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ABSTRACT

Achieving high loading of active sulfur yet rational regulating the shuttle effect of lithium polysulfide (LiPS) is of great
significance in pursuit of high-performance lithium-sulfur (Li-S) battery. Herein, we develop a free-standing graphene-
nitrogen (N), phosphorus (P) and fluorine (F) co-doped mesoporous carbon-sulfur (G-NPFMC-S) film, which was used as a
binder-free cathode in Li-S battery. The developed mesoporous carbon (MC) achieved a high specific surface area of 921
m?g~ with a uniform pore size distribution of 15 nm. The inserted graphene network inside G-NPFMC-S cathode can
effectively improve its electrical conductivity and simultaneously restrict the shuttle of LiPS. A high sulfur loading of 86%
was achieved due to the excellent porous structures of graphene-NPFMC (G-NPFMC) composite. When implemented as a
freestanding cathode in Li-S battery, this G-NPFMC-S achieved a high specific capacity (1,356 mAh-g™"), favorable rate
capability, and long-term cycling stability up to 500 cycles with a minimum capacity fading rate of 0.025% per cycle,
outperforming the corresponding performances of NPFMC-sulfur (NPFMC-S) and MC-sulfur (MC-S). These promising
results can be ascribed to the featured structures that formed inside G-NPFMC-S film, as that highly porous NPFMC can
provide sufficient storage space for the loading of sulfur, while, the N,P,F-doped carbonic interface and the inserted
graphene network help hinder the shuttle of LiPS via chemical adsorption and physical barrier effect. This proposed unique
structure can provide a bright prospect in that high mass loading of active sulfur and restriction the shuttle of LiPS can be
simultaneously achieved for Li-S battery.
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capacity via a distinct conversion reaction. However, the practical

1 Introduction application of Li-S battery is hindered by several technical

With the growing demands for both high energy and power
densities of energy devices, lithium-sulfur (Li-S) battery has
been considered one of the promising candidates for the next
generation batteries due to its ultrahigh theoretical energy
density (2,600 Wh-kg™) and specific capacity (1,675 mAh-g™")
[1-5]. Different from the insertion reactions in commercial
lithium-ion batteries, sulfur can achieve this high theoretical

challenges [6, 7]. In detail, (i) the severe dissolution of lithium
polysulfide (LiPS) into the electrolyte and their diffusion to
the anode side, can cause rapid capacity fading and result in
low Coulombic efficiency [8-10]; (ii) the insulating nature of
reactive sulfur and its discharged intermediates of Li>S/LixS:
prevent the rapid electron transportation and further cause
the low utilization of active substances [11-13]; (iii) the large
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volumetric expansion (~ 80%) of sulfur leads to the destruction
of the cathode [14, 15].

Up to now, many strategies have been proposed to resolve the
above issues, including (1) developing highly porous substrate
to effectively enhance the mass loading of active sulfur [16, 17];
(2) taking polar nanomaterials as sulfur hosts to restrict the
shuttle diffusion of LiPS via chemical binding effect [18-20];
(3) constructing porous network or narrow channels to wrap
the active sulfur intermediates according to the physical
barrier and provide expansion space for the activation of sulfur
[21, 22]. These approaches can overcome the existing problems
of Li-S battery to a certain extent. Nevertheless, high mass loading
of sulfur and the restriction of the shuttle effect for LiPS is a
paradox that it is still a big challenge to realize the high mass
loading and shuttle restriction simultaneously [23-26]. Ideally,
if the support can concurrently achieve the following advantages,
such as intrinsically possessing excellent porous structures
with large specific surface area, having rich polar interfaces,
restricting the shuttle of LiPS by forming physical networks
and can integrally form free-standing sulfur cathode without
utilization of binder and conductive agents, the conversion of
active sulfur will be explicitly intensified and making
electrochemical utilization of sulfur/LiPS prominent in the
battery chemistry.

