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Heat of Mixing During Fast Charge/Discharge of a Li-Ion Cell: A
Study on NMC523 Cathode
Divya Chalise,1,2 Wenquan Lu,3 Venkat Srinivasan,3,z and Ravi Prasher1,2,z

1Department of Mechanical Engineering, University of California, Berkeley, California, 94720, United States of America
2Energy Technologies Area, Lawrence Berkeley National Lab, 1 Cyclotron Road, Berkeley, California 94720, United States
of America
3Argonne National Laboratory, Lemont, Illinois 60439, United States of America

Predicting temperature rise accurately during fast charge/discharge of a Li-ion cell is essential to avoid thermal runaway and extend
battery life. While modeling the temperature rise, it is necessary to model the heat generation correctly. Heat of mixing, one of the
four main sources of heat generation in a Li-ion battery, has often been considered insignificant and therefore excluded from
modeling. When included, it is modeled using the expression from a Taylor expansion approximation. In this work, we have shown
the conditions when including the heat of mixing becomes important and quantified the error associated with using the Taylor
expansion, especially under high charge/discharge conditions. Consequently, we carry out the calculation of the rate of enthalpy
change and the heat generation rate from the most fundamental equation for the rate of the total enthalpy change without
simplifying assumptions or approximations. The heat generation rate calculated doing so naturally includes irreversible, reversible
and mixing heat. We then exclusively separate out the heat of mixing by subtracting the rate of enthalpy change by reaction from
the rate of the total enthalpy change. Results show that the contribution of heat of mixing in the total heat generated increases with
the charge/discharge rate and is as large as 23% for a 6 C discharge. This result suggests that while modeling heat generation for
fast charge/discharge, it is necessary to include the heat of mixing and avoid calculating it using the Taylor expansion
approximation.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/abaf71]

Manuscript submitted March 30, 2020; revised manuscript received July 21, 2020. Published August 26, 2020. This paper is part of
the JES Focus Issue on Battery Safety, Reliability and Mitigation.

List of symbols

U Open Circuit Potential (V)
Vcell Terminal Voltage (V)
Vsurface Potential difference between the surface of the solid

phase and the electrolyte (V)
T Temperature (K)
c Concentration ( -mol m 3)
y Lithium Stoichiometry in the insertion compound
t Time (s)
H Enthalpy (J)
H̄ Partial Molar Enthalpy ( -J mol 1)
F Faraday’s Constant ( -C mol 1)
r Radial position (m)
x Position in electrode (m)
V̄ Molar Volume of a Insertion compound ( -m mol3 1)
v Volume (m3)
I Applied Current Density ( -A m 2)
i Current Density seen by a particle ( -A m 2)
Ip Total Current experienced by a particle (A)
j Reaction Current ( -A m 3)
Q Heat generated ( -W m 2)

Lcathode Thickness of Cathode (m)
Lseparator Thickness of Separator (m)
eins Volume Fraction of Active material in cathode
ef Volume fraction of inactive material in cathode
esep Volume fraction of polymer in the separator
R Radius of active material particle (m)
k0 Reaction rate constant for cathode ( -mol s 1)
aa Anodic Charge transfer coefficient
ac Cathodic charge transfer coefficient
RSEI Electrical Resistance of SEI Layer
scathode Bulk Conductivity of Cathode ( -S m 1)
ce i, Initial electrolyte concentration (M)
ce Electrolyte concentration (M)

+t Transfer Coefficient
p Bruggeman Porosity Exponent
κ Ionic Conductivity of electrolyte ( -S m 1)
De Li-ion diffusion coefficient in electrolyte ( -m s2 1)
Ds Solid Li Diffusion coefficient in active material

( -m s2 1)
Subscripts
m Matrix
s Active Material (solid)

Understanding temperature rise is a critical aspect of enabling
battery fast charging.1–3 High temperature accelerates ageing1,4 and
triggers thermal runaway reaction.1,5,6 In order to predict tempera-
ture rise, it is essential to understand how the heat generation evolves
with time during a charge or a discharge process. It is well agreed
upon in literature that the four main sources of heat generation in a
battery are irreversible heat (Ohmic and kinetic losses), reversible
(entropic) heat, heat due to side reactions and heat of mixing.7–14

