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Lithium-ion batteries have a significant safety concern since they are prone to thermal
runaway as the battery technology advances with high energy density and fast charge
requirements. New material solutions are emerging that provide better heat dissipation
to address this issue. Boron nitride is a promising candidate as a heat conductor material
in thermal management systems because of its high thermal conductivity. Therefore, this
material allows effective heat dissipation and reduces the risk of thermal runaway issues.
To this end, hexagonal boron nitride (hBN) was coated onto the outer cases of 18650-type
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Keywords: batteries to dissipate the generated heat inside the battery. In addition, a cyclic charge-
hBN coating discharge test was performed on the hBN-coated battery sample at 10C to compare the
Li-ion battery results with a reference sample with only a polymer insulator. The findings revealed that the

Thermal management hBN coating on the insulator-free battery case offered efficient heat dissipation, improved

capacity retention, and less change in internal resistance. Thus, the hBN coating has the

potential as a solution for the efficient thermal management of Li-ion battery cases.

1. Introduction

Electric vehicles (EVs) are becoming widespread
thanks to their less greenhouse gas emissions than
their gasoline counterparts. Besides, they offer
several advantages, such as high energy efficiency,
reduced dependence on oil, lower operating costs,
and a more enjoyable driving experience. Parallel
to the development of EVs, battery technologies
are also advancing rapidly. As the world continues
to face pressing environmental and energy security
challenges, the vast growth of the electric vehicle
industry will be inevitable [1]. Li-ion batteries play
a critical role in developing long-range driving EV
technology thanks to their high energy density and low
self-discharge rate [2]. These batteries are practical
for daily use because of being highly efficient and
charging quickly [3]. They are also becoming greener
thanks to developments in new material technologies
[4]. With the growing EV market, the demand for Li-
ion batteries is increasing daily for cleaner and more
sustainable transportation. Therefore, developing
high-performance and cost-effective electric vehicles
is directly related to the development and innovation in
Li-ion battery technology.

Although Li-ion batteries have several advantages, they
also have some drawbacks, such as a high cost due to
the expensive materials used in their construction [5].
Besides, the temperature sensitivity of Li-ion batteries
can cause capacity and lifespan reduction [6] as well
as thermal runaway issues such as explosions or fires.
Internal short circuits, overcharging, physical damage,
and manufacturing defects cause thermal runaway. The
risk of thermal runaway increases with the increasing
energy density of the battery because of the battery
chemistry, which is more susceptible to electrode and
liquid electrolyte reactions. Once the thermal runaway
starts in the battery, it can be challenging to stop it due
to the chain of exothermic reactions, which entirely
results in the car's burning. Therefore, addressing the
thermal runaway issue is critical for the safety and
performance of Li-ion batteries for electric vehicle
applications [71].

Battery management systems (BMS) are critical for
the performance and safety of EV batteries, which
help monitor the battery's properties, such as the
state of charge, voltage, and temperature. Therefore,
BMS can help extend battery lifespan by identifying
and mitigating issues that could cause premature
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aging or failure [8]. In addition, thermal management
is essential to BMS since it helps regulate the battery's
temperature and ensures it works within a safe and
optimal temperature range [9]. This system keeps
the temperature consistent by avoiding overheating
and helps optimize the charge and discharge cycles
of the battery throughout the process [10]. Therefore,
the battery degradation is delayed, and the lifespan is
extended.

BMS’s typically consist of several parts that work
together to keep the battery’s optimal temperature
based on transferring the heat away from the battery.
Therefore, the material choice for battery cases is
essential for efficient heat dissipation to operate the
system in the desired temperature range. Several
materials, like copper and aluminum, can better
conduct heat in batteries. Applying a coating layer
can also improve the thermal properties of such metal
surfaces. This coating layer must be an excellent
thermal conductor and electric insulator [11].