Herein, a flexible graphene-nitrogen (N), phosphorus (P),
fluorine (F)-doped mesoporous carbon-sulfur (G-NPFMC-S)
film is designed as a binder-free cathode for simultaneously
enhancing the sulfur utilization efficiency and the stability of
assembled Li-S battery. Mesoporous carbon (MC) matrix with
a high specific surface area of 921 m*>g™' can act as an effective
supporting substrate to ensure the high loading of active
sulfur, and further provide sufficient space for the expansion
of sulfur during the electrochemical charge/discharge processes.
N, P, F-doped carbonic interfaces provide a great number of
polar sites for the strong chemisorption of LiPS for suppressing
the shuttle effect. Meanwhile, graphene sheets inserted inside
the G-NPFMC-S film can form a connected network for further
restricting the shuttle effect via physical blocking. Meriting by
these structural features, G-NPFMC-S achieves an ultrahigh
specific capacity of 1,356 mAh-g™, a favorable rate capability,
high Coulombic efficiency and long-term cycling stability up
to 500 cycles with a minimum capacity fading rate of 0.025%
per cycle. These results outperform the electrochemical
performances of NPEMC-sulfur (NPFMC-S) and MC-sulfur
(MC-S) cathodes, demonstrating the structural features that
realized inside G-NPFMC-S film.

2 Experimental

2.1 Materials

Natural graphite platelets (~ 325 mesh particle size) were
purchased from Sigma Aldrich. Silicon (IV) oxides (SiO:) sols
(40% in H,O) with size of 14 nm were obtained from Alfa Aesar.
Sucrose, ammonium hydroxide (NH+OH, 25%), hydrofluoric
acid (HE = 40.0%), ammonium hexafluorophosphate (NH4PFs),
sulfur bulk were obtained from Sinopharm Chemical Reagent
Co., Ltd. All the chemicals were directly used without further
treatment.

2.2 Preparation of water-soluble graphene sheets

Graphene oxide (GO) (Fig. S1 in the Electronic Supplementary
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Material (ESM)) was synthesized according to a modified
Hummers’ method [27, 28]. And water-soluble graphene sheets
were prepared according to the following steps: GO aqueous
dispersion with a concentration of 0.5 mg-mL™" was kept in a
flask at 60 °C in an oil bath, and a certain amount of N.Hs-H.O
(85%) was added into GO solution with a mass ratio of
N:Hs+-H>O to GO is about 15:1. The reaction solution was
kept at 60 °C for 30 min, and the product was naturally cooled
and washed with deionized (DI) water for five times to get
a homogeneously dispersed water-soluble graphene sheets
dispersion.

2.3 Preparation of MC, NPFMC

Ammonium hydroxide (70 mL) was mixed with sucrose (5 g)
under strong stirring and sonication. And then 30 mL of SiO
sols were added in the solution. The mixture was poured into
a stainless steel autoclave, and the reaction was maintained
at 160 °C for 24 h. After being cooled down, the product
was dried under vacuum for 12 h. The obtained clay yellow
powder was carbonized in Argon at 800 °C for 2 h with a
ramping rate of 5 °C-min™". The obtained black materials were
treated with hydrofluoric acid (50 mL) at room temperature
for 3 h, and the obtained mixture was washed with DI water
for five times, in order to realize the preparation of MC
nanomaterial.

For the preparation of NPFMC, 200 mg of NH4PFs was
mixed with the clay yellow powder in 300 mL DI water, and
the mixture was dried at 80 °C under vacuum for 12 h. Then,
the obtained powders were treated with high-temperature
carbonization at 800 °C for 2 h and were chemically etched
by HF (100 mL) for 3 h, finally resulting in the formation of
NPFMC.

24 Preparation of MC-S, NPFMC-S, G-NPFMC-S

MC-S nanomaterial was synthesized according to a melt-
diffusion approach. In detail, MC powder was firstly mixed
with native sulfur with a mass ratio of 1:10, which were sealed
in a Teflon pot saturated with argon and heated at 170 °C for
24 h. After being cooled down naturally, MC-S nanomaterial
can be obtained. NPFMC-S nanomaterial was prepared with
the same procedure as that of MC-S with NPFMC substituting
MC in the preparation process. For the preparation of
G-NPFMC-S, the obtained NPFMC-S (50 g) was dispersed
with water-soluble graphene sheets (5 mL, 0.5 g-mL™) under
strong stirring and sonication. The mixture was further filtrated
under vacuum, finally achieving the preparation of free-standing
G-NPFMC-S film.

