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Lithium-ion batteries (LIBs) are promising for power batteries because
of their high energy density and working voltage, but the high accident
rate caused by the flammable electrolyte and constantly accumulating
heat scares consumers and restricts their market. Herein, a novel heat
storage ionomer binder (HSIB) with highly efficient heat-storage ability
is proposed to function as an internal temperature conditioner, which
can effectively store heat and accommodate temperature rise,
allowing the battery to function steadily over a wider temperature
range while not significantly increasing the weight or volume of the
battery. A nail test and thermal simulation demonstrate that HSIB can
decrease the temperature rise of the cell by about 30% and reduce the
risk of thermal runaway due to the heat storage ability of the poly-
ethylene glycol (PEG) main body. The assembled LiFePO, (LFP) cell
with HSIB shows lower polarization (AV decreased by 25 mV over
PVDF) in a CV test owing to fast Li* diffusion pathways constructed by
the binder, and extra capacity and higher capacity retention of 14.38%
are achieved. Moreover, an LFP cell with HSIB shows good thermal
endurance in a designed temperature variation test, suggesting that
HSIB offers a novel practical solution for battery safety.

1. Introduction

Ascribed to its various merits, such as high energy density, long
cycle life, high working voltage, and low self-discharge rate,
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lithium-ion batteries (LIBs) have been applied in a vast number
of applications, especially in the domains of portable elec-
tronics, smart grids, and vehicles;"* however, they still confront
various obstacles, among which safety is the most severe. Over
decades, many events of spontaneous combustion and explo-
sion induced by LIBs have been reported, which is becoming an
increasing concern to governments, enterprises, and groups.®
What makes LIBs more accident-prone are the deposition of
highly reactive lithium metal on the electrode surface, sharp
lithium dendrites, an organic carbonate electrolyte and higher
energy density.*® Additionally, explosion/combustion accidents
with LIBs occur more quickly and powerfully, and the flame is
difficult to extinguish, which can seriously endanger property,
the environment and personal safety. Therefore, the safety of
LIBs is a thorny but urgent problem to be solved.

In terms of mechanism, a great deal of heat can be released
during the charge/discharge process of cells, and the heat
dissipation rate will be less than the heat generation rate if the
battery suffers severely abusive conditions (i.e. heat, electrical or
mechanical abuse).®” After that, thermal runaway (TR) is likely to
be triggered due to the rise in temperature resulting from
persistently accumulating heat. No matter what abusive condi-
tions apply to LIBs, the trigger for TR must be a temperature-
reaction-heat loop.® Therefore, heat abuse is necessary for TR.
Specifically, mechanical abuse such as collisions and punctures
can lead to poor contact or even short circuits, resulting in
unhealthy lithium deposition or violent electrochemical reac-
tions (electrical abuse). The electrical abuse process generates
a large amount of heat, which increases the temperature of the
battery (thermal abuse). The high temperature will accelerate the
electrochemical reaction, induce side reactions, and damage the
separator to a certain extent. In this process, the battery
continues to self-heat because the heat production rate is greater
than the cooling rate. Based on above points, inhibiting the self-
heating of the battery, automatically cutting-off the electro-
chemical reaction, and improving the mechanical strength of
the separator are effective ways to avoid TR. To improve the
safety of batteries, strategies such as external cooling, solid
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electrolytes, coatings, and electrolyte additives have been
proposed.®™* Some of them can mitigate internal short circuits
and side reactions, but often at the expense of battery perfor-
mance, while they may not be effective for all thermal runaway
routes.'>** Although the external cooling strategy can reduce the
possibility of TR by inhibiting the temperature-reaction-heat
loop, it fails on timely reduction of the core temperature of the
cell, but causes a temperature difference and occupies a certain
volume of the equipment. If the generated heat can be absorbed
inside the cell, the internal temperature of the cell can be
reduced in a more timely and even manner.*®> Consequently, not
only can the probability of TR be reduced but the side reactions
at higher temperature can also be suppressed.