Boron nitride (BN) has been becoming an increasingly
used ceramic material in various fields thanks to its
excellentthermal conductivity, which allows transferring
heat away outside quickly. hBN is a polymorph of BN
with the same crystal structure as graphite consisting
of hexagonal layers separated by a distance of
0.33 nm [12]. The essential physical and chemical
properties of hBN are high corrosion resistance, good
lubrication behaviour, good thermal conductivity (250-
600 W/mK), high-temperature stability, good electronic
insulation, and low dielectric constant [13]. Having
those unique properties, hBN has broad application
areas such as coatings, electrical insulation, optical
storage, optoelectronic devices, medical treatment,
and lubricants [14,15].

Several attempts have been made to use hBN for
battery thermal management systems. The studies
used hBN with various materials, such as silicon
wax, expanded graphite, and paraffin. Mortazavi et
al. compared the effect of expanded graphite and
hexagonal BN addition on the thermal conductivity
of paraffin wax using molecular dynamics simulation.
Theirresults show that BN is more effective inimproving
the thermal conductivity of paraffin wax [16]. Zhang et
al. developed a new flexible phase change material
that utilized silicone rubber as a polymer support
material, with boron nitride as a thermal conductivity
additive and expanded graphite to enhance the
compatibility between silicone rubber and paraffin
wax. Their research revealed that the phase change
material they designed reduced the temperature from
60.3 t0 45.7°C at 3C and 74.3 to 53.4°C at 4C [13]. Li
et al. developed a composite material made of silicon
sealant and boron nitride, which they used to cover
the surroundings of a 18650 battery. They then tested
the battery's performance at a 3C charge-discharge
rate and found that the composite material effectively
reduced temperature [17]. Lu et al. utilized ice-template
freeze-drying to fill paraffin wax with hBN nanosheets

that were both highly ordered and interconnected. This
approach led to efficient heat dissipation in commercial
18650 batteries, resulting in excellent performance
[18]. Saw et al. examined the effect of a boron nitride
coating on 18650 battery cases. They used the
Taguchi experimental design method to optimize the
coating's effectiveness to identify the optimal surface
roughness and thickness. Testing various coating
thicknesses and surface roughness levels revealed
that both factors significantly affect adhesion strength.
In addition, they found that the BN-coated battery
effectively dissipated heat, whereas a significant
temperature gradient occurred in the polymer-insulated
battery [11]. Although most studies have focused only
on using hBN as a filler in different phase-change
materials, few studies have investigated the coating
of batteries with hBN systematically, to the best of
our knowledge [13,19,20]. Therefore, there is limited
data on temperature change, capacity retention, and
internal resistance during the cyclic use of hBN-coated
18650-type batteries.

This paper aims to investigate the potential use of hBN
as a coating material for the 18650-type battery case
to effectively dissipate the formed heat by enhancing
thermal conductivity.

2. Experimental Studies

The polymeric outer surface of the 18650VTC4
model cylindrical battery is peeled and cleaned to
ensure proper adhesion of the boron nitride. The
characteristics of the battery used in the tests are
given in Table 1.

Table 1. The characteristics of the battery used in this
study.

Brand Sony/Murata
Chemical Specification Li-ion
Cathode Chemistry LiNiMnCoO,
Nominal Voltage 3,7V
Battery Capacity 2100 mAh
Battery Size 18 mm * 65 mm
gnla::;::]l:m Discharge 30A
Cycle Life 500 cycle
Weight 419

