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ABSTRACT: Safety issues associated with lithium-ion batteries are
of major concern, especially with the ever-growing demand for
higher-energy-density storage devices. Although ame retardants
(FRs) added to electrolytes can reduce re hazards, large amounts of
FRs are required and they severely deteriorate battery performance.
Here, we report a feasible method to balance ame retardancy and
electrochemical performance by coating an electrolyte-insoluble FR
on commercial battery separators. By integrating dual materials via a
two-pronged mechanism, the quantity of FR required could be
limited to an ultrathin coating layer (4 m) that rarely in uences
electrochemical performance. The developed composite separator
has a four-times better ame retardancy than conventional polyole n
separators in full pouch cells. Additionally, this separator can be
fabricated easily on a large scale for industrial applications. High-
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energy-density batteries (2 Ah) were assembled to demonstrate the scaling of the composite separator and to con rm its enhanced

safety through nail penetration tests.
KEYWORDS: Flame-retardant separator, re extinguishing, ultrathin

Lithium-ion batteries (LIBs) are highly desirable for
portable electronics, electrical vehicles, drones, and other
high-capacity battery-powered devices? because of their
design exibility and high speci ¢ energy density. However,
one of the major bottlenecks in the progress of LIBs is their
potential safety hazards.’ ° LIBs use ammable internal
components, such as organic electrolytes, separators, and
electrodes,*®” which aggravate thermal runaway in the case of
overcharging and internal shorting. The exothermic reactions
cause the internal temperature to increase rapidly, eventually
leading to battery res and even explosions, as reported
worldwide in the last 10 years.>® The accidents have increased
with the emergence of the electric vehicle market in 2015.°
Intensive research has been devoted to developing new
functional components for improving the safety of LIBs,
including studies on overcharging protection,” thermally
switchable current collectors,'® thermal shutdown separators,**
separators with high thermal stability,"*"* solid-state electro-
lytes,* and non ammable liquid electrolytes.”> However, the
risk of battery re remains. Advances related to non ammable
electrolytes are restricted by high costs and limited electro-
chemical performance. Although methods related to battery
components other than the electrolyte, such as automatic
sensing of internal shorts*® or increasing the thermal stability,"’
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can improve the safety of LIBs, thermal runaway cannot be
suppressed.

The addition of a ame retardant (FR) to ammable
electrolytes™ introduces preventive safety features into LIBs
more e ectively and economically’® and decreases the
electrolyte ammability by increasing its ash point. Despite
the potential to render organic electrolytes non ammable, high
concentrations of additives limit the LIB electrochemical
performance due to increased electrolyte viscosity and reduced
ionic conductivity. Separators containing FR may address this
conundrum between the ammability and performance.*® 3
However, poor mechanical performances and di culties in
scaled production for commercial applications have slowed the
progress of this approach. Inspired by a ceramic-particle-coated
separator, coating an electrolyte-insoluble FR directly on a
commercialized separator is promising. While ceramics as
metal hydroxides have shown FR properties, this approach has
limited practical application in lithium-based batteries because
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Figure 1. Flame retardancy and properties of FR composite separators. (a) Scheme illustrating the formation of the bilayered dual FR composite
separator and the corresponding SEM image. Photographs recording the burning of (b) a bare PE separator and (c) an 8 m dual-FR-coated
separator. The separators were soaked in EC/DEC electrolyte before the burning experiments. (d) Self-extinguishing time (SET) of composite
separators with di erent thicknesses of DBDPE and dual FR coating layers. (e) Photographs of bare PE and dual FR composite separators. (f)

Cross-sectional SEM image of the FR composite separator.

the released water could react with the lithium metal violently,
posing an even greater threat.”**> The coating layer must be
thick (20 30 m)**?° for achieving acceptable ame
retardancy, but a thick coating layer increases the resistance
of the separator and, thus, decreases the speci ¢ energy density
of the LIB. The electrochemical instability of the coating layer
is also problematic in terms of battery capacity degradation.**
Batteries fabricated with a composite separator must pass
industrial abuse procedures. Therefore, a small amount of
potent, insoluble FR should be su cient to achieve the desired

ame retardancy, while maintaining the superior electro-
chemical performance of LIBs.