2.5 Characterizations

The structures and morphologies of prepared samples were
characterized by field-emission scanning electron microscopy
(SEM, SU-8010, Hitachi). Energy dispersive spectroscopy (EDS)
mappings were conducted based on an EDAX analysis system
(TEAM Octane Super). X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Fisher Scientific, K-Alpha
equipment. The specific surface area and pore size distribution of
the products were analyzed by Brunauer-Emmett-Teller (BET,
Quantachrome U.S., Autosorb-IQ2-VP). Thermogravimetric
analysis was carried out on a TA 50 equipment with a heating
rate of 10 °C:min™" in N up to 800 °C. Powder X-ray diffraction
(XRD) was performed on Bruker/D8 Advanced with Cu K«
radiation.
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2.6 Electrochemical measurements

For assembling Li-S battery, G-NPFMC-S film with a diameter
of 13 mm was directly used as the working cathode. A
polypropylene (PP) membrane (Cellgard 2400) was utilized as
the separator, and fresh lithium foil was used as the anode.
Columnar batteries were assembled in a glove box filled in
Ar with H,O and O: contents less than 0.1 PPM. 1 M lithium
bis(trifluoromethane) sulfonamide (LiTFSI) in 1,3-dioxolane/
dimethoxymethane (DOL/DME, 1:1 by volume) with 0.3 M
LiNO; was used as the electrolyte. 40 pL of electrolyte was
input in each battery. For MC-S and NPFMC-S electrodes, the
MC-S or NPFMC-S (80 wt.%) were mixed with conductive
carbon black (10 wt.%), and poly(vinylidene fluoride) binder
(10 wt.%) in N-methyl-2-pyrrolidone solvent. The slurry was
then cast onto an aluminum foil, dried at 60 °C for 12 h in
a vacuum oven for the preparation of MC-S and NPFMC-S
cathodes.

Galvanostatic discharge-charge curves at different current
were tested in a voltage range of 1.8-2.8 V using a battery test
system (Wuhan LAND, CT2100A, China). Cyclic voltammetry
(CV) with a scan rate of 0.1 mV-s™ between 1.8-3.0 V were
performed on an ARBIN electrochemistry workstation
(MSTAT-5V/5mA, 32 channels). Electrochemical impedance
spectroscopy (EIS) was performed on a Salartron-Princeton
electrochemical workstation from 100 kHz to 0.01 kHz with
an applied voltage amplitude of 10 mV. Fresh batteries were
used for the EIS test at the open-circuit potential. The
specific capacities were calculated based on the mass of
sulfur.

3 Results and discussion

Figure 1 schematically illustrates the preparation of G-NPFMC-S
film. Firstly, NPFMC was developed based on the precursors
of sucrose amine, ammonium hexafluorophosphate and SiO,
nanoparticles, and was further used as sulfur host substrate
for fabricating sulfur containing cathode. Inserting sulfur into
NPEMC was realized based on an irrigation strategy, resulting
in the preparation of NPFMC-sulfur composite (NPEMC-S).
The formed NPFMC-S composite nanoparticles were
co-dispersed with graphene sheets (Fig. S2 in the ESM) under

Sulfur irrigating

G-NPFMC-S film

strong sonication and stirring. The mixture of graphene and
NPEMC-S nanoparticles were treated by vacuum filtration,
and finally formed a free-standing G-NPFMC-S film with
excellent porous architecture and high sulfur loading (86%).
These structural features will benefit the rapid insertion and
extraction of lithium ions from the G-NPFMC-S cathode.
Intriguingly, this G-NPFMC-S film can be directly used as a
binder-free cathode for assembling Li-S battery without adding
binders and conductive additives.

