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ical thermodynamic approach for
evaluating the energetics involved in the discharge
of lithium ion battery

V. Sudhaa and S. Harinipriya *b

Processes involved in the discharge of a Li-ion battery are represented via thermochemical cycle, and

the free energy involved in the process is expressed in terms of porosity, redox potential, energetics of

solvation, diffusion, phase transition, and double-layer crossing of Li ions. In this study, the value of free

energy involved in the discharge process of LiMn2O4 is evaluated. The maximum threshold of anode

porosity and effect of Jahn–Teller distortion on the cathode material are predicted accurately. The

maximum threshold of porosity for graphite anode is 0.4 to 0.5 and the Jahn–Teller distortion

energy is predicted to be �0.84 eV. Phase transition is predicted to occur at 0.5 SoC of Li ions at

the cathode. The predicted values are in satisfactory agreement with those reported in the literature.
1. Introduction

In systems engineering, modeling extensively permits the inter-
pretation of experimental data, identication of rate-limiting steps
and prediction of system behavior. It also provides a thorough
understanding of the underlying physical processes. Mostly, for
design and control, empirical models with tted parameters are
frequently used, although it is preferable to employ models based
onmicroscopic physical or geometrical parameters as they are easy
to interpret and optimize. Equivalent circuit models (ECMs) are
widely used for electrochemical energy storage devices such as
batteries, fuel cells, and supercapacitors in conjunction with
impedance spectroscopy to t and predict the performance and
degradation of cells.1 The limitations of ECMs are their unambi-
guity in interpreting tted circuit elements and predicting the
nonlinear response of high operating currents. Hence, as an
alternative, physics-based porous electrodemodels were developed
for battery optimization and control.1 From rst principles calcu-
lations employing quantum mechanics, bulk material properties,
such as open-circuit potential and solid diffusivity, were pre-
dicted.2 To investigate and understand the multi-length and time
scales of interfacial reactions, multi-phase, multi-component
transport properties of coarse-grained continuum models were
employed.

For applications such as in electric vehicles and electrical
energy storage for solar and wind sources with high power and
energy density requirements, mathematical modeling plays an
inevitable role in the development of new intercalation mate-
rials, electrode microstructures, battery architectures, etc. The
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hemistry 2017
standardmodelingmethodology was provided by Newman et al.3

via the porous electrode theory for battery simulations.3

According to this theory, transport is modeled via volume-
averaged conservation equations for Li-ion batteries.4 The
active particles are assumed as hard spheres into which Li ion
intercalation occurs via isotropic linear diffusion.5,6 For phase-
separating materials, such as LiFePO4, every particle is
assumed to possess a spherical phase boundary, whichmoves as
a shrinking core where one phase displaces the other.7–9 In these
models, the local Nernst equilibrium potential is tted to the
global open-circuit voltage of the cell, and the non-uniform
composition is neglected. Thus, a voltage plateau is observed
for the porous electrode.10–13 For thermodynamic consistency, all
these phenomena should be derived from common thermody-
namic principles and cannot be independently tted to the
experimental data.

Recently, Smith, Garcia and Horn analyzed the effects of
a microstructure on battery performance for various sizes and
shapes of particles in a LixC6/LixCoO cell.14 The study used 3D
image reconstruction of a real battery microstructure by focused
ion beam milling, which has led to detailed studies of micro-
structural effects in porous electrodes.15–17 Additionally, it has
also become possible to observe Li-ion transport at the scale of
individual particles in porous Li-ion battery electrodes,18,19

which can be of much value in testing the dynamical predic-
tions of new mathematical models.

The new theory has led to a quantitative understanding of
intercalation dynamics in single nanoparticles of LiFePO4. Bai,
Cogswell and Bazant12 generalized the Butler–Volmer equation
using variational chemical potentials and used it to develop
a mathematical theory of the suppression of phase separation
in LiFePO4 nanoparticles with increasing current. This
phenomenon helps to explain the remarkable performance of
RSC Adv., 2017, 7, 32367–32382 | 32367
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nano-LFP, as also suggested by Malik and Ceder based on bulk
free-energy calculations,20 but the theory shows that it is entirely
controlled by faradaic reactions at the particle surface.12,13

Cogswell and Bazant12 showed that including elastic coherency
strain in the model leads to a quantitative theory of phase
morphology and Li solubility. Experimental data for different
particle sizes and temperatures can be tted with only two
parameters (the gradient penalty and regular solution param-
eter). The present study aims to develop a phenomenological
thermodynamic approach incorporating electrolyte transport,
electron transport, electrochemical kinetics, and phase sepa-
ration to evaluate the free energy involved in the discharge
process of Li-ion batteries. This leads to the application of
thermodynamics for macroscopic phase transformations in
porous electrodes for Li-ion batteries.
2. Methodology and
phenomenological thermodynamic
derivations

Processes involved in a Li-ion battery can be represented via the
following thermochemical cycle: (Schemes 1 and 2).

In the case of LiMn2O4 or any cathode material undergoing
phase transformation, the last step is complicated due to the
formation of Li-rich and decient phases. The phase trans-
formation can be represented as follows:

Li(S) 4 LixMn2O4
(1�x) (two phases formed) 4 LiMn2O4

Further lithiation leads to complication for the entering Li
ions. The ions have to nd and occupy the vacant sites and
hence, require additional energy to get further lithiated. They
have to randomly travel at the cathode surface and occupy the
vacant sites to completely discharge the battery. Thus, there
exists a voltage plateau over a long time in these types of
cathode materials. This can also be attributed to the low
diffusivity of Li ions in Mn2O4 lattice.