Various models in literature for predicting heat generation in
batteries can broadly be divided into two classes: models assuming
uniform current distribution and models using non-uniform current
distribution. The simplest uniform current models for time dependent
heat generation in a galvanostatic (constant current) charge or
discharge of a cell include a time or average State-Of-Charge (SOC)
dependent voltage (Vcell), Open Circuit Potential (U ) and entropic
(dU dT ) terms to account for heat released due to irreversible Ohmic
and kinetic losses as well as entropic changes.13,15–18 As U, V and
dU dT change with time (or SOC), these models predict a total heat
generation that evolves with time. However, an implicit assumption in
these models is that there is no mass transport limitation. It is assumed
that all the active material particles in a particular electrode are at the
same state of charge and there is no concentration variation within the
particles themselves. Some models19–22 try to include the effect of
concentration gradients by including an additional heat of mixing
term. However, the heat of mixing term is generally computed using
an expression obtained by Taylor expansion, which, as discussed later
in the paper, is not applicable at high currents where concentration
gradients are significant.zE-mail: vsrinivasan@anl.gov; rsprasher@lbl.gov
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The non-uniform current distribution models are rigorous in
accounting for spatial inhomogeneity in heat generation caused by
mass transport limitations and current non-uniformity. Generally,
these models obtain the current distribution by solving Newman’s
Pseudo-2D (P2D) model and incorporate a spatially and temporally
varying heat generation expression.23–26 The heat generation term
includes irreversible heat arising from losses in transport within the
electrolyte, the electrodes and the current collectors and reaction
heat arising from surface overpotential. Additionally, these models
account for entropic change due to the reaction at the surface of an
active material particle. However, they do not account for heat of
mixing i.e. enthalpy change due to temporally and spatially varying
composition within an active material particle. After a charge
transfer reaction, the solid lithium diffuses in an intercalation
compound. The composition of the intercalation compound deter-
mines its energy,7 and as the composition changes when the lithium
diffuses in the active material particle, the energy of the active
material particle changes with time. This change in the energy is
manifested as heat and is generally known as the heat of mixing in
the particles.

Some of the earliest and the most fundamental work in
quantifying heat of mixing in batteries were carried out by
Thomas and Newman,7,9,14 where they describe heat of mixing as
the enthalpy change due to the formation or relaxation of concentra-
tion gradients. Their work presents an approximate expression to
estimate the magnitude of heat of mixing (Eq. 40 in Ref. 7) derived
using Taylor expansion of the composition dependence of enthalpy.
The Taylor expansion implicitly assumes small changes in the
composition and therefore cannot be applied in cases where
concentration gradients are significant. Since heat of mixing itself
is insignificant in the absence of strong concentration gradients, this
approach of Taylor expansion is not particularly useful. However,
various authors19–21,27,28 have used the same expression (Eq. 40 in
Thomas and Newman7) to include the effect of mixing in their study
of heat generation. It will be shown later in the paper that at high
charge/discharge rates, this approach can give misleading results and
should be avoided when mass transport effects become significantly
important. Thomas et al.7 have also provided expressions to estimate
the heat released or consumed (Eq. 46 in Ref. 7) when the
concentration gradients relax after the current is switched-off. In
doing so, they have used the pseudo-steady state assumption to solve
for the concentration profile. This assumption is valid when the
temporal variation of the concentration is much smaller compared to
the spatial variation. This can be true when the battery has already
operated for a significant amount of time. Therefore, this is a
reasonable approach to obtain the concentration profile at the time
when the current is switched-off (as in the case modeled by Thomas
et al.7). However, these equations are not valid when the concentra-
tion profile is still evolving with time, and therefore the time
derivative of the enthalpy of relaxation given by these equations
cannot be used to model heat of mixing during operation of the cell.
Still, it is seen in some of the previous works27 that authors have
used the time derivative of enthalpy of relaxation to calculate the
heat of mixing for the entire duration of operation of a cell. From the
review of the past literature, it is therefore evident that there is a need
to illustrate the limitations of Thomas’ method based on Taylor
expansion and to prescribe a suitable method for calculating the heat
of mixing in fast charge/discharge conditions.

