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Abstract: Of the various beyond-lithium-ion batteries, lith-
ium—sulfur (Li-S) batteries were recently reported as possibly
being the closest to market. However, its theoretically high
energy density makes it potentially hazardous under conditions
of abuse. Therefore, addressing the safety issues of Li-S cells is
necessary before they can be used in practical applications.
Here, we report a concept to build a safe and highly efficient
Li-S battery with a flame-inhibiting electrolyte and a sulfur-
based composite cathode. The flame retardant not only makes
the carbonates nonflammable but also dramatically enhances
the electrochemical performance of the sulfur-based composite
cathode, without an apparent capacity decline over 750 cycles,
and with a capacity greater than 800 mA h™' g~ (sulfur) at a rate
of 10 C.

Li—S batteries, with a remarkably high theoretical energy
density of 2567 Whkg' compared to those with other
electrode materials and a high specific capacity of
1672 mAh'g ™! compared to batteries with elemental sulfur
cathodes, have recently attracted intense interest.! As
a consequence of the abundance of sulfur resources and the
low cost and nontoxicity of Li-S batteries, they show great
promise for large-scale applications in renewable energy
fields. Currently, of the various beyond-lithium-ion systems,
Li-S batteries are believed to be the closest to market.?
Compared to the insertion chemistry of conventional lith-
ium-ion batteries, Li-S batteries utilize an “integration
chemistry” that reduces the possibility of self-ignition."!
Nonetheless, as a key aspect of any energy storage device,
including batteries, the safety issues of Li-S cannot be
ignored® because 1) the lithium dendrite formed during
cycling is highly active; 2) the mixtures of conductive carbon
and sulfur are flammable and explosive; and 3) the high
volatility and flammability of carbonates or ethers make them
thermally unstable® and prone to ignition. Li-S batteries,
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which have a high theoretical energy density comparable to
that of trinitrotoluene (TNT),® might cause serious hazards
in terms of fire or explosion when exposed to flames.
Therefore, addressing the safety issues of Li-S batteries is
necessary to accelerate their practical applications as large-
scale energy storage and conversion devices or as miniature
power sources for wearable products.

The flammability of solvents can be eliminated through
the use of either flame-retardant additives in standard
electrolytes” or an inherently nonflammable electrolyte,
such as a solid-state electrolyte, silanes, or an ionic liquid.®
The former strategy of adding flame retardants to organic
electrolytes as cosolvents or additives is an economical
option. Four main types of flame retardants have been
explored in lithium-ion battery electrolytes: phosphates,
phosphides, phosphazene, and fluorinated ethers.”) In gen-
eral, the amount of additive required to achieve nonflamm-
ability significantly deteriorates the electrochemical perfor-
mance of lithium-ion batteries. Furthermore, some additives
are not compatible with the electrode materials. However,
little information about the inner or outer protection of Li-S
batteries has been reported to date. On the basis of the above
considerations, we propose a concept to build safe Li-S
batteries with both a flame-inhibiting electrolyte and a non-
flammable cathode.

The conventional electrolyte which contains ethylene
carbonate (EC) and dimethyl carbonate (DMC) solvents is
highly flammable. Figure 1a indicates that the combustion of
this electrolyte lasts for 14s. The addition of tris(2,2,2-
trifluoroethyl) phosphite (TTFP), with a boiling point of
approximately 131°C, results in the EC- and DMC-based
electrolyte becoming nonflammable (Figure 1b). Figure 1e
demonstrates the effect of the TTFP content on the self-
extinguishing time (SET) and ionic conductivity of the
electrolyte. The SET of the electrolyte decreased sharply
from 104.08 sg™! for the electrolyte to 61.50 sg ™' after 5 wt %
TTFP was added, then further to 11.4sg™! after 10 wt%
TTFP was added. The SET value decreased to zero when the
content of TTFP was increased to 15 wt %. Concentrations of
TTFP greater than 10 wt% can effectively retard or even
eliminate flammability in electrolyte solutions. However, the
conductivity of the electrolytes exhibited a linear decrease
with increasing TTFP content, which might be due to the
relatively high viscosity (17.7 mm?s™' at 20°C) and low
dielectric constant of TTFP.""!

