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ABSTRACT

Hierarchically porous nitrogen-doped carbon nanofibers (P-N-CNF) comprise well-embedded metallic-Ni/Co and
spinel-type NiCo204 nanocrystals (Ni-Co/NiCo204) along with metal-organic framework-derived hollow
nitrogen-doped carbon nanocages (HNC), denoted as P-N-CNF@NCO/HNC, are rationally designed as cathode
substrates for advanced lithium-sulfur batteries with feasible parameters. The highly conductive and porous N-
CNF matrix provides numerous conductive channels for rapid ionic and electronic transfer. HNC guarantees
efficient impregnation of a large volume of active material along with high loading, channelizing the volume
variation stress, and ensuring efficient electrolyte percolation, which is crucial for uniform dispersion and high
active sulfur utilization, especially at low electrolyte/sulfur (E/S) ratios. The metallic-Ni/Co and polar spinel-
type NiCo204 nanoparticles offer sufficient chemisorption sites to prevent polysulfide migration towards the
anode. Li-S cells assembled using P-N-CNF@NCO/HNC as an advanced host and lithium polysulfide catholyte as
the starting material displayed stable electrochemical performance even with strident battery parameters,
including high sulfur content (79.8 wt%), high sulfur loading (7.7 mg cm’z), and low E/S ratio (8.0 uL mg’l).
The cell displays a maximum areal capacity of 5.4 mA h cm ™2 that stabilizes to 2.8 mA h cm™? after 160 cycles at
0.1 C and is comparable to the theoretical threshold of presently available commercial systems.

1. Introduction

process [7-9]. Such issues mostly result in a continuous charging profile,
low Coulombic efficiencies, poor active material utilization, substand-

Lithium-sulfur batteries (LSBs) are considered a suitable alternative
for the currently available state-of-art lithium-ion battery (LIB) tech-
nology, owing to their high theoretical specific discharge capacity
(1675 mA h g~ 1), high gravimetric energy density (2600 Wh kg™1), and
relatively high nominal discharge voltage (~2.1 V vs. Li/Li") [1-4].
Additionally, the natural abundance and environmental friendliness of
elemental sulfur result in low processing costs [5,6]. However, the
commercialization of LSBs is hindered by several fundamental issues,
such as the poor electronic conductivity of sulfur and its end product, the
dissolution and migration of intermediate lithium polysulfides (LiPSs)
over cycling, and severe volume variations during the charge-discharge
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ard rate capabilities, and fast capacity fading during prolonged cycling
[10-12]. Furthermore, low active sulfur loading (typically <2 mg cm~2)
and high electrolyte/sulfur (E/S) ratio (usually >10 mL g’l) also
exaggerate the situation [3,13-18].

To achieve more practically feasible LSBs, the active material loading
should be higher than 5 mg cm ™2 with an E/S ratio not higher than 5 mL
g1 [19-21]. Moreover, the areal capacity of the assembled LSBs should
be greater than 4 mA h cm™2 to outperform the commercially available
LIBs [2,22]. However, regular high-loading sulfur electrodes prepared
using the traditional slurry casting method are very thick and usually
crack and peel off [23]. In addition, thicker electrodes typically result in
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low sulfur utilization due to poor electrode wetting. As a result, most of
the active material remains unused; and therefore, the LSB exhibits
substandard electrochemical performance. These issues can be readily
resolved by using active materials in the liquid phase, usually referred to
as a “catholyte,” which is formed by mixing elemental S and Li,S in the
desired weight ratio in the bare electrolyte [24-26]. The active sulfur
material in the form of a polysulfide solution is dispersed well inside the
free-standing substrate. Furthermore, the free-standing nanostructure
on the cathode side typically contains highly porous carbon to accom-
modate the large volume of dissolved lithium polysulfide solution [2].
The high surface area of the porous carbon architecture provides enough
space to alleviate the volume stress during repeated cycling and ensures
the availability of numerous porous channels for better electrolyte or
catholyte penetration to the lowest levels of the substrate. The poly-
acrylonitrile (PAN)-derived carbon nanofibers (CNFs) as a free-standing
framework have always been the first choice of material owing to their
ease of synthesis and easily controllable nanostructure, as reported
previously [27-30]. Besides, to obtain highly porous CNFs, metal-
—organic frameworks (MOFs) such as Zn-based zeolitic imidazole
framework (ZIF-8, a class of MOFs), play a crucial role as self-sacrificing
agents for the development of open mesopores inside the carbon nano-
structures [2,31,32]. ZIF-8 consists of central Zn ions connected through
organic linkers or imidazolate units. The nitrogen-rich organic linkers
converted to nitrogen-doped carbonaceous (N-C) products during the
high-temperature heat treatment whereas the volatile Zn species evap-
orated, leaving highly interconnected hollow nanocages (HNC) in the
form of mesopores [2]. The presence of ZIF-8 derived open mesopores
allow high active material absorption besides accommodating the severe
volume variations during the redox processes. However, the nonpolar
nature of PAN and ZIF-8 derived porous carbon offers weak interactions
for the chemical adsorption of polar polysulfide solution [1,10].
Therefore, to ensure the efficient prohibition of polysulfide diffusion, the
presence of polar host material is highly inevitable.

