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The electrochemical performance, reliability, and safety of Li-ion cells

depend on thermal management. However, the heat generation

mechanisms and release characteristics of large-format high-energy-

density (HED) Li-ion cells, a prerequisite for an efficient battery

thermal management system (TMS), remain unclear. This study clarifies

the heat issues of a 57.5 Ah HED (266.9 W h kg�1) Li-ion cell with

a promising material couple of nickel-rich cathode and SiOx/graphite

anode. Both reversible entropic heat and irreversible polarization heat

at different discharge rates are unraveled. While charge transfer and

mass transport dominate the total polarization heat, the contribution

from the ohmic effect and surface impedance increases with discharge

rates. Polarization heat also increases consistently with lowering SOCs

because of the increasing mass transport overpotential. In particular,

the abrupt increase of heat generation at a SOC below 25%may be due

to the leveraged discharge rate of SiOx caused by the mismatch of the

voltage windows of graphite and SiOx. Moreover, the isothermal

calorimetry study uncovers the significant heat accumulation and

delayed heat release effects of large-format cells, which could cause

undetectable but dangerous internal temperature rise at high

discharge rates. Findings obtained in this study could guide the rational

design of HED cells and TMS optimization.
1. Introduction

Aer powering portable electronic devices for decades, Li-ion
batteries (LIBs) are now boosting the worldwide vehicle elec-
trication evolution and starting to penetrate the broad market
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of massive energy storage systems for renewable energy utili-
zation.1 To prolong the cruising range of electric vehicles (EVs)
andminimize the space occupation of energy stations, intensive
research interest has been focused on developing high-energy-
density (HED) LIBs.2 However, in these large-scale energy
storage scenarios, some other important performance metrics
should be emphasized,3 including calendar life, energy effi-
ciency, and most importantly safety. Issues in these respects
have raised many concerns that are impeding the wide
deployment of HED LIBs. Aside from the chemistry and
manufacturing quality, cell performances depend signicantly
on how well the cell temperature can be managed.4–6 Low
temperatures can not only compromise cell outputs because of
sluggish charge transfer kinetics and low electrolyte conduc-
tivities,7–9 but can also increase internal shorting risks by
lithium plating.10–12 Comparatively, high temperatures are more
detrimental. High temperatures can aggravate side reactions,13

increase cell impedances,14 accelerate capacity degradation,15–17

and in extreme cases can cause separator melting resulting in
internal shorting or directly provoke highly-exothermic
dangerous chemical reactions inside LIBs.18

Heat generation and the resulting temperature variation,
however, are inevitable for LIBs, which necessitates the thermal
management system (TMS) to maintain the battery tempera-
tures in acceptable ranges.19–22 The task is challenging for large-
format cells frequently used in large-scale HED packs to deduct
weights and volumes. Prolonged heat conduction paths and
large temperature differences inside large-format cells could
render delayed response of the TMS, most of which act based on
the feedback of cell surface temperatures. The task of the TMS
could be further complicated by the variable and maybe arbi-
trary battery output demands from EVs and energy stations,
which is contrast with the charging process usually performed
in muchmore denite protocols. To achieve timely and efficient
battery thermal management, it is necessary to optimize the
action and algorithm of heating/cooling systems based on
a thorough understanding of the heat generation and release
J. Mater. Chem. A, 2022, 10, 1227–1235 | 1227
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Fig. 1 Responses of the cell voltage to stepped temperature increases
and calculated entropic coefficients (vU/vT) of the cell at SOCs of
100%, 75%, 50%, 25%, and 0%.
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characteristics of the cell under different output conditions,
and not merely relying on the cell surface temperatures.

