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Abstract

Recent advances in the development of lithium-sulfur batteries (Li-S) demonstrated
their high effectiveness owing to their tremendous theoretical specific capacity and
high theoretical gravimetrical energy. Nevertheless, the potential commercialization
of Li-S is significantly held by the insulating nature of sulfur and complicated RedOx
reactions during the electrochemical charge-discharge processes. This paper
presents nickel nanoparticles embedded carbon nanofibers interlayer (Ni@CNF)
between a cathode and a separator as an additional physical barrier against lithium
polysulfides shuttle for their efficient conversion during the charge-discharge
cycling. Furthermore, the interlayer provides an auxiliary electron pathway with
subsequent lowering of the charge transfer resistance. The electrochemical analysis
of a Li-S cell with the Ni@CNF interlayer demonstrated high initial discharge
capacities of 1441.2 mAh g* and 1194.2 mAh g' at 0.1 and 1.0 C rates, respectively,
with remarkable capacity retention of ~83% after 100 cycles. This study revealed
the advantageous impact of Ni@CNF towards solving the major issues of lithium-
sulfur batteries, i.e., sluggish kinetics and the shuttle effect.

1. Introduction

and environmentally friendly materials is of utmost
importance. The recent advances in the develop-

The rapid development of portable electronics
and electric transportation technologies requires
next-generation energy storage systems capable of
providing sufficient generated power and energy.
However, currently employed lithium-ion batteries
keep struggling to meet the rapidly escalating de-
mand for long-life and high-energy density energy
storage systems [1, 2]. Thus, the development of an
alternative approach regarding the fulfillment of the
mentioned issues along with utilizing cost-effective
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ment of lithium-sulfur batteries (Li-S) have demon-
strated exciting prospectives of these systems com-
ing from their attractive performance parameters:
the theoretical specific capacity of 1675 mAh g* and
theoretical energy density of 2567 Wh kg?, which
are several times greater than that of convention-
al lithium-ion batteries. In addition to that, the sul-
fur cathode has other advantages such as low cost,
widespread abundance, and environmentally friend-
liness [3-5].

Nevertheless, the desired development and com-
mercialization of Li-S is considerably hindered by sev-
eral crucial challenges. To begin with, the insulating
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nature of sulfur and discharge products, Li,S/Li,S,,
lead to poor sulfur utilization during charge/discharge
processes [6]. Secondly, the lithiation to lithium sul-
fides results in the large volumetric expansion of sul-
fur (~80%) and may end up pulverizing and crushing
the electrode [7]. Lastly, among the major issues, a
significant capacity loss occurs with the formation of
intermediate long-chain lithium polysulfides (LiPS),
their dissolution in the electrolyte, and diffusion to
the lithium anode side of the cell bypassing the sep-
arator, thus physically shuttling and limiting the ion
exchange [8, 9]. The described phenomenon is also
known as the ‘shuttle effect’.

Nowadays the most common approach to ad-
dress these issues is to encapsulate sulfur in a matrix
of conductive materials with microporous structures
like carbon-based hosts (carbon nanofibers, carbon
nanotubes, graphene, and/or their hybrids) [10, 11].
The reason behind relying on carbon materials is
owing to their high conductivity and ability to act as
physical barriers for polysulfide shuttle. As a result,
a noticeable improvement in sulfur utilization to-
wards to practical applications of Li-S cells has been
achieved [12, 13]. Nevertheless, although carbon re-
mains the most suitable host for sulfur, its nonpolar
planes have substantial limitations with chemically
anchoring of polar LiPS molecules [14, 15].

In this regard, the implementation of nanostruc-
tured polar inorganic compounds (transition metal
nanoparticles [16]; metal oxides [17], sulfides, and
nitrides [18]; etc.) was widely presented as a way
to enhance the chemical affinity of carbon hosts
towards LiPS. The beneficial impact of such materi-
als was on the stronger LiPS adsorption, and subse-
guent rendering of Li-S cells with higher sulfur utili-
zation. Among them, the metal catalysts — ferrolites
and noble metals — demonstrated a great increase in
LiPS interaction with the carbonaceous matrix lead-
ing to the enhanced kinetics of RedOx reactions and
a remarkably improved overall conductivity [9, 19].
However, the toxicity concerns (the use of toxic co-
balt) and the high cost of noble metals (platinum,
palladium) limit their efficient usage in energy stor-
age systems. That is why, a more universal metal cat-
alyst, which is able to address the problems of Li-S
and is a cost-effective material is required for the
realization of this approach. Nickel (Ni) has attract-
ed considerable attention justified by its remarkable
catalytic features comparable to that of noble met-
als but being significantly cheaper, demonstrating
excellent chemical affinity towards LiPS and having
considerably lower hazardous effects on the sur-
rounding environment than cobalt [9, 20, 21].

