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Alkanes are investigated as thermal-runaway retardants (TRR) for lithium-ion battery (LIB). TRR is
a chemical that can rapidly terminate exothermic reactions in LIB. Under normal working conditions,
TRR is sealed in separate packages in the LIB cell, and upon mechanical abuse, it is released to sup-
press heat generation. The alkanes under investigation include octane, pentadecane, and icosane,
among which pentadecane has the highest thermal-runaway mitigation (TRM) efficiency. In nail
penetration test on coin cells, ~4 wt. % pentadecane reduced the maximum temperature by ~60%;
in impact test on pouch cells, ~5 wt. % pentadecane reduced the maximum temperature by ~90%.
The high TRM efficiency of pentadecane is attributed to its high wettability to separator and its
immiscibility with electrolyte. By forming a physical barrier between the cathode and anode, penta-
decane interrupts lithium ion (Li") transport and increases the charge transfer resistance by nearly
two orders of magnitude. The diffusion rate of pentadecane in the electrode layer stack was measured

to be ~580 um/s. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975653]

Tremendous progress was achieved in the last few deca-
des on the development of lithium-ion battery (LIB). In
terms of specific cost and energy density, LIBs by far outper-
form lead acid batteries, nickel metal hydride batteries, and
supercapacitors, and have been widely employed in commer-
cial and military fields." Recently, intensive research is being
conducted to extend the application of LIB to large-scale
energy storage systems, such as electric vehicles with drive
range more than 300 miles® and smart grids on the scale of
0.6-4.3MW.? As the battery structure is scaled up, the sys-
tem damage tolerance becomes a “bottleneck.”

Under normal working conditions, the cathode and the
anode in a LIB are separated by a thin porous membrane,
which can be ruptured if the battery is mechanically abused.
Under this condition, the cathode and the anode are in direct
contact, creating internal shorting sites (ISS) surrounding the
damaged areas. The large amount of stored energy is rapidly
dissipated in the ISS, resulting in a high increase in tempera-
ture. When the temperature rises to above 90 °C, a series of
exothermic electrochemical reactions and chemical decom-
positions takes place, and thermal runaway occurs.* Battery
fire hazard imposes a tough challenge to the safety and
robustness of LIB-based energy storage devices.

A promising approach to mitigate thermal runaway is to
shut down the reactions when the LIB cell malfunctions. For
the most adverse conditions, the shutdown mechanism must
be spontaneous, independent of external control modules or
integrated electronic elements. Positive-temperature-coeffi-
cient (PTC) materials may be coated on current collectors,
which increases the internal impedance at 90—130°C.>~’
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Microspheres or layers of melting points around 110°C are
incorporated in anodes or separators, which could melt and
block ion transport.®? However, thermal runaway has already
begun at such temperatures. The shutdown processes of PTC
additives or low-melting-point materials have to compete
against the fast and intense local heat generation.

It is desirable that the thermal-runaway mitigation
(TRM) mechanism can be activated immediately after the bat-
tery is damaged, even before the temperature begins to
increase. Recently, we investigated mechanically triggered
TRM approaches.'®'® When the cell was mechanically
abused, a thermal-runaway retardant (TRR) was released into
the battery cell to significantly reduce the heat generation
rate. The amount of TRR was less than 5%, so that the reduc-
tion in effective specific energy was trivial. Under normal
conditions, TRR was sealed in separate packages neutral to
the battery environment. Experimental data showed that
polyethylene-based multilayer TRR packages had little influ-
ence on the electrochemical performance of LIB cells.'*

In our previous work, we studied aliphatic amines as
TRR.'*'> One promising TRM mechanism is electrolyte dis-
placement: If the TRR is more wettable to electrodes or sep-
arator than the electrolyte, it may form a thin layer that
blocks lithium ion (Li") transport. In the current study, a
class of low-toxic chemicals, alkanes, are examined as TRR
candidates. We focus on octane, pentadecane, and icosane,
representing alkanes of low, intermediate, and high molecu-
lar weights, respectively.

Nail penetration tests on coin cells were performed
through the same procedure as in Ref. 14. Fully charged
(4.3 V) LIR-2450 cells were disassembled and re-assembled
in modified cell cases with two holes, which allowed for the

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4975653
http://dx.doi.org/10.1063/1.4975653
http://dx.doi.org/10.1063/1.4975653
mailto:yqiao@ucsd.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4975653&domain=pdf&date_stamp=2017-02-06

063902-2 Shi et al.

injection of TRR. Immediately prior to the nail penetration,
100 uL octane, pentadecane, or pristine electrolyte (1M
LiPFg in EC:EMC wt 1:1) were injected into the modified
cell. Icosane was solid at room temperature. To test its influ-
ence on heat generation of damaged LIB cells, 0.1 g icosane
was grounded into powders and placed next to the electrodes
inside re-assembled cell before nail penetration. The temper-
ature of the cells was recorded by a thermal couple attached
to the cell case.