DGadd ¼ DGoccu � DGunoccu (1)
Scheme 1 Processes involved in the discharging of Li-ion cell (porosity
tions: complete isotropicity and no porosity in the electrodes.

32368 | RSC Adv., 2017, 7, 32367–32382
Therefore, the energetics of the entire discharge process can
be written as

DGprocess ¼ DGa
ox + DGa

diff + DGa/e + DGsol + DGsol
diff + DGc/e

+ DGdesol + DGred + DGc
diff (2)

and for phase transformation cathodes,

DGprocess ¼ DGa
ox + DGa

diff + DGa/e + DGsol + DGsol
diff + DGc/e

+ DGdesol + DGred + DGc
diff + DGadd (3)

(I) DGa
ox ¼ free energy change involved in the oxidation of Li

to Li+ at the anode (solid-phase oxidation) ¼ �FEa, where Ea is
the oxidation potential of the anodic reaction

LixC6 / xLi+ + 6C + xe (4)

(II) DGa
diff¼ free energy change involved in the diffusion of Li

ions at the anode (solid-phase diffusion)

DGa
diff ¼ charge � potential (5)

The charge, Q, based on Fick's second law of diffusion for

short time approximation, t#
R2

D0 is
21

Q ¼ � 2FA
ffiffiffiffiffiffiffi
Dit

pffiffiffiffi
p

p �
C ini � Caft

�
; þ ¼ discharge;� ¼ charge (6)

where F¼ Faraday's constant; A¼ effective surface area per unit
mass of the electrode; t ¼ time elapsed from the beginning of
the potential step; Di ¼ diffusion coefficient of Li+ in the cor-
responding electrode; Cini ¼ initial concentration of Li ions
before applying the potential and Ca¼ nal concentration of Li
ions aer applying the potential.

Hence, at t#
R2

D
,

Ga
diff ¼

2FAaVa

�
C ini

a � Caft
a

� ffiffiffiffiffiffiffiffi
Dat

pffiffiffiffi
p

p (7)

where Va ¼ potential at that particular SoC; R ¼ maximum
length of the diffusion path (particle radius; in the present case,
R is the ionic radius of Li+ and D is the anode thickness).
and phase transformation are not taken into consideration). Assump-

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 Illustrative representation of the discharge process in lithium ion battery. Assumptions: electrodes are devoid of porosity.
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(III) DGa/e ¼ free energy change involved in the escape of Li
ions from the solid/solution interface (anode/electrolyte). The
excess energy required for an ion or electron to escape to
vacuum from the solution phase or vice versa is called its surface
potential,22 cLi+/anode

DGa/e ¼ FcLi+/anode (8)

(IV) DGsol ¼ solvation energy of Li+ in EC/DEC (1 : 1) binary
solvent.

The modied Born equation for estimating the solvation
energy of ions in organic solvents is derived23 as

�DGsol ¼ q2

2

"�
1� 1

De

��
1

r1
� 1

r2

�
þ
�
1� 1

D

��
1

r2

�#
(9)

where De ¼ dielectric constant due to electron polarization of
the atoms nearest to the central ion; r1 ¼ radius of the central
ion (Li+); r2 ¼ distance to the center of the nearest atom of the
solvent (the solvent molecules are oriented with their polar
atoms toward the central ion); D ¼ static dielectric constant of
the solvent, and q ¼ charge ¼ unity in the present case.
This journal is © The Royal Society of Chemistry 2017
In the present scenario, where only a fraction “x” of Li+ gets
solvated, DGsol can be written as

�DGsol ¼ x

2

"�
1� 1

De

��
1

r1
� 1

r2

�
þ
�
1� 1

D

��
1

r2

�#
(10)

EC/DEC being a binary solvent, De and D are written as an
average of the two solvents:

De ¼ ðDe;EC þDe;DECÞ
2

(11)

and

D ¼ ðDEC þDDECÞ
2

(12)

Herein, Li ions interact with the solvent molecules via the
carbonyl oxygen atoms, and hence, r2 can be written in terms of
partial Lid+–Od� bond distance (half the covalent bond distance
of Li–O bond). Therefore,
RSC Adv., 2017, 7, 32367–32382 | 32369
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�DGsol ¼ x

2

"�
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

�

þ
�
1� 2

ðDEC þDDECÞ
��

2

rLi�O

�#
(13)

(V) DGsol
diff ¼ free energy change involved in the diffusion of

Li+ in an electrolytic solution. Since the hopping mechanism of
Li+ in solution phase involves partial Lid+–Od� bond formation
between Li ions and carbonyl oxygen atom of the solvent
molecules, DGsol

diff can be written as follows:

DGsol
diff ¼ �DGEC

sol

SNEC
� DGDEC

sol

SNDEC
þ DGform

Li�O

2SNECSNDEC
(14)

where

�DGEC
sol ¼

1

2

"�
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

��
2

rLi�O

�#

(15)

Analogously,

�DGDEC
sol ¼ 1

2

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DDEC

�

�
�

2

rLi�O

��
(16)

Therefore, eqn (14) becomes

DGsol
diff ¼

1

2

	
1

SNEC

��
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

�

�
�

2

rLi�O

��
þ 1

SNDEC

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�

þ
�
1� 1

DDEC

��
2

rLi�O

��

þ DGform

Li�O

2SNECSNDEC

(17)

where the solvation numbers SNEC and SNDEC of Li+ in EC and
DEC solvents can be empirically written as the volume ratio of
the ion to the solvent molecule (the ions and solvents are
considered to be hard spheres), and hence,24,25