In this paper, we carry out the calculation of the rate of total
enthalpy change for the active material particles in a cell and
separate it from the total work done by the cell to obtain a heat
generation term that naturally includes heat of mixing along with
other reversible and irreversible heat terms. Finally, we separate out
the irreversible and reversible reaction heat to come up with an
explicit term for heat of mixing in an active material particle. In
doing so, we avoid assumptions such as the applicability of pseudo
steady state or the existence small concentration gradients. Avoiding
the pseudo-steady state assumption makes the method applicable to
studying heat of mixing at any time of operation of the cell, and

avoiding the small concentration gradient assumption makes it
suitable in studying heat of mixing during fast charging.

Theory: Rate of Total Enthalpy Change

We begin by investigating the rate of total enthalpy change in a
single particle and extend it to the entire cell.

For a lithium insertion electrode, we can assume a spherical
active material particle and assume it to comprise of a matrix (m)
and inserted solid lithium (s). Then, the total enthalpy of the particle
is given by the sum of enthalpies of the matrix and the lithium. Since
the concentration of Li can be a function of space, we need to
formulate a volumetric integral of concentration and the enthalpy of
each species associated with that concentration to calculate the total
enthalpy:

( ) [ ]ò= +H c H c H dv 1s s m m

where, cs and cm are the concentration of lithium and the matrix
respectively, Hs and Hm are the respective partial molar enthalpies of
lithium and the matrix in the cathode or anode compound, and the
integral is over the volume of the particle.

Then, the rate of change of enthalpy is given by:
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From Gibbs-Duhem Relation, it can be shown that
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Since the concentration of the matrix does not change with time,

( ) = 0.dc

dt
m

Additionally, Newman has shown that = -H FU .s H
7,8 Here,

F is the Faraday’s constant and UH is the enthalpic potential
defined by:
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Therefore, the expression for the total enthalpy change becomes:
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For a spherical particle, the volumetric integral becomes:
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Equation 6 (or equivalently Eq. 7 for a spherical particle) is the most
fundamental equation to calculate the enthalpy change for a Li-insertion
compound at constant temperature. This equation was presented by
Bernardi and Newman (1985) (Eq. 5 in Ref. 16) and has been used and
further simplified by various authors to calculate the enthalpy change
and heat generation (e.g., Eq. 8 in Rao and Newman (1997),13 Eq. 11 in
Thomas and Newman (2003)7). In fact, as shown by Rao and
Newman,13 the most commonly used expression for the rate of enthalpy
change i.e. = = - ¶

¶
Rate of Enthalpy Change IU IU ITH

U

T
is a

simplification of Eq. 6. Similarly, as discussed later, the Taylor
expansion formulation7 is also a simplification of Eq. 6.
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From Eq. 7, in order to calculate the total enthalpy change, we
need to determine the time evolution of the concentration of lithium
as a function of space (r). If the local concentration of lithium is
known, the local state of charge ( ( )y r t, ) can be determined from:

( ) ( )
¯ [ ]=c r t

y r t

V
,

,
8

It is to be noted that Eq. 8 assumes negligible volume change in
the particle with the insetion/deinsertion of lithium, which is a
reasonable assumption for most electrode materials.29–31

To obtain the concentration profile, the diffusion equation (Eq. 9)
for the particle needs to be solved.

⎜ ⎟⎛
⎝

⎞
⎠ [ ]¶

¶
=

¶
¶

¶
¶

c

t
D

r r
r

c

r

1
9s 2

2

Where, Ds is the diffusivity of lithium in the insertion compound.
The required boundary conditions are:
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with the initial condition:

( ) ( ) [ ]=c r c r, 0 110

where, ( )c r0 is the concentration profile obtained at the end of the
previous time iteration in the simulation of the concentration profile.

The current density (i) experienced by each particle can be
obtained from8:
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The reaction current ( ( )j x ) can be obtained by solving the P2D
model.32,33

Solving Eq. 9 allows us to compute the volumetric integral given
by Eq. 7 to calculate the total enthalpy change for a particle.

The total enthalpy change for the entire cell is the sum of
enthalpy change for all the particles in both electrodes. Since the
total heat generated in a discharge process is the difference between
the total enthalpy change and the useful work produced (IV ), we can
therefore write the expression for the total heat generated as:

⎜ ⎟⎛
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å å=

-

Total Heat Generated Q
dH

dt

IV
13

Electrodes Particles per unit area

cell

Equation 13 implicitly includes heat generation from all mechan-
isms including transport and kinetic losses and heat of mixing within
the particles. Therefore, Eq. 13 is the most general equation to
calculate the total heat generated.