Apart from the materials implemented in Li-S, the
cell’s configuration plays a huge role, too, especial-
ly when it comes to more uniform utilization of the
active material. Recent developments in lithium-sul-
fur batteries suggested including a carbon-based in-
terlayer membrane (carbon nanofibers [22], multi-
walled carbon nanotubes [23], graphene [24], etc.)
between cathode and separator that would be ap-
plied not only as a physical barrier against LiPS but
also providing additional charge transfer pathways
[25-27]. However, it has the same disadvantages as
a bare carbon matrix host for sulfur. That is why, re-
cently presented novel interlayer films in most cases
include embedded inorganic metal compounds for
enhanced electrochemical performance Li-S batter-
ies [26, 28]. Consequently, an interlayer membrane
with nickel nanoparticles was introduced, which
can efficiently mitigate the LiPS diffusion by physi-
cal blocking and chemical binding, thus, greatly en-
hancing the reactions kinetics and overall cell per-
formance.

In this paper, the interlayer membrane based on
carbon nanofibers with nickel nanoparticles (Ni@
CNF) was employed to improve the reactions ki-
netics of Li-S cells. The interlayer was fabricated by
the electrospinning technique and subsequent heat
treatment in a tubular furnace. The cathodic side
consisted of a conventional matrix based on sulfur
loaded into conductive Ketjen Black (KB) in a ra-
tio of S:KB = 7:3. KB possesses a large surface area
and a large pore volume sufficient to create a sul-
fur-carbon composite electrode (S@KB) and crucial
to avoid the electrode crushing caused by the sulfur
expansion. Analysis of the Ni@CNF interlayer impact
on Li-S batteries demonstrated the enhanced RedOx
reactions kinetics of charge/discharge processes, de-
creased charge transfer resistance owing to imple-
menting additional electron pathways with polar Ni
nanoparticles, and showed overall beneficial effects
on charge-discharge cyclability of the cell.

2. Methodology
2.1 Fabrication of carbon nanofiber interlayers

The carbon nanofiber interlayer mats — both
CNF and Ni@CNF — were initially fabricated by the
electrospinning method followed by heat treatment
in a tubular furnace. The synthesis of the NIi@CNF
composite began with dissolving 1.25 g of Ni(Ac),
in 20 mL of dimethylformamide (DMF) under vigor-
ous mixing by a magnetic stirrer. When the solution
turned into a non-transparent emerald homoge-
neous colour, 2.4 g of polyacrylonitrile (PAN) was
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gradually added to avoid the formation of lumps
and left stirred for 10 more hours. After that, the
solution was transferred into a 20 mL syringe inside
an electrospinning chamber (Inovenso Ne200, Tur-
key) and drawn out as long-thread polymeric nano-
fibers on an aluminum-covered rotating drum after
being exposed to the electric field. The conditions of
the electrospinning procedure were set as follows:
the distance between the rotating drum and the
nozzle connected to the syringe by the flexible tube
was 17 cm; the rate of the solution pressing from
the syringe was 2 mL h'; the applied voltage was 20
kV; the rate of the drum’s rotation was 250 rpm; the
overall coating time took up to 8 h. The subsequent
heating of the collected nanofibers took place in the
tube furnace (Across International STF 1200, USA)
initially at 280 °C in the air for 2 h with a 5 °C min™!
heating rate. This step allowed to enrich the nanofi-
bers with oxygen, which initiates anchoring bridges
between carbon formed and Ni nanoparticles for
better durability and flexibility of the material. Next,
an additional heat treatment was done at 700 °C in
an argon atmosphere for 2 h with a heating rate of
2 °C min?, which allowed simultaneous carboniza-
tion of polymeric nanofibers and transformation of
nickel acetate into Ni and NiO nanoparticles. Finally,
the resulting carbon nanofiber mats were heated at
500 °C in an argon+hydrogen atmosphere for 3 h
with a 5 °C min* heating rate to reduce nickel oxide
nanoparticles into pure nickel. The obtained mate-
rial was a self-standing flexible film. Fabrication of
a bare CNF without Ni nanoparticles followed the
same procedures under the same set of parameters
but required only PAN dissolution in DMF and the
first two heat treatments out of three in the tubular
furnace. To use in Li-S cells, the carbon nanofiber
mats were cut into round-shaped discs (d = 19 mm)
by an electrode disc cutter.