Two mechanisms have been suggested to explain the
effect of flame-retardant additives."” One is a physical char-
forming process, which builds up an isolating layer between
the condensed and gas phases; the other is chemical radical
termination of the combustion process. For organic liquid
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Figure 1. Flame tests and the effect of TTFP on the SET. a) Blank
electrolyte; b) flame-inhibiting electrolyte; c) elemental sulfur in the
flame; d) pPAN@S in the flame; e) SET and conductivity of the

electrolytes with different TTFP contents.

electrolytes, the main flamma-
bility mechanism is the latter.
When TTFP is heated to tem-
peratures above the pyrolysis
temperature, it generates free
radicals (PO* and F*), which
are able to actively capture
other free radicals emitted by
the burning electrolyte (usu-
ally H' and "OH) to retard the
combustion.”

Elemental sulfur, which is
the main component in explo-
sive materials, is well known
to be highly flammable and to
exhibit a light-blue flame
during  combustion  (Fig-
ure 1c¢). Furthermore, polyac-
rylonitrile (PAN) is generally
classified as a flammable tex-
tile material by virtue of its
low limited oxygen index
(LOTI) value of approximately
18 % .1 However, their reac-
tion products, pyrolyzed poly-
acrylonitrile and sulfur
(pPPAN@S) composite with
a sulfur content of 43 wt%,
are nonflammable and neither
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melt nor shrink when left in a flame (Figure 1d). PAN was
dehydrogenated by sulfur at approximately 300°C in an inert
atmosphere, thereby forming a conductive main chain with an
electronic conductivity of about 10™* Scm™', which represents
an approximate 10*-fold increase from that of its insulating
precursor.'” The highly polar CN functional group cyclized to
form a thermally stable heterocyclic compound in a process
similar to PAN preoxidation in air.***¥! This conductive
pPAN, with a LOI greater than 31%, is nonflammable,
insoluble,'" and serves as an excellent flame retardant for
sulfur in the pPAN@S composite.

The theoretical specific capacity of the pPAN@S compo-
site material is 719 mAh™'g™!, as calculated by multiplying
1672 mAh'g! by the sulfur content of 43 wt %. The charge
and discharge behaviors of the cells in the electrolytes
containing different amounts of TTFP are demonstrated in
Figure 2a. The addition of TTFP hardly affected the charge/
discharge curves of the pPAN@S composite cathode material,
which delivered an initial discharge capacity of about
774 mAh~'g !(composite) (calculated based on the whole
composite, including pPAN) or about 1800 mA h~' g~!(sulfur)
(calculated based on sulfur), thus exceeding the theoretical
value of 1672 mAh 'g™! for sulfur. This extra capacity may
partially derive from lithium insertion into the anionic
conjugated backbone in pPAN, as is known to occur in
electrically conducting polymers.'] A reversible capacity of
about 1500 mAh~'g '(sulfur) was obtained in the second
cycle, thus indicating a sulfur utilization approaching 90 %.
Figure 2b shows that the addition of TTFP remarkably
affected the cycle stability of the pPAN@S composite. The
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Figure 2. Electrochemical performance of pPAN@S composite cathodes in different electrolytes.
a) Charge/discharge profiles; b) cycling performance; c) long-term cycling behavior in flame-inhibiting
electrolyte; d) rate performance.
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capacity gradually decayed in the blank electrolyte (1m LiPFy/
EC + DMC), with only 1037 mAh~' g '(sulfur) left after 150
cycles. In contrast, the composite cathode in the electrolyte
containing TTFP demonstrated a stable cycling performance
apart from the initial 3 cycles. During long-term cycling, no
remarkable capacity decrease was observed before 400 cycles,
but the capacity decreased rapidly after 500 cycles.

After 666 cycles, the pPPAN@S cathode was removed and
was reassembled in a new cell with a fresh Li anode and new
electrolyte. The capacity of the pPAN@S cathode fully
recovered to its initial value of 1400 mAh~' g !(sulfur) (Fig-
ure 2¢), with no degradation of the performance except for
a slight increase in the charge voltage (see Figure S1 in the
Supporting  Information).