If we have to isolate the heat of mixing in a particle itself, we
would have to consider the total heat generated in the particle and
separate the irreversible and reversible heat generated due to the
reaction on the surface.

Following the same logic as in Eq. 13, the total heat generated by
a particle is:
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dH

dt
R iV4 14Total particle surface,

2

Here, Vsurface is the potential difference between the surface of the
solid phase and the electrolyte.

The reversible and irreversible heat of reaction for the particle is
obtained from25:

( ) [ ] p= -Q R iU iV4 15reaction particle H surface surface,
2

,

Since the expression for the total heat generated includes heat of
mixing and the heat of reaction, the explicit expression for heat of
mixing in a particle is:
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2

,

Therefore, in a mathematical sense, the heat of mixing is
equivalent to the error induced in calculating the heat generation
by only considering the enthalpy change of the reaction at the
surface instead of the total enthalpy change of the particle.

Simulation Details

This study is carried out for a Li-ion cell with NMC523
(Li Ni Co Mn Ox 0.5 0.3 0.2 2) cathode and Li-metal anode with LiPF6
electrolyte in EC:DMC solvent. In order to quantify the enthalpy
change using Eq. 6, it is necessary to quantify the enthalpy potential
(UH) as a function of the state of charge. It has two components:
Open-Circuit potential (U ) and the entropic coefficient (dU dT ).
These quantities were measured for a coin-cell with NMC523
cathode and Li-metal anode obtained from the Cell Analysis,
Modeling, and Prototyping (CAMP) Facility at Argonne National
Laboratory. The Open Circuit Potential for NMC523 was obtained
by measuring the cell voltage (Vcell) as a function of the state of
charge for a very slow discharge (C/10) assuming the losses to be
negligible so that the cell voltage would be equal to the Open-Circuit
potential. The entropic coefficient (dU dT ) was determined from

Table I. Parameters used in P2D Simulation.

Parameter Value

Lcathode m42 ma)

Lseparator m25 ma)

eins 0.716a)

ef 0.083a)

esep 0.41a)

R m6 ma)

k0 ´ - -1 10 mol s11 139

aa 0.5
33

ac 0.5
33

RSEI 0
33

s cathode -10 S m 133

ce i, M1.2 33

+t 0.363
33

p 1.5
33

κ
⎜ ⎟

⎛
⎝⎜

⎛
⎝

⎞
⎠

⎞
⎠⎟´ -- c

c
15.8 10 exp 13472

1000
e

e1
1.4

33

De ´ - -4 10 m s10 2 140

Ds ´ - -3 10 m s14 2 141

+t 0.363
33

a) = standard value for the coin cell provided by CAMP.
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calorimetry using the method described in the literature.14,34–36 The
measured data for the Open Circuit Potential and the entropic
coefficient are presented in the Appendix.

The current distribution and consequently the local state of
charge for each cathode particle as a function of location and time
for discharge was simulated using Newman’s P2D model32,37 using
a control volume method in Python.38 The simulation parameters for
the P2D analysis are summarized in Table I. After obtaining the
local state of charge and concentration, the rate of enthalpy change
per particle was calculated using Eq. 7. Since P2D assumes that
the current seen by all the particles at a distance x (see Fig. 1) from
the current collector is the same, the rate of enthalpy change of
all the particles within x and +x dx could be assumed to be the
same, and the rate of total enthalpy change for all particles in the
electrode can be calculated as

⎜ ⎟⎛
⎝

⎞
⎠ ( )

[ ]

òå e
p

=
dH

dt R

dH

dt
x t dx

3

4
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19
Particles per unit area Cathode

ins
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,
3 0

cathode

where e
p

dx
R

3

4
ins

3 is the approximation for the number of particles per
unit area between x and +x dx.

The set of equations used to quantify the rate of the total enthalpy
change and consequently the heat of mixing for a particle and the
overall cell (per unit area basis) is summarized in Table II.

Results and Discussion

Taylor expansion approximation and the error associated.—
Starting from this fundamental equation of the rate of the total
enthalpy change (Eq. 6), Thomas and Newman7 apply the Taylor
expansion approximation (based on the assumption of small
concentration gradients within the particles) to obtain the equation:
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The first term, evaluated at the surface concentration, is the rate
enthalpy change due to the charge transfer reaction at the surface, the
second term is generally referred to as enthalpy change due to

concentration. The last term ( )( )ò -¶
¶ ¥c c dv ,d

dt

H

c s s
1

2 ,
2s

s
derived by

Newman and Thomas (equation number 40 in Thomas and
Newman7) with the Taylor expansion approximation, is the expres-
sion used by various authors (19–21,27,28) as “Heat of Mixing.”