Wettability tests and contact angle measurements (KSV
Instruments CAM 100) were carried out by dropping 50 uL.
electrolyte or pentadecane on Celgard 2320 separators.

To evaluate the influence of pentadecane on cell resis-
tance, coin cells were assembled with cathode films com-
posed of LiNipsCog,Mng30,, polyvinylidene fluoride, and
carbon black, with the mass ratio of 93:4:3; lithium metal
served as the anode. Extra pentadecane was added into the
cell; the mass of pentadecane was 4% of the total mass of
electrodes, separator, and electrolyte. Reference coin cells
were assembled without pentadecane. Electrochemical
impedance spectroscopy (EIS) measurements were carried
out at room temperature on the reference and the
pentadecane-modified cells, in the frequency range of 10°
Hz to 102 Hz with the signal amplitude of 10mV.

Diffusion rate measurement was performed. Double-
side coated cathode (MTI, bc-af-241NCM-523) and anode
(MTI, bc-cf-241-ds) sheets as well as separators (Celgard
2320) were punched into disks with diameters of 63.5 mm.
Three layers of cathode, three layers of anode, and six layers
of separators were stacked alternatingly to form an electrode
stack. A 3-mm-diameter hole was punched through the cen-
ter of the stack. A mold made of poly(methyl methacrylate)
with built-in channels for pentadecane insertion was placed
on top of the electrode stack, and they were sandwiched in
between two compression plates of a type-5582 Instron
machine, with the compression pressure of 1kPa. 200 uL.
pentadecane was inserted through the built-in channel, and
the diffusion distances were measured after 15 s, 30 s, and
45 s.

Pouch cells embedded with TRR packages were assem-
bled to evaluate the efficiency of TRR in large-sized LIB.
PAP trilayer sheet (ULINE S-16893) was folded and heat
sealed to form cylindrical packages using an impulse sealer
(Mcmaster-Carr). A gelatin straw was inserted into the PAP
cylinder as the scaffold, and pentadecane was injected. The
final cylindrical package had the diameter of ~6 mm and the
length of ~35mm. Four packages were embedded in one
pouch cell. The mass percentage of the TRR packages was
5% of the pouch cell. Double-side coated cathode (MTI, bc-
af-241NCM-523) and anode (MTI, bc-cf-241-ds) were cut
into rectangular sheets with the length of ~60 mm and the
width of ~47mm. The electrode sheets were modified by
creating four openings. The pouch cells were assembled with
11 layers and 12 layers of modified cathode and anode
sheets, respectively, embedded with empty or TRR pack-
ages. UL 1642 standard impact test was performed on the
pouch cells. A stainless steel rod with the diameter of 16 mm
and the length of 66.5 mm was affixed at the upper surface of
the pouch cell. A 9-kg hammer was dropped from a distance
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of 0.6 m. The temperature of the cell was recorded by a ther-
mocouple affixed at the cell surface.

In the nail penetration test, TRR is injected into the test-
ing cell immediately before the nail penetration takes place.14
Three straight-chain alkanes, namely, octane, pentadecane,
and icosane, are tested. Figure 1(a) shows the temperature
profiles of the cells after nail penetration. All alkanes lead to
reduced peak temperature increase (ATy,,,) while pentadecane
results in the smallest AT,,,.. The addition of pentadecane
reduces AT, by ~60%, from ~75 °C in the reference cell to
~30°C. Figure 1(b) shows the calculated heat generation for
the first 20 minutes after nail penetration, using the heat trans-
fer model developed in Ref. 14. The addition of 4 wt. % pen-
tadecane leads to ~50% reduction in heat generation, from
~0.23 Wh in reference cell to ~0.12 Wh. Octane has a lower
efficiency, possibly due to its low boiling point ~125°C.
After nail penetration, the temperature inside the LIB cell
increases rapidly and causes evaporation of octane. Icosane
has a melting point of 36 °C and would be melted inside the
cell after nail penetration. It could flow and wet the separator
after melting, but with a higher viscosity and a shorter diffu-
sion distance. That is, the optimum alkane TRR should have
an intermediate chain length, such as pentadecane.

