid = G;ure solid (16)
With eqn (16) and (15) we obtain
_ o Go
Hii(cathode) = UYLirero, — UFero,
(17)

—3206.5 — (—2749) = —458 kJ mol !

where we have used numerical values from Scheme 1. This
result makes sense: the equation matches the definition of the
chemical potential of lithium in the cathode as the free-energy
change when a mole of lithium is added to a large cathode,
since adding lithium to the cathode converts FePO, to LiFePOy,
which results in the free-energy change GY ;r..po, — Gtepo, On the
right-hand side of eqn (17). This free-energy reduction per mole
of Li incorporated is a good measure of the binding energy of
lithium in the cathode, see Fig. 2b.

The important result eqn (17) links our treatment in terms
of the cohesive free energies Gy ;r.po, and Giepo, Of the two
phases in the cathode, explained using intuitive yet quantifi-
able bonding concepts, with the conventional formalism in
terms of the chemical potential of lithium in the cathode.®*™*
In the ESL{ a corresponding analysis in terms of coexisting
Lip.0.FePO, and Li, ogFePO, is presented. Its result, eqn (S44)
(ESIY), essentially reproduces eqn (17).

Note that relation (15) has not been apparent in the litera-
ture. A superficially similar-looking difference of chemical
potentials in the literature,*

(18)

is of a quite different nature, referring not to two phases of the
cathode, but to the anode and cathode. (The left-hand side of
eqn (15), Uri(cathode), i only one of the terms on the right-hand
side of eqn (18).)

—EcenF = pipi(®) — p1i(B) = Miitcathode) — MLi(Li(s)

Lithium chemical potentials in anodes

For an anode consisting of lithium metal, trivially

GLi(s)-anode = Zﬂini = Hui(s)Li(s) (19)
i
Given that in this simple system, ny; = ny;), we have
GLi(s)-anode = MLi(s)Li (20)

and the chemical potential of lithium, according to its funda-
mental definition and on our scale with unbonded lithium
atoms at zero free energy, is

HLi(Li(s)-anode) = (aGLi(s)-anodc / 8nLi) TP
(21)
= Hiis) = ii(s) = —126.7 kJ mol™!
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If we assume that an anode consists partially of graphite
intercalated by lithium, with n; = niics), and partially of
unintercalated graphite, then due to carbon balance,

6nLic(s) T Ne(s) = Ne (22)

and we have

GC(S)-anode = E.uini = HLicg(s)MLiCq (s) + Hes)nes)
i
(23)

= Hric(s)MLi + Hegs) (e — 6nLi)

It follows (see also eqn (16) and eqn (S24), (S27), ESIT) that the
chemical potential of lithium intercalating graphite is

HyLi(c(s)-anode) = (8G(s)-an0de/8nLi)T>P‘,,/ Hiicg(s) 6:“C
= GYicy(s) — 6G&() = —4169 kJ mol ™!
— 6(—671.3 kJ mol™') = —141 kJ mol ™!
(24)

Ionic and electronic cohesive-energy contributions to the
chemical potential of lithium

Above, we discussed a decomposition of the cohesive energy
into an ionic and an electronic part. This decomposition is also
valid when it comes to chemical potentials. The chemical
potential of a neat stoichiometric solid, e.g. pyicis), is equal to
its cohesive free energy, Gy;c), see eqn (16). Therefore, we can

write (see also Fig. 4b)

Lici(s) = MLiCl(s) = MLiCI(s)on T MLiCI(s).el (25)
—617 KJ mol ™" = pig;ciis) = —792 kJ mol ™" + 175 kJ mol !
(26a)
HLicis)ion = —792 K] mol ™, ppicis),el = 175 kJ mol ™!

(26b)

This is a specific, quantitative example of the decomposition of
a chemical potential into an ionic and an electronic compo-
nent. Applying this concept to an iron-phosphate cathode, we
can write

G;CPO4

. o
Hii(cathode) = GLtiPO4 -

0o _ o
FePOy.ion FePOy,el

_ o o o o
- (GLiFCPO4,i0n - GFCPO44i0n> + (GLtiPOmcl - GFCPO4,CI>

o (e}
LiFePOy ion T OLiFePo, el —

= HLi(cathode),ion + HLi(cathode) el
(27)

splitting the chemical potential of lithium in the cathode into

an ionic and an electronic component, with the former given by

_ o o
PLi(cathode)jon = OTLiFepo, jon — OFep0y ion (28)
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and the latter by

__ oo o
HLi(cathode) el = GLiFeP0y el — OFepoy el (29)

Chemical potentials and cell voltage

For a reversible electrochemical system®® under standard con-
ditions, the cell voltage can be calculated from the standard
molar change in free energy, A,G° according to eqn (4). This
derives from the definition of voltage difference as electrical
energy difference per charge, given that A,G° is the molar
electrical work, and v.F is the charge transferred per mole of
reaction. According to eqn (1), this remains a good approxi-
mation for a cell slowly and irreversibly discharging through a
large external resistance. For a reaction involving only stoichio-
metric solid reactants and products near 1 bar pressure,
standard conditions are automatically fulfilled.