Figure 2(a) shows the SEM image of MC at low magnification.
It can be seen that ultra-small pores of ~ 15 nm uniformly
existed across the whole region of MC nanomaterials. A high-
resolution SEM image (Fig. 2(b)) clearly shows the pores that
were achieved by chemical etching of the inserted SiO:
nanoparticles. N, adsorption-desorption experiments at 77 K
were performed to investigate the porous structures and pore
size distribution of MC nanomaterials. As seen in Fig. 2(c),
sorption isotherms of N exhibit similar behavior of combinational
I/IV type for MC. The pronounced hysteresis loop at P/Po
above 0.45 and rapid adsorption at high relative pressure are
typical characteristics of mesopores [29]. As a result, this
MC nanomaterial has achieved a high specific surface area of
921 m?>g™'. Pore size distribution indicates that an average
pore diameter of 15 nm was achieved (inset in Fig. 2(c)), which
is consistent with the SEM observations. Figure 2(d) shows the
SEM image of NPFMC. It can be seen that the uniform pores
were perfectly preserved. The successful doping of N, P and F
elements was confirmed by the EDS results (Fig. 2(e)).

The surface compositions and bonding environments
were characterized by XPS analyses. Apart from the adsorbed
O element, XPS survey spectrum (Fig. S3 in the ESM) of
NPEMC shows only N, P, F, C peaks without any other
elemental signals. The C 1s core level spectrum (Fig. 2(f)) can
be fitted into four components located at 284.9, 285.4, 286.8
and 289.1 eV, representing C-C/C=C, C-N/C=N/C-P, C-F, and
O=C-O bonds, respectively [30]. The high-resolution N 1s
spectrum can be divided into three peaks (Fig. 2(g)), which
represent pyridinic-N (398.3 eV), pyrrolic-N (399.2 eV) and
graphitic-N (400.4 eV). Figure 2(h) shows the high-resolution
P 2p XPS spectrum, and two main peaks assigned to P-C
bond (132.8 eV) and P-O bond (134.3 eV) can be observed.

G-NPFMC-S composite

Filtration

G-NPFMC-S film

Figure 1 Schematic illustration of the preparation processes of flexible G-NPFMC-S film.

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy



o0 Research Energy 2023, 2: €9120049

< o8
:. 0.4 ﬁ.\\_,__.—»—"

50 100
0 Pore width (nm)
00 02 04 06 08 1.0
Relative pressure (P/F,)

(f) C1s

c-Cic=C

Volume adsorbed
(cm*.g~)

&~

=]

=]
Pore volume ‘."
(em-'-g~"-nm-")

C-N/C=N/C-P

Intensity (a.u.)

292 290 288 286 284 282 280
Binding energy (eV)

Intensity (a.u.)
Intensity (a.u.)

(

) Semi-ionic C-F F F 1s

lonic C-|

Intensity (a.u.)

408 406 404 402 400 398 396 394 138 136 134
Binding energy (eV)

Binding energy (eV)

130 128 126 690 687 684 681 678
Binding energy (eV)

Figure2 (a, b) SEM images of MC nanomaterials at different magnifications. (c) N2 adsorption/desorption isotherms at 77 K for MC, inset shows the
pore size distribution. (d) SEM image of NPFMC nanomaterial at low magnification and (e) corresponding elemental mapping images of N, P, F elements.

High-resolution XPS spectra of (f) C 1s, (g) N 1s, (h) P 2p and (i) F Is.

Also, high-resolution F 1s spectrum (Fig. 2(i)) shows the
characteristic ionic C-F bond (683.2 eV) and semi-ionic C-F
bond (688.9 eV) [31-33]. All these XPS detections can
demonstrate the successful doping N, P, F atoms on the surface
of MC. Furthermore, the introduction of these heteroatoms
can effectively enhance the surface/interface polarity of
MCs, which will benefit the chemical adsorption of sulfur
intermediates during the charge/discharge processes.