The numerous polar materials such as metal oxides, chalcogenides,
nitrogen-doped carbon, and carbides alongside porous carbon have been
studied extensively for the physical and chemical confinement of poly-
sulfides [22,33-39]. However, most reports are based on mono-metal
oxides as a polysulfide capturing component [40-43]. In this regard,
the introduction of binary transition metal oxides with two different
metal cations could be a valuable strategy to enhance polysulfide
anchoring and the electronic conductivity of the cathode host because of
the coexistence of mixed-valence states in the transition metals [44,45].
The feasibility of using binary transition metal oxides as sulfur hosts has
also been reported previously by different research groups [46,47]. For
instance, Fan et al. demonstrated the facile synthesis of CNT/NiFe,04
nanosheets as sulfur hosts [47]. The obtained CNT-NiFe;04-S composite
exhibited an initial discharge capacity of 1350 mA h g! at 0.1 C. In
addition, the cycling performance was also noteworthy, with a decay
rate of 0.009 % per cycle over 500 cycles at 1.0 C. Likewise, Liu et al.
studied S/NiCo04 composites for a high-volumetric-capacity lithium-
sulfur battery system and reported a low-capacity fading rate of 0.039 %
per cycle at 1.0 C [46]. However, low active material loading (1.0-1.5
mg cm’z), low effective sulfur content in the electrode (49-55 wt%),
and high E/S ratio (25-40 pL. mg~!) prohibit the commercial pertinence
of the above works.

Herein, we introduced a multicomponent 3D freestanding, and
porous nitrogen-doped carbon nanofiber (N-CNF) comprising well-
embedded metallic-Ni/Co and spinel-type NiCo,04 nanoparticles and
metal-organic framework-derived hollow nitrogen-doped carbon
nanocages (HNC), denoted as P-N-CNF@NCO/HNC, as an advanced
cathode substrate for practical LSBs. To obtain a porous structure,
zeolitic imidazolate frameworks (ZIF-8) were used as porogens. A con-
ventional electrospinning technique was employed to obtain 1D nano-
fibers followed by a two-stage heating process to reduce metal precursor
salts to their respective metal species and then oxidation to finally obtain
spinel-type nickel cobalt oxides well-embedded in the carbon scaffold. A
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high concentration of dissolved sulfur (5.7 M) in the form of a lithium
polysulfide solution (LisSe; 0.95 M) was used to obtain electrodes with
high sulfur loading and high effective sulfur content. For general elec-
trochemical performance, lithium-sulfur cells employing a free-standing
porous cathode substrate and dissolved lithium polysulfide solution as
an active material were assembled with a sulfur loading of 3.6 mg cm 2
and effective sulfur content of 64.6 wt% in the cathode. The E/S ratio
inside the Li-S cell for typical electrochemical conditions was main-
tained at 10.9 uL. mg~*. Benefitting from the structural merits, enhanced
electrochemical performance was obtained even with severe battery
parameters such as a high effective sulfur content of 76.7 and 79.8 wt%
together with high active material loadings of 5.9 and 7.7 mg cm ™2, and
low E/S ratio of 8.7, and 8.0 uL. mg™}, respectively. Consequently, we
surmise that the synergetic effects of synthesizing multicomponent,
porous, and conductive nanostructures with well-embedded polar
nanoparticles in the present work will provide considerable insights into
the progress of advanced free-standing substrates as sustainable cathode
hosts.