Among many choices for HED LIBs, the nickel-rich cathode
and SiOx/graphite anode material couple stood out for their
commercial viability and has received wide interest across
academia to industry. Aer substantial progress was achieved at
the material level in improving the specic capacity and cycla-
bility,23–27 more and more research interest has been focused on
the reliability and safety at the cell level,28,29 especially aer
several severe re and explosion events occurred on some pio-
neering EV products. The root cause is that the nickel-rich
cathode, thinner separators and current collectors preferred in
HED cells are generally less high-temperature tolerant and more
violent in thermochemical reactions.30–32 Besides, the large
format and high energy density can themselves further aggravate
the hazard degree by supporting large-amount and condensed
heat release during the cell thermal runaway. A previous study by
our group has demonstrated that even a millivolt-level micro
short circuit is sufficient to trigger a catastrophic re in large-
format cells with this material couple.33 The high safety risks
and worse consequences narrow the acceptable temperature
windows of large-format HED cells and again emphasize the
importance of a thorough understanding of the heat generation
and release mechanisms. Unfortunately, until now research
committed to these issues remain rare.

Herein, this study claries the heat issue of a 57.5 Ah Li-ion
pouch cell with a high energy density of 266.9 W h kg�1 using
a Li[Ni0.83Co0.12Mn0.05]O2 NCM cathode and a SiOx/graphite
blended anode. Both reversible entropic heat and irreversible
polarization heat at different discharge rates and different SOCs
were quantied and analyzed. Electrochemical impedance
spectroscopy (EIS) and transient voltage behavior analyses were
performed to decompose the polarization heat, and identify the
dominant contributing factors and the kinetic limitations. We
found that the mismatch of discharge voltage windows of SiOx

and graphite may play a crucial role in increasing the heat
generation and cell polarization at low SOCs. More importantly,
signicant heat accumulation and delayed heat release
behavior of large-format HED cells were revealed for the rst
time by an isothermal calorimetry study.

2. Results and discussion
2.1. The Li-ion cell

The cell has dimensions of 226.6 � 160.2 � 12.2 mm and
a weight of 809.1 g, and adopts a Li[Ni0.83Co0.12Mn0.05]O2 NCM
cathode with a capacity of 193.9 mA h g�1 (Fig. S1†), a SiOx/
graphite blended anode with a capacity of 412 mA h g�1,
a ceramic-coated polyethylene (PE) separator with a thickness of
15.3 mm, and an electrolyte of 1 M LiPF6 in EC/DEC/EMC
(25 : 50 : 25 by weight). Detailed electrode parameters and an
image of the cell are provided in the ESI.† At 1/3C discharge rate
and with a voltage window of 4.2–2.8 V, the cell delivered an
energy density of 266.9 W h kg�1 and a capacity of 57.5 Ah. Cell
SOCs were adjusted by discharging fully charged cells (100%
SOC) by proportional capacities on the basis of that at 1/3
discharge rate.
1228 | J. Mater. Chem. A, 2022, 10, 1227–1235
2.2. Quantifying the reversible and irreversible heat
generation

Newman and his coworkers conducted pioneering research on
the general energy balance and heat effects for insertion battery
systems.34–37 The principles proposed in these studies are still
being widely used.38–42 Neglecting the heat related to mixing and
phase change,36 the total heat generation rate for a battery can
be described by eqn (1).

Q
�

g ¼ IðU � VÞ � I

�
T
vU

vT

�
(1)

where _Qg is the heat generation rate and is positive when the
system is exothermic, I is the current and is dened as positive
for cell discharging, U is the open-circuit voltage (OCV), V is the
cell voltage, and T is the temperature.

We rst focused on the second term of eqn (1), the entropic
heat, which is irreversible and depends on the thermodynamic
state of the system. Entropic coefficients at different SOCs, vU/
vT in eqn (1), were measured via a potentiometry method re-
ported in our previous work.43 As can be seen in Fig. 1, the
entropic coefficients are positive for SOCs of 100% (0.102 mV
k�1), 75% (0.085 mV k�1), and 50% (0.145 mV k�1), indicating
endothermic effects for cell discharging and exothermic effects
for charging at these SOCs. At 25% and 0% SOCs, the entropic
coefficients change to be negative, �0.12 mV k�1 and –0.36 mV
k�1 respectively, suggesting exothermic entropic effects for
discharging and endothermic entropic effects for charging. The
entropic coefficient for 0% SOC (�0.36 mV k�1) is much larger
in absolute value, implying more signicant entropic effects.
The unsteady voltage at high temperatures is due to cell reba-
lancing and self-discharge (Fig. S2†). Entropy is in connection
with the disorder of a system. At high SOCs, the occupation of
This journal is © The Royal Society of Chemistry 2022
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lithium atoms in both the anode and cathode materials is
relatively ordered. Discharging increases the entropy because
both Li extraction in the anode and Li insertion in the cathode
can occur at many available sites and thus can lead to a more
disordered state.36 Conversely, at lower SOCs, discharging tends
to render a full empty state in the anode and a full occupied
lattice in the cathode, both of which are more ordered.