SNEC ¼ rLiþ
3

rEC3
(18)

and

SNDEC ¼ rLiþ
3

rDEC
3

(19)

where rLi+
3 and rEC

3, rDEC
3 denote the cubic radius of the Li ion

and the solvents EC and DEC, respectively. Therefore, eqn (16)
becomes22
32370 | RSC Adv., 2017, 7, 32367–32382
DGsol
diff ¼

1

2

	
rEC

3

rLiþ
3

��
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

�

�
�

2

rLi�O

��
þ rDEC

3

rLiþ
3

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�

þ
�
1� 1

DDEC

��
2

rLi�O

��

þ rEC

3rDEC
3DGform

Li�O

2rLiþ
6

(20)

here DGform
Li–O represents the free energy of formation of Li–O

bond.
(VI) DGc/e ¼ free energy change involved in the process of

crossing the electrolyte/cathode interface (solution/
vacuum)24

DGc/e ¼ �FcLi+/cathode (21)

(VII) DGdesol¼ free energy change involved in the desolvation
of the fraction “y” of the Li ions entering the cathode

DGdesol ¼ y

2

	��
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

��

þ
��

1� 2

ðDEC þDDECÞ
��

2

rLi�O

��

(22)

(VIII) DGred¼ free energy change involved in the reduction of
Li ions at the cathode (solid-phase reduction reaction)

DGred ¼ �FEc (23)

where Ec is the solid-phase cathodic reaction potential.
(IX) DGc

diff ¼ free energy change during the diffusion of Li
ions at the cathode (solid-phase diffusion). Analogous to the
diffusion of Li ions at the anode, DGc

diff can be written as

DGc
diff ¼

2FAcVc

�
C ini

c � Caft
c

� ffiffiffiffiffiffiffi
Dct

pffiffiffiffi
p

p (24)

where Dc is the diffusion coefficient of Li ions at the cathode,
and Cini

c and Ca
c are the initial and nal concentrations of Li

ions before and aer applying the voltage, respectively.
(X) DGadd ¼ excess energy required by the Li ions to nd an

unoccupied site at the cathode and z represents the total
number of sites occupied by Li+

DGadd ¼ DGoccu � DGunoccu (25)

Occupied sites are LizMn2O4
(1�z) and unoccupied sites are (1

� z)Mn2O4
�. Therefore

DGoccu ¼ zDGform
Li�Mn2O4

(26)

and DGunoccu ¼ ground state energy of Mn2O4
� in its native

state, DGMn2O4
�

gs . Hence,

DGadd ¼ zDGform
Li�Mn2O4

� � ð1� zÞDGMn2O4
�

gs (27)
This journal is © The Royal Society of Chemistry 2017
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Thus, eqn (2) can be written as
DGprocess ¼ �F�Ea þ Ec � cLiþ=anode þ cLiþ=cathode
�þ 2F

ffiffiffiffi
t

p

r ��
AaVa

ffiffiffiffiffiffi
Da

p �
C ini

a � Caft
a

��þ �
AcVc

ffiffiffiffiffiffi
Dc

p �
C ini

c � Caft
c

���

þ ðy� xÞ
2

��
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

��
þ
��

1� 2

ðDEC þDDECÞ
��

2

rLi�O

��

þ 1

2

	
rEC

3

rLiþ
3

��
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

��
2

rLi�O

��

þ rDEC
3

rLiþ
3

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DDEF

��
2

rLi�O

��

þ rEC

3rDEC
3DGform

Li�O

2rLiþ
6

(28)
for the phase transformation electrode,

ffiffiffiffir

DGprocess ¼ �F�Ea þ Ec � cLiþ=anode þ cLiþ=cathode

�þ 2F
t

p

��
AaVa

ffiffiffiffiffiffi
Da

p �
C ini

a � Caft
a

��þ �
AcVc

ffiffiffiffiffiffi
Dc

p �
C ini

c � Caft
c

���

þ ðy� xÞ
2

��
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

��
þ
��

1� 2

ðDEC þDDECÞ
��

2

rLi�O

��

þ 1

2

	
rEC

3

rLiþ
3

��
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

��
2

rLi�O

��
þ rDEC

3

rLiþ
3

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�

þ
�
1� 1

DDEF

��
2

rLi�O

��

þ rEC

3rDEC
3DGform

Li�O

2rLiþ
6

þ zDGform
Li�Mn2O4

� � ð1� zÞDGMn2O4
�

gs (29)
Scheme 3 Processes involved in the discharge of Li-ion battery (electrodes with porosity).
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Eqn (28) and (29) represent the free energy change involved in the
entire discharge process of a Li-ion battery, where the electrodes
are assumed to be isotropic and no porosity occurs. Eqn (29) takes
into account the phase transformation at the cathode.

When the electrodes are porous in nature, the electrolyte
seeps through the electrode and the solid/electrolyte interface
(SEI) comes into existence on the electrode surface. This makes
the entire process complicated. The discharge process can now
be written as given in Scheme 3.