2. Experimental section
2.1. Chemicals

To synthesize the 3D freestanding porous cathode substrate,
analytical grade chemicals were used: polyacrylonitrile (PAN, Mw =
150,000, Sigma-Aldrich), 2-methylimidazole (Mw = 82.10, 99%, Acros
Organics), and zinc nitrate hexahydrate (Zn(NO3)2-6H20; Mw = 297.47,
96.0%, Samchun Chemicals), nickel acetate tetrahydrate (Ni
(CH3CO0),-4H20; Mw = 248.86, 97.0%, Daejung Chemicals & Metals
Co., Ltd.), and cobalt acetate tetrahydrate (Co(CH3COO),-4H20; Mw =
249.08, 98.0% purity, Daejung Chemicals & Metals Co., Ltd.). N, N-
dimethylformamide (DMF, 99.5%, Samchun Chemicals) was used as the
solvent to prepare the spinning solution.

2.2. Preparation of cathode substrate

The free-standing porous cathode substrate was visualized using a
typical electrospinning technique with subsequent heat treatments.
Nanosized ZIF-8 polyhedra were synthesized using a facile solution
method, as reported previously [2]. To prepare the electrospinning so-
lution, ZIF-8 polyhedra were added to 20 mL of DMF solvent and
ultrasonicated, followed by stirring. This process was repeated until the
solution turned milky, with no precipitates. Afterward, stoichiometric
amounts of nickel acetate (1.8 mmol), cobalt acetate (3.6 mmol), and
PAN (2.0 g) were added to the ZIF-8/DMF solution one by one and
allowed to stir at ambient temperature overnight to obtain a homoge-
neous colloidal suspension. The spinning solution was then loaded into a
plastic syringe (12 mL capacity) fitted with a stainless-steel needle (21
gauge). The spinning solution was ejected at a rate of 2 mL h™! onto a
rotating drum covered with aluminum foil as a collector. A high voltage
of 20 kV was applied between the tip of the needle and the collector, and
the distance between the two was fixed at 15 cm. The as-spun PAN/Ni/
Co/ZIF-8 composite nanofibers were then stabilized overnight in a hot-
air oven maintained at 150 °C. The first heat treatment of the stabilized
composite nanofibers was performed at 900 °C in a N3 atmosphere for 5
h. The composite nanofibers obtained after the first heat treatment were
further subjected to a second heat treatment at 300 °C for 2 h in an
ambient environment. Finally, 3D free-standing and highly porous
nanofibers comprising well-embedded metallic-Ni/Co and spinel-type
NiCo,04 nanocrystals in addition to hollow N-doped carbon nanoc-
ages as a cathode substrate were obtained and are hereafter abbreviated
as “P-N-CNF@NCO/HNC.” A sample for comparison was also prepared
using a spinning solution without ZIF-8 polyhedra. The PAN/Ni/Co
composite nanofibers obtained were subjected to a single-step heat
treatment at 300 °C for 2 h in air, which resulted in a non-porous or
filled-type (“F”) morphology hereafter referred to as “F-NCO”.
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2.3. Physical characterization

