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Abstract: Lithium-sulfur batteries are widely seen as a promising next-generation energy storage
system owing to their ultrahigh energy density and environmental benignity, yet the low
electrical conductivity of sulfur and the shuttle effect of dissolved polysulfides result in poor
cycling performance. An a-MEGO @ g-C,; N, composite coated on polypropylene separator with
high nitrogen content (atomic percent 20.08%) and specific surface area (1000 m* » g~ ') was
developed to inhibit polysulflide shuttling. The prepared lithium-sulfur battery with the a-MEGO
(@g-C3;N, coated separator delivered a specific capacity of 1244 mAh » g~ ' at 0.1C (1C=1675 mA -
g™!) and a capacity decay rate of 0.062% per cycle after 800 charge/discharge cycles at 0.5 C,
which are both superior to the battery assembled with standard separator. Further experimental
studies indicate that the improved electrochemical performance is attributed to the superior
surface area and nitrogen content which immobilize the polysulfides and reuse the trapped active
material. This work is expected to benelit the [uture development of g-C;N, based carbon
materials with optimal nitrogen content and surface area for Li-S batteries.
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0 Introduction

Lithium-sulfur (Li-S) batteries have become
appealing in the last few years due to their
outstanding theoretical capacity of 1675 mAh *» g!
and specific energy of 2600 Wh « kg '™,
However, the low conductivity of sulfur/lithium

sulfide and the
produced during discharge has long been identified

shuttle effect of polysulfide

as major problems for developing Li-S

[5-6]

batteries To overcome these obstacles, a

variety of modifications have been considered. for

example, integrating nanostructured carbon

1, modifying the separator

[16]

materials with sulfur

02151 - and applying novelty electrolytes

surface

Among these tremendous works to circumvent
the dissolution of polysulfides, modifying the
separator is a straightforward method to mitigate

modified

separator can serve as natural support for the

the migrating of polysulfides. The

barrier layer of polysulfides to trap and reutilize
dissolved polysulfides. However, the reported
coating materials on separators are mostly porous
carbon and the weak physical interaction between
porous  carbons  with  dissolvable  lithium
polysulfides is unsatisfactory to ensure long-term
restriction of polysulfides shuttle effectt* 1718,
demonstrated that the

Recent reports have

introduction of nitrogen heteroatoms into
separators/cathodes can strengthen the interaction
between the polysulfides species and the nitrogen
anchoring sites by creating a functional polysulfide-
Thus,

material with higher nitrogen concentrations may

[19-25] seeking for a

trapping interface
provide more active sites to restrain the diffusion
of polysulfide. However, most of the reported

nitrogen-doped carbon materials for Li-S batteries

have a low nitrogen content (mass [raction less
than 1096)[w403¢%]
CsNy), a light-weight polar host material with a

Graphitic-carbon nitride (g-

structure analogous to layered graphite has a high
nitrogen content (theoretically up to mass fraction
60%).7% Additionally, g-C;N, can accommodate
the volume expansion upon formation of Li,S on

elasticity™™.

discharge due to its structural
However, the low electrical conductivity of g-
C;N, may result in fast capacity decay on cycling.

Herein, we synthesized a high N-content

20. 08%) a-MEGO®@g-C;N,

composite and reported a feasible modification of

(atomic percent
the commercial polypropylene (PP) separator with
a thin layer of a-MEGO @ g-C;N, to suppress the
migration of soluble polysulfides. The a-MEGO@ g-
C; N, coating layer is 0.2 mg * cm™ % (the weight of
the PP separator is 1.3 mg *« cm ?), which
overcomes the drawbacks of the added significant
weight of the free-standing components employed
in previous works.The Li-S battery assembled with
a-MEGO@g-C,;N, modified scparator possesses an
initial capacity of 1244 mAh « g7 ' at 0.1C (1C=
1675mA » g7') and a low capacity fading rate of
0.062% per cycle over 800 cycles at 0.5C. An in-
depth study indicates that the high surface area and
high nitrogen contents of a-MEGO@g-C;N, can
suppress the migration of polysulfides not only via
the physical adsorption but also the strong
chemical interaction between the nitrogen
anchoring sites and polysulfides, which allows a

large portion of polysulfide to be captured for

further utilization.