In the case of cathodes undergoing phase transformation,
the following additional term is included:

ð1� 3ÞDGadd ¼ ð1� 3Þ
h
zDGform

Li�Mn2O4
� � ð1� zÞDGMn2O4

�
gs

i
(30)

where e represents porosity. Thus, the free energy for the entire
process can now be written as

DGprocess ¼ 23DGa/e + 3DGa/e
ox + (1 � 3)DGa

ox + (1 � 3)DGa
diff

+ (1 � 3)DGsol + DGsol
diff + 2(1 � 3)DGc/e + 3DGc/e

red

+ 3DGc/e
Li + (1 � 3)DGdesol + (1 � 3)DGC

red

+ (1 � 3)DGC
diff (31)

and for LiMn2O4-type cathodes,

DGprocess ¼ 23DGa=e þ 3DGa=e
ox þ ð1� 3ÞDGa

ox þ ð1� 3ÞDGa
diff

þð1� 3ÞDGsol þ DGsol
diff þ 2ð1� 3ÞDGc=e þ 3DG

c=e
red

þ 3DG
c=e
Li þ ð1� 3ÞDGdesol þ ð1� 3ÞDGc

red

þð1� 3ÞDGc
diff þ ð1� 3Þ

�
h
zDGform

Li�Mn2O4
� � ð1� zÞDGMn2O4

�
gs

i
(32)

By incorporating the expressions for all terms from the
previous section, eqn (31) and (32) become

DGprocess ¼� 3F

Ea=e þ Ec=e þ c

c=e
Li � 2c

a=e

Liþ

�

þ ð1� 3ÞF
(

�Ea � Ec � 2c
c=e

Liþ þ 2AaVa

�
C ini

a � Caft
a

�

�
ffiffiffiffiffiffiffiffi
tDa

p

r
þ 2AaVc

�
C ini

a � Caft
a

� ffiffiffiffiffiffiffi
tDc

p

r

� ðx� yÞ
2F

��
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

�

þ
�
1� 2

ðDe;EC þDe;DECÞ
��

2

rLi�O

��

þ rEC
3

2rLiþ
3

��
1� 1

De;EC

��
1

rLiþ
� 2

rLi�O

�

þ
�
1� 1

DEC

��
2

rLi�O

��

þ rDEC
3

2rLiþ
3

��
1� 1
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��
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þ
�
1� 1

DDEC

��
2

rLi�O

��
þ rEC

3rDEC
3DGform

Li�O

2rLiþ
6

)

(33)

and for phase transformation cathodes,
32372 | RSC Adv., 2017, 7, 32367–32382
DGprocess ¼� 3F

Ea=e þ Ec=e þ c

c=e
Li � 2c

a=e

Liþ

�

þ ð1� 3ÞF
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�
C ini

a � Caft
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�

�
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r
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�
C ini
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2rLiþ
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��
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rLiþ
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rLi�O
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DDEC

��
2

rLi�O

��
rEC

3rDEC
3DGform

Li�O

2rLiþ
6

þ zDGform
Li�Mn2O4

� � ð1� zÞDGMn2O4
�

gs

)

(34)

Now, eqn (33) and (34) are the nal form incorporating
porosity in deriving the expression for the free energy involved
in the discharge process of a Li-ion battery.
3. Results and discussion

Eqn (28), (29), (33), and (34) calculate the free energy involved in
the discharge process of a Li-ion battery (i) without phase
transition cathode and porosity, (ii) with phase transition
cathode and no porosity, (iii) without porosity and with phase
transition cathode, and (iv) with porosity and phase transition
cathode, respectively. The individual contributing factors and
free energies associated with the same are discussed in the
following sections (Scheme 4).
3.1 Free energy change involved in the process of Li-ion
intercalation at the cathode and deintercalation at the anode

The rst term in eqn (28) accounts for the free energy change
involved in Li-ion deintercalation at the anode (graphite) and
intercalation at the cathode (MnO2). The free energy change is
represented as

DGI ¼ �F(Ea + Ec � cLi+/anode + cLi+/cathode) (35)

Upon employing the values of all parameters in eqn (35), is
obtained as �550.050 kJ mol�1.

Parameters employed. Ec ¼ 4.1 eV (for LixMn2�xO4 (ref. 26)),
Ea ¼ 1.0 eV (for graphite21), cLi+/anode ¼ �0.4 eV (for graphite22),
cLi+/cathode ¼ �0.2 eV (for LixMn2�xO4 (ref. 22)).

DGI. The value of �5.7 eV obtained for DGI can be attributed
to the negative sum of the work function of the electrodes
during Li-ion intercalation and deintercalation. It is well
This journal is © The Royal Society of Chemistry 2017
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Scheme 4 Illustrative representation of the discharge process in lithium ion battery constituted by porous electrodes.

Scheme 5 Illustrative representation of the work function difference between anode and cathode during delithiation and lithiation, respectively.
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Fig. 1 Plot of DGII and DGIII versus open-circuit potential at each SoC at (a) anode and (b) cathode at

�
t ¼ R2

D

�
.
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known27–29 that Li-ion intercalation at the cathode MnO2 occurs
in two stages and Fermi level of the cathode material varies in
these two stages due to Jahn–Teller distortion of the LiMn2O4

octahedral lattice accompanied by signicant crystal structure
rearrangement. Upon Li-ion insertion, initially, all Li ions
occupy the 16c sites, resulting in the chemical formula of
Li2Mn2O4. All Mn ions reduce to Mn3+ from Mn4+ during the
lithiation process. This lattice structure corresponds to a work
function of 4.1 eV. Upon further lithiation, the geometry of the
cathode further distorts from octahedral geometry to tetrahe-
dral geometry, accounting for a work function value of 2.8 eV.
Therefore, the total work function of the system at any fraction
of Li-ion intercalation is seen as the difference in the work
function of both lattice structures, i.e., 1.3 eV. The work func-
tion of bulk polycrystalline graphite is reported to be 4.4 eV.30