To investigate the TRM mechanism of pentadecane,
wettability and contact angle tests are performed, as shown
in Fig. 2(a). It is evident that pentadecane could spread over a
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FIG. 1. (a) Typical temperature profiles measured in nail penetration tests
on reference and alkanes-modified coin cells; the inset shows the peak tem-
perature increase with error bars. (b) Calculated heat generation of reference
and alkanes-modified cells.
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FIG. 2. (a) Diffusion tests (above) and contact angle measurement (below) of electrolyte and pentadecane; the photos were taken after the liquid was dropped
on the substrate for 15 s. (b) Nyquist plots, equivalent circuits, and fitting plots of reference and pentadecane-modified coin cells. (c) Illustration of the working

mechanism of pentadecane.

much larger area on the separator than electrolyte. The con-
tact angle measurement confirms that pentadecane is much
more wettable to the separator. Since pentadecane is immisci-
ble with the electrolyte and is more wettable to the separator,
it will repel electrolyte and form a physical blocking layer in
the separator, which suppresses Li" transport. According to
the EIS fitted results in Fig. 2(b), the series resistance (R;) for
reference and pentadecane-modified cells are 1.72 Q and 85.1
Q, respectively; the charge transfer resistance (R,) for refer-
ence and pentadecane-modified cells are 375.2 Q and 20004.3
Q, respectively. Both R, and R, increase by ~50 times with
the addition of pentadecane. Figure 2(c) illustrates the work-
ing mechanism of pentadecane. The charge transfer reactions
at the electrode-electrolyte interface are suppressed due to the
accumulation of reaction products (Li™).

The diffusion rate of pentadecane in electrode layers is a
key parameter.'® The diffusion rate measurement setup is
illustrated in Fig. 3(a). Longitudinal wicking from the central
reservoir occurs when the liquid wets the porous structure.'”
The diffusion distance, /, of a liquid flowing under capillary
pressure is given by the Washburn-Lucas equation'®

RIGHTSE LI MN iy

2 (y cos 0) " 0
n 2

where 7 is the liquid surface tension, # is the liquid viscosity,
0 is the contact angle, r is the effective capillary radius, and ¢
is time. It shows a linear relationship between 7 and /2, fitting
well with Fig. 3(b). The surface tension and the viscosity of
pentadecane are 25.8 mN/m and 2.841 cP, respectively.'®
The contact angle of pentadecane on separators and electro-
des are 0°. Figure 3(c) shows cathode, anode, and separator
after diffusion tests. The wetted areas are circular or ellipti-
cal. The diffusion distance is defined as the radius of circle
or the average of semi-major and semi-minor axes of ellipse.
The calculated effective capillary radii are 33.1 ym, 31.6 um,
and 22.7 um for anode, cathode, and separator, respectively.
When the electrode stack is compressed at 1kPa, pentade-
cane could travel 8.7 mm on separator in 15s. Such a mea-
surement is conservative, since in a LIB cell, nail penetration
or impact would damage local electrodes, leading to a
loosely packed structure that favors capillary flow.

In order to incorporate TRR into a large-sized pouch
cell, the electrodes are modified to host TRR packages. The
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pouch cells under investigation are shown in Fig. 4(a) and
described in Table I. The reference cell and the TRR-
modified cell have similar capacity and impedance values.
Upon impact, the temperature profiles of reference and TRR-
modified pouch cells are shown in Fig. 4(b). The maximum
increase in temperature of the pouch cell embedded with
TRR is only 5 °C, order-of-magnitude lower than that of the
reference cell. The temperature ramping rate of the reference
cell and the TRR-containing cell are similar in the first few
seconds. After that, the temperature of TRR-containing cell
rises much more slowly than the reference cell, suggesting
that TRR takes effect shortly after the package is broken
apart. The sudden breakage of TRR packages favors TRR

delivery.
In summary, pentadecane is identified as an efficient and
b 50 low-toxic thermal-runaway retardant (TRR) of lithium-ion
battery (LIB). In the nail penetration test of coin cells, 4 wt.
S') 40 —— Empty packages % pentadecane reduces the peak temperature increase by
§ — TRR packages ~60%, better than octane and icosane; in impact test of
g 304 pouch cells, 5 wt. % pentadecane reduces the peak tempera-
S ture increase by nearly an order of magnitude. The working
E 20 mechanism of pentadecane is associated with its superior
% wettability to the separator material. Through electrolyte dis-
D 104 placement, Li* transport is suppressed; with 4 wt. % penta-
g‘ decane, series resistance and charge transfer resistance are
ol
TABLE I. Parameters of LIB pouch cells.
g 00200 500 H00 = S00) 600 Capacity Voltage Cell mass Impedance
Time/s
Reference cell 0.754 Ah 420V 20.0g 19.58 mQ
FIG. 4. (a) Pouch cells embedded with empty packages and TRR packages. Modified cell 0.706 Ah 420V 21.0g 19.78 mQ

(b) Temperature profiles of pouch cells in impact test.
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increased by ~50 times. The diffusion rate measurement
demonstrates that pentadecane can travel ~8.7 mm in 15s in
an electrode layer stack.
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