Therefore, the rapid decline
in the capacity after 500

Angewandte

cathodes exhibited high coulombic efficiencies approaching
100%, except in the first discharge process, in all the
electrolytes.

To explain the impact of TTFP on the performance of the
pPAN@S composite cathode, the electrochemical impedance
spectra (EIS) of the cathode were measured at discharge
voltages of 2.3, 2.0, 1.7, and 1.0 V. At a voltage of 2.3V, the
cathode remained in a fully charged state (Figure 2a). Only
one semicircle in the high- and medium-frequency regions
and a sloping line in the low-frequency region were observed
(see Figure S3 in the Supporting Information). The other
impedance spectra are composed of two overlapped semi-
circles and a sloping line (Figure 3, left).
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7 C (where 1C is equal to
a current density of
1672 mA g~ '(sulfur)). The
addition of 10 wt% TTFP
to the electrolyte not only
significantly enhanced the cycle capacity at different current
rates but also suppressed the voltage polarization (Figure 2d
and see Figure S2 in the Supporting Information). With TTFP
additives of 10 wt% and 20 wt %, the pPAN@S composite
delivered similar capacities at discharge rates up to 3 C;
afterwards, a difference in capacity became distinct. Even
when discharged at 10 C in 10 wt% TTFP electrolyte, the
capacity was maintained at about 850 mA h'g (sulfur). The
clear decreases in capacity observed at high discharge rates
for 20 wt % TTFP are attributed to the high viscosity and low
dielectric constant of TTFP. After the rate was decreased to
0.2 C, 87 % of the initial capacity was recovered in the case of
the blank electrolyte, whereas 94 % was recovered in the case
of the nonflammable electrolytes. Moreover, the composite
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Figure 3. EIS results at different voltages and the corresponding electrochemical parameters. a) Blank
electrolyte; b) blank electrolyte + 10 wt% TTFP.

The EIS were fitted by the equivalent circuits (see
Figure S4 in the Supporting Information), and the results
are given in Figure 3 (right) (the detailed electrochemical
parameters are listed in Table S1 in the Supporting Informa-
tion). The addition of TTFP clearly decreased both the
lithium-ion transfer resistance (R;) in the interfacial film and
the electrochemical reaction resistance (R.). We speculate
that TTFP might participate in interfacial reactions on the
cathode to form a film that enhances lithium-ion transfer and
accelerates the electrochemical reactions.

As the rate performance is closely associated with the
diffusion of Li' ions in the electrode materials, it was
necessary to investigate the impact of TTFP on Li* diffusion.
The lithium-ion diffusion coefficient was evaluated by cyclic
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voltammetry (CV) and was calculated according to the
Randles—Sevick Equation [Eq. (1)]:7

I, =2.69 x 10°2 4P = g ™ (1)

where B=2.69x10°’n"9APi'% [ indicates the peak current
(A), Cy; is the lithium-ion concentration in the electrolyte, A
is the electrode area (here, 1.13 cm?), v is the scanning rate
(Vs™h), n is the number of electrons in the reaction (here, 2;
2Li+S—Li,S), and Dy;* is the lithium-ion diffusion coeffi-
cient (cm*s™).

According to Equation (1), the plot of the oxidation (or
reduction) peak current /, versus the square root of the scan
rate (") should result in a straight line. Figure 4c demon-
strates that /, was indeed proportional to " thus confirming

107° Torr overnight, which ensured that no TTFP liquid
remained in the cathodes (the boiling point of TTFP is
approximately 131°C). The XPS spectrum of the cathode
cycled in the nonflammable electrolyte showed a new F 1s
peak at 688.7 eV; this peak is associated with CF; derived
from TTFP (Figure 4d), which supports our speculation that
TTFP competes with the blank electrolyte to participate in
interfacial reactions on the cathode. The changes in the
interfacial film conferred several advantages, including lower
lithium diffusion resistance, accelerated electrochemical
reactions, and partial accommodation of the volume change
during cycling,"™® thus resulting in a dramatically improved
performance of the pPAN@S composite cathode. Moreover,
the good wettability of TTFP provided intimate contact
between the cathode and the electrolyte, which also favored

reversible  electrochemical

reactions and long-term

cycling stability.