We next probed into the rst term in eqn (1), the polarization
heat, which is irreversible and stems from various over-
potentials because of the ohmic effect, charge transfer, and
mass transport that are necessary to maintain a required
current. To this end, we rst estimated the U (denoted as quasi
U) by averaging the charge and discharge cell voltages at an
ultra-low rate, 0.01C. As can be seen in Fig. 2a, the charge and
discharge voltage curves almost overlap with each other at high
SOCs, suggesting negligible polarization. They deviate slightly
from each other at lower SOCs, indicating that higher over-
potentials are required at lower SOCs. Discharge voltage curves
at different rates are compared with the quasi U in Fig. 2b. At 1C
and 3C rates, the cell capacity decreases by 3.45% and 19.2%,
respectively (Fig. 2b), which leads to unused energies of 6.43
W h and 37.1 W h, corresponding to 3% and 17.2% (Fig. 2c) of
the total stored energy implied by the quasi U. The area between
curve U and curve V represents the energy irreversibly wasted as
polarization or overpotential heat, which is 8.4 W h (3.9% of the
stored energy) for 1/3C and increases up to 24.6 W h (11.4% of
the stored energy) for 3C. To examine the SOC dependence of
the heat generation, the overpotentials and equivalent terms for
Fig. 2 (a) Voltage curves of the cell during 0.01C charge and discharge
utilization of the cell during 1/3C, 1C, and 3C discharge; (d) overpotentials
rates of the cell during 1/3C, 1C, and 3C discharge.

This journal is © The Royal Society of Chemistry 2022
entropic effects selected at certain SOCs (98%, 75%, 50%, 25%,
and 0% SOCs) are compared in Fig. 2d. Overpotential at 98%
SOC rather than that at 100% SOCs was selected to eliminate
the initial transient behavior of cell voltage immediately aer
discharging. As shown in Fig. 2d, it is obvious that at all
discharge rates the overpotentials grow consistently with
decreasing SOC and increase sharply below 25% SOC. The heat
generation rates were calculated according to eqn (1) and
plotted in Fig. 2e–g. As can be seen, the entropic change has
signicant effects on the total heat generation at the low
discharge rate of 1/3C, contributing �28% to 22% to the total
heat generation. During cell discharge, the entropic effect
reduces the heat generation at higher SOCs but aggravates the
heat generation at lower SOCs. It should be noted that the 1/3C
discharge rate as used, although is comparatively a low rate in
this study, is indeed very representative for electric vehicles and
is widely used as a benchmark rate in many power battery
testing standards. Higher discharge rates and outputs can also
be widely envisioned at scenarios such as EV accelerating and
climbing, and electried aircras. At higher discharge rates of
1C and 3C, the overpotential dominates the total heat genera-
tion, accounting for more than 85% of the total heat generation.
2.3. Unraveling the irreversible heat generation

The total overpotential consists of partial overpotentials arising
from the ohmic effects, heterogeneous charge transfer, and
mass transport. Decomposing the total overpotential and
quantifying the partial overpotentials are important for
and the calculated quasi OCV curve; (b) voltage curves and (c) energy
and entropic-effect equivalents, and (e–g) calculated heat generation

J. Mater. Chem. A, 2022, 10, 1227–1235 | 1229
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identifying the dominant factors for the heat generation and, at
the same time, the kinetically limiting steps.