Then, the battery is sprayed with a thin, uniform coating
of Boron nitride spray (Bortek, Boron Technologies, and
Mechatronic Inc, >99.99% purity and D50: 120 nm) and
left to dry for 24 hours. A comprehensive examination
of the physical characteristics of hBN has been
provided in the previous research [21]. The thickness
of the coating was measured with a digital calliper as
200 um. The coated battery is then placed in a battery
test system (Battterymeter Gw Instek-Gmb3300)
and charged and discharged using the constant
current (CC) and constant voltage (CV) methods at
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different current rates. At the same time, temperature
measurements were recorded using a thermal camera
(Optris 500) throughout each test. The thermal camera
was calibrated before making any measurements by
considering the material found on the surface of the
battery to ensure optimal accuracy and precision of
readings. The ambient temperature was kept constant
in the climatic test cabinet. The ambient temperature
is between 25-28°C. The applied current densities
during testing are varied to investigate the effect of
current on battery performance and temperature. The
schematic view of the experimental setup is given in
Figure 1. The test results are analyzed to determine
the effect of the hBN coating on the battery's thermal
and electrochemical properties.

Power Suppl
hBN-Spray ¢

Thermal
Camera

q =

18650 Type Battery
Figure 1. Schematic view of the experimental setup.

3. Results and Discussions

Three 18650-type batteries having similar properties
are tested with three different configurations. In the
first configuration, the battery with a polymer insulator,
Pl, was not processed as received. In the second
configuration, an hBN is sprayed onto the battery
surface with a polymer insulator, PI+hBN. Lastly, in
the third configuration, after removing the polymer
insulator, the hBN is sprayed on the battery, namely
hBN, by masking the pole heads to prevent contact
problems.

Temperature changes during cyclic were recorded
to understand the heat dissipation behavior of
noncoated and hBN-coated batteries during charge
and discharge, and the results are given in Figure 2.
At the beginning of the charge step, all three batteries
have similar temperatures of around 25-26°C (Figure
2a). The maximum temperature is observed around
the 14™ and 16" minutes when the battery reaches
the maximum voltage. After getting the maximum
voltage value, the current value decreases over time
due to the CC-CV charging method [22]. Therefore,
the maximum temperature is not exceeded. Due to the
decrease in the current value, the power value given
to the battery decreases, so the temperature drops.
While the highest temperature was recorded for the
hBN coated battery, which was 41.9°C, the battery with
only polymer insulator (PI) had the lowest temperature
of 34°C and the battery with polymer insulator and hBN
coating (PI+hBN) had a slightly higher temperature of

37.4°C.

During the discharge step, the battery with only a
polymer insulator (PI) recorded the lowest temperature
of 55.7°C at the maximum voltage. The battery with
polymer insulator and hBN coating (PI+hBN) recorded
a slightly higher temperature of 56.4°C, and the battery
with only hBN coating (hBN) recorded the highest
temperature of 58.5°C (Figure 2b). These findings
align with those reported by Li et al., supporting that
the faster increase in temperature can be attributed
to the higher degree of thermal conductivity [19]. It is
important to note that the temperature measurements
were taken using a thermal camera from the entire
battery's outer surface rather than an interior
thermocouple [13]. The temperature differences
among these batteries suggest that the thermal
behaviour of the batteries changes with the presence
of a polymer case and hBN coating. Therefore, the
higher measured temperature values of hBN-coated
samples indicate the amount of heat removed from
the inside of the battery. Although the hBN coating
helps dissipate the battery's heat having a polymer
shield, the heat is still trapped between the polymer
and the metal case. As the polymer case is completely
removed and coated with hBN, it is seen that the heat
produced inside the battery can be quickly dissipated
on the surface of the battery and transferred to the
cooling system. Another important finding is that, after
reaching the maximum voltage value, the measured
temperature starts to drop with decreasing current.
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harge time.

21



Engiin S. et. al. /BORON 2022 OZEL SAYI, 19 - 24, 2023

Notably, this temperature drop is sharper in hBN-
coated batteries, indicating that the hBN coating helps
with heat dissipation of the battery.