The microstructures of the prepared cathode substrates were
analyzed using field-emission scanning electron microscopy (FE-SEM;
Ultra Plus, Zeiss) and field-emission transmission electron microscopy
(FE-TEM; JEM-2100F, JEOL). The phase analysis and crystal structure of
the prepared samples were determined using X-ray diffraction (XRD,
Bruker, D8 Discover) fitted with Cu Ky; radiation (1.5405 f\) at the
Korea Basic Science Institute (Daegu). The chemical environments of
various elements in the prepared samples were studied using an X-ray
photoelectron spectroscopy (XPS; K-Alpha, Thermo Scientific) instru-
ment equipped with Al Ka radiation. The crystallinity of the carbona-
ceous products in the nanofibers was analyzed using Raman
spectroscopy (LabRam, HR800, Horiba Jobin-Yvon). Adsorp-
tion—desorption isotherms were used to measure the surface area and
pore volume of the sample with N as the adsorbate gas using the Bru-
nauer-Emmett-Teller (BET) technique. The carbon and nitrogen con-
tents in the nanofibers were quantified using the elemental analysis (EA)
technique, whereas the stability of the nanofibers was confirmed using
thermogravimetric analysis (TGA, Pyris 1, Perkin Elmer) from room
temperature to 700 °C at a heating rate of 10 °C min~! in air or as
mentioned otherwise.

2.4. Preparation of catholyte and cell assembly

Before the assembly of Li-S cells, a catholyte was prepared as a liquid
active material. Briefly, lithium sulfide (LisS; Mw = 45.95, Sigma-
—Aldrich, 99.98%) and elemental sulfur (S, Mw = 32.07, Sigma-Aldrich,
99.98%) were mixed in a 5:1 ratio in an appropriate amount of 1.0 M
lithium bis-(trifluoromethanesulfonyl) imide in a solvent mixture con-
taining 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) (1:1 v/v)
with 0.5 M LiNOs as the electrolyte additive. A dark brown lithium
polysulfide catholyte solution was obtained after stirring the S and LiS
mixture overnight at 60 °C inside a glove box. The concentration of S
was fixed at 5.7 M in the catholyte solution (0.95 M) throughout the
experiments. Coin cells were assembled inside a glove box to measure
the electrochemical performance of the free-standing and porous cath-
ode substrates. The coin cell comprised P-N-CNF@NCO/HNC@LiPSs as
the cathode, metallic lithium discs as the anode, and a polypropylene
Celgard membrane as a separator. For standard Li-S cells, 30 uL of 5.7 M
polysulfide solution was added to the porous P-N-CNF@NCO/HNC discs
(b = 14 mm, average mass = 3.0 mg, average thickness = 202 um;
Fig. S1), which resulted in an effective sulfur content of 64.6 wt% with a
sulfur loading of 3.6 mg cm ™2 (referred to the worked example in the
Supporting Information). The electrolyte volume throughout the elec-
trochemical tests was fixed at 30 uL, which resulted in an E/S ratio of
10.9 pL mg! for the typical Li-S cells. The E/S ratio was calculated
according to the total volume of the bare electrolyte and catholyte.
Moreover, Li-S cells employing high active material loadings of 5.9 and
7.7 mg cm ™2 with low E/S ratios of 8.7, and 8.0 uL mg ™}, respectively,
were also assembled and tested for cycling stability at a particular
current-rate value. Notably, the effective sulfur content in the high-
sulfur-loading electrodes was fixed at 76.7 and 79.8 wt%, respectively.

2.5. Electrochemical measurements

The assembled Li-S cells were galvanostatically charged and dis-
charged at various C-rates in the voltage window of 1.7-2.8 V. The C-
rate was determined by considering the theoretical capacity of 1675 mA
h g7! at a C-rate of 1.0. The cyclic voltammetry (CV) curves were ob-
tained at different voltage scan rates ranging from 0.01 to 0.1 mV s~ .
All electrochemical measurements were performed using a WBCS3000
battery cycler (WonATech). Impedance spectroscopy (EIS) tests were
performed using an electrochemical impedance analyzer workstation
(ZIVESP2) in the frequency range of 100 kHz to 10 mHz, with an
alternating pulse amplitude of 5 mV.
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2.6. Polysulfide adsorption and electrocatalytic measurements