2.2 Materials characterization

The crystal structure of synthesized carbon nano-
fiber mats was analysed employing X-ray diffraction
(Rigaku Smartlab) with Cu Ka radiation (A = 1.54056
A) in the range of 10 to 90° 26. The chemical struc-
ture of the samples and phase transitions were stud-
ied by Raman spectroscopy (Horiba LabRam Evolu-
tion) with x10 objective and 532 nm laser. The pore
size distribution measurements were conducted by a
nitrogen porosimetry (Nitrogen porosimeter, Quan-
tachrome Instruments) by Batter-Joyner-Halenda
(BJH) method, while the pore volume was identified
by the adsorption and desorption isotherms. The

surface morphology and nanostructure of carbon
nanofibers were characterized by scanning electron
microscopy (SEM, Zeiss Crossbeam 540) and trans-
mitting electron microscopy (TEM, Jeol JEM-1400
PLUS). The elements distribution in the samples was
identified by energy-dispersive X-ray spectroscopy
(EDS, Zeiss Crossheam 540). The chemical binding
status and valence changes were investigated using
an X-ray photoelectron spectroscopy (NEXSA, Ther-
mo Scientific) with correlations to C 1s spectra.

2.3 Sulfur cathode fabrication

The S@KB sulfur composite cathode for Li-S cells
consisted of sulfur impregnated in Ketjen Black (S@
KB). To begin with, sulfur and Ketjen Black were
dried in a vacuum oven at 60 °C overnight. Then, the
materials were thoroughly mixed in an agate mor-
tar in a weight ratio of 7:3 (S:KB) reaching uniform
grey coloring. Next, the powder mix was sealed in an
autoclave inside the glovebox filled with argon and
then heated in a muffle furnace. The resulting com-
posite was used to prepare the electrode by mixing
with acetylene black (AB, conductive agent) and
polyvinylidene fluoride (PVDF, binding material) in a
weight ratio of 8:1:1. Further, N-methyl pyrrolidone
(NMP, solvent) was added to the mixture to obtain
the cathode slurry, which was cast on carbon-coat-
ed aluminum foil by doctor blade technique. Here-
after, the electrode was dried in a vacuum oven at
60 °C overnight. The prepared electrode was cut
into round-shaped discs (d = 16 mm) and was used
to assemble Li-S cells.

2.4 Li-S cells assembling

Li-S cells with interlayer membranes were based
on CR2032 coin-type cells and assembled in an
MBRAUN LABMaster glovebox filled with argon (oxy-
gen and moisture levels < 0.1 ppm). The cells consist-
ed of the S@KB cathode, the Ni@CNF or CNF interlay-
er, Celgard 2400 separator, Li metal as both counter
and reference electrode, and 1 M LiTFSI in 1,3-diox-
olane (DOL)/1,2-dimethoxyethane (DME) (v/v, 1:1)
electrolyte with 2 wt.% of LiNO;. The fabrication of a
cell was as follows: the cathode was placed inside a
coin cell’s positive cap and covered with the carbon
nanofiber interlayer. Then, 25 uL of the electrolyte
was added dropwise and subsequently covered by
the separator. After that, another 25 uL of the elec-
trolyte was added, and the Li metal chip was put on
the top. Lastly, the cell was sealed and pressed by a
crimping machine (Hohsen Inc., Japan).
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2.5 Electrochemical performance

The impact of CNF and Ni@CNF interlayers on the
electrochemical performance of Li-S batteries was
investigated by a set of electrochemical methods.
The RedOx processes and their polarization trends
were investigated by cyclic voltammetry (CV) at a
scan rate of 0.1 mV s in a potential range from 1.6
to 2.8 V on a potentiostat/galvanostat VMP3 (Bio-
logic Inc.). The charge transfer resistance tenden-
cies during the RedOx reactions were studied by
the electrochemical impedance spectroscopy (PEIS)
performed on VMP3 within a frequency range from
100 kHz to 1 MHz. The reversibility and stability of
electrochemical reactions were analyzed by the gal-
vanostatic charge-discharge tests on a NewAre bat-
tery tester BTS-4000 at 0.1 and 1.0 C current den-
sities with subsequent potential profile recordings.