More generally, for a system containing a lithium-metal
anode and a cathode consisting of FePO, and LiFePO, in
various proportions and undergoing the reaction of eqn (3),
the change in Gibbs free energy at constant T'and P is

dGys = Z widn; = py i dnLi + peepo, dnLi + Mpirepo, (—dnLi)
i

(30)

where dn;; < 0 is a small amount of lithium transferred from
the anode to the cathode. It relates directly to the change in the
extent of reaction, ¢,*° according to

dé = —dny; > 0 (31)

Via dG = pyipero,d¢ — pidE — prepoad and formally dividing by
d¢&, we obtain a standard result in the thermodynamics of chemical
reactions, with stoichiometric coefficients v; (which are unity here),

0G/08)rp = D vi— Y vity
products 7 reactants i (3 2)
= HLiFePO, — HMLi(s) — HFePO,

In advanced thermodynamics of electrochemical reactions, it can
be shown (see eqn (S46), ESIt) that the cell voltage, under standard
or non-standard but still reversible conditions, relates to the slope
of G(&) at constant T and P according to

(0G/O)r,p

The number v, of electrons transferred is v, = 1. Combining
eqn (32), (33) and (16) (including pyirepo, = Giipepo,)s WE Can
relate the cell voltage to the free energies of the electrode
materials, with data from Scheme 1,

FePO4> /F

(3206.5 — 126.7 — 2749) kJ mol ™' /F =3.43 V

_l/eFEceIl = (33)

_ o
Een = *< LiFePO, — Ll

(34)

Eqn (32) and (33) can also be directly combined to express
the cell voltage in terms of chemical potentials

Ecen = —(,ULiFePo4 — Mui(s) — ﬂFePO4)/F (35)
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Based on eqn (15) and (21) relating the chemical potentials of
the electrode materials to the chemical potential of lithium in
these materials, this gives

Ecen = _(ﬂLi(cathode] - ﬂLi(anode))/F = —Apg;/F (36)

a starting point of the conventional formalism in terms of the
chemical potential of lithium atoms,*® " which is summarized
in the ESI,T starting at eqn (S53). Further relations between the
cell voltage, the slope of G(x;), and the chemical potential of
lithium are derived in the ESI,t starting at eqn (S61). They
are applied below to show that in a single-phase cathode
with gradually changing lithium concentration, e.g. Li,CoO,,
the average cell voltage can still be calculated from the differ-
ence in cohesive energies of the stoichiometric end-member
compounds.

For a cell discharging according to eqn (12), the electrical
energy released can be calculated from chemical potentials
according to

Wele ® AG = |Angi|(eirero, + 6ilas) — Hiic, — HFepo,)

= |Ang;|(—3206.5 + 141.2 — (—2749)) k] mol !

= |Any;|(—316 k] mol ) = |Any;|(—F)3.28 V. (37)

with the change |Ang;| in the amount of lithium in anode or
cathode and the chemical potentials of products and reactants.

Lithium ions and atoms

To a good approximation, in LiCl(s), Li(s), LiFePOy(s), and
LiCe(s) lithium exists as a Li" ion core and an electron trans-
ferred to nearby space: into Cl™, into the space between ion
cores, into (Fe"PO,)”, and into graphite layers, respectively.
The transferred electron is distinct from electrons in atomic
cores of Cl etc. in that it locally generates a net extra negative
charge.