Figure 3(a) shows the cross-section of the G-NPFMC-S
film. It can be seen that the NPFMC-S nanoparticles were
uniformly dispersed together with the graphene sheets. The
formed G-NPFMC-S film achieves an excellent porous structure.
Meanwhile, a thickness of 50 pm is realized according to the
introduction of graphene sheets, which help the formation of
film structure. Meanwhile, EDS mappings (Fig. 3(b)) confirm
the homogenously dispersed sulfur across the whole region of
G-NPEMC-S film. Detailed structural analysis at high resolution
shows that graphene layers were coated on the surface of
NPFMC-S nanoparticles (Fig. 3(c)), which will undoubtedly
act as an interfacial net for physical restriction of the shuttle
of LiPS. Correspondingly, the decreased specific surface area
(220 m*g™) of G-NPFMC-S can be ascribed to the introduction
of sulfur (Fig. S4 in the ESM). Thermogravimetric analysis (TGA)
curves show that the sulfur content in this G-NPFMC-S film
is about 86 wt.% (Fig. S5 in the ESM). XRD was performed to
investigate the composition and crystalline structure evolution
of the products. As shown in Fig. 3(d), NPFMC shows a
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board diffraction peak at about 25.6°, indicating its
amorphous carbon nature [34-41]. After impregnating with
sulfur, the G-NPFMC-S film shows a series of sharp diffraction
peaks corresponding to the orthorhombic sulfur (JCPDS
No. 08-0247) [42, 43]. These results are also consistent with the
XRD detections of pure sulfur (Fig. 3(d)). Figure 3(e) shows
the electrical conductivity of G-NPFMC-S film. It can be
seen that the G-NPFMC-S film can substitute a short length
of copper wire in the integrated closed loop. This result
demonstrates that electrons can rapidly transfer across the
whole G-NPFMC-S film, indicating that a good conductive
pathway is constructed inside this composite film. Intriguingly,
this G-NPFMC-S film is highly flexible and it can be easily bent
at a large angle (inset in Fig. 3(e)). Furthermore, the electrical
conductivity of G-NPFMC-S film was evaluated by I-V curve.
As seen in Fig. 3(f), the I-V characteristics of G-NPFMC-S film
are precisely linear at the applied voltages from -2.5 to 2.5 V,
indicating a good electron transportation capability achieved
by this G-NPFMC-S film, which finally reached a promising
electrical conductivity of 7,654 S-m™. This excellent conductive
property and the favourable porous structures of G-NPFMC-S
film can contribute to the rapid insertion and extraction of
lithium ions and help the fast transfer of electrons inside the
cathode.

To systematically explore the electrochemical behavior of
G-NPFMC-S with respect to regulating sulfur chemistry, a
columnar Li-S battery was assembled with this free-standing
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Figure 3 (a) A typical cross-sectional SEM image of G-NPFMC-S film and (b) corresponding elemental mappings of C, E P, N and S. (c) Enlarged SEM
image of the microstructure for G-NPFMC-S. (d) XRD curves of NPFMC, G-NPFMC-S and pure S samples. (e) Optical photograph shows the electrical
conductivity of G-NPFMC-S film in an integrated closed loop with G-NPFMC-S substituting a short length of copper wire, inset shows the flexible

property of G-NPFMC-S. (f) I-V curve tested for the G-NPFMC-S film.