2.6 Symmetric cells analysis

The study of the extent of lithium polysulfides
conversion during RedOx reactions was carried out
via assembling symmetric cells and analysing the CV
profiles recorded at 0.5 mV s scan rate in a poten-
tial range from -1.5 V to 1.5 V on VMP3 potentio-
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stat/galvanostat. The cells included two identical
electrodes made from the synthesized membranes
(either with Ni@CNF or CNF) separated by a com-
mercial Celgard 2400 membrane and with 50 pL of
0.05 M Li,S¢ solution as a source of sulfur species and
electrolyte.

3. Results and discussion
3.1 Materials characterization

Ni@CNF and CNF interlayer membranes were
successfully synthesized according to the Methodol-
ogy, Section 2.1.

The crystal structure of Ni@CNF and CNF are pre-
sented as X-ray diffraction patterns in Fig. 1a. Both
materials had two peaks around 26 = 24°, 45° of
graphitized carbon phase, which is the most signif-
icant contributor to the overall conductivity. Mean-
while, the recrystallization of Ni NPs was observed
in the XRD pattern of Ni@CNF as reflections at
20 = 44°, 51°, and 76° corresponding to (111), (200),
and (220) interplanar spacings of pure Ni. The rela-
tive content of the ordered/disordered structures of
carbon was estimated by calculating and comparing
the ratio of D" and G™ band peaks at Raman spectra.
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Fig. 1. Characterization of Ni@CNF and CNF: (a) — X-ray diffraction patterns; (b) — Raman spectrum; (c) — Adsorption-
desorption isotherms; (d) — BJH pore-distribution analysis.
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2.5 um

Fig. 2. Morphological analysis of carbon nanofiber mats. Scanning Electron Microscopy characterization of:
(a) = Ni@CNF, (b) — CNF; (c) — EDS-mapping of Ni@CNF with C and Ni regions.

The D" band had the higher intensity, which indicat-
ed the presence of more disordered amorphous car-
bon than the ordered one (Fig. 1b). The extent of the
ratio shifting between the bands implied possible
structure defects and shifts in the grain boundaries
that could affect the agglomeration of nanoparticles
[29, 30]. Nitrogen porosimetry was employed to
investigate the materials’ pore characteristics and,
according to the BJH method, demonstrated that
the average diameter of pores was approximately ~
3.817 nm for both Ni@CNF and CNF (Fig. 1c). In ad-
dition, the extent of adsorbed nitrogen presented as
adsorption-desorption isotherms pointed at higher
adsorbed quantities by CNF, thus implying a higher
specific surface area, rather than Ni@CNF, which
could be the result of possible pores blocking by Ni
NPs (Fig. 1d).

The surface morphology analysis performed by
scanning electron microscopy (SEM) showed the
formation of porous long carbon nanofibers with an
average diameter of 400-500 nm (Fig. 2a) alongside
uniform Ni NPs (d ~ 20 nm) recrystallized on the sur-
face of the Ni@CNF composite (Fig. 2b). The extent
of the Ni NPs distribution was additionally studied by
the energy dispersive spectrometry (EDS) mapping
of the C and Ni elements (Fig. 2c), which revealed the
absence of the nanoparticles agglomeration. More-

over, the uniform structure indicated enhanced lith-
ium polysulfides capturing by the carbon nanofibers
and increased conversion by Ni NPs.

Further morphological analysis was carried out
by high-resolution transmission electron microscopy
as illustrated in Fig. 3. The TEM images of Ni@CNF
(Fig. 3a) and CNF (Fig. 3b) demonstrate non-hollow
structures of carbon nanofibers and the presence of
Ni NPs not only on the surface but also inside the
carbon nanofibers. This finding indicates that the
formation of Ni NPs had a strong connection with
the main carbon structure, presumably owing most-
ly to the oxygen bridges between Niand C.