Phase-change materials have the characteristics of
absorbing/releasing a large amount of latent heat during the
phase-change process, which can maintain the ambient
temperature at a suitable level, therefore, they are widely used in
construction, as well as in the external thermal management of
batteries.™ Herein, we creatively report a heat storage ionomer
binder (HSIB) with the function of heat storage. On the one
hand, it can effectively store heat, thereby reducing the
maximum temperature of the battery, which can delay or even
avoid TR. On the other hand, due to its replacement of a tradi-
tional binder, HSIB is able to uniformly adjust the cell
temperature and retain a higher degree of battery performance
under mild heat abuse conditions, without increasing the
volume or weight of the device. The binder takes polyethylene
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glycol (PEG) as a heat storage component and tannic acid (TA) to
form hydrogen bonds and is finally formed by cross-linking iron
ions.” The hydrogen bond between PEG and TA provides good
cohesion, and the coordinated bond between TA molecules
further improves its structural stability. HSIB not only inherits
the phase-change properties of PEG but also promotes fast Li"
diffusion kinetics by a couple/decouple reaction between Li"
and the O of C=0 and C-0."*"® A nail test and thermal simu-
lation demonstrate that HSIB is able to dramatically lower the
self-heating rate of the battery by about 30% by storing the
reaction heat and ohmic heat of electrochemical processes. The
results of cycling tests at room temperature and variable
temperature show that assembled Li||LiFePO, (LFP) cells with
this ionomer binder exhibit superior electrochemical perfor-
mance (an increase of more than 14% in capacity retention) and
heat resistance. Therefore, HSIB can simultaneously improve
the electrochemical performance, thermal endurance and
safety of the battery, without sacrificing the energy density,
which has great significance for innovative material research
and novel thermal management solutions in the energy field.

2. Results and discussion
2.1 Design and fabrication of HSIB

The heat storage ionomer binder was synthesized to absorb and
release the latent heat from temperature difference, ohm heat
and reaction heat when the battery is working (Fig. 1(a)), further
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Fig.1 (a) Schematic diagram of the heat storage process for an LFP cell with HSIB. (b) FTIR spectra, (c) Raman spectra and (d) XRD patterns of

different samples.
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alleviating the adverse effects of heat on the battery. HSIB is
formed via numerous hydrogen bonds and coordinate bonds
(Fig. S1t). Specifically, TA is hydrogen-bonded to PEG mole-
cules, providing extra C=0O and C-O that can be coupled/
uncoupled with Li*,'® while Fe*" is further chelated with TA
catechol to form a robust polymer network.

To confirm the existence of hydrogen bonds in HSIB, Fourier
transform infrared reflection (FTIR) spectra were utilized to
detect differences in relevant functional groups between PEG,
TA, the intermediate (which is without the coordinate bonds of
Fe®*) and HSIB (Fig. 1(b)). The formation of hydrogen bonds
affects the vibrational frequencies of hydroxyl (-OH) and
carbonyl (C=O0), shifting vibrational peaks to low and high
wavenumbers accordingly.” Due to the ample O and H
elements of TA, the force of the hydrogen bond is intrinsic,
which pushes the -OH peak and C=O peak of HSIB to shift
from 3485 cm ' to 3385 cm ' and from 1711 ecm ' to
1730 ecm™ ", respectively. The constraint of plenty of hydrogen
bonds weakens the vibrational energy of -OH, decreasing the
wavenumber of the -OH stretch vibration. The increase in
wavenumber for the C=O0 stretch vibration is ascribed to the
strengthened vibrational energy of C=0 because of the inter-
action with the hydrogen donor.** The formation of Fe-O
coordinate bonds was further proved by Raman spectra. The
peaks around 593 cm %, 617 cm ™, 1324 cm ™ " and 1481 cm ™' in
Fig. 1(c) show that Fe*" interacts with the ~-OH of the substituted
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catechol groups of TA.**?**' X-ray diffraction (XRD) was
measured to display the difference in the crystalline structure of
HSIB and dominant component PEG. As shown in Fig. 1(d),
after the addition of TA, the prominent diffraction peaks of PEG
which are located at 18.6°-19.8° and 22.4°-24.1° are signifi-
cantly weakened. This suggests that the intermediate has lower
crystallinity.>>?® However, after reacting with Fe**, the intensi-
ties of these two peaks are greatly enhanced, and their ratio is
inversely changed compared with the intermediate and PEG.
The changed intensity ratio implies that HSIB has a slight
preferred orientation.?**® This result indicates that the lattice of
PEG is greatly changed by the effect of the hydrogen bonds and
coordinate bonds attributed to TA and Fe®".