1 Experimental

1.1 Synthesis of -MEGO@g-C; N, composite
a-MEGO was synthesized according to Zhu’s



% 3

Nitrogen-rich a-MEGO@ g-C; N, coating on separator for advanced Li-S battery 177

a-MEGO @ g-C;N, was produced by

heating a-MEGO and melamine in their mixed

work™,

methanol dispersions. Typically, melamine and a-
MEGO methanol dispersion with a weight ratio of
1: 1 were mixed by stirring for 30min first and
then heated at 50°C. Once the solvent was
removed, the dried product was ball-milled at
500r/min for 10h through ball grinder. And then,
the ball-milled mixture was placed into a crucible
with a cover and [irst heated to 340°C by 10°C -
min ', then 1°C *« min~'to 380°C and held for 10
min, and finally the sample was heated by 10°C -
min~'to 550°C for 7h. All the heating procedures
were under the protection of Ar atmosphere.
Finally, the sample was allowed to cool to room
temperature and labelled as a-MEGO@g-C, N, .
1.2 Preparation of the pure sulfur cathode

For the fabrication of sulfur electrodes, a
well-mixed sulfur slurry (60% mass fraction of
sulfur as active material, 30% mass fraction of
Ketjen Black as conductive agent and 10% mass
fraction of binder) was coated onto an aluminum

blading. The

elastomeric binder was a mixture of SBR (styrene-

foil current collector by doctor
butadiene rubber) and CMC ( carboxymethylcellulose
sodium) in an empirically optimized weight ratio of
1 : 1. For non-modified separator cells, we used
cathodes with S ¢ carbon black : (CMC-+ SBR) =
50% : 40% : 10% (mass fraction) in order to keep
similar sullur/carbon ratios. The obtained cathodes
were punched into circular disks of 10mm after
drying in an oven at 50 ‘C for 20 h. The areal
sulfur loading on the cathode was approximately
0.8~1 mg * cm* for the main electrochemical
tests.
1.3 Preparation of the coated separator

A simple modification of the PP separator was
conducted by directing coating of a-MEGO @ g-
Cs; N, slurry on one side of the separator using a
doctor blade method. The slurry was prepared by
mixing a-MEGO@ g-C, N, (mass [raction 90 %) and
polyvinyl difluoride (PVDF) (mass fraction 10%)
in N-methyl-2-pyrolidone ( NMP) solvent. The

modified separator was punched into circular disks
of 16mm after drying in an oven at 45 “C for 20 h.
The mass of the coatings was 0.2 mg * ecm ™ °. For
a-MEGO modified
produced with a-MEGO slurry by the same

comparison, separator was
method.
1.4 Electrochemical measurements

Common 2032-type coin batteries were
assembled in an Ar-filled glovebox with the
modified separator and PP separator inserted
between cathode and Li metal. The modified
separator was placed into the cell with the coating
layer facing the cathode. A mixture of 1.0 mol/L
lithium bis(trifluoromethanesulfonyl)imide in 1, 3-
dioxolane and 1, 2-dimethoxyethane (1: 1 by
volume) with 2% (mass fraction) LiNO, additive
was used as electrolyte.

The cells were operated in the potential range
of 1.7~ 2.8 V versus Li/Li" using a CT2001A
battery test system (LAND Electronic Co.). The
electrochemical impedance spectroscopy (EIS)
tests were carried out between 100 kHz and
10 mHz with an AC voltage amplitude 5mV at the
open-circuit voltage of the cells by
PARSTAT4000. For the long term cycling tests at
0.5 C, the cells were cycled at 0.1 C for the first
two cycles as a preconditioning step.