We rst analyzed the current–overpotential characteristics of
the cell. As can be seen in Fig. 3a, the plots at different discharge
rates all bend upwards, implying that the currents have not
reached the saturation region limited by mass transport but
maybe are still being co-controlled by the heterogeneous charge
transfer, which is characterized by an exponential-like current-
activation overpotential (hac) relation conforming to the Butler–
Volmer equation.44 EIS tests were further performed to assess
the pseudoresistances corresponding to different partial over-
potentials. In Fig. 3b, the Nyquist plots exhibit two depressed
semicircles in high and medium frequency regions, which can
be attributed to impedances from the solid–electrolyte inter-
phase and heterogeneous charge transfer, respectively.7,45 Using
the equivalent circuit model (ECM) in Fig. 3c, the values for Ro

(ohmic resistance), RSEI (SEI resistance), and Rct (charge transfer
resistance) are tted out.

Because of the resistive behavior of Ro and RSEI, their
contributions to the total overpotential (denoted as ho and hSEI

in Fig. 3d–f) can be calculated and deducted. The residue aer
the deduction of ho and hSEI represents the effects of charge
transfer (hac) and mass transport (hmt). Comparing the results
shown in Fig. 3d–f reveals that hac and hmt dominate the total
overpotential at all of the SOCs and discharge rates. Their
dominating role is more obvious at low discharge rates and
especially at low SOCs. For instance, at the 1/3 discharge rate,
Fig. 3 (a) Current–overpotential plots of the cell; (b) Nyquist plots of the
effect (Ro), SEI (RSEI), and charge transfer (Rct); (d–f) decomposition of th
blended anode at 1/3C.

1230 | J. Mater. Chem. A, 2022, 10, 1227–1235
the collective contribution from hac and hmt to the total over-
potential is 72% (at 98% SOC), 78% (at 75% SOC), 82% (at 50%
SOC), 86% (at 25% SOC), and 91% (at 0% SOC), respectively.
The contribution from Ro and RSEI gets increasingly important
at higher discharge rates. While charge transfer and mass
transport properties are almost inherent to the cell material
themselves, Ro and RSEI depend signicantly on the structure
and conducting network in the electrode, and conditions
during the initial formation process, and can be improved by
design optimization at the cell level.

We further conducted an in-depth examination of the SOC
dependence of the resistances shown in Fig. 3c. Rct shows
strong SOC dependence and increases signicantly at high and
low SOCs. This is consistent to previously reported behaviors of
the Ni-rich cathode and Si–graphite composite anode.46–49 Ro

and RSEI also show weak SOC dependence, which could be due
to the conductivity variation of the active material and SEI as
their composition and structure change with the SOC.50–52 The
most notable and in step trend of the resistances is that they all
increase signicantly from 25% to 0% SOC. Rct increases
sharply from 0.41 mU at 25% SOC to 1.188 mU at 0% SOC.
Meanwhile, Ro increases from 0.599 mU to 0.752 mU and RSEI

increases from 0.544 mU to 0.89 mU. We believe that the in-step
increase of all of the resistances from 25% SOC to 0% SOC may
have a connection with the SiOx/graphite blended anode that
was used. We noted that graphite and SiOx hardly overlap with
each other in the discharging voltage windows, which is
cell under the EIS study and (c) fitted pseudoresistances of the ohmic
e total overpotential; (g) discharge voltage curve of the SiOx/graphite

This journal is © The Royal Society of Chemistry 2022
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normally below 0.25 V vs. Li/Li+ for lithiated graphite and above
0.3 V vs. Li/Li+ for lithiated SiOx.53–55 This implies that graphite
and SiOx may not discharge simultaneously but may instead
discharge successively. As can be seen from the discharge
voltage curve of the blended anode shown in Fig. 3g, there is an
obvious turning point located at around 0.28 V vs. Li/Li+, below
which the voltage curve shows staged features identical to that
of graphite.53 Above 0.28 V, the voltage curve is much more
sloped, consistent with that of SiOx.55 SiOx contributes about
27.4% (ca. 113 mA h g�1) of the total capacity of the blended
anode (412 mA h g�1). In the full cell, because of the N/P ratio
(ca. 1.15) and narrower real voltage window, the contribution
from SiOx would be further less and should theoretically start
below a SOC of ca. 24.1%. Since SiOx weighs only about 10% of
the blended anode, the real effective electrode area or electro-
active sites would be signicantly reduced as discharging is
conned to SiOx at low SOC. This effect may have led to the
increase of all of the measured EIS resistances. It also implies
that the heat generation would get more concentrated in the
location conned to SiOx. In extreme cases, hot spots could be
generated and can be very harmful especially because SEI is
generally the most vulnerable components at elevated temper-
atures.56 Our previous study evidenced that the onset tempera-
ture of SEI decomposition of the SiOx/graphite blended anode
can be as low as 72.03 �C.33 The successive discharge behavior of
the blended anode indicates that the real discharge rates for
both graphite and SiOx would be leveraged. The rate perfor-
mance burden would be heavier for the component that
contributes less capacity, SiOx in this case. The real discharge
rate of SiOx in this specic anode would at least triple in
comparison to the nominal cell discharge rate. This nding
emphasizes the importance of matching the voltage windows of
the constituents in designing blended electrode materials or
further improving their rate performances.