Nevertheless, in chemical formulas, including the four
examples listed, and in energetic analyses, it is still more useful
to refer to atomic Li than to ionic Li*. One writes LiCl, not
Li'Cl™, and usually refers to the chemical potential y;; of Li®,
not to fir;+. The relation between the cell voltage and the
difference in chemical potential of lithium atoms in the
two electrodes, E..y = —Api/F, eqn (36), is an important
example. Due to the approximate charge neutrality of con-
densed materials (the concentration of the uncompensated
electrons and ions generating the electric potential difference
in batteries is chemically insignificant, less than picomolar),
almost every Li" in a lithium-ion battery is accompanied by an
electron, and treating both together as one neutral entity, a
lithium atom, whose energy does not depend on the local
electrical potential, simplifies the analysis. Thus, when we refer
to “a lithium atom” in a material, we mean the combination
of Li" and a nearby “extra” electron in the material. As an
equation, we can write

“Li(material)” = Li'(material) + e”(material)  (38)
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where “material”’ stands for a condensed material such as LiCl,
Li(s), LiFePOy, LiCs, etc. This important identity is fundamental
and does not require equilibrium at the surface of the material.
Note also that there is no such identity in the gas phase, where
a lithium atom and a lithium ion plus a distant free electron are
distinct entities whose enthalpy differs by the ionization energy
of 519 kJ mol ™ *:

Li(g) # Li'(g) + e (g)- (39)

Naturally associated with the identity of eqn (38) is the corres-
ponding relation of chemical potentials,

(40)

UrLi(material) = MLi*(material) T He—(material)

Since lithium atoms are uncharged, their electrochemical and
chemical potentials are equal according to eqn (S33b) (ESIY),

Hvri(material) = ﬂLi(material) = ﬁLi*(material) + ﬁe*(material) (41)

The second equality in eqn (41), which provides a useful
relation to and between electrochemical potentials,” can be
viewed as another consequence of eqn (38); alternatively, one
can consider that the ion and associated nearby excess electron
experience the same inner potential ¢, whose contributions
according to eqn (S33b) (ESI{) therefore cancel so eqn (40) is
recovered. Evaluating the differences of the three (electro)che-
mical potentials in eqn (41) between cathode and anode,
we obtain

HLi(cathode) — MLi(anode) = A.u'Li = AﬂLi = A:&Li+ + A.ae (42)

which directly leads to results useful in lithium-ion batteries:
due to diffusion equilibrium of lithium ions between the two
electrodes in an open or slowly discharging cell, we have

Li'(anode) = Li'(cathode) < Afiy;: = 0, (43)
which simplifies eqn (42) to
Afie- = Apiy; (44)

The chemical potential of the electron, and its limitations

Repeatedly, attempts have been made to explain the processes
in a lithium-ion battery by the difference in the chemical
potential u.- of the electron in the two electrodes.'*™*® This
quantity has to be distinguished from the electrochemical
potential fi.- of the electron, already mentioned above, to which
according to eqn (S33b) (ESIT) it is related by

e =t — F (45)

and which is the immediate driving force of electron move-
ment, with a large contribution from the inner or Galvani
electrical potential ¢. Fundamentally, the electromotive
force or voltage of the cell is proportional to the difference in

electrochemical potential of the electron between the
electrodes:
—EcenF = Afle- = Apyi = Apirie + Apte- (46)
Phys. Chem. Chem. Phys., 2024, 26, 24157-24171 | 24167
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where eqn (40) was used in the last step. The second equality
results from eqn (44) and shows that the cell voltage is still
proportional to the difference in the chemical potentials of
lithium atoms in the two electrodes, as in eqn (36).

According to eqn (40), the chemical potential of lithium
atoms, fi4, can be decomposed into the chemical potentials of
lithium ions, u;+, and electrons, u.-. However, this separation
of the energy change of the lithium atom into an electronic and
ionic part’*™® does not seem helpful since neither quantity is
known independently. Indeed, McKinnon*' already concluded
that the electronic and ionic intercalation energies (technically
chemical potentials) are not independent. The focus on the
electronic component pi.—,"*™*® presumably due to its familiarity
to physicists as the Fermi level, has been justified with the
assumption that the ionic component uy;+ is negligible com-
pared to pe-, but this is unfounded. For instance, if uy; = 0
in elemental lithium in its standard state (i.e. in Li(s)),"* then
eqn (40) gives

0 = friLi(s)) = Huit(Li(s) T He—(Li(s)) (47)

= HLit(Li(s)) = —He—(Li(s))

which means that the ionic component would be equal in
magnitude (and opposite in sign) to the electronic component.
Below we will show that the interpretation of u.- as the work
function'>® leads to incorrect predictions and will quote
literature strongly questioning whether u.- can be measured
at all.

For the two-phase electrodes that are the focus of this paper,
the assumption of a single electron chemical potential** in
each electrode is not tenable, since the two phases have distinct
e values, by as much as 2.3 eV,’ see also Fig. S4 (ESIt). With
the electrons in the two phases in diffusion equilibrium, it is
not at all clear which of the two .- values is supposed to
represent the driving force of electron movement.