1.5 Characterization

The morphology of the samples were
characterized using a JSM-2100F (JEOL Ltd.)
operated at 5. 0 kV. Energy-dispersive X-ray
spectrometry (EDXS) measurements were taken
on the SEM with an EDXS spectrometer. XRD
patterns were performed using a D/max-TTR [l
with Cu Ka radiation of A=1.54178 A operating at
40 kV and 200 mA. Nitrogen adsorption
experiments were conducted using a Quantachrome
Autosorb-1Q instrument. EA (elemental analysis)
was performed on a Vario EL cube (Elementar
Analysensysteme GmbH ). X-ray photoelectron
spectroscopy (XPS) analysis was conducted with a

Thermo ESCALAB 250

magnesium anode (monochromatic Ka X-rays at

instrument using a
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1486. 6 eV ) as the source. All spectra were
(284. 8 eV

corresponding to C-C) as reference. The cycled

calibrated using the C 1s level

separators were washed with DOL/DME solvent
inside the glove box prior to the SEM/EDXS and
XPS investigations.
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(a) SEM image of synthesized a-MEGO@g-C3N,. (b) N, adsorption/desorption isotherm of a-MEGO@g-C3 Ny, (¢) XPS survey spectrum of

a~-MEGO@g-C3Ny. (d) Digital image of as-prepared a-MEGO@ g-C3 N, coating separator. (e) Top view and () cross-sectional SEM images

of -MEGO®@g-C; N, coating separator.

Fig.1 The morphology of a-MEGO@g-C; N,

2 Results and discussion

The a-MEGO@ g-C; N, composite was synthesized
by in situ polycondensation of a-MEGO and melamine.
The X-ray photoelectron spectrum (Fig.2(a)) shows
the peak at 398.8 eV splits to form an obvious new
shoulder peak at 397.8 eV, which is caused by the
strong interaction between the a-MEGO and the
nitrogen atoms in the g-C; N, , indicating a-MEGO and
g-C;N,are covalently bonded®. The
interconnected porous a-MEGO @ g-C,N, structure

covalently-

offers a firm and conductive framework which can
provide an electron pathway for improving active
material utilization. The synthesized a-MEGO@g-C; N,
presents a layered structure as shown in Fig.1(a).
Furthermore, the a-MEGO @ g-C,N, possesses a
high specific surface area of 1000 m* + g~ ' (Fig.1
(b)). The nitrogen content of the a-MEGO @ g-
Cy;N, can be calculated from the XPS results and
measured by the elemental analysis, which show a
high content of 20.08% and 19.88% (atomic percent) ,
respectively (Fig.1(c) and Tab.1).This value is much
larger than that of other commonly used nitrogen-

doping methods such as the NH; annealing of porous

carbons at elevated temperaturest?! 2

. Based on a
sketchy calculation, we note that the 20.08% (atomic
percent) nitrogen concertation is sufficient to adsorb all
the polysulfides of sulfur cathode.

Tab.1 Elemental analysis and XPS analysis of a-MEGO@g-C; N,

EA(mass fraction)/ %  XPS(atomic percent)/ %

a-MEGO
@ g-C3 N,

N H (0] C N O

71.8  24.3 0.84 3.08 76.98 20.08 2.940

The a-MEGO®@ g-C; N, separator was prepared
by casting a slurry which contains a-MEGO @ g-
C;N,and PVDF ina weight ratio of 90 : 10 onto a PP
separator by doctor blade technique. The a-MEGO
(@ g-C;N, separator exhibited good flexibility and
twistability ( Fig. 1 (d)). The a-MEGO@g-C;N,
coating exhibited a uniformly distributed dense
layer with no evidence of cracks on the surface
(Fig.1(e)). The weight of the a-MEGO @ g-C, N,

*,which accounted for only ~

film was 0.2mg * cm™
13% (mass fraction) of the whole separator. The
SEM image taken from the cross-section of the a-
MEGO @ g-C;N,
thickness of the -MEGO@g-C; N, film was nearly

10 pm (Fig.1(D.

separator shows that the
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(a) Discharge/charge profiles of Li-S batteries assembled with different types of separators at 0.1 C(1 C=1675 mA « g~ ). (b) Discharge

profiles of the initial cycle of the Li-S cells assembled with different types of separators. The figure is rescaled to present the beginning of the

second discharge plateau. (¢) Nyquist plots of Li-S cells assembled with different separators. (d) Discharge capacity and Coulombic efficiency

measured at 0.1 C of Li-S cells assembled with different types of separators. (e) Cyclic performance of Li-S cell assembled with a-MEGO@ g-

C3 Ny coated separator measured at 0.5 C.