G-NPFMC-S as cathode electrode without any addition of
polymer binder and conductive additive (Fig. 4(a)). Figure 4(b)
depicts the typical CV curves of the batteries at a scan rate
of 0.1 mV-s™ for the 1%, 2™, 3 and 10™ cycles. Two featured
cathodic peaks were found during the discharge process.
The first peak located at 2.2-2.4 V can be attributed to the
formation of long-chain LiPSs, and the second peak at 2.0-2.1
V resulted from the formation of Li>S»/Li.S products [44]. Also,
a main anodic peak at about 2.3-2.5 V suggests the oxidation
of Li»S»/Li>S to Ss molecule [45]. The CV curves at the 2, 3¢
and 10" cycles are nearly overlapped as a result of the good
cycling capability achieved by this hierarchical G-NPFMC-S
film. Figure 4(c) shows the galvanostatic discharge/charge
curves of MC-S, NPFMC-S and G-NPFMC-S cathodes at 0.1 C
(1 C=1,672 mA-g"). In the discharge curve of G-NPFMC-S
cathode, two typical plateaus were observed at 2.32 and 2.10 V,
which are attributed to the multistep reduction from sulfur to
high order LiPS (L:S., 4 < n < 8), and further to low order
LiPS (LsS», 1 < n < 4), respectively [46]. The plateau observed
in the charge curve (2.25-2.40 V) is consistent with the anodic
peak in the CV curves. The discharge capacities at 0.1 C of Li-S
batteries with MC-S, NPFMC-S and G-NPFMC-S cathodes are
642, 892 and 1,356 mAh-g”, respectively. Here, the superior
specific capacity of G-NPFMC-S compared with MC-S and
NPFMC-S can be ascribed to the reason that no polymer binder
and conductive additive were needed in the G-NPFMC-S cathode.
While, for MC-S and NPFMC-S cathodes, the addition of
polymer binder and conductive graphite will decrease the
utilization efficiency of active sulfur.

Furthermore, the EIS of MC-S, NPFMC-S and G-NPFMC-S
cathodes were evaluated to charge the ion-transport capacities,
and corresponding Nyquist plots were shown in Fig. 4(d). Here,
all the batteries were at fresh state before testing. The overall

Nyquist plots are composed of a semicircle and a sloping
line in high- and low-frequency regions. G-NPFMC-S cathode
shows the smallest depressed semicircle at high frequency,
indicating its lowest charge transfer resistance compared
with the results of MC-S and NPFMC-S. The EIS fitting
results of R, (bulk resistance), Ru: (charge transfer resistance),
and Zw (semi-infinite Warburg diffusion resistance) were
conducted based on a proposed equivalent circuit model (Fig.
S6 in the ESM). These three kinds of cathodes show similar
R; of ~ 8 ). While, G-NPFMC-S cathode shows a R« value of
35 Q, which is much smaller than NPFMC-S (52 Q) and MC-S
(60 Q). Here, the decreased resistance of NPFMC-S compared
with MC-S can be ascribed to the reason that the increment
of interfacial heteroatoms is beneficial to the formation of
a localized donor state close to the Fermi level, and the
improvement of the state density of the Fermi surface, further
resulting in the enhancement of the conductivity of the
NPFMC-S nanomaterial. Also, the further decreased resistance
of G-NPFMC-S cathode resulted from the inserting of graphene
network, which effectively increased the transfer capability of
electrons inside the G-NPFMC-S film.

The rate capabilities of the three cathodes were further
investigated at various current densities from 0.1, 0.2, 0.5,
1.0 to 2.0 C. As shown in Fig. 4(e), the corresponding average
reversible capacities for the G-NPFMC-S cathode were 1,335,
1,165, 1,026, 934 and 870 mAh-g™', respectively. Discharge/charge
voltage profiles of Li-S batteries with G-NPFMC-S cathode at
0.1, 0.2, 0.5, 1.0 and 2.0 C were shown in Fig. S7 in the ESM.
After the high-rate cycling, a high specific discharge capacity
of 1,135 mAh-g' was recovered at 0.1 C. The MC-S and
NPEMC-S cathodes show initial specific capacities of 911 and
670 mAh-g at 0.1 C, respectively. However, the capacity gaps
between these two cathodes and G-NPFMC-S increased with

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy
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(a) Schematic illustration of the assembled Li-S battery with G-NPFMC-S film as the cathode. (b) CV curves of G-NPFMC-S cathode at a scan

rate of 0.1 mV-s! at the 1%, 2™, 3 and 10™ cycles. (c) Galvanostatic discharge/charge voltage profiles of Li-S batteries with MC-S, NPFMC-S and
G-NPFMC-S cathodes at 0.1 C. (d) Nyquist plots, (e) rate capability and (f) long-term cycling performances for MC-S, NPFMC-S and G-NPFMC-S
cathodes. (g) A purple LED was lit up using a column Li-S battery with G-NPFMC-S cathode.

the current density increasing, and only 365 and 72 mAh-g™'
were achieved when the current density was increased to 2.0 C.
This phenomenon can be ascribed to the reason that
polarization occurred in the cathodes of MC-S and NPFMC-S
at higher rates, which were greatly decreased in the G-NPFMC-S
cathode as graphene networks were introduced throughout
the whole film.