Here, we propose a considerably FR, electrochemically
stable separator by coating the surface of a commercialized
polyole n separator with a layer of electrolyte-insoluble FR
additives (Figure 1a). Two materials were chosen for a two-
pronged approach to retard battery res via a halogen radical
scavenging mechanism, combined with dense SbBr; smoke to
extinguish the ame by excluding oxygen. The novel composite
separator has a bilayered structure: a layer consisting of dual
components of insoluble FRs and commercial polyole n as the
coating backbone. In pouch cells, our separator shows e cient

ame retardancy in burning tests, recovers from a short circuit,
and prevents thermal runaway during nail penetration tests.
Our unique separator coating process has several advantages
over the conventional electrolyte FR additive strategy. First,
electrolyte-insoluble FR additives should minimally a ect the
LIB electrochemical performance because they do not dissolve
in the electrolyte to alter the intrinsic electrolyte properties.
Second, the solid coating layer as a ceramic-particle coating™®
enhances the thermal stability of the commercialized separator.
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Third, the composite separator can inherit the favorable
mechanical properties of the underlying polyole n substrate
and can be easily scaled for commercial usage.

As basic requirements, the solid FRs employed to form
composite separators should be insoluble in the electrolyte and
remain stable in the electrochemical environment. We used a
brominated FR, viz. decabromodiphenyl ethane (DBDPE).
DBDPE FRs neither contain ether bonds nor generate toxic
dibenzofurans and dibenzo-p-dioxins,?® thereby complying
with the safety requirements set by the European Union.*’
DBDPE contains a high level of bromine (>81.5 wt %) and
exhibits excellent ame retardancy even at low loading.® With
a high bromine content, DBDPE has a high thermal stability*®
(degradation temperature >300 °C) and extremely low
solubility in most organic solvents®® (<2 ppm); therefore, it
was chosen as the FR to prove the proposed concept.
Commercially available DBDPE powders of diameters2 7 m
(Figure Sla) were coated onto 12 m-thick conventional
porous polyole n separators with 10 wt % of polyvinylidene
di uoride (PVDF) as the binder. Halogenated FRs have been
reported to interfere with the gas-phase combustion process
via a radical scavenging mechanism.*° Halogen radicals
generated from halogenated FRs can neutralize the He and
HOe radicals emitted by the chain reaction of the burning
electrolyte. These much-less-active halogen radicals lower the
rate of energy production and eventually extinguish the ame
(Figure S1b). The thickness of the FR coating layer was
adjusted to compare the ame retardancy and ionic
conductivity at di erent thicknesses. The total thickness of
the FR-coated separator was limited to <30 m to avoid losing

https://dx.doi.org/10.1021/acs.nanolett.0c04568
Nano Lett. 2021, 21, 2074 2080


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04568/suppl_file/nl0c04568_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04568/suppl_file/nl0c04568_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04568?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04568?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04568?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04568?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04568?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

a

b

| 4 um Dual FR |
d

Bare PE

c 50 70
m Bare PE
= 801 100
40 £ 50l m 4 um Dual FR
S = 3 801 m 8 um Dual FR -
g 30 § 40+ £
g £ 304 = 604
£ 204 » £
j= o 20 = Bare PE N 404
[ ‘0
= 4 um Dual FR
10+ & 101 : .
= — 8 um Dual FR 201
0 b I () .
PE 4um 8 um 0 20 40 60 80 100120120160180 0 5 10 15 20 25 30
' Tensile strain (%) Zoa (0hm)
2. 2007— = 100~ 200
0.04 .... Bare PE o = —_ -]
— Dual FR £ 160 lso > £ 1601910 ¢5. cl5
T 0.021 £ e ———— e E 1ir2iiiigyyy 1C 1ind
E _ =z 2z 120 «— leo & = 120 11
£ 0.00 S £ ©
g == g o &
£ ~ 3 80 m Bare PE 40 -2 S 801 m Bare PE
O -0.02 o E o
£ 40 = 4umDual FR |54 S £ 40 ® 4 um Dual FR
0.04 2 m 8 um Dual FR 8 § m 8 um Dual FR
? 9 0 @ 9 : , : .
0 1 2 3 4 5 0 20 40 60 80 0 5 10 15 20

Potential (V) versus Li*/Li

Cycle number

Cycle number

Figure 2. Characterization and electrochemical performance of dual FR composite separators. Contact angle images of the liquid electrolyte on the
(a) dual FR composite and (b) bare PE separators. (¢) Thermal shrinkage rate at 150 °C for 30 min and (d) mechanical properties of bare PE and
dual FR composite separators of di erent thicknesses. (¢) Nyquist plots obtained by EIS, (f) electrochemical stability window versus Li*/Li° (g)
capacity retention, Coulombic e ciency, and (h) rate performance of bare PE and dual FR composite separators in coin cells.

the high energy density of LIBs. Therefore, we controlled the
thickness of the coating layer between 4 and 15 m.