High-resolution X-ray photoelectron spectrosco-
py was employed to investigate the elemental bind-
ing status along with the surface chemistry of the
synthesized carbon nanofiber mats. According to
the findings, the survey spectra confirmed the pres-
ence of C, O, N, and Ni elements in Ni@CNF without
noticeable impurities (Fig. 4a). The high-resolution
C 1s spectra demonstrated deconvolution of the
main signal into four sub-peaks arising at 284.78 eV,
285.88 eV, 286.78 eV, and 290.08 eV corresponding
to C-C, C-N, C-0, and 0O=C-O functional groups, re-
spectively (Fig. 4b). The formation of C-N suggests
possible nitrogen doping of the carbon host deliv-
ered from the nitrogen group of polyacrylonitrile,
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500 nm

500 nm
—

Fig. 3. Morphological analysis of carbon nanofiber mats by High-Resolution Transmission Electron Microscopy:

(a) — Ni@CNF image; (b) — CNF image.

thus, increasing the material’s conductivity, while
C-O and 0=C-O groups, most likely, arose due to
the surface oxidation. The N 1s spectra were pre-
sented as four deconvoluted subpeaks of Pyridinic
N, Graphitic N, Pyrrolic N, and oxidized N groups at
398.48 eV, 399.28 eV, 400.68 eV, and 404.58 eV,
correspondingly (Fig. 4c). The presence of nitrogen
groups was of much importance due to promoting
enhanced conductivity as well as being used as a
Lewis base supportive contributor to the polar LiPS
adsorption by the carbon matrix.

The high-resolution spectrum of the Ni 2p region
showed the formation of Ni 2p;/, at 854.78 eV and

(a) (b)

Ni 2p,,, at 872.28 eV exhibiting two general shake-
up satellites (Fig. 5). Additionally, a less intense peak
arose at 852.58 eV that corresponded to the Ni° re-
gion. Formation of the Ni® state supports the XRD
results that revealed the recrystallization of pure Ni
NPs on the surface of the carbon nanofibers.

3.2 Analysis of kinetic behaviour towards lithium
polysulfides

The results of the kinetics studies of LiPS conver-

sion during RedOx reactions are presented by the
CV profiles of the symmetrical and Li-S cells with
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Fig. 4. High-resolution XPS spectra: (a) — Elemental Survey; (b) — C 1s spectra; (c) — N 1s spectra.
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Fig. 5. High-resolution XPS spectra: Ni 2p spectraregion.

conventional cathode and interlayer membranes
in Fig. 6. Both symmetric cells demonstrated excel-
lent cycling reversibility over five cycles. The cell
with Ni@CNF (Fig. 6a) in contrast to the one with
CNF (Fig. 6b) generated four reduction/oxidation
peaks, which provided crucial information regard-
ing the electrochemical reactions with LiPS on the
electrode materials. These findings corresponded
to Peak A (-0.028 V) that indicated the reduction
of initial Sg to Li,S¢ [31]; Peak B (-0.465 V) related

to the reduction of Li,Ss on the working electrode
and oxidation on the counter electrode [32]; Peak
C (0.089 V) which was generated as a result of Li,Sg
recovering by the oxidation of Li,S,/Li,S on the work-
ing electrode [33]; Peak D (0.467 V) pointing to the
Li,Ss oxidation on the working electrode with sub-
sequent generation of elemental Sy [33]. Besides
the oxidation/reduction peaks appearing, the Ni@
CNF symmetric cell demonstrated a higher current
response meaning potentially greater specific ca-
pacity generation owing to the polar and catalytic
nature of Ni NPs. In terms of the Li-S cells with the
cathodes and interlayers, the introduction of car-
bon nanofiber mats showed great reversibility over
five cycles. Nevertheless, the CV profiles of Ni@CNF
demonstrated lower polarization and potentials
shifting between anodic and cathodic peaks current
than CNF pointing to the improved kinetics caused
by the presence of Ni NPs. Furthermore, a sharper
difference in the reduction peaks depth indicated
prompter conversion of sulfur species from initial Sg
to short-chained Li,S,/Li,S at 2.309 V, the final step
of the discharge process, bypassing the formation
of the long-chained Li,S,/Li,S¢/Li,Sg at 1.989 V. The
oxidation process, in turn, demonstrated a similar
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Fig. 6. Cyclic voltammetry test profiles. Symmetric cells test analysis: (a) = Ni@CNF; (b) — CNF; CV profiles of Li-S cells

at 0.1 mV s scan speed: (c) — Ni@CNF; (d) — CNF.
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Fig. 7. Potential electrochemical impedance spectros-
copy analysis of Li-S cells with Ni@CNF and CNF inter-
layer membranes.