When the pPAN@S com-
posite was cycled in carbon-
ate electrolytes, the surface

sulfur first reacted with lith-
ium to form polysulfides, LiS,
(4<x<8). These polysul-
fides exhibited high solubility
and strong electron-donating

abilities. They reacted with
carbonate solvents to form an
interface that hindered the

20 25 30
Potential (V vs. Li/Li")

a) 0.0012 b) 0.0012
0.0008 1 0.0008
< 0.00044 2 0.0004+
~ N
b= -
5 0.0000- £ 0.0000
E £
j=1
O -0.0004 3 -0.0004 1
-0.0008 -0.0008
-0.0012 ; ; . . : -0.0012 .
1.0 1.5 2.0 2.5 3.0 1.0
Potential (V vs. Li/Li")
€) 0.0012 — d
) 0.00 Flame-inhibiting electrolyte )
B(C2)=0.07523 C2
0.0010+ B(A2)=0.05827 o7
__ 0.0008 >
< Z
= 0.0006- £ 5
s - R
Blank electrolyte =
0.0004 - B(C1)=0.0224 Cl
B(A1)=0.01548
0.0002 1 — T g------"¥ " TTAl

68876V
-CF; from TTFP / |

“cathode cycled in

687.2eV

PF, or s derivatives electrolyte from permeating

into the interior of the
cathods cycled n pPAN@S composite.” The
/1" blank electrolyte disappearance of the N 1s
N peak from the spectrum of
GSLSi:V the cathode cycled in the
‘ blank electrolyte clearly indi-
cates the formation of an

interface with a thickness

N

flame-inhibiting electrolyte

692
VOS5 (V05 5-05)

Figure 4. CV and ex situ XPS spectra of the cathodes in different electrolytes. Cyclic voltammograms of the
cathodes in a) blank and b) flame-inhibiting electrolytes and c) their linear fits; d) XPS spectrum of F 1s.

a diffusion-controlled mechanism. From the slope (B) of the
linear fit, the lithium diffusion coefficients were calculated as
C,=6.79x107"" and A, =3.243 x 107'? as well as C, =9.455 x
107 and A, =5.673x 107, which correspond to the cathodic
and anodic reactions in the blank and nonflammable electro-
lytes, respectively (see Table S2 in the Supporting Informa-
tion). Although only the average values of D;* could be
obtained using CV, the average values are sufficient in this
case to evaluate the effect of TTFP on Dy;". It is clear that the
addition of TTFP dramatically enhanced the lithium diffusion
coefficient more than tenfold.

X-ray photoelectron spectroscopy (XPS) was used to
reveal the changes in the interface after the addition of TTFP.
Before the measurements, the cycled cathodes were washed
in DMC three times and dried under a vacuum of about 5 x

690
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beyond the detecting depth
of XPS (typically several
nanometers). In contrast,
the weak N spectrum of the
cathode cycled in the non-
flammable electrolyte most
likely indicates a thinner interface (see Figure S5a in the
Supporting Information). For further electrochemical reac-
tions, the pPAN main chain, with an electrical conductivity
greater than 107* Scm™, provides channels for the transfer of
Li ions and electrons; monodispersed sulfur molecules, such
as S,, S,, or even S atoms, remain in the pPAN matrices and
act as electrochemically active points.'”! This novel structure
theoretically ensures a high electrochemical activity, good
reversibility, and long-term cycle stability of the sulfur
composite cathode. No discharge products dissolved into
the electrolyte (see Figure S5b in the Supporting Informa-
tion).