The ame retardancy of the FR composite separators was
tested with the electrolyte commonly used in LIBs, that is, 1.0
M LiPFg in ethylene carbonate (EC)/diethyl carbonate (DEC)
(1:1, w/w). The ammability of the same amount of
electrolyte was evaluated in the presence of a bare polyethylene
(PE) separator and the FR-coated separator. As shown in
Figure 1b and Video S1, the EC/DEC electrolyte was found to
be highly ammable with the bare PE separator, burning over
approximately 9 s compared with 5 s with the FR-coated
separator (Figure S2 and Video S2). Regarding ame
retardancy, the self-extinguishing time (SET) of the electro-
lytes was measured to normalize the combustion time to the
electrolyte mass for three repeated trials, and the SET
decreased with increasing thickness of the coating layer
(Figure 1d, black squares), con rming that the FR additives
help reduce the ammability of the electrolyte.

We further optimized our method to achieve a thin coating
(e.g, 4 m) with considerable FR properties. We chose
antimony trioxide (Sbh,O3;) which acts as a synergist with
halogens, as an additive to DBDPE. Synergism occurs to
generate antimony tribromide (SbBr;), which forms dense
white smoke to extinguish the ame by excluding oxygen®"*
(Figure S1c). By comparing coating layers of similar weights
on PE separators with di erent amounts of DBDPE and Sh,0;,
we found that the ame retardancy enhanced signi cantly with
increasing Sh,O5 content (Figure S3). Nevertheless, excess
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Sb,0; (more than 30%) would lead to reduced ame
retardancy probably because Sh,O; by itself is not an FR, as
reported previously.>® Therefore, an optimal ratio of DBDPE
and Sh,O5; (3:1 ratio) achieved the best ame-retarding
performance. The burning time of a 3:1 mixture of DBDPE
and Sh,0;, hereafter denoted as dual FR, was decreased to 2 s
with a coating thickness of 8 m (Figure 1c and Video S3).
The dual FR coating signi cantly enhanced ame retardancy
(2 s) compared to a pure DBDPE coating (5 s) at a much
lower coating thickness (8 m dual FR vs 11 m DBDPE)
(Figure 1c and Figure S2). We also analyzed the relationship
between the SET and coating thickness of the dual FR coating
layers. The results indicated that the SET decreases with
increasing coating thickness (Figure 1d, red squares). This is
similar to the behavior of the pure DBDPE coating; however,
the decrease in SET noticeably reduces as the thickness
exceeds 4 m (the slope decreases from 17.7 to 1.5). This
might be due to the limitation of the thermal trigger response
time. The FRs require a speci ¢ time to accumulate heat that
triggers the release of active materials (Bre) and for synergism
(formation of SbBr3) to manifest.

The dual FR could be easily coated onto the separator as a
homogeneous layer (Figure S4) for large-scale application.
While the bare PE surface is highly re ective and white, that of
the composite separator is matte white in appearance owing to
the coating layer (Figure 1e). The cross-sectional and surface
morphologies of a composite separator with a 4 m-thick
coating were observed by scanning electron microscopy
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Figure 3. The burning test of full pouch cells. (a) Scheme illustrating the battery setup containing the FR composite separator. The ame-retarding
mechanism is based on the bromide radical scavenging of the electrolyte combustion chain reaction combined with dense white smoke from SbBr;
to snu out the ame by excluding oxygen. (b) SET of pouch cells prepared using bare PE and dual FR composite separators of di erent coating
thicknesses. (c) Photographs of graphite anodes after the burning test of pouch cells. The anode was assembled with bare PE (left) and with 4 m
(middle) and 8 m (right) dual FR composite separators. The inset images are enlargements of the graphite anodes assembled with bare PE and

the 4 m dual FR composite separator.

(SEM) (Figure 1af). Although the particle size of the
commercial DBDPE powder was 2 7 m (Figure Sla), the
large DBDPE particles could be Itered out through the blade
coating process. The Sh,O4 particles were smaller than 1 m
(Figure S5); therefore, Sh,0; particles could 1l the interstitial
spaces of DBDPE particles to form a homogeneous layer
(Figure 1a). Hereafter, we compared 4 and 8 m-thick
coatings because both are thin and have similar FR properties.
The objective was to determine if the thickness a ects other
physical properties.