The sum of the work functions of the cathode and anode is
5.7 eV. This clearly indicates that Li has to utilize 4.4 eV to
deintercalate from the graphite anode and 4.4 eV to intercalate
at the MnO2 cathode; hence, the total free energy required for
the process is the sum of the energy utilized to achieve the
process. As per denition, DG is negative of the work done in
a process, andDGI becomes�5.7 eV, ca.�550.050 kJ mol�1. The
entire process is illustratively represented in Scheme 5.
3.2 Free energy change involved in the diffusion of Li ions at
the anode and cathode: solid-phase diffusion

The second term in eqn (28) accounts for the free energy change
involved in the Li-ion diffusion at the anode (graphite) and
cathode (MnO2) and is represented as

DGII;III ¼ 2F

ffiffiffiffi
t

p

r h
AaVa

ffiffiffiffiffiffi
Da

p �
Cini

a � Caft
a

��
þ

AcVc

ffiffiffiffiffiffi
Dc

p �
C ini

c � Caft
c

��i
(36)
32374 | RSC Adv., 2017, 7, 32367–32382
where DGII and DGIII represent the free energy change for the
solid-phase diffusion of Li ions at graphite and MnO2 speci-
cally. DGII and DGIII are written individually as

DGII ¼ 2F

ffiffiffiffi
t

p

r h
AaVa

ffiffiffiffiffiffi
Da

p �
C ini

a � Caft
a

��i
(37)

DGIII ¼ 2F

ffiffiffiffi
t

p

r h
AcVc

ffiffiffiffiffiffi
Dc

p �
C ini

c � Caft
c

��i
(38)

Parameters employed. t ¼ R2

D
, where R is the Li-ion radius in

Angstroms taken to be 0.9 Å,22 D is the thickness of the anode
and considered to be 0.01 Å for the calculations. The value of
diffusion coefficient for Li ions in graphite is employed as
2.27 � 10�13 cm2 s�1,21 that of cathode is 1 � 10�13 cm2 s�1,21

and that for the concentration gradients (Cini
a –Ca

a ) and (Cini
c –

Ca
c ) before and aer diffusion is assumed to be 0.1. For every

State of Charge (SoC) of Li-ion intercalation at the cathode, the
potential value (Vc) and deintercalation at the anode (Va) are
taken from the literature.22

DGII and DGIII. The values of DGII and DGIII obtained are
negligible, in the order of 10�6 to 10�7. The rationale behind
these small values is the small variation in the t, V and DC
values. The graph of DGII and DGIII versus SoC shows that the
free energy increases with an increase in the SoC (Fig. 1).

When t\
R2

D
, the prole of the free energy changes involved

in the solid-phase diffusion of Li ions at the anode and cathode
(DGII and DGIII) varies as shown in Fig. 2.

Fig. 2 implicitly indicates the fact that at higher “t” values,
the free energy required for the diffusion process is very less.
This low free energy change for the diffusion process in the
solid phase is indirectly proportional to the thickness of the
electrode as “t” is inversely proportional to “D”. Higher “t” and
lower “D” lead to more feasible diffusion of the Li ions. These
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Plot of DGII and DGIII versus open-circuit potential at each SoC at (a) anode and (b) cathode at different D values and the condition t\
R2

D
.
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results are analogous to the potentiostatic or galvanostatic
intermittent techniques to determine the diffusion coefficient
from the slope of charge versus time graph (Scheme 6).22

3.3 Free energy change involved in the diffusion of Li+ ions
in electrolytic solution

The third term in eqn (28) depicts the free energy change
involved in the diffusion of Li ions in the electrolyte medium.

DGIV ¼ ðy� xÞ
2

"�
1� 2

ðDe;EC þDe;DECÞ
��

1

rLiþ
� 2

rLi�O

��

þ
��

1� 2

ðDEC þDDECÞ
��

2

rLi�O

�#
(39)

where x represents the fraction of Li desolvated, y is the fraction
of Li ion solvated, De,EC and De,DEC depict the dielectric
This journal is © The Royal Society of Chemistry 2017
constants of EC and DEC due to electron polarization of the
solvent molecules nearest to the central Li ion, respectively, and
DEC and DDEC are static dielectric constants of the solvents EC
and DEC respectively. Eqn (39) is analogous to the Born equa-
tion31 for solvation energetics of ions in solution.

Parameters employed. x varies from 1 to 0, and y varies from
0 to 1. De,EC ¼ 2.72; De,DEC ¼ 1.25; DEC ¼ 89.78; DDEC ¼ 2.82; rLi+
¼ 0.9; rLi–O¼ 1.26 Å; rEC¼ 0.85 Å; rDEC ¼ 0.36 Å. All these values,
except for those of x and y, are taken from the literature.21,32,33

The values of DGIV calculated from eqn (39) are plotted against x
and y to study their dependency, as shown in Fig. 3.

From Fig. 3, the dependency of hopping of Li ions in the binary
solvent mixture EC/DEC via the free energy can be explained. The
hopping of Li ions can be visualized as the interaction of Li ions in
the ethylene carbonate/diethyl carbonate binary solvent mixture
(1 : 1). It is mainly due to coordination bond formation between
RSC Adv., 2017, 7, 32367–32382 | 32375
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Scheme 6 Represents an illustration of the phase transition occurring at the cathode material.
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Li+ and hetero-atomic oxygen/carbonyl oxygen (lone pair-electrons)
atoms. The number of coordination bonds formed is identical to
that of solvent molecules surrounding the Li ions (its solvation
number). The energetics involved in this process is assumed to be
0.25 eV in the grand canonical Monte Carlo simulation of Li-ion
batteries, as demonstrated elsewhere.21 From Fig. 3, we can
obtain 0.25 eV at an identical fraction of Li ions getting solvated
and desolvated (viz-a-viz the equilibrium in the formation and
breaking of Li–O bond during hopping in the solvent). The same
holds true for all x equal to y, indicating that the rst principles-
based thermodynamic predictions of free energy behave as the
foundation formodeling of Li-ion batteries by simulationmethods
such as Monte Carlo. As the dependency of DGIV on the extent of
solvation/desolvation of Li ions is the same, the 3D mesh plot of
DGIV versus x, y appears to be simply linear.
3.4 Free energy change involved in the viscous drag of Li
ions in the solvent