Adsorption experiments to visualize the anchoring of polysulfides
and electrocatalytic tests were also performed. Briefly, a LiPS solution
(LisSe) in the bare electrolyte of DOL/DME containing 1.0 mol L~* LiTFSI
salt was prepared, which contains 2.0 M sulfur in liquid form. The above
solution was further diluted to obtain 1.0 mM of LiSe polysulfide using
an appropriate amount of DOL/DME solvent. Two glass vials were then
filled with the above polysulfide solution and the prepared samples (5.0
mg each). A polysulfide solution without any sample was prepared as a
standard. For electrocatalytic measurements, symmetric cells were
assembled using the prepared sample as both the counter and the
working electrode (¢ = 14 mm), with the polysulfide solution (30 uL)
filling between the two electrodes. Briefly, the prepared nanofibers were
ground with a polyvinylidene fluoride binder and carbon black at a
weight ratio of 8:1:1 and dispersed in N-methyl-2-pyrrolidone (NMP) as
a solvent, followed by coating on an aluminum current collector. The
assembled symmetric cells were subjected to CV tests at a scan rate of
3.0 mV s~! in the voltage window of —1.0 to 1.0 V.

3. Results and discussion
3.1. Physical characterization of synthesized materials

Hierarchically porous nitrogen-doped carbon nanofiber scaffolds
enabled by multicomponent synergistic effects of well-embedded
metallic-Ni/Co and spinel-type NiCoy04 nanocrystals along with MOF-
derived highly interconnected hollow N-doped C nanocages (P-N-
CNF@NCO/HNC) as a self-supported cathode host was synthesized. The
comprehensive formation mechanism is shown in Scheme 1. The ho-
mogeneous spinning solution comprising a PAN polymer, Co and Ni salt
as metal precursors, and ZIF-8 polyhedra (@ = 70 nm) were electrospun
to obtain as-spun PAN/Ni/Co/ZIF-8 composite nanofibers (Scheme 1a-
®). The as-spun composite nanofibers were stabilized at 150 °C over-
night in a hot air oven, followed by the first heat treatment at 900 °C for
2 h in an Ny atmosphere. During this process, the PAN matrix was
converted to a nitrogen-doped carbon nanofiber (N-CNF) scaffold,
whereas the Ni and Co salts were reduced to their respective metallic
nanograins well-embedded inside the N-CNF matrix. Moreover, the
presence of metallic-Ni/Co nanocrystals resulted in the formation of
graphitic carbon from the amorphous carbon surrounding them, owing
to their catalytic behavior. Besides, the ZIF-8 polyhedra were dis-
integrated into a nitrogen-rich organic ligand and a highly volatile Zn/
Zn?* species. The nitrogen-rich organic ligand was then converted to
nitrogen-doped carbonaceous (N-C) products, whereas the volatile Zn
species evaporated, leaving highly interconnected hollow nanocages
(HNC), as shown in Scheme 1a-®@. Furthermore, the composite nano-
fibers obtained after the first heat treatment were further subjected to a
second heat treatment at 300 °C for 2 h in an ambient environment,
which resulted in the partial conversion of well-embedded metallic
species to spinel-type NiCos04 nanocrystals (Scheme 1a-®). This facile
approach of synthesizing a 3D hierarchically porous cathode substrate
that relies on the strategy of utilizing the synergistic effects of multiple
components resulted in a self-supported nitrogen-doped carbon nano-
fiber network with numerous interconnected hollow N-doped carbon
nanocages, allowing rapid ionic conduction through the highly
conductive N-C scaffold and efficient electrolyte percolation (Scheme
la-®@). To obtain free-standing 3D electrodes, a hierarchically porous
and highly conductive P-N-CNF@NCO/HNC sheet was punched into
circular discs (@ = 14 mm) and infiltrated with a highly concentrated
lithium polysulfide catholyte as a sulfur source (Scheme 1b). The hollow
N-doped carbon nanocages in 3D P-N-CNF@NCO/HNC discs not only
acted as reservoirs for high active material absorption but also chan-
neled the large volume variation during the redox processes. Overall, the
rationally designed, porous, and highly electronic/ionic conductive
nanostructure not only allowed high sulfur loading but also ensured



R. Saroha et al.

Chemical Engineering Journal 446 (2022) 137141

Scheme 1. (a) Schematic representation of (Scheme 1-®,®,®,®) formation mechanism of hierarchically porous and self supported 3D carbon nanofiber network
comprising well embedded Ni/Co/NiCo,04 nanocrystals and hollow N-doped C nancages as advanced cathode host and (b) its applicability as a free-standing 3D

electrode for practically viable LSBs.

high active material utilization because of the availability of metallic
and polar species. These results envisage the production of a feasible LSB
with commercial battery parameters.