Conventional polyole n-type separators su er from poor
electrolyte a nity and low structural integrity when heated,
leading to internal shorting and ultimately, thermal runaway.™*
The FR composite separators may function as ceramic coatings
to enhance the hydrophilicity and thermal stability of
commercialized separators. The electrolyte wettability was
determined by contact angle measurements of the liquid
electrolyte on the separators (Figure 2a,b). The contact angle
of the electrolyte on the 4 m-thick dual FR composite
separator was 20° and that of the bare PE separator was 40°,
which suggested that the coating layer increased the electrolyte
wettability. A control experiment was also performed to
measure the water contact angle on the separators (Figure
S6a). The water contact angle was 120° for both separators,
which illustrates the intrinsic hydrophobicity of their surfaces.
The enhanced electrolyte wettability of the dual FR composite
separator might result from the Sbh,0; component based on
the wettability enhancement observed for conventional
ceramic metal oxide coatings.™*
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The thermal stability of the dual FR composite separators
was evaluated after exposure to 150 °C for 30 min (Figure
S6Db), after which the shrinkage percentage was determined by
measuring the dimensional changes (Figure 2c). The shrinkage
percentage of the bare PE separator exceeded 40%, whereas
that of the separator with the 4 m-thick dual FR coating
decreased to  20%. With the 8 m-thick coating layer, the
shrinkage was even lower than 5%, thus the FR coating layer
enhances the thermal stability of the separator.

Apart from having thermal stability, a separator must also be
mechanically robust to bear the tension applied during battery
assembly. The tensile strengths of the 4 and 8 m-thick
composite separators (total thickness with PE = 16 and 20 m,
respectively) were measured to be 63.8 and 56.0 MPa,
respectively, slightly less than those of the bare PE separator
(12 m, 67.4 MPa), as shown in Figure 2d. The tensile strains
of the 4 and 8 m-thick composite separators, however, were
172% and 166%, respectively, while that of the bare PE
separator was 145%. This might result from thicker membranes
of composite separators, which is consistent with the total
force measurements showing that thicker composite separators
exhibit higher forces (Figure S6c).

Impedance measurements were performed on separators
with di erent thicknesses of DBDPE coating layers (Figure
S7a). Nyquist plots were obtained by electrochemical
impedance spectroscopy (EIS) for both the bare PE and the
FR-coated separators in the electrolyte, and the resistances of
the FR composite separators did not change signi cantly. The
corresponding resistance for the bare separator ( 4 ) and
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that with the thickest coating (15 m, 9 ) are shown in

Figure S7b. The ionic conductivity of the dual FR composite

separator was tested (Figure 2e). The resistances of the dual

FR composite separators with coating thicknesses of 4 and 8
m were approximately 6 and 7.5 , respectively.

Next, the electrochemical stabilities of the dual FR
composite separators were measured by cyclic voltammetry
(CV) in a Li metal/separator + EC/DEC/stainless-steel setup
at room temperature between 0 and 4.2 VV vs Li*/Li® at 1.0 mV
s 1 (Figure 2f). The CV curve of the composite separator (4

m dual FR) is similar to that of the commercial PE separator,
con rming the composite separators’ high stability in the LIB
working environment in the electrochemical window up to 4.2
V vs Li*/Li% The dual FR composite separators also a orded
remarkable battery performance (Figure 2g). Using lithium
cobalt oxide (LCO) as the cathode and Li metal as the anode,
all half-cells prepared with di erent composite separators
exhibited similar Coulombic e ciencies and good reversibility.
Compared with the bare PE separator, the discharge capacities
of both the 4 and 8 m-thick composite separators were
slightly lower, but they still showed a reversibility similar to
that of bare PE. The composite separators showed slightly
lower discharge capacities than the bare separator, but still
yielded a good rate capability (Figure 2h). There was little
di erence in speci ¢ capacity only under a higher rate (1 C),
suggesting that the slightly lower ionic conductivity decreases
the speci ¢ capacity only negligibly. Collectively, these ame
retardancy and electrochemical evaluations highlight that the
designed composite separators can extinguish electrolyte res,
while maintaining the battery performance almost identical to
that of the bare separator.