Incorrect predictions from work functions as chemical
potentials

The interpretation of the chemical potentials of electrons and
of lithium ions as negative work functions ®.- (ref. 15 and 16)
and @.;+,"° the energy needed to remove an electron or lithium
ion, respectively, combined with eqn (47) leads to

Hriv(wi(s) = —He-(ri(s) ¥ Pe-(ris)) > 2 €V ~ 190 KJ mol !
(48a)

(pLi*(Li(s)) X —HLit(Li(s)) < —190 k] m0171 < 0 (‘Li+ emission’)
(48Db)

This would mean that removing lithium ions from lithium
metal would not require energy input but rather release at least
190 kJ mol . This prediction of spontaneous emission of
lithium ions from lithium metal at 298 K is clearly an incorrect
result of this theory.

Due to these complications and others discussed below, we
find it unhelpful to try to explain the processes in a discharging
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lithium-ion battery and the associated energy release by empha-
sizing that the electrons go to a lower energy state. An electron
in a copper lead attached to the anode is higher in energy
(free energy, or chemical potential) than in a copper lead
attached to the cathode exclusively due to the electric potential
difference between the electrodes, which is generated by excess
charges in turn produced by the chemical reaction starting
from neutral compounds. (This is the electrical-potential term
—FA¢ in the difference between the electrochemical potentials
fe- of electrons in the electrode-attached copper leads.)

The chemical potential of the electron cannot be measured

Various publications'*'®** have attributed the movement of
electrons in a lithium-ion battery to the difference in the
chemical potential of the electron in the electrodes. However,
the utility of this approach can be questioned.®”""*' Impor-
tantly, the value of p.- cannot be measured, only calculated, as
pointed out explicitly by Trasatti,’” referring to “u}, which is
not capable of either direct or, at present, even indirect
measurement” (note that the concept of the work function
was already well established at the time and also discussed by
Trasatti’’). This makes p. distinct from pp;, the chemical
potential of lithium atoms,*®%'*1¢ which is well defined
and can be quantified from experimental data with three to
four significant figures, as we have shown in this paper, see
eqn (17), (21) and (24). Note that a difference in p.- also cannot
be measured, since according to eqn (45),

Apte- = Afie- + FAQ (49)

so Ape- is equal to the measurable Afi.- = —E.F plus the
unmeasurable®”*® difference in the inner or Galvani potential
¢, multiplied by F; only a difference in the outer or Volta
potential ¥ can be measured.*”*®

The claimed'>'® equality of the chemical potential of the
electron to the electron work function @.-, which is experimen-
tally accessible, is approximate at best.>’® The —pu.- values
from highly cited quantum-chemical calculations” are smaller
than the measured ®.- values™® for LiCoO, and LiNiO, by as
much as 1.6 eV, and the work-function predicted voltages® still
fall short of the measured values by at least 1.3 V. (Addition of
the valence-band onset to the work function'® seems to have no
basis in thermodynamic theory.’”’) Thus, less than half and
maybe as little as 3.9-1.6-1.3 =1 V of the ~3.9 V cell voltage of
LiCoO, or LiNiO, relative to lithium metal can realistically be
attributed to differences in electron chemical potential, while
the Li* chemical-potential difference in eqn (46) accounts for
the larger part of the voltage. Relative to a lithiated-graphite
electrode with its larger (compared to lithium metal) @.- >
3.5 V, the electronic contribution must be even smaller
(safely <1.5 V out of ~3.8 V). In other words, the movement of
ions and electrons is driven mostly by the difference in the strength
of bonding of Li*, not of the electrons, in anode and cathode.

Some sources have claimed explicitly** or implicitly (e.g. in a
figure)'®'” that

—Ecen = Apie—/F (not true) (50)
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As shown in Fig. S4b (ESIt), the data from highly cited simula-
tions of transition-metal oxides’ do not show the correlation
predicted by eqn (50), instead exhibiting a weak anticorrelation
with R* = 0.40 and 0.24 for predicted and experimental voltages,
respectively, thereby falsifying eqn (50). Indeed, eqn (50) is not
a true equality. Instead, the cell voltage is the difference in the
electrochemical potential of the electron (marked with a tilde)
between anode and two-phase cathode in an open cell, accord-
ing to eqn (46):"*

—Licell = A,ae*/F = A/"Er/F — Aqﬁ

= Ape-/F + Apy+/F = Apy/F (51)
The last equality, with the chemical potential difference of
lithium atoms,*®'*'**® is much easier to evaluate quan-
titatively than are approximate differences involving electrons
and ions. And from cohesive energies, the stable cell voltage
for two-phase cathodes can be calculated to two or three
significant figures, as shown in eqn (6), Scheme 1 and
Fig. 3;°° the cohesive energies, in turn, are amenable to both
measurement by calorimetry and calculation from quantum
chemistry.®”!*