2.2 Thermal management capability of HSIB

The thermal property of HSIB was explored by in situ XRD and
differential scanning calorimetry (DSC), as shown in Fig. 2(a)
and (b). HSIB absorbs heat and undergoes a phase transition
from crystalline to amorphous with rising temperature, resulting
in significant phase-change enthalpy and transformation of the
XRD pattern. To confirm the significant phase transition ability
of HSIB after preparation of the electrode, the material was
scraped off the electrode and characterized by DSC (Fig. 2(c)).
The HSIB cathode shows a prominent endothermic peak in the
range of 50 to 70 °C, implying significant heat storage capacity.
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Fig.2 (a) DSC curves of PVDF and HSIB samples. (b) In situ XRD pattern of HSIB under continuous temperature-rising and temperature-reducing
conditions. (c) DSC curves of different cathodes. (d) Thermal imaging images of cathodes heated by infrared lamp.
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In contrast, the DSC curve of a PVDF (polyvinylidene fluoride)
cathode exhibits negligible change with rising temperature. The
heat storage ability of the electrodes was displayed by thermal
images. To heat the electrodes, an infrared lamp was employed
to heat cathodes slowly and simultaneously, and the heating
conditions of samples were controlled to be the same. It is
obviously that the HSIB cathode is closer to room temperature
(Troom) when heated under same conditions (Fig. 2(d)).
Thermal simulation and a nail test were conducted to reflect
the thermal management performance of HSIB under condi-
tions of severe temperature rise during thermal runaway and
slow temperature rise during daily use. For the thermal simu-
lation, a model of a unit cell of an LFP pouch cell was con-
structed (Fig. 3(a)), and the parameters of the 3D model are
shown in Table S1.f To fully reflect the heating and cooling rate
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of the pouch cell, a charge-discharge cycle was adopted in an
adiabatic environment followed by sufficient natural convection
cooling. After 70 min of charge/discharge simulation (7 cycles in
4 C) with heat isolation and natural cooling for 1 min, the core
temperatures of PVDF and HSIB pouch cell models were 101.26 °©
C and 76.29 °C, respectively (as shown in Fig. 3(b)). It is exciting
that HSIB could lead to a suppressed temperature rise of about
36% (as shown in Table S21) compared to the contrast sample.

To simulate the practical effect of HSIB on controlling the
temperature rise of batteries, nail-penetration experiments were
conducted on the pouch cells. The A h-level LFP||graphite pouch
cells were pre-charged to 200 mA h to control the maximum
temperature of the cell after penetration. In an empty and wind-
less environment, we placed the pouch cell on a thick foam board
and pierced it with a hammer and an awl to a maximum diameter
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(d) HSIB after nailing. (e) Variation in temperature and current density by time in the thermal simulation process. (f) Change in the maximum

temperature with time after the pouch cells were penetrated.
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of 5 mm. The temperature change of the pouch cells during the
nail test was detected by an infrared camera and is plotted in
Fig. 3(c), (d) and S2.1 The maximum temperature of the pouch cell
with HSIB is 64.9 °C, while that with a PVDF binder is 91.1 °C,
delivering a total reduction of 25.2 °C. Moreover, the temperature
change of the pouch cell with HSIB is slower than that of the cell
with a PVDF binder, whether in the rapid heating process after
nailing or during the cooling process from 60 °C to 50 °C.