Our remaining task is to separate and assess the contribu-
tion from hac and hmt, requiring quantifying either one of them.
We cannot infer hac directly from Rct measured from the EIS
method because Rct is obtained assuming the linear current–
activation overpotential relation under small-signal stimulation
in the EIS tests. Fortunately, we can take advantage of their
differences in response speed to current variation or pulse. hac
generally responds to abrupt current steps relatively fast,
although maybe not that fast as the instantaneous response of
ho and hSEI, but hmt shows slow response because developing
a concentration gradient is much more time-consuming.57,58

Their differences in response speed to current steps are
consistent with the different characteristic frequencies or time
constants in the EIS tests. Following this principle, we per-
formed intermittent cell discharge tests to analyze the transient
behaviors of the voltage at SOCs of interest, Fig. 4a. This test
appears similar to the current pulse tests for DC resistance
measurements,57,58 but uses actual discharge currents of
interest and a much longer timescale to analyze the mass
transport effects. Fig. 4b shows the results for the 1/3C
discharge rate. The quasi U and ref quasi U were incorporated
to correct the SOC effect. When cell voltage becomes tangent to
This journal is © The Royal Society of Chemistry 2022
ref quasi U, it implies that the polarization becomes relatively
stable and the voltage decrease stems solely from the SOC effect.

The transient voltage curve can be divided into two stages. A
prompt voltage drop (DV1) occurs within the rst 2 seconds and
corresponds to fast response processes including ohmic effects,
conduction in the SEI, and charge transfer. By deducting ho and
hSEI from DV1, we extracted the hac. DV2 accumulates in a time-
scale of several min and can be attributed mainly to the stabi-
lization of mass transport. It should be noted that hac is
theoretically non-stationary because of the concentration vari-
ation of the species adjacent to the heterogeneous reaction
interface. Therefore, DV2 may also include the variation of hac
indirectly and this effect can also be ascribed to insufficient
mass transport. During discharge from 50% to 25% SOC, the
cell voltage never gets tangent to the ref quasi U. It could be
because that the marginal effects of discharging (lithium
extraction from the anode) on the concentration of lithium in
graphite become more and more signicant as lithium in
graphite become fewer and fewer at low SOCs, as a result hac and
hmt cannot be stabilized. Nevertheless, we still calculated a DV2
for 50% SOC using the data selected at the same time as those in
the 100% to 75% SOC tests, i.e., around 5 min aer discharge.
During discharge from 25% to 0% SOC, the voltage curve
experiences a knot at about 3.38 V, which may be indicative of
the start of the SiOx delithiation. The shape of the voltage curve
around the knot is also very similar to that of the anode (dis-
played in the opposite voltage direction) aer ca. 300 mA h g�1

in Fig. 3g.
Comparing hac and DV2 at different SOCs reveals that the

effect of mass transport is more signicant under 1/3C
discharge conditions, generally occupying more than 50% of
the total overpotential. hac shows similar SOC dependence to
that of Rct, featuring extremely high value at 100% SOC and the
lowest value at 25% SOC. Overpotential because of mass
transport, DV2, grows consistently as SOC gets lowered and
increases sharply at 25% SOC. Since none of the lithium
diffusion coefficients in graphite and the Ni-rich material
exhibit SOC dependence like DV2,47,59 we believe that the
consistent increase of DV2 with lowering SOC may be a result of
the decreasing concentration of lithium atoms in the anode and
lithium vacancies in the cathode. To maintain a current of
a certain magnitude, larger hmt is generally required when the
concentration of the electroactive species is lower because both
migration and diffusion overpotential tend to increase.60