To test the ame retardancy of the full cells, a whole battery
was assembled with graphite/separator + electrolyte/cathode
for burning tests (Figure 3a). An 85 mAh pouch cell was
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prepared with 600 L of the electrolyte and sealed in an Ar
environment. The whole-cell ame retardancy test was
performed after 24 h of resting to ensure that the cell was
fully soaked with the electrolyte (Figure S8a). The burning
time of the pouch cell with the bare PE separator was 20 s
(Video S4), while those for the 4 m-thick and 8 m-thick
composite separators were 5 s (Videos S5 and S6,
respectively). Both the dual FR composite separators reduced
the SET of the pouch cell to a value approximately four times
less than that of the cell with bare PE (Figure 3b). The
graphite from the bare PE pouch cell showed distinct damage
from burning; however, the graphite from the pouch cells with
the composite separators appeared normal, indicating that the
damage was contained with a short burning time (Figure 3c).
For both pouch cells with composite separators, some
electrolyte remained after burning, implying that the composite
separators are highly e ective in extinguishing battery res.
We further investigated the ability of our composite
separators to enhance LIB safety during an electrical short
by nail penetration test (Figure S8b) to simulate the thermal
runaway process caused by mechanical impact on the battery
and/or penetration of undesirable conductive materials
through the separator (such as Li dendrites). Here, we chose
the 4 m-thick dual FR composite separator for the analysis.
Pouch cells (2 Ah) were assembled with graphite/separator +
EC/DEC/LCO and fully charged, and nails were driven
through the cells. The bare PE assembled pouch cell generated
a signi cant amount of smoke within 5 s following nail
penetration (Figure S9a and Video S7) and the cell
temperature reached 228 °C in 5 s (Figure 4a) and
continuously increased to 400 °C in another 20 s. With our
composite separator (Figure S9b and Video S8), no smoke was
observed, and the temperature increased slowly and eventually
reached a plateau at approximately 90 °C after 2 min of nail
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penetration (Figure 4a). The voltage of the pouch cell with
bare PE immediately dropped to zero after nail penetration
(Figure 4b). In contrast, that of the composite separator
initially decreased from 4 to 2.2 V and gradually reverted to
3.8 V after 60 s, possibly due to the formation of a passive
surface layer on the nail caused by the reaction of DBDPE and
Sh,05 on the locally heated nail when a massive discharge
current passes through it.

Thermogravimetric analysis (TGA) was performed to study
the reaction of DBDPE and Sh,0; (Figures 4c and Figure
S10). The TGA curve of DBDPE shows a weight loss starting
at 345 °C. Under the same heating conditions, the TGA
curve of pure Sh,04 shows a weight gain, originating from the
oxidation of Sh,0, to a higher oxidized state (e.g., Sb,05).>*
However, the TGA curve of the dual FR shows a weight loss
starting at 310 °C, much lower than that of pure DBDPE. To
determine if a passive surface layer formed from the reaction of
the dual FR additives, heated stainless-steel samples were
contacted with the dual FR coating layer. After cooling to
room temperature, the surfaces of the stainless-steel samples
were analyzed by XPS. The iron peaks (Fe 2P1 and Fe 2P3)
decreased in intensity at temperatures higher than 100 °C,
while the bromine signal (Br 3d) appeared at nearly the same
temperature above 100 °C (Figure 4d,e). However, no
antimony signal (Sb 3d5) was detected even at 150 °C
(Figure S11). These observations suggest that a bromine-
containing layer formed on the stainless-steel surface at
temperatures higher than 100 °C, but the trace reaction
could not be observed by TGA.

To further understand the e ects of the passive surface layer
formation on nail shorting, we performed a COMSOL
simulation of the battery behavior upon nail penetration
(Figure S12a) using the electrochemical thermal coupled
model in COMSOL Multiphysics 5.3 (for details see the SI).
The local temperature increase from Joule heating was
simulated by the heat transfer model, in which the time-
dependent temperature distribution in the batteries was solved
simultaneously with the electrochemical self-discharge (Figure
S12b). The simulated cell voltage and local temperature after
nail penetration agreed with the experimental results further
con rming passive surface layer formation (Figure S12c,d).

A thin-layer coating of an electrolyte-insoluble, high-
performance FR on commercialized polyole n separators
signi cantly enhances the safety of LIBs and maintains their
electrochemical performance. We demonstrated a thin-layer
coating of an FR composite for the separator by applying two

ame-retarding mechanisms by a feasible inorganic particle-
coating method. The dual FR composite separator can be
fabricated easily on a large scale, and it was proven to yield an
acceptable electrochemical performance. Furthermore, the low
cost and commercially available raw materials used here might
expand the scope of practical production. Herein, we report a
simple concept for improving the safety of LIBs and o ers a
perspective on industrial applications for their further design
and development.
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