Fig.3  Electrochemical

The electrochemical performance of the a-
MEGO@g-C;N, separator was evaluated in a half-
in DOL/DME

cell with a 1 mol/L LiTFSI

electrolyte and a lithium foil as

performance of the Li-S cells with different types of separators

reference electrode. Fig.3 (a) shows the charge/
discharge profiles of the Li-S batteries assembled
with bare PP, a-MEGO separator and a-MEGO@

the counter/ g-C, N, separator, measured at 0.1 C in the voltage
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range of 1.7 to 2.8 V versus Li/Li". The a-MEGO
and a-MEGO @ g-C;N, coating side faced the
cathode side when assembling the cell. The Li-S
battery assembled with a-MEGO @ g-C, N, coating
separator could deliver a specific capacity of
1244 mAh « g! (with respect to the mass of S,
both here and below) at 0.1 C, which is 132% and
103% higher than the battery with a standard PP
separator and a-MEGO coating separator(Fig. 3(a)
and Tab.2).The long-chain polysulfides underwent
a nucleation reaction and were converted to non-
soluble Li,S, and Li,S (Li,S, ¢« Li,S)
potential range of 2.1~1.7 V.The plateaus of the
cells assembled with a-MEGO @ g-C;N, separator
are longer than the plateaus of the cells with bare
PP and a-MEGO
polarization (AE) of the cell with a-MEGO @ g-
Cs;N, is 120mV, while the AE of the cell with a-
MEGO and PP separator is 136 mV and 144mV,

kinetic

in the

coating separator, and the

respectively, showing a  significant
advantage to the conversion of soluble Li,S, to

insoluble Li,S (Fig.3 (a)).Furthermore, the Li-S
cells with a-MEGO @ g-C;N, coating separator

exhibit no voltage dip at the beginning of the Li,S
precipitation voltage plateau, which demonstrates the
suppressed polysulfide diffusion into the electrolyte
(Fig.3(b))®"*1 | The EIS measurements performed on
the a=-MEGO@g-C; N, coating separator show that the
charge transfer resistances is 48.3 Q, which is
much lower than those of the a-MEGO coating
separator (92.9 Q) and bare-PP (245.4 Q) (see Fig.
4 for details). The battery with a-MEGO @ g-C, N,
exhibited excellent rate capability as shown in Fig.5.
The cell with a-MEGO @ g-C;N,coating separator
delivered a specific capacity of 1244 mAh « g~ ! and 582
mAh ¢ g 'at the Ist and the 200th cycle, respectively
(Fig.3(d)). This is a considerable improvement
over the cell containing a-MEGO coating separator
and bare PP. The long-term cycling stability of a-
MEGO@g-C; N, separator was also evaluated (Fig.
3(e)), and after over 800 cycles at 0.5 C, the
398. 2 mAh -+ g7',

corresponding to a capacity retention of 47 % of its

capacity remained at
initial value. The average decay rate of the specific
capacity was 0.062 % per cycle, and the Coulombic
efficiency at the 800th cycle was 99.89 %.

Tab.2 Electrochemical analysis of Li-S batteries with different separators during 200 cycles at 0.1 C

Initial discharge capacity
Separator

(sulfur utilization)/(mAh + g™

Coulombic efficiency Capacity fade rate

(average in last 50 cycles)/% per cycle/ %

a-MEGO@g-C; N, coating 1 244 99.93 0.25
a-MEGO coating 1198 99.75 0.32
Bare PP 944.0 99.69 0.31
100
—@— a-MEGO@g-C:N. (a) 150 4 —@— a-MEGO (h) @ Bare PP (c)
—A— Fitting |—a— Fitting 3007 _a Fitting
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Fig.4 Electrochemical impedance spectroscopy (EIS) plots of the cells with different separators

To study the effect of a=MEGO@ g-C;N, coated
separator on the electrochemical performance of Li-S

batteries, a series of permeation experiments were

conducted by using H-shaped devices which were
being separated by a-MEGO@g-C;N, separator/ a-
MEGO separator and bare PP in order to test
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Fig.5 Rate capabilities of the Li-S cell with
a-MEGO@g-C; N, coating separator

aMEGO@g-C, N,

diffusion of

whether separator can

successfully reduce the soluble
polysulfides(Fig. 6(a)). The tubes on the left-hand
side (L tubes) contained 0.2 mol/L Li, S, dissolved
in DOL/DME (1 : 1 by volume), while the tubes
on the right hand side (R-tubes) contained only
DOL/DME solvent. With time increasing, the bare
PP separator showed fast diffusion of polysulfides,
and the right tube turned dark yellow after 24 h,
while the a-MEGO @ g-C;N, separator and a-
MEGO separator remained clear with no detectable
color change, demonstrating obvious blocking

elfects towards polysulflides. Although the color of

(a)