Identical tests and analyses were performed for 1C and 3C
discharge rates and the SOC dependencies of hac and DV2 are
the same as those of the 1/3C rate. The consistent increase of
the effect of mass transport as the cell discharges may have
caused the identical trend of the total overpotential shown in
Fig. 3d–f. The voltage curves at 1C discharge rate (Fig. S4†)
exhibit similar features to those at 1/3C rate. Notably, the
behaviors of the voltage at 3C discharge rate are signicantly
different. The voltage at 3C rate (Fig. 4c) takes a much shorter
period of about 1 min to become stabilized. And the gap
between the voltage at 1st second and that at the 2nd second
shrink signicantly. Compared to those under the 1/3C
discharge conditions, hac under 3C rates increase more than
J. Mater. Chem. A, 2022, 10, 1227–1235 | 1231
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Fig. 4 Transient behaviors and analyses of the discharge voltage of the cell. (a) The full voltage curve at 1/3C discharge rate; selected enlarged
section at certain SOCs at (b) 1/3C and (c) 3C discharge rates.
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tenfold, which is much more than the increase of the current
(eight times). This could be due to the quick and signicant
depletion/accumulation of active species at the electrode/
electrolyte interface at large currents. The drastic increase of
hac at 3C rate could therefore be partially attributed to insuffi-
cient mass transport. At the same time, unlike hac, DV2 at 3C
rate generally increases by only 2–4 times, suggesting that at
higher discharge rates mass transport imposes more effect on
hac at the reaction interface rather than concentration over-
potential in the bulk.
2.4. Unveiling the heat release characteristics

Heat release characteristics of the cell were investigated using
an isothermal calorimeter (IC). The principle and the experi-
mental details of the IC test are provided in the ESI. This test
well mimics the operating scenario of a TMS with a heating/
1232 | J. Mater. Chem. A, 2022, 10, 1227–1235
cooling system attempting to control the cell surface tempera-
ture to a preset value or range. The preset cell surface temper-
ature in our test was 25 �C, controlled by the control heater and
the cold plates. However, as can be seen from Fig. 5, slight
variations of the cell temperatures were found inevitable and
became more notable at higher discharge rates. This is due to
the imperfect response of the control heater to the abruptly
varying heat generation of the cell, which is more obvious at the
start and the end of the cell discharge. To better reect the heat
generation rates, the measured heat release rates were adjusted
by adding mCp(vT/vt), where m is the mass of the cell, vT/vt is
the temperature variation rate, and Cp is the specic heat
capacity of the cell, which was measured to be 1.209 J K�1 g�1

using an accelerating rate calorimeter (ARC), see the ESI.† It
should be noted that this adjustment only corrects for the
surface temperature variation of the cell and does not capture
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Heat release rates and temperature variation of the cell at (a) 1/3C, (b) 1C, and (c) 3C discharge rates in the isothermal calorimetry tests.
The measured heat release rates were adjusted for the cell surface temperature variation.

Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

D
ec

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

es
te

rn
 O

nt
ar

io
 o

n 
6/

2/
20

22
 6

:3
3:

28
 P

M
. 

View Article Online
the internal cell temperature rise that can be caused by heat
accumulation, which is indeed one of the research interests of
this study.