Coatings were tested for uniformity and thickness
using a digital caliper measuring each battery's top,
middle, and bottom sides without any coating, with a
polymer insulator (PI), and with only hBN coating. The
results showed that the battery without any coating had
a thickness of 18.0 mm, while the battery with PI had
a slightly thicker coating with a thickness of 18.1 mm.
The battery with only the hBN coating was found to be
the thickest of all, measuring 18.2 mm. Therefore, it
can be inferred that the thickness of the hBN coating is
uniform, measuring approximately 200 um. During the
charge and discharge states, heatis primarily generated
at the pole heads, which then progresses to the middle
of the battery. Therefore, the temperature gradient on
the battery surface is crucial for battery operation. An
excessive temperature gradient due to the varying
thickness of the coating can cause severe damage
to the battery. In this regard, temperature differences
between the battery surfaces were determined using
thermal imaging analysis to investigate this issue.
The results showed a temperature difference of 0.3°C
between the pole heads and the center of the battery,
which is not potentially dangerous to the battery.

Life-cycle charge-discharge tests ata 10 C rate for 100
cycles were carried out to investigate the effect of heat
dissipation on capacity retention, as depicted in Figure
3. In the first cycle, the Pl battery has a discharge
capacity of 2068 mAh, while the hBN battery has a
capacity of 2033 mAh. The difference in initial capacity
between the two batteries was attributed to differences
in their internal resistance, which may be related to
the battery fabrication processes. After 100 cycles, the
discharge capacity of the Pl battery decreased to 1676
mAh, while the hBN battery decreased to 1726 mAh.
Notably, the hBN battery retained 84% of its initial
capacity, compared to the polymer-insulated battery,
which kept only 81% of its initial discharge capacity.
The decreased capacity retention of the battery at
higher temperatures is attributed to the worsening
Li-ion intercalation properties due to the increased
tendency of chemical reactions and material migration

2100~

. —a— Pl
i

= b —e— hBN-coated

'<% 20004 r\_.% -coate

£ E

>

*5 1900-

S SJ U retained .

<

O 1800- \

9]

o0 :

©

'é 1700‘. 819 retained

a |

1600+ v+
0O 10 20 30 40 50 60 70 80 90 100
Cycle Number
Figure 3. Discharge capacity change with cycle number.

[23]. It is seen that the hBN coating enhanced the
capacity retention of the 18650-type battery. The
improved capacity retention of the hBN battery can be
attributed to the higher thermal conductivity of the hBN
coating, which acted as a heat sink, helped dissipate
the heat, and consequently maintained the battery
performance. On the other hand, the polymer insulation
did not provide effective heat dissipation, which could
explain the lower capacity retention observed in this
configuration.

Figure 4 displays the variation of the internal
resistance during the cyclic charge and discharge
tests. At the start of the test, the PI battery exhibited
an internal resistance of 13Q, while the hBN battery
had an internal resistance of 14Q. The difference in
the internal resistance of the two batteries confirms
the capacity difference observed at the end of the
discharge cycle, as shown in Figure 3. During the
discharge test, both batteries experienced an increase
in internal resistance, which can be attributed to
the degradation of active materials due to the liquid
electrolyte reactions [24]. After 80 cycles, the internal
resistance of both batteries had increased to 17Q,
and they were equal. At the end of the 100-cycle
test, the internal resistances of the polymer-insulated
and insulator-free and hBN-coated batteries were
17.6Q and 17.2Q, respectively. Therefore, the internal
resistance of the PI battery increased more rapidly
than that of the hBN-coated battery. The lower internal
resistance observed in the insulator-free and hBN-
coated battery can be attributed to the more efficient
heat dissipation, resulting in less thermal degradation
of the cathode active material within the battery.
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Figure 4. The change in internal resistance with cycle
number.