The results of the nail test and thermal simulation are
similar. The trend in temperature changes in the simulation is
drawn in Fig. 3(e) for a distinctive comparison, and the
maximum cell temperature after penetration is plotted in
Fig. 3(f). At the 60th min, the core temperature of the model for
HSIB is 69.55 °C while that for the PVDF model is 92.1 °C; for the
nail test, they are 64.9 °C and 91.1 °C, respectively. Both show
a significant plateau in temperature change (for thermal simu-
lation, it is between the 45th and 60th min for the temperature
curve of the HSIB model, corresponding to a range of 63.44 °C to
69.55 °C) corresponding to the endothermic peak of the DSC
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curve of the HSIB cathode. As a trigger point for TR, SEI
decomposition occurs above 70 °C.*” Thus, the HSIB electrode
with a phase-transition temperature below 70 °C, can not only
suppress the temperature rise by absorbing existing heat, but it
can also avoid violent side reactions and subsequent TR.
Besides, HSIB shows a slower heating/cooling rate in thermal
simulation and nail test, indicating its ability to avoid drastic
changes in temperature. According to the thermal performance
characterization mentioned above, HSIB can significantly
reduce safety risks and damage to battery performance by sup-
pressing temperature fluctuations and limiting the maximum
temperature that the battery can reach.”®

2.3 Electrochemical performance

A cyclic voltammetry (CV) test was employed for the primary
determination of the electrochemical performance of the
resulting coin half-cell, such as redox potential, capacity, and
electrode-reaction reversibility. The ideal CV curve for the coin
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Fig.4 (a) CV curves for LFP||Li half cells with HSIB cathode; the sweep rate is 0.5 mV s~*. (b) Charge/discharge curves of the half-cells with PVDF
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test to indicate the polarization of the cells.
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cell with HSIB is depicted in Fig. 4(a), which shows that HSIB
does not obstruct the redox reaction. Additionally, the redox
peak spacing of the cell with HSIB is closer (0.389 V) than that
with PVDF (0.414 V) (Fig. S3(a)t), demonstrating that the cell
with HSIB experiences less polarization. Based on virtually
overlapping 2nd and 5th curves, the electrode exhibits strong
redox reversibility. In contrast, the CV curves of the cell with
PEG (which is without the limitations of hydrogen bonds and
coordinate bonds) display several redox peaks that fail to greatly
overlap, which are caused by the disordered electrode reaction
(Fig. S3(b)). The charge/discharge curves (Fig. 4(b)) also reflect
that the cell with HSIB has lower resistance and polarization
than that with PVDF. To explore the ionic conductivity of HSIB,
we added LiPFg as an Li source to molten HSIB to assemble
a stainless-steel symmetric cell. As shown in Fig. S4, 1 M LiPFg
in pure HSIB delivers high ionic conductivity ranging from
10°°Scem ' to 107 S em ™! at temperatures between 25 °C and
130 °C, which approaches that of an ordinary solid
electrolyte**>* and is higher than that of PVDF.*>* For the rate
test, the capacities of the cell with HSIBin 0.2 C,0.5C,1C,2C5
C and 10 C are 166.4, 158.3, 150.4, 136.4, 117.9 and
98.2 mA h g respectively, significantly higher than for the
PVDF cathode (Fig. 4(c)). The cell with an HSIB cathode
performs with a high capacity of 152.9 mA h ¢! and good cycle
stability at 1 C (Fig. 4(d)). An EIS test after cycles was also
executed. As shown in Fig. S5, the arc part of impedance curves
could be divided into two smaller arcs, which represent the Li"
diffusion impedance in SEI (Rgg;) and charge transfer imped-
ance at the conductive junction (R.), respectively. The R arc of
the cell with HSIB gradually shrinks over cycles, implying
reduced charge transfer impedance. In contrast, the R.; and Rsgy
of the half-cell with PVDF obviously increased over a long period
of charge/discharge, indicating the growth and passivation of
SEL The bulk resistance (R}) of the cell with HSIB declines as
well, which is attributed to the enhanced ionic conductivity that
resulted from the ion transport pathways constructed by the
C=0 and C-O of HSIB."® The results of the equivalent circuit
fitting are listed in Table S3.7 The lowered polarization and
reduction in charge-transfer resistance after activation are
inferred to be the result of role of HSIB in Li* transmission and
storage, which is realized by the coupling and decoupling
reaction of Li* and O of hydroxyl and the ester group.'”** The
coordination-type conductive HSIB reduces the surface
adsorption free energy at the interface, which is conducive to
the transfer of Li" from the cathode to the interface'® and is
beneficial to the relaxation of the Li" concentration gradient.*
Consequently, enhanced electrode kinetics bestow higher
capacity upon the cell with HSIB.