To understand the formation mechanism in more detail, we carried
out a comprehensive morphological and crystal structure investigation
of the nanofibers obtained after each process. The morphologies of the
as-spun PAN/Ni/Co/ZIF-8 nanofibers after stabilization at 150 °C are
shown in Fig. 1a and b. The FE-SEM micrographs (Fig. 1a) revealed a 1D
fibrous morphology with an average diameter of ca. 600 nm. In addition,

the filled cross-sectional image shown in Fig. 1b suggests a uniform
dispersion of the metal precursors and the ZIF-8 polyhedra well inside
the nanofibers, as no agglomeration of metal salts and other constituents
on the surface of the nanofibers was observed. The XRD pattern of the as-
spun nanofibers in Fig. 1c shows intense peaks that are assigned to the
ZIF-8 polyhedra only. However, a close examination revealed a broad
peak centered at around 20 = 17°, which corresponds to the PAN
polymer, and is flanked by sharp ZIF-8 diffraction peaks on both sides.
To confirm this observation, we carried out physical characterization of
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Fig. 1. Morphological, XRD pattern, and TG analysis of (a-d) as-spun PAN/Ni/Co/ZIF-8 and (e-h) as-spun PAN/Ni/Co composite nanofibers obtained after stabi-
lization at 150 °C: (a, e) FE-SEM images, (b, f) cross-sectional images, (c, g) XRD patterns, and (d, h) TG curves.

the as-prepared ZIF-8 polyhedra, as shown in Fig. S2. The FE-SEM
micrograph (Fig. S2a) revealed the formation of uniformly sized (ca.
70 nm) ZIF-8 polyhedra. The XRD patterns shown in Fig. S2b indicate
sharp peaks that could only be attributed to ZIF-8 and are in good
agreement with previous reports [48]. As observed, no broad peak at 26
= 17° was apparent in the XRD pattern of the ZIF-8 polyhedra.
Furthermore, TG analysis was carried out using the stabilized nanofibers
in an air atmosphere to analyze the thermal stability of the nanofibers. In
addition, the TG curve provided information about the optimum
oxidation temperature to obtain the pure NiCoy0O4 phase from the pre-
cursor salts. As observed, the slight weight loss up to 200 °C was due to
the removal of moisture or crystal water from the nanofibers. The first
considerable weight loss from 240 to 380 °C could be attributed to the
removal of the PAN polymer in the form of CO, and the breaking of the
metal precursor salts. Afterward, a steeper weight loss from 380 to
430 °C could be attributed to the overall burning of the PAN polymer
and the complete conversion of the metal salts to the spinel-type
NiCo,04 phase, as evidenced by the constant weight after that until
600 °C. For better evaluation, a comparison sample using identical
synthesis conditions and technique was prepared without ZIF-8 poly-
hedra, and the resulting as-spun PAN/Ni/Co composite nanofibers sta-
bilized at 150 °C are shown in Fig. 1(e-h). As observed, the stabilized
composite nanofibers display smooth surface fibrous morphology
(Fig. 1e) with a uniform dispersion of the metal precursors well inside
the nanofibers (Fig. 1f). The XRD pattern in Fig. 1g exhibits diffraction
peaks corresponding to the PAN matrix only suggesting the amorphous
nature of the nanofibers. The TG analysis curve in Fig. 1h indicates that a
phase pure sample can be obtained at around 400 °C.