Cycling stability tests were carried out to evaluate the
lifespan of these electrodes. Here, the columnar Li-S batteries
were pre-activated at 0.1 C for five cycles before the
electrochemical tests in order to increase the accessibility of
electrolyte to sulfur, as that a certain amount of sulfur inside
hollow nanocavities or pores can get into contact with the
electrolyte and become fully electrochemically active [47].
G-NPEMC-S electrode shows a high initial specific capacity
of 1,027 mAh-g™" at 0.5 C (Fig. 4(f)). The discharge capacity
was well maintained with a value of 900 mAh-g™" even after
500 cycles. The average Coulombic efficiency and capacity
decays per cycle are 99.4% and 0.025%, respectively. In contrast,
the NPEMC-S and MC-S electrodes exhibit initial specific
capacities of 589 and 368 mAh-g™" at 0.5 C. For MC-S electrode,
the capacity quickly decreased, and the cathodic electrode can
only be cycled for 360 times. These severe damping of MC-S
can be ascribed to the prominent shuttle of LiPS from cathode
side to the anode side. Comparatively, the NPFMC-S electrode
shows a superior lifespan than MC-S, but worse than G-NPFMC-S.
The initial specific capacity (589 mAh-g™') quickly decreased

q, ; rf%/ fmwm | SC|.pen

in the first 100 cycles, and was further gradually declined
with the cycling number increasing. Finally, a low capacity of
336 mAh-g™' was maintained after 500 cycles, which shows a
capacity decay of 0.086% per cycles. These results are due to the
introduction of interfacial heteroatoms and the corresponding
enhanced surface polarization, which further benefit the
chemical adsorption of LiPS to restrict its shuttle effect. To
demonstrate its practical application, Li-S battery assembled
with G-NPFMC-S cathode can light up a purple light-emitting
diode (LED) easily, as seen in Fig. 4(g).

4 Conclusion

In summary, a rationally designed G-NPFMC-S film with
hierarchical structures and pass-through electronic transmission
pathways was developed and was further used as a binder-free
cathode for Li-S batteries. Highly porous MC matrix that used
for the host substrate can ensure high mass loading of active
sulfur and simultaneously provide sufficient expansion space
for the physicochemical reaction of reactive sulfur during
the charge/discharge processes. Multiple heteroatoms doping
effect on the surface of MC substrate, including N, P and F, can
effectively improve the interfacial polarity of carbon matrix
and benefit the chemical constraints for LiPS substances.
Meanwhile, graphene sheets were co-dispersed with NPFMC-S
nanocomposites and finally formed the G-NPFMC-S film, in
which the graphene sheets were connected and a series of
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graphene networks were formed. These graphene networks can
act as physical skin for restricting the shuttle of LiPS toward
the electrolyte and the anode side, further contributing to the
excellent cycling stability of G-NPFMC-S film. Benefited from
these structural features, a greatly decreased charge transfer
resistance and an effectively enhanced redox kinetics of
G-NPEMC-S were achieved, including an ultrahigh specific
capacity of 1,356 mAh-g™', excellent rate capability and long-term
cycling stability up to 500 times with an ultra-small capacity
decay of 0.025% per cycle. Compared with the bad rate
capabilities and poor cycling performances of NPFMC-S and
MC-S cathodes, the promising results of G-NPFMC-S were
achieved due to the structural advantages, such as no polymer
binder and conductive additive were needed for the preparation
of cathode, rich interfacial polarization and physical graphene
network provide double protection for the shuttling of LiPS.
The created G-NPFMC matrix with a variety of mesoporous
structures and excellent ion transfer channels can also be
adopted as an ideal host for other electrodes, such as lithium
metal batteries. Meanwhile, the synthesis strategy developed
in this work also holds great promise for the development of
various energy storage and conversion devices.
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