The Taylor expansion approximation assumes small concentra-
tion gradients so that a 2nd order expansion is sufficient to describe
the enthalpy difference from the enthalpy evaluated at the mean
concentration. At small charge/discharge rates, this assumption is
reasonable. However, at higher C-rates, when the rate of lithium
influx is significantly greater than the diffusion rate, strong con-
centration gradients develop, and this approximation is not valid.
Shown in Fig. 2 is a comparison of the rate of enthalpy change for
the entire cell with a uniform current distribution at 3 different C-
rates: 1 C, 5 C and 8 C. As the C-rate increases, the assumption of
small concentration gradients does not hold true. At higher C-rates
and at certain SOC’s where the ¶

¶
H

c
s

s
term is large, the results from the

Taylor expansion calculations deviate/overshoot significantly from
the actual enthalpy change rate calculated from Eq. 6.

In Fig. 3, we have quantified the maximum error (with respect to
the rate of enthalpy change calculated from Eq. 6 and normalized by
the range of the enthalpy change rate) as a function of the C-rate in
predicting the rate of enthalpy change with the Taylor expansion

Figure 1. Schematic of the Simulation setup.

Figure 2. Enthalpy Change simulated from rate of the total enthalpy change calculation and the method of Taylor Expansion for NMC523 for (a) 3 C (b) 6 C and
(c) 8 C discharge rates. As the discharge rate increases, the error using the Taylor expansion method increases.
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method as well as not including heat of mixing at all. As expected, at
low C-rates (less than 3 C), the Taylor expansion method incurs low
error (<10%), however, as the C-rate goes up, the error increases, to
the point that it exceeds the error associated with not including heat
of mixing at all (calculating only the rate of enthalpy change due to
the reaction). This clearly shows that the Taylor expansion approx-
imation is limited and not applicable during fast charge/discharge,
exactly when the heat of mixing becomes important.

Study of the total heat generated and the heat of mixing from
the rate of total enthalpy change.—Having established that the
method of Taylor expansion is not appropriate for higher C-rates, all
subsequent results of the investigation of the total heat generated and
the heat of mixing in a cell with NMC523 cathode are calculated
from the rate of the total enthalpy change using the method
described in section 2 and summarized in Table II. Figures 4a and
4b show the total enthalpy change, reaction enthalpy change and the
work done by the cell (IV ) for two different charge rates 1 C and 3 C
respectively. It can be seen from the figure that at 1 C, the curve for
rate of change of reaction enthalpy is very close to the curve of rate
of total enthalpy change, However, for 3 C, the two curves differ
noticeably. While charging or discharging at a higher C-rate, the net
lithium flux in or out of the particle is high compared to the diffusion
rate. Because of this, the surface concentration of lithium differs
significantly from the concentration of lithium inside the particle,

Table II. List of equations used in the rate of enthalpy change and the heat of mixing calculation.

Equation Eqn. No.

For a particle:
Rate of the Total Enthalpy Change (Watts):
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R iU4mixing particle H surface,

2
,

17

For the entire Cell (per unit electrode area basis):
Rate of the Total Enthalpy Change (W m−2):
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Heat of Mixing (W m−2):
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⎞
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R

dH
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x t R iU x t dx

3

4
, 4 ,mixing cell

ins
L

H surface, 3 0

2
,

cathode 18, 19

Figure 3. Normalized maximum percentage error associated with calcu-
lating the enthalpy change rate with the Taylor expansion approximation as
well as not including the enthalpy of mixing at all calculated as a function of
C-rate.

Figure 4. Enthalpy Change during (a) 1 C (b) 3 C discharge. At a lower discharge rate (1 C), almost all of the enthalpy change comes from the reaction.
However, at a higher discharge rate (3 C), the overall enthalpy change is significantly greater than the reaction enthalpy change.