pattern of two arisen distinguishable peaks at 2.353
V and 2.449 V, among which the latter presented
the highest intensity and predominant conversion
of Li,S,/Li,S more into Sg than accentuating at Li,S,/
Li,Se/Li,Ss.
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3.3 Potentiostatic electrochemical impedance spec-
troscopy analysis

The charge transfer resistance (RCT) during the
electrochemical reaction was estimated by poten-
tiostatic electrochemical impedance spectroscopy
(PEIS) analysis before and after five CV cycles from
the semicircles formed in the medium frequent re-
gion and straight lines in the low-frequency area
(Fig. 7). According to the findings, the Li-S cell with
Ni@CNF retrieved the lowest RCT of 35 Q before CV
and 12 Q after CV cycling in contrast to the CNF’s
69 Q and 18 Q, respectively. The decline in RCT val-
ue was caused by the presence of carbon nanofiber
threads with long electron transfer paths alongside
the Ni NPs implementation to the structure provid-
ing better electron transfer pathways. Likewise, the
lower the value of the charge transfer resistance,
the better the electron transfer during the RedOx
reactions leading to more stabilized cycles of the
electrochemical performance.
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Fig. 8. Galvanostatic charge-discharge cyclability results: (a) — 0.1 C rate cyclability; (b) — 1.0 C rate cyclability;

Voltage profiles of: (c) — Ni@CNF; (d) — CNF.
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3.4 Electrochemical performance analysis of Li-S
cells with CNF and Ni@CNF

The cycling stability effect of the samples was in-
vestigated thoroughly via galvanostatic charge-dis-
charge tests at 0.1 and 1.0 C current densities/rates.
The potential profiles of Ni@CNF (Fig. 8a) recorded
at 0.1 C rate showed a shorter “distance”/lower
polarization between the reduction and oxidation
peaks position and prolonged plateaus in contrast
to CNF (Fig. 8b), pointing to the enhanced kinetics
of sulfur species conversion RedOx reactions owing
to the presence of Ni NPs. Nevertheless, a notice-
able shift during the 2™ discharge cycle of Ni@CNF
was related to the decomposition of lithium nitrate
at 1.8 V [34]. The charge-discharge cycling profile of
a Li-S cell with the Ni@CNF interlayer at 0.1 C rate
demonstrated tremendous initial discharge spe-
cific capacity of 1441.2 mAh g and demonstrated
great cycling stability starting from the 20" cycle
with 82.5% capacity retention over 100 cycles. On
the other hand, although CNF managed to retrieve
a relatively high initial discharge specific capacity
of 937.5 mAh g, it ended up having worse stabili-
ty with apparent capacity fade over cycling (Fig. 8c).
The same pattern of CNF continued later ata 1.0 C
rate with frequent fluctuations in discharge capaci-
ty and noticeably rapid capacity fading. Meanwhile,
Ni@CNF generated a higher initial discharge capacity
of 1194.2 mAh g (Fig. 8d) and presented enhanced
stability from the 20™ cycle to the 100" cycle along
with 83% capacity retention. The significant differ-
ence between Ni@CNF and CNF in cycling stability
at higher current density demonstrated the benefi-
cial impact of Ni NPs on improving and stabilizing the
electrochemical performance of Li-S cells.

4. Conclusions

Herein, the implementation of carbon nanofiber
interlayer mats into the Li-S cells and their impact on
the electrochemical performance was investigated.
Recrystallization of nickel nanoparticles did not have
any noticeable changes in the structure of the car-
bon nanofibers, but strengthened the durability and
flexibility of the mats. Moreover, the presence of Ni
NPs provided better electron pathways during the
electrochemical reactions and great initial discharge
capacities of 1441.2 mAh g*and 1194.2 mAh g* and
overall coulombic efficiencies of ~83% at 0.1 C and
1.0 C rates, respectively. The improved electrochem-
ical performance was due to the enhanced kinetics
of LiPS conversion during RedOx reactions owing to

the polar and catalytic nature of Ni NPs, a crucial fac-
tor in the LiPS chemical anchoring. Thus, the imple-
mentation of carbon nanofibers with Ni NPs proved
to be a promising way to reduce the shuttle effect
and improve the overall efficiency of Li-S batteries.
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