Single-phase cathodes: average voltage from cohesive
energies

So far, mostly two-phase cathodes have been discussed. These
are instructive because they can be described in terms of a
simple chemical reaction as in eqn (3). They also have the
practical advantage of a stable voltage over a wide lithium
concentration. The literature confirms that iron-phosphate
cathodes can realistically be described as two-phase.?***43

Here we extend the analysis to single-phase cathodes, whose
lithium content gradually increases as the battery discharges."
We will consider Li,CoO, with CoO, progressively converting to
LiCoO, as a specific sample reaction. Based on the linear
dependence of the cell voltage on the chemical potential of
lithium in the Li,CoO, cathode, piiicath) = fri(Li,coo,), Which in
turn relates to the molar Gibbs free energy'® or chemical
potential of Li,CoO, according to

Hyi(cath) = (a,uLixCoOz/ ox) (52)

see eqn (S62) (ESIT), we can show that the average voltage Ec.p
over a full discharge cycle, converting CoO, to LiCoO,, can
still be calculated simply from the difference in the cohesive
energies of Li(s) + CoO,(s) vs. LiCoO,(s). We start with

Ecen(—F) = average App; = average yiccath) — Mri(s)
= [average slope of uLixCOOZ(x)] — Hii(s) (53)
According to a simple definition of averaging over the full

composition range (x;; from 0 to 1) applied to the slope of
HLicoo,(¥) and then using the central theorem of calculus, we
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find for the average cell voltage

Ecai(—F) = [average slope of u1; co0,(X)] — trics)

!
=1/1 [0 (O, co0, /0x)dx — pr(s)

= HLi,C00, (x=1) - HiiCo0, (x=0)— Huii(s)
= GiiCOO2 - GOCOOZ - Gii(s) = ArG® = ArEcones
(54)

where eqn (16), e.g. i co0, = GTico0,, Was used. A similar
result holds for x;; = 0.5: since both the entropy of mixing,
proportional to xp;Inxp; + (1 — x1:)In(1 — x1;), and the enthalpy
of mixing in a regular solution model (eqn (S63), ESIt), propor-
tional to xp;(1 — xy;), have zero slope near x;; = 0.5, at that
central composition effects of mixing on the slope of fir; coo,(*)
are small and it remains approximately equal to A.G® + pyic).
This means that

Ecen(x.i = 0.5)(—F) = (a,uLiXCOOZ/ax”O.S — Hri(s)

~ A1'Go ~ ArEz:ohes

(55)

i.e. not only the average voltage, but also the actual voltage for
Xpi & 50% lithium incorporation, can still be calculated from
the cohesive energies of the stoichiometric end members.
Note that in practice, the upper cutoff of the charging voltage
is usually set such that x in Li,CoO, always stays above 0.5,
because the cathode becomes unstable with a lithium content
lower than x = 0.5.>* This also explains why the experimental
voltage range for Li,CoO, in Fig. 3 is slightly below the predic-
tion from the cohesive energies for xy; = 0.5.

Conclusions

The hallmark of a working lithium-ion battery is the release of
electrical energy due to the spontaneous movement of lithium
ions and electrons out of the negative and into the positive
electrode. These are the processes that must be convincingly
accounted for in a good explanation of how LIBs work. We have
shown that the energy release originates from lithium
(as Li* and e”) moving spontaneously from a weakly bonded
(by ~—140 k] mol ") less stable state in the negative electrode to
a more stable ionically bonded (by ~—460 k] mol™ ') state in
the positive electrode, where it remains trapped until driven
back to the negative electrode by the macroscopic electrostatic
forces of a sufficiently strong charging voltage overcoming the
chemical-bonding forces. Charge neutrality requires that upon
Li" incorporation into the cathode, the oxidation state of a
transition metal or other atom is reduced by an electron taken
up from the external circuit. The corresponding ionization
energy contributes to the cohesive energy difference of the
lithium-free and lithiated cathode phases and therefore corre-
lates with the cell voltage. The intuitive and quantifiable
bonding description has been shown to be equivalent to the
atomic-lithium chemical-potential formalism in the literature,
and the chemical potential of lithium in a two-phase electrode
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has been quantified in terms of cohesive energies, in k] mol .
Electron flow is mostly driven by the chemical reaction and
lithium-ion current; the chemical potential of the electron
cannot be measured and does not correlate significantly with
the cell voltage; it is therefore of secondary importance in a
discharging, energy-releasing lithium-ion battery.
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