A temperature alternation test was designed to explore the
thermal endurance of the cells in this work. As shown in
Fig. 4(e) and (f), the LFP half-cells with an HSIB cathode and
a PVDF cathode are similar in performance in the 5-10th cycles
after the initial activation process. In the following single cycle
temperature alternation process, it is hard to judge the thermal
effect of HSIB from the cell voltage (Fig. S61). However, in
subsequent cycles, the widening difference in the specific
capacity and polarization (indicated by the median voltage) of

This journal is © The Royal Society of Chemistry 2024
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the two batteries means that the cell with HSIB has better heat
endurance. For cycles at 70 °C, it is clearly shown that the cell
with PVDF has been irreversibly damaged by the high temper-
ature, resulting in the stubborn enlarged polarization and
capacity loss. The performance degradation of the cells at 70 °C
can reasonably be attributed to the side reaction of trace water
in the electrolyte with LiPFs and the side reaction of SEI
decomposition. For HSIB, its heat storage function makes the
cell reach the SEI decomposition temperature later, further
lowering the degree of SEI side reaction. Though the coulombic
efficient (CE) of the cell with PVDF is basically returned when
the hot environment is removed, it constantly declined with
ongoing cycles. For which with HSIB, no CE decay was observed,
and the amplified polarization decreased with cycling. This
phenomenon may be attributed to the fact that the breaking/
regeneration of hydrogen bonds and coordination bonds can
align particles and thus promote their close packing. Moreover,
the Li anode of the cell with HSIB after the temperature alter-
nation test shows a better appearance, and the cathode still
sticks to Al foil without any peeling or dissolution, implying the
physical and electrochemical stability of the HSIB cathode and
good thermal endurance of the resulting cell (Fig. S77).

3. Conclusions

HSIB, a novel binder for LIB with a temperature regulation
function, was designed and probed. It has a suitable phase-
transition temperature and enthalpy and shows a remarkable
heat storage effect at the material level and enables a 28% to
36% temperature decrease in the LFP cell in a simulation. As
a result, HSIB is capable of smoothing temperature fluctuation
during normal operation and greatly reduces the risk of thermal
runaway. Moreover, the resulting HSIB cathode is electro-
chemically stable for an LFP coin cell. Benefiting from the
synergistic effect of plenty of hydrogen bonds and coordinate
bonds and ion transfer pathways of C=0 and C-O, side reac-
tions of PEG and the negative effect of high temperature are
limited, leading to an ideal CV curve, good rate performance
and temperature tolerance for HSIB. Our study provides a novel
method for battery safety, increases the possibility of more
functional binders, and broadens the application prospects of
LIBs.

4. Experimental section

See experimental details in the ESI.}
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