Practically, because of the strong tendency of sulfur to
sublime, residual elemental sulfur will inevitably adsorb onto
the surface of the pPAN@S composite during the cooling
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process. The surface structure, or interfacial film formed
between the pPAN@S and the carbonate electrolyte, deter-
mines the electrochemical performance of the pPAN@S
composite cathode to a large extent. Zhang et al. reported
that TTFP was initially reduced below 1.8 V to form a stable
solid electrolyte interface (SEI) which protected the propyl-
ene carbonate (PC) from being decomposed on the graphite
anode.™ For our Li-S battery, the voltage of the pPAN@S
cathode during its first discharge process is mainly below
1.8 V (Figure 2a). Therefore, we speculate that TTFP is
reduced during the first discharge to form a stable interfacial
film on the pPAN@S cathode which prevents the reaction
between EC and polysulfides, or, at least, affects their
interaction. The detailed interfacial reaction mechanism
requires further investigation through in situ or in operando
techniques.?”!

In summary, we report a safe Li-S battery that exhibits an
extremely stable cycling performance and an outstanding
high-rate capability. The flammability issue of the Li-S battery
was eliminated by using flame-inhibiting carbonate electro-
lytes derived from the addition of TTFP and a pPAN@S
composite cathode with unique nonflammable properties.
TTFP not only served as a flame retardant but also modified
the interfacial film on the pPAN@S cathode that enhanced
the Li-ion diffusion coefficient more than 10-fold and
accelerated the electrochemical reactions. The pPAN@S
composite cathode maintained extremely stable electrochem-
ical activity over 750 cycles and exhibited a discharge capacity
greater than 800 mA h~'g~!(sulfur) at a high rate of 10 C in
the flame-inhibiting electrolyte. The use of both a nonflam-
mable electrolyte and cathode will allow the safety issues of
Li-S batteries to be solved after the dendrite formation and
low coulombic efficiency (CE) of the lithium-metal anode are
addressed."®?] We hope that the exceptional results pre-
sented herein will speed the development and applications of
safe and highly efficient beyond-lithium-ion batteries in the
fields of renewable energy as well as in the wearable
products.[!

Experimental Section
Cathode preparations and electrochemical measurements: The
pPAN@S composite and cathode were prepared according to the
method described previously.” PAN was mixed homogeneously
with elemental sulfur and heated at 300°C in a N, atmosphere,
thereby resulting in a pPAN@S composite as a black powder with
a sulfur content of 43 wt %, as determined by elemental analysis using
a PE 2400 II CHNS/O elemental analysis system (PerkinElmer). The
cathode was fabricated by mixing 80 wt% pPAN@S composite,
10 wt% Super P, and 10 wt% carbonyl-f-cyclodextrin as a binder,
then coating the mixture onto a piece of Al foil (with a carbon
coating) and cutting the foil into small disks with a diameter of
12 mm; the weight loads of the foil disks were ca. 2.0 mgem 2 The
anode consisted of Li foil with a diameter of 16 mm and a thickness of
02mm. A 1m LiPF/EC+DMC (1:1, v/v) solution was used as
a blank electrolyte, in which tris(2,2,2-trifluoroethyl) phosphite
(TTFP; Aldrich) was added directly at ratios of 5, 10, 15, and
20 wt %. The charge/discharge cycles were performed in a cut-off
voltage limit of 1.0-3.0 V on a LAND cycler (Wuhan, China).
Electrochemical impedance spectra (EIS) and cyclic voltammetry
(CV): To measure the electrochemical kinetics of the sulfur electrode,
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three-electrode electrochemical cells were assembled in a glove box
(MBraun, Germany) using lithium foil as the counter electrode,
a lithium ring as the reference electrode, the pPAN@S cathode as the
working electrode, and the PE film as a separator. After 3 cycles at
0.1 C, CV and EIS were performed using a Solartron FRA 1250
frequency response analyzer in combination with a Solartron SI 1287
electrochemical interface. The frequency ranged from 100 kHz to
0.01 Hz, and the amplitude was set at 5 mV. The scan rate for CV was
increased gradually from 0.1 to 0.4 mV's™! in a voltage range of 1.0 to
3.0 V versus Li/Li*. All the experiments were conducted at room
temperature.

See the Supporting Information for the measurements of the self-
extinguishing time (SET), conductivity, and X-ray photoelectron
spectroscopy (XPS).
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