L tube with a-MEGQO coating separator and a-
MEGO @ g-C3N4 coating separator exhibit no
difference to the naked-eye, the UV-Vis spectra of
the electrolyte shows that the concentration of the
soluble polysulfide released from the a-MEGO
separator is 2.5 times of that released from the a-
MEGO@g-C;N, separator (Fig.7).After permeation,
all separators were analyzed by XPS. The Li 1s
spectrum of a~-MEGO @ g-C;N,/Li,S, shows an
asymmetric peak extending to higher binding
energy (55.6 eV) and an additional peak at 56.4 eV
(Li-N) compared to pristine Li, S, (55.4 eV) ,which
is a result of the Li" ions interacting with NP,
The S 2p spectrum of a-MEGO@ g-C, N, /Li, S, has
a C-S bond at 162.2eV, which is ascribed to the
g-C;N, and Li,S,.B"
However, C-S bond is absent in a-MEGO/Li,S,
(Fig. 6 (e)). These features of XPS demonstrate

interaction between

that polysulfides can be blocked by forming Li-N
bond and C-S bond onto a-MEGO @ g-C,N;,.
Moreover, the interaction between polysulfides
and a-MEGO @ g-C;N, is further confirmed by
FTIR spectra(Fig.8).
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(a)Photograph of H-type cells assembled with a-MEGO @ g-C; N, coated separator (upper) ,a-MEGO coated separator (middle) ,and bare PP

separator (bottom) used for testing the polysulfide permeation. (b,c)XPS Li 1s and S 2p spectra of a-MEGO@ g-C3Ny coated separator and (d,

e) a-MEGO coated separator after the polysulfide permeation measurements.

Fig.6 The effect of a-MEGO@g-C; N, coated separator on minimizing the diffusion of soluble polysulfides
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Fig.9 SEM and XPS characterization of different separators after cycling
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Fig.10 High resolution of C 1s and N 1s XPS of a-MEGO@ g-C; N, separator after 100 cycles

To further understand the function of the a-
MEGO@g-C;N, coating separator, we disassembled
batteries after 100 cycles in a glovebox. The EDS
(energy dispersive spectrometer) elemental maps
(Fig.9(a)) show a uniform distribution of sulfur in
the a-MEGO @ g-C,N, coating separator. S/C
atomic ratio from XPS of a-MEGO @ g-C,N,
coating separator are 1.8 and 32 times the values of

a-MEGO coating separator and bare PP separator,

respectively, confirming the effective interception
of the dissolved polysulfides with a-MEGO @ g-
Cs;N, coating separator. The C 1s spectrum of a-
MEGO@g-C;N, coating separator shows the C—N
(285.8 eV) shifts to a slightly higher binding
energy (286.7 eV) due to the polarization of the
electron away from C atom to electropositive Li of
Li,S (Fig.10), which suggests the strong chemical

interaction between g-C; N, and Li, S™,



% 3

Nitrogen-rich a-MEGO@ g-C; N, coating on separator for advanced Li-S battery 183

3 Conclusion

In summary. we have designed a separator by
coating a-MEGO @ g-C;N, onto a commercial
polypropylene separator. The battery with the a-
MEGO @ g-C;N, coated separator delivers a high

1

capacity of 1244 mAh « g7! at 0.1C with a capacity
fading rate of 0.067% per cycle [or 800 cycles at
0.5 C. The improved electrochemical performance
of a-MEGO®@g-C, N, coating scparator attributes to
which

polysulfide-trapping

the g-C;N,polarized surface creates a

functional interface by
forming C-Sbond and Li-N bond, and the high
a-MEGO@g-C,;N,

abundant physical adsorption sites and serves as a

surface area of provides

conductive interface during electrochemical cycling.
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