4. Conclusions

18650-type Li-ion batteries were coated with hBN
powder to dissipate the generated heat to the outside
and to improve the battery's cyclic performance. The
galvanostatic charge/discharge tests were conducted
at a 10C current rate. During the cyclic test, heat
variations were recorded using a thermal camera.
Thermal measurements showed that the insulator-
free and hBN-coated battery sample had the highest
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temperature at its surface, indicating efficient heat
dissipation. In addition, galvanostatic test results
showed that an hBN-coated sample exhibited a
better cycle life. It was also observed that the internal
resistance of hBN-coated batteries is lower. These
findings suggest that effective heat dissipation is
crucial in achieving optimal battery performance and
capacity retention. Therefore, using hBN coating
can potentially improve the safety and reliability of
batteries, especially in high-temperature applications.

References

[1] Previati, G., Mastinu, G. & Gobbi, M. (2022) Thermal
management of electrified vehicles-a review. Energies,
15, 326 https://doi.org/10.3390/en15041326.

[2] Tekin, S. & Turkakar, G. (2023) Experimental investigation
of an alternative battery pack thermal management
system. Journal of Energy Storage, 59, 106485. https://
doi.org/10.1016/j.est.2022.106485.

[3] Masias, A., Marcicki, J. & Paxton, W.A. (2021)
Opportunities and challenges of lithium ion batteries in
automotive applications. ACS Energy Letters, 6, 621-
630. https://doi.org/10.1021/acsenergylett.0c02584.

[4] Nitta, N., Wu, F.,, Lee, J. T. & Yushin, G. (2015) Li-ion
battery materials: present and future. Materials Today, 18,
252-264. https://doi.org/10.1016/j.mattod.2014.10.040.

[5] Lu, Y., Zhang, Y., Zhang, Q., Cheng, F. & Chen, J.
(2020) Recent advances in Ni-rich layered oxide particle
materials for lithium-ion batteries. Particuology, 53, 1-11.
https://doi.org/10.1016/j.partic.2020.09.004.

[6] Cready, E., Lippert, J., Pihl, J., Weinstock, ., Symons, P.
& Jungst, R. G. (2003) Technical and economic feasibility
of applying used EV batteries in stationary applications:
A study for the DOE energy storage systems program.
Sand Report. https://www.osti.gov/servlets/purl/809607.

[7] McKerracher, R. D., Guzman-Guemez, J., Wills, R.
G. A, Sharkh, S. M. & Kramer, D. (2021) Advances in
prevention of thermal runaway in lithium-ion batteries.
Advanced Energy and Sustainability Research, 2,
2000059. https://doi.org/10.1002/aesr.202000059.

[8] Liu, Y., Zhu, Y. & Cui, Y. (2019) Challenges and
opportunities towards fast-charging battery materials.
Nature Energy, 4, 540-550. https://doi.org/10.1038/
s41560-019-0405-3.

[9] Carroll, J. K., Alzorgan, M., Page, C. & Mayyas, A.
R. (2016) Active battery thermal management within
electric and plug-in hybrid electric vehicles. SAE
Technical Papers, 2016-01-2221, 2016. https://doi.
org/10.4271/2016-01-2221.

[10] Roe, C., Feng, X., White, G., Li, R., Wang, H., Rui, X, ... &
Wau, B. (2022) Immersion cooling for lithium-ion batterie-a
review. Journal of Power Sources. 525, 231094. https://
doi.org/10.1016/j.jpowsour.2022.231094.

[11] Saw, L. H., Ye, Y. & Tay, A. A. O. (2014) Feasibility study
of boron nitride coating on lithium-ion battery casing.
Applied Thermal Engineering. 73, 154-161. https://doi.
org/10.1016/j.applthermaleng.2014.06.061.

[12] Weng, Q., Wang, X., Wang, X., Bando, Y. & Golberg,

D. (2016) Functionalized hexagonal boron nitride
nanomaterials: Emerging properties and applications.
Chemical Society Reviews. 45, 3989-4012. https://doi.
0rg/10.1039/c5¢cs00869g.

[13] Zhang, Y., Huang, J., Cao, M., Liu, Z. & Chen, Q.
(2021) A novel flexible phase change material with well
thermal and mechanical properties for lithium batteries
application. Journal of Energy Storage, 44. 103433.
https://doi.org/10.1016/j.est.2021.103433.