The hierarchically porous N-C nanofibers comprising well-embedded
metallic-Ni and Co species along with hollow N-C nanocages (denoted P-
N-CNF/Ni-Co/HNC) were obtained after the first heat treatment of the
as-spun PAN/Ni/Co/ZIF-8 composite nanofibers, and the resulting
nanofibers are shown in Fig. 2. The nanofibers maintained their 1D
fibrous nanostructure (Fig. 2a) even after high-temperature heat treat-
ment with a mean diameter of ~500 nm. Such a high-temperature
heating process disintegrates ZIF-8 polyhedra into highly volatile
reduced Zn/Zn?* and nitrogen-doped carbonized (N-C) products, in
addition to the reduction of metal salts to their respective metallic
species. Moreover, the PAN polymer was converted to nitrogen-doped
carbonaceous (N-C) materials, which acted as highly conductive scaf-
fold. The reduced Zn/Zn?* species then evaporated, owing to their
highly volatile nature, leaving the hollow nanocages surrounded by N-C

products, which are mainly carbonized organic linkers. The removal of
volatile reduced zinc and the conversion of the PAN polymer to an N-C
matrix during the first heat treatment process at a high temperature
resulted in shrinkage of the nanofibers. In addition, the presence of
hollow N-C nanocages resulted in a highly porous nanostructure, as
evidenced by the cross-sectional image shown in Fig. 2b. The well-
embedded Ni-Co species in the N-C scaffold, along with the hollow N-
C nanocages, are apparent in the TEM images shown in Fig. 2c-f. The
dark nanoparticles with a mean size of ca. 70 nm are metallic-Ni/Co
bonded into a single unit. Furthermore, the gray and bright regions
are attributed to the N-C matrix and hollow N-C nanocages, respectively.
The HR-TEM image shown in Fig. 2g represents the clear lattice fringe of
the N-doped graphitic carbon (NGC) layer and metallic-Co separated by
0.34 nm and 0.20 nm for the (002) and (111) crystal planes, respec-
tively. The metallic-Ni/Co acted as a catalyst to effectively convert the
amorphous carbon to the graphitic phase during heat treatment. Addi-
tionally, the selected area electron diffraction (SAED) pattern (Fig. 2h)
and the XRD pattern in Fig. 2i confirm the presence of NGC (broad peak
at 20 = 25°) and metallic-Ni/Co phases in the composite. It should be
noted that the almost identical crystal structures of metallic-Ni and Co
make it extremely difficult to differentiate their respective crystal planes
and XRD peaks. As a result, we surmise that both metallic species were
present in the required stoichiometric ratio. This assumption is well
supported by the elemental dot mapping results shown in Fig. 2j, which
indicates the uniform dispersion of metallic-Ni and Co in the desired
proportions along with the elements O, C, and N.

To obtain a hierarchically porous nitrogen-doped carbon (N-C)
scaffold comprising well-embedded with metallic-Ni/Co and spinel-type
NiCo204 nanocrystals, a second heat treatment was performed, and the
resulting nanofibers are shown in Fig. 3. The FE-SEM micrographs
(Fig. 3a and b) reveal that the 1D nanostructure of the nanofibers, with
an average diameter of 500 nm, remained unchanged. In addition to the
intact morphology, open pores were also apparent, as shown in Fig. 3b.
The open pores in the final nanostructure result in an efficient electro-
lyte percolation and enormous ionic/electronic conductive pathways for
rapid redox reaction kinetics. Moreover, a porous nanostructure would
effectively channel the volume variation during repeated redox pro-
cesses. The TEM images shown in Fig. 3c-f also reveal the continuous
fibrous morphology of the prepared nanofibers with well-embedded
spinel-type NiCo204 nanoparticles (¢ = 70 nm) distributed along the
N-C matrix of the nanofiber. However, small traces of nanoparticles with
sizes below 50 nm were also observed in the nanofibers, which are
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Fig. 2. Characterizations of the P-N-CNF/Ni-Co/HNC composite nanofibers obtained after the first heat-treatment of the as-stabilized nanofibers: (a) FE-SEM image,
(b) cross-sectional image, (c-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images.