DGV denotes the solvent interaction energy between the
hopping Li ions in solvent EC/DEC according to the term

DGV ¼ 1

2

	
rEC

3

rLiþ
3

��
1� 1

DEC
e

��
1

rLiþ
� 2

rLi�O

�
þ
�
1� 1

DEC

�

�
�

2

rLi�O

��
þ rDEC

3

rLiþ
3

��
1� 1

DDEC
e

��
1

rLiþ
� 2

rLi�O

�

þ
�
1� 1

DDEC

��
2

rLi�O

��

(40)
Fig. 3 Dependency of DGIV on the solvation characteristics of Li ion.

32376 | RSC Adv., 2017, 7, 32367–32382
and DGVI represents the solvent interaction energy of Li ions in
solvent EC/DEC when moved to a new site, as denoted by the
term

DGVI ¼ rEC
3rDEC

3DGform
Li�O

2rLiþ
6

(41)

where the free energy changes DGV and DGVI represent the
viscous drag of the solvent on the Li ions while randomly
moving in the solvent.

Parameters employed.21,32,33 De,EC ¼ 2.72; De,DEC ¼ 1.25; DEC

¼ 89.78; DDEC ¼ 2.82; rLi+ ¼ 0.9; rLi–O ¼ 1.26; rEC ¼ 0.85; rDEC ¼
0.36. The calculated values of DGV and DGVI are 0.5938 and
0.0067 eV, respectively. Sum of DGV and DGVI (0.6005 eV)
accounts for the energetic for viscous drag of the solvent on Li
ions. This value is in agreement with the Eviscousdrag calculated
in the literature.21
3.5 Free energy change involved in the process of discharge
of Li-ion battery (assumption: no phase change cathode, no
porosity)

From eqn (28), the free energy change involved in the discharge
process of a Li-ion battery with no phase transition cathode and
highly isotropic electrode surface is calculated. The obtained
value is plotted against the SoC of Li+ at the anode and cathode.
As there occurs no complication due to phase transition or
porosity, the 3D mesh plot appears linear. As SoCanode

decreases, both, SoCcathode and DGprocess increase. Hence, as
seen in Fig. 4,
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 DGprocess dependency of SoC on anode and cathode.
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DGprocessf
SoCcathode

SoCanode

(42)

The value of DGprocess varies from �5.7579 eV to �4.4412 eV.
The negative values indicate that the process of delithiation
from graphite anode and lithiation into MnO2 cathode is highly
spontaneous in the absence of any phase transition in the
geometry of the cathode and the electrodes to be devoid of any
defect and porosity.
Fig. 5 Variation in free energy change involved in the phase transition a

This journal is © The Royal Society of Chemistry 2017
3.6 Free energy involved in the phase transition process at
the cathode from MnO2 to Li2Mn2O4 and LiMn2O4

DGVII represents the phase transition process in MnO2 upon
lithiation to Li-rich Li2Mn2O4 and Li-poor LiMn2O4. This is
represented using eqn (29) as follows:

DGVII ¼ zDGform
Li�Mn2O4

� � ð1� zÞDGMn2O4
�

gs (43)

where DGform
Li�Mn2O4

� and DGMn2O4
�

gs represent the formation of
lithiated phase and unlithiated phase at the cathode MnO2,
respectively.

Parameters employed. Herein, the Li phase (z) varies from
0 to 1; DGform

Li�Mn2O4
� ¼ 4.84 eV and DGMn2O4

�
gs ¼ 0.38 eV.34

From Fig. 5, it is clear that DGVII (at z ¼ 0) is �0.4 eV and DGVII

(at z ¼ 1) is 4.4 eV. These are not exactly the input values for the
calculation of the free energy DGVII. This can be attributed to the
Jahn–Teller distortion occurring in the MnO2 lattice due to lith-
iation. As the free energy obtained at z ¼ 0.1 becomes the initial
value for the calculation ofDGVII at z¼ 0.2, this residual energy can
be calculated. The difference between the input and output ener-
getics is �0.4 eV in the case of lower z and 0.44 eV in the case of
higher z. Thus, the total energy difference becomes�0.84 eV. This
value is in satisfactory agreement with the Jahn–Teller distortion-
associated energy in LiMn2O4 undergoing distortion from disor-
dered Li–Mn dumbbell to an inverse spinel structure upon lith-
iation.35 The energetics obtained is explained by the following
disproportionation reaction:35

2Mnoct
3+ / Mntet

2+ + Mnoct
4+ (44)
t Li-rich and Li-poor cathode.

RSC Adv., 2017, 7, 32367–32382 | 32377
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Fig. 6 Variation in DGprocess with SoCanode and SoCcathode.
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3.7 Free energy change involved in the discharge process of
Li-ion battery (assuming no porosity and with phase
transition cathode)

Eqn (29) represents the free energy change expression for the
discharge process involving phase transition cathodes. The
assumption made for simplicity is no porosity in the electrodes.
Fig. 6 represents the variation in DGprocess with SoC at the anode
and cathode.