[14] Aydin, H., Celik, S. U. & Bozkurt, A. (2017) Electrolyte
loaded hexagonal boron nitride/polyacrylonitrile
nanofibers for lithium ion battery application. Solid
State lonics, 309, 71-76. https://doi.org/10.1016/].
ssi.2017.07.004.

[15] Acharya, L., Babu, P., Behera, A., Pattnaik, S. P. & Parida,
K. (2021) Novel synthesis of boron nitride nanosheets
from hexagonal boron nitride by modified aqueous
phase bi-thermal exfoliation method. Materials Today:
Proceedings. 35, 239-242. https://doi.org/10.1016/].
matpr.2020.05.328.

[16] Mortazavi, B., Yang, H., Mohebbi, F., Cuniberti, G.
& Rabczuk, T. (2017) Graphene or h-BN paraffin
composite structures for the thermal management of
Li-ion batteries: A multiscale investigation. Applied
Energy. 202, 323-334. https://doi.org/10.1016/].
apenergy.2017.05.175.

[17]Li, X., Huang, Q., Deng, J., Zhang, G., Zhong, Z. &
He, F. (2020). Evaluation of lithium battery thermal
management using sealant made of boron nitride and
silicone. Journal of Power Sources. 451, 227820. https://
doi.org/10.1016/j.jpowsour.2020.227820.

[18] Wang, Z., Zhang, K., Zhang, B., Tong, Z., Mao, S., Bai, H.
& Lu, Y. (2022) Ultrafast battery heat dissipation enabled
by highly ordered and interconnected hexagonal boron
nitride thermal conductive composites. Green Energy
& Environment. 7, 1401-1410. https://doi.org/10.1016/].
gee.2022.02.007.

[19] Ge, X., Chen, Y., Liu, W., Zhang, G., Li, X., Ge, J. &
Li, C., (2022) Liquid cooling system for battery modules
with boron nitride based thermal conductivity silicone
grease. RSC Advances, 12, 4311-4321. https://doi.
org/10.1039/d1ra08929c.

[20] Saw, L. H., Poon, H. M., Thiam, H. S., Cai, Z., Chong,
W. T., Pambudi, N. A. & King, Y. J. (2018) Novel thermal
management system using mist cooling for lithium-ion
battery packs. Applied Energy, 223, 146-158. https://
doi.org/10.1016/j.apenergy.2018.04.042.

[21]Kar, F., Hacioglu, C., Génci, Y., Ségit, I., Senturk,
H., Burukoglu Dénmez, D., ... & Ay, N., (2021) In vivo
assessment of the effect of hexagonal boron nitride
nanoparticles on biochemical, histopathological, oxidant
and antioxidant status. Journal of Cluster Science, 32.
517-529. https://doi.org/10.1007/s10876-020-01811-w.

[22] Aktas, A. (2020). Design and implementation of adaptive
battery charging method considering the battery
temperature. IET Circuits, Devices & Systems, 14, 72-
79. https://doi.org/10.1049/iet-cds.2019.0270.

[23] Bodenes, L., Naturel, R., Martinez, H., Dedryvéere, R.,
Menetrier, M., Croguennec, L., ... & Fischer, F., (2013).
Lithium secondary batteries working at very high

23



Engiin S. et. al. /BORON 2022 OZEL SAYI, 19 - 24, 2023

temperature: Capacity fade and understanding of aging
mechanisms. Journal of Power Sources, 236, 265-275.
https://doi.org/10.1016/j.jpowsour.2013.02.067.

[24] Liu, C., Neale, Z. G. & Cao, G. (2016) Understanding
electrochemical potentials of cathode materials in
rechargeable batteries. Materials Today. 19, 109-123.
https://doi.org/10.1016/j.mattod.2015.10.009.

24