Journal of The Electrochemical Society, 2020 167 090560



and strong concentration gradients develop within the particles.
When lithium diffuses through such a gradient in concentration, the
local composition and therefore the energy changes rapidly, and as
the change in energy is exothermic, it is manifested as heat. At lower
C-rates however, the rate of diffusion is comparable to the lithium
flux in or out of the particle, because of which strong concentration
gradients do not develop. For a lithium atom diffusing inside a
particle with weak concentration gradients, the local composition
does not change rapidly as it diffuses. Because of this, the rate of
change of its enthalpy due to the change in local composition is low
compared to the change in enthalpy due to the electron transfer
reaction at the surface. This is the precisely why most of the rate of
enthalpy change is contributed by the reaction alone for the 1 C
discharge, while a significant portion of the total enthalpy change for
3 C discharge is contributed by mixing.

The heat generated is the difference between the enthalpy change
and the work done. Figures 5a and 5b show the heat generated
calculated with and without including heat of mixing. It can be seen
that at a lower C-rate (1 C), the error induced by not including heat
of mixing is small when compared to that in the case of a higher

C-rate (3 C), which can again be explained by the presence or
absence of the concentration gradients.

The time average of percentage of heat of mixing in the overall
heat generated was quantified for different C-rates and the result is
presented in Fig. 6. It is evident from the figure that even at 1 C, heat
of mixing is significant and contributes up to 10% of the total heat
generated. At higher C-rates, the heat of mixing contribution further
increases, where at 6 C it can be up to 23%. This is a major
observation because most heat generation models in literature had
been neglecting heat of mixing considering it as insignificant, and
those models that did include it had been calculating it incorrectly.
This result, however, shows that if calculated correctly, the heat of
mixing can be a significant source of heat generation and therefore
demonstrates a need for revision of literature in order to understand
and quantify heat generation accurately.

Finally, it is also worth discussing the irreversible exothermic
nature of heat of mixing in Lithium insertion compounds. Unlike
entropic (reversible) heat, heat of mixing is exothermic for both
charge and discharge. This is a consequence of the fact that in both
charge and discharge, lithium inside a particle diffuses from higher
lithium concentration to lower lithium concentration. For an NMC
particle, the energy of a composition with higher lithium content is
higher than that with lower lithium content. Thus, the diffusion
process always makes lithium move from a state with a higher
energy to a state with a lower energy. Hence, this movement of
lithium (mixing) is always exothermic regardless of whether the
battery is charging or discharging. This irreversible exothermic
nature of heat of mixing arising from diffusion into a state of lower
energy is inherently different from irreversible heat arising from
reaction overpotential or Ohmic losses which arise from kinetic or
transport limitations (losses). Had the mixing process been en-
dothermic, heat of mixing would have been irreversibly en-
dothermic.

Conclusions

From the original papers on battery heat generation,7,13,16 it is
evident that the methods commonly used to calculate the rate of
enthalpy change (and consequently the heat generation) such as
IU ,H surface, or ¥IUH, or the method of Taylor expansion are
approximations to the fundamental equation of the rate of total
enthalpy change (Eq. 6). At lower charge/discharge rates, these
approximations work reasonably well. However, at high charge/
discharge rates, these approximations do not accurately represent the
rate of the enthalpy change as the assumptions made for the
approximations are not valid when the concentration gradients are

Figure 5. Heat generated during (a) 1 C (b) 3 C discharge. Mixing contributes significantly to the total enthalpy change at a higher C-rate which makes the total
heat generated much higher than predicted by including reaction enthalpy alone.

Figure 6. Percentage contribution of heat of mixing in the overall heat
generated. Mixing can thus contribute nearly 1/5 of the total heat generated at
high C-rates.

Journal of The Electrochemical Society, 2020 167 090560



strong. In that case, calculating the rate of the enthalpy change and
the heat of mixing without approximations by reverting to the
fundamental equation of the rate of the total enthalpy change
becomes necessary. Using the fundamental equation, we have shown
in this paper that, in NMC cathodes operating under realistic fast
charge/discharge conditions, the heat of mixing contributes to a
significant portion of the heat generated (nearly 1/5 at 6 C) and
therefore should not be neglected from modeling. Additionally, we
have also established when and how the Taylor expansion approx-
imation for calculating the heat of mixing breaks down and
quantified the error associated with it. In the process, we have also
clarified the meaning of heat of mixing and discussed its irreversible
exothermic nature in Li-ion batteries with NMC cathodes.
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