The values of DGprocess with the phase transition compo-
nent are very high in comparison with those of DGprocess

without phase transition cathode. DGprocess from eqn (29)
ranges from �1.5 eV to 0 with variations in the SoC of Li+ in
graphite and MnO2. Thus, excess energy is needed to over-
come the effect caused by the phase transformation from Li-
rich Li2Mn2O4 and Li-poor LiMn2O4. As predicted for
DGprocess (without phase transition) from eqn (28), the vari-
ation in DGprocess in the present case with SoC at the anode
and cathode is linear. The trend of inverse proportionality
prevails in the present scenario.
Fig. 7 Variation in DGSEI with porosity of anode.

32378 | RSC Adv., 2017, 7, 32367–32382
3.8 Variation in free energy change due to solid electrolyte
interface (SEI)

The term �3FðEa=e þ Ec=e þ c
c=e
Li � 2ca=e

LiþÞ from eqn (33) and (34)
accounts for the solid electrolyte interface at the anode and
cathode.

Assumptions made. Since the cathode material employed
here is LiMn2O4, the SEI at the cathode is neglected. Thus, the
free energy change due to SEI reduces to

DGSEI ¼ �3F

Ea=e þ c

c=e
Li � 2c

a=e

Liþ

�
(45)

Parameters employed. 3 varies from 0 to 1. cc/eLi ¼ 0.2 eV,
c
a=e
Liþ ¼ �0:4 eV.
The values of DGSEI vary from 0 to �1.2 eV. This clearly

indicates that the presence of SEI at the graphite anode
decreases DGprocess, thereby making the discharge process more
feasible. As seen from eqn (45),
Fig. 8 Variation in DGprocess with SoC of Li at the anode at 0.3 porosity.

Fig. 9 Variation in DGprocess with the SoC of Li at the anode at porosity
¼ 0.3.

This journal is © The Royal Society of Chemistry 2017
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DGSEI f 3

The free energy change involved in the formation of SEI is
directly proportional to the porosity at the anode. Thus, at 3¼ 1,
the value of DGSEI ¼ �1.2 eV, as seen from Fig. 7.

The use of EC as a co-solvent with DEC plays amajor role in the
performance of a Li-ion battery by forming a protective layer on the
graphite electrode. This protective layer, denoted as SEI, allows
only Li ions to be transported to and from the graphite electrode.
SEI prevents the risk of seeping of solvent molecules in the
graphite electrode along with Li ions. Since, SEI is electrically
insulating and sufficiently thick, it suppresses the decomposition
of the electrolyte at the electrode surface. Hence, the actual dein-
tercalation process takes place almost aer 0.2 V.22 The formation
energy of the insoluble Li carbonates and bicarbonates at SEI is
calculated here at different porosity values.
Fig. 10 Variation in DGprocess with porosity of anode.

Fig. 11 Free energy variation with porosity and (a) SoCanode and (b) SoC

This journal is © The Royal Society of Chemistry 2017
3.9 Free energy change with constant porosity, SEI and SoC
variation but no phase transition

Eqn (33) represents the free energy change involved in the
discharge process of the Li-ion battery at 3 ¼ 0.3 of the anode.
The DGSEI value at 3 ¼ 0.3 is 0.36 eV (Fig. 7). Eqn (33) leads to
DGprocess values from �4.2870 eV to �3.3653 eV. The higher
negative values of DGprocess indicate a more feasible dis-
charging process when the porosity is maintained constant at
0.3. The variation in DGprocess with SoC of the anode is linear,
indicating the direct proportionality of SoC with DGprocess

(Fig. 8), similar to that presented in previous sections.
Fig. 8 shows that at very high SoC (unity), DGprocess becomes

�4.287 eV. Hence, more Li ions tend to deintercalate. As SoC
decreases, the spontaneity of the process decreases, and when
cathode.

Fig. 12 Variation in DGprocess with porosity of the anode including
phase transition of the cathode.
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Fig. 13 Variation in free energy change of the process (a) with porosity and SoCanode, (b) with porosity and occupancy, (c) with SoCanode and
SoCcathode, (d) with porosity and SoCcathode, (e) with SoCanode and occupancy, z, and (f) with SoCcathode and occupancy, z.
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all Li ions have deintercalated from graphite (SoC¼ 0), DGprocess

increases by 0.9217 eV. As porosity is the reason behind SEI
formation, for decrease in the SoC of Li+ at the anode with
porosity ¼ 0.3, the decrease in DGprocess is anticipated.

3.10 Free energy change involved in the discharge process
for cathode with phase transition and 0.3 porosity and anode
with 0.3 porosity

Eqn (34) includes the terms of porosity, phase transition, and
SEI for the free energy change involved in the discharge process
of a Li-ion battery. Herein, the porosity is kept constant at 0.3.
By introducing complications due to phase transition, porosity,
and SEI, DGprocess increases tremendously, making the process
less and less spontaneous. The DGprocess value is calculated to
be from �0.3 to �1.3 eV for an SoC from 0 to 1 for Li ions
(Fig. 9).

3.11 Free energy change involved in the discharge process of
Li-ion battery with porosity varying from 0 to 1 and no phase
transition at cathode

To understand the effect of porosity, SEI and phase transition
independently, eqn (33) is used to calculate DGprocess at
different SoCs and porosities. The porosity value varies from
0 to 1 and the SoC of the cathode and anode varies from 0 to 1.
The phase transition at the cathode is neglected to minimize
the variable parameters. The plot of DGprocess with porosity
(Fig. 10 and 11) indicates that as the porosity at the anode
increases, DGprocess increases linearly, thereby making the
process less spontaneous. This is contrary to what is understood
about porosity and DGprocess as discussed in literature of Li-ion
batteries. This anomaly can be attributed to the assumption of
phase transition energetics in DGprocess calculation. DGprocess

varies from �1 eV to �6 eV for 3 ranging from 0 to 1. This is the
highest range for DGprocess obtained so far in the present
calculations, indicating that Jahn–Teller distortion and the
disproportionation reactions associated with it form a critical
factor in reducing DGprocess and making the discharge process
spontaneous.