Fig. 5a shows the results for the 1/3 discharge condition. As
can be seen, the measured heat release rate aer adjustment
shows similar SOC dependence to that of the calculated heat
generation rate but is consistently lower, especially at lower
SOCs when cell discharge has persisted for a long period. The
temporary fall of the heat generation rate from 75% SOC to 50%
SOC because of the increased endothermic entropic effect was
also captured. The difference between the heat release rate and
the calculated heat generation rate can be explained by internal
heat accumulation in the cell, which can cause internal cell
temperature rise but cannot be timely captured by the
isothermal calorimeter or by the TMS in practice. This is evi-
denced by the fact that substantial heat release was detected
aer the cell discharge has stopped. Under the 1/3C discharge
conditions, the amount of this residual heat is 2.1 kJ, occupying
11.3% of the total measured heat released. It should be noted
that this residue heat may also contain the contribution from
the heat of mixing,36 i.e., relaxation of the concentration gradi-
ents, which is, however, usually very small relative to resistance
and entropic heat. As can been seen from Fig. 5b and c, as the
discharge rate becomes higher, the deviation of heat release
rate from the calculated heat rate becomes more signicant,
suggesting increased heat accumulation. For the 3C rate, the
heat release rate reaches 50 watts at the end of the discharge but
is still less than half of the theoretical heat generation rate.
Meanwhile, the heat release rate curve becomes smoothed,
possibly because of the heat sink effect of the cell. The residue
heat aer the stop of the 3C discharge reaches 39.73 kJ,
accounting for 55.9% of the total measured heat released.
This journal is © The Royal Society of Chemistry 2022
Assuming uniform temperature within each single laminate
and liner temperature gradient along the direction vertical to
the laminate stack from the cell center to the broad cell outer
surface, the highest temperature at the cell center immediately
aer the stop of the discharge was estimated to be as high as
98.7 �C. This very high temperature is sufficient to damage the
SEI, which can thermally decompose at a temperature as low as
72.03 �C for the SiOx/graphite composite anode, as was proved
in our previous study.33

The signicant heat accumulation and delayed heat release
behaviors of the large-format Li-ion cell suggest that the algo-
rithm of the cooling system and the alarming system of the TMS
should not rely merely on the real-time cell surface tempera-
tures. A reliable TMS should take the history outputs, heat
generation, and possible heat accumulation effect into consid-
eration, and include the prediction of internal cell temperature
rise into its target. Also, deferred shutdown or all-time standby
of the TMS would be necessary aer the power-off of the EVs.
Introducing highly thermally-conductive two-dimensional (2D)
materials, such as graphene, to construct more efficient heat
conduction networks in the cell and the battery pack may be
a possible tactic to alleviate the heat accumulation issue.61–65

We also investigated the effects of long cycles on cell heat
generation and release characteristics (Fig. S5†). The cell
exhibited excellent cycling performances, recording a capacity
retention of 92.3% aer 363 cycles. Aer cycling, the entropic
effects became more signicant at certain SOCs, whereas
polarization became alleviated due to better cell kinetics. We
speculate that these changes may have connections with the
structural evolution and volumetric effects of SiOx.55 Expansion,
deformation, and pulverization of SiOx cause capacity loss but
at modest levels could also improve electrode electric
J. Mater. Chem. A, 2022, 10, 1227–1235 | 1233
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conduction and provide smaller particles benecial to lowering
cell polarization. The heat release characteristics of the cycled
cell is generally much like that of the fresh cell but with some
deviations that are consistent with the variation of the entropic
heat.
3. Conclusions

In summary, this study focuses on heat generation and release
issues of a 57.5 Ah HED (266.9 W h kg�1) Li-ion cell with
a nickel-rich cathode and SiOx/graphite anode. Apart from the
dominance of charge transfer and mass transport for heat
generation, we also revealed the signicant contribution from
the exothermic entropic effect at low discharge rates and the
ohmic effect and surface impedance at high discharge rates.
Successive discharge behavior of SiOx and graphite because of
the mismatched voltage windows could lead to leveraged rate
performances, harmful increased and concentrated heat
generation at a SOC below 25%. Signicant heat accumulation
and delayed heat release behavior of large-format Li-ion cells
were uncovered and discussed for the rst time, which could
induce undetectable but dangerous internal temperature rise at
high discharge rates. Aer 363 cycles, the cell polarization
decreased slightly and the entropic effect became more signif-
icant at certain SOCs. These ndings highlight the drawbacks of
many of the current TMS products relying on real-time cell
temperature signals, urging optimization of the signal
monitoring/collection and algorithms of the TMS to eliminate
cell safety risks, and could also shed some light on the design of
energy-efficient and high-performance HED Li-ion cells.
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