3.12 Free energy change involved in the discharge process of
Li-ion battery with porosity varying from 0 to 1 and
incorporating phase transition at cathode

The following assumptions are made in eqn (34): (i) incorpo-
ration of Jahn–Teller distortion and phase transition effects, (ii)
SEI effects, (iii) porosity effects, and (iv) SoC effects on DGprocess.
Fig. 12 implies that upon varying all parameters, the maximum
tolerable porosity withminimumDGprocess can be obtained. The
threshold porosity value for LiMnO2- and graphite-based
batteries is predicted to be 0.4–0.5. This is in satisfactory
agreement with the experimental data reported in the literature.
The DGprocess value decreases initially with an increase in
porosity from �1.2 eV to �2 eV. Aer reaching a porosity of 0.5,
DGprocess increases from �2 to �0.8 eV. Thus, the porosity
behavior is directly proportional to DGprocess till 0.5 and
inversely proportional to DGprocess aer 0.5. This behavior also
reects the Jahn–Teller distortion-induced phase transition in
This journal is © The Royal Society of Chemistry 2017
MnO2 upon lithiation. It is very well demonstrated in the liter-
ature21,22 that till 0.5 SoC, Li+ ions occupy NN sites, and beyond
0.5, they occupy NNN sites. Thus, Fig. 12 predicts the phase
transition of the cathode as well.

The porosity threshold of the system (ca. 0.4 to 0.5), Jahn–
Teller distortion at the cathode due to the insertion of Li ions
(viz-a-viz. DGprocess variation with the SoC of graphite and
LiMn2O4 before and aer 0.5 value; Fig. 13c), and site occu-
pancy of Li ions in the MnO2 lattice upon lithiation (Fig. 13b, e
and f) show an exponential increase in DGprocess aer 0.5 SoC
and z, as predicted via eqn (34). Thus, eqn (34) is a compre-
hensive thermodynamic equation for the discharge process of
a Li-ion battery. Although this equation takes bulk parameters
as input values, the variation in DGprocess with all parameters
such as SoC (both cathode and anode), occupancy of Li+ ions in
cathode (z), phase transition in the cathode material due to
lithiation, maximum threshold porosity acceptable in the
anode, SEI, and its signicance are demonstrated clearly for
LiMn2O4- and graphite electrode-based Li-ion batteries.

4. Perspectives and summary

A series of thermodynamic parameters of Li-ion batteries
during the charge–discharge process, such as enthalpy change,
entropy change, and Gibbs free energy change, were achieved
through the study of thermo-electrochemistry. These experi-
mental results provided basic data for the battery thermal
management and a new technique for a comprehensive evalu-
ation of the thermal and electric performance of battery mate-
rials.36 Thus, a phenomenological thermodynamic approach to
calculate DGprocess involved in the discharge process of a Li-ion
battery was developed. The free energy change involved in Li-ion
deintercalation at the anode (graphite) and intercalation at the
cathode (MnO2) was estimated as �5.7 eV from eqn (28), which
is the negative sum of the work function of the cathode and
anode. The free energy change involved in the Li-ion diffusion
at the anode (graphite) and cathode (MnO2) is negligible in the
order of 10�6 to 10�7. The rationale behind these small values is
the small variation in the t, V and DC values with SoC of Li ions
in respective electrodes. At higher “t” values, the free energy
involved in the diffusion process is very less and indirectly
proportional to the electrode thickness. Higher “t” and lower
“D” lead to more feasible diffusion of the Li ions. These results
are analogous to the potentiostatic or galvanostatic intermittent
techniques demonstrated in the literature, to determine the
diffusion coefficient of Li ions.22 Energetics for viscous drag of
the solvent on the Li ions obtained as 0.6005 eV is in agreement
with the Eviscousdrag calculated in the literature,21 employing
grand canonical Monte Carlo simulations. The energy involved
in the effect of Jahn–Teller distortion on the cathode material is
accurately predicted as �0.84 eV. The maximum threshold for
porosity is 0.4 to 0.5 for the anode. The phase transition is
predicted to occur at 0.5 SoC of Li ions at the cathode. Thus, the
free energy involved in the discharge process of Li-ion batteries
with LiMn2O4 cathode material is calculated by employing the
energetic of individual processes such as intercalation/
deintercalation, diffusion of Li ions in solid and liquid
RSC Adv., 2017, 7, 32367–32382 | 32381
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phases, Jahn–Teller distortion of cathode material, the
maximum threshold porosity, and SoC for phase transition via
phenomenological thermodynamic analysis of the system. As
a future perspective, eqn (28)–(34) can be extended to evaluate
the discharge processes of Li-ion batteries involving any
combination of anode and cathode materials with or without
phase transition, as done via the rst principles calculations in
the literature.37 Measurement of the heat effect by electro-
chemical calorimetry plays an important role in Li-ion cell
safety.38 As eqn (28)–(34) derived in the present study are
temperature dependent, the thermodynamic approach pre-
sented herein for LiMn2O4 can be extended to understand the
temperature effect on the parameters, and hence, the thermal
safety of a wide variety of cathode and anode materials.
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