assigned to the metallic-Ni/Co nanocrystals. These observations are in
good agreement with the HR-TEM image shown in Fig. 3g, which reveals
clear lattice fringes corresponding to the spinel-type NiCo204, metallic-
Ni/Co separated by 0.29 nm and 0.20 nm for the crystal planes (220)
and (111), respectively. The lattice fringe corresponding to the NGC
layer separated by 0.34 nm for the crystal plane (002) was also
apparent. The SAED image (Fig. 3h) and the XRD pattern (Fig. 3i)
indicate diffraction planes and peaks corresponding to the nano-
crystalline NiCo204 (cubic, Fd3m), metallic-Ni/Co, and NGC layers only.
Furthermore, the elemental dot mapping images shown in Fig. 3j show
the homogeneous distribution of Ni, Co, O, C, and N in the nanofibers.
These results suggest that the final nanostructure is a free-standing
cathode substrate comprised of a highly conductive NGC matrix, hier-
archical porous skeleton due to MOF-derived interconnected hollow N-
doped C nanocages, and well-embedded metallic Ni/Co along with

spinel-type polar NiCoy04 nanoparticles. This combined strategy not
only provides enormous conductive channels for fast electronic/ionic
transfer in addition to absorbing the severe volume changes but also
offers numerous polar sites in the form of embedded Ni-Co/NiCo,04
nanocrystals for efficient anchoring and promoting nucleation of the
lithium polysulfide species, thus envisages the improved electro-
chemical performance of the Li-S cell.

The chemical state and bonding environment of the various elements
in the free-standing P-N-CNF@NCO/HNC were evaluated using the XPS
spectrum, as shown in Fig. 4. The XPS survey spectrum in Fig. 4a in-
dicates photoelectron signals corresponding to the Ni 2p, Co 2p, O 1s, N
1s, and C 1s orbital states. The high-resolution XPS spectrum of Ni 2p
shown in Fig. 4b displays well-separated Ni 2p3,2 and Ni 2p; » peaks at
binding energies of 854. 9 and 872.4 eV, respectively, flanked by two
satellite peaks (denoted as “Sat.”) at 860.5 and 878.3 eV [49]. In
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Fig. 3. Characterizations of the P-N-CNF@NCO/HNC composite nanofibers obtained after the second heat-treatment at 300 °C in an air atmosphere: (a) FE-SEM
image, (b) cross-sectional image, (c-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) elemental mapping images.

addition, the deconvolution of Ni 2ps,, and Ni 2p; 5 displays further
splitting, suggesting two valence states for Ni, that is, +3 and +2, which
matches well with previous reports on NiCo204 [50,51]. In addition, the
presence of a peak at a binding energy of 853.2 eV indicates the presence
of metallic Ni in the prepared sample. Likewise, the XPS spectrum of Co
2p (Fig. 4c) exhibits two strong peaks, corresponding to Co 2p3,2 (779.0
eV) and Co 2pjy/2 (794.4 eV). A binding energy difference of 15.4 eV
between the two main peaks confirms the spin—orbit splitting, consistent
with previous reports [52,53]. Furthermore, the deconvolution of the
two main peaks resulted in further splitting, suggesting that the Co
cation is both in the divalent and trivalent states [54]. Moreover, the two
weak satellite peaks (“Sat.”) at binding energies of 789.0 and 802.8 eV
observed distinctly confirms the presence of the Co®" state [52]. The O
1s spectrum shown in Fig. 4d displays three deconvoluted peaks
centered at 532.4, 531.0, and 528.8 eV correspond to the adsorbed

oxygen molecules near the surface, the Oy~ ions present in the oxygen-
deficient regions of NiCo204, and the lattice oxygen present in the
spinel-type NiCo204, respectively [52]. The presence of these functional
groups is beneficial for the effective capture and catalytic conversion of
the polysulfide species. Furthermore, the bonding environment of the
carbonaceous material is shown in Fig. 4e, which displays the presence
of four photoelectron signals located at 284.0, 285.1, 285.9, and 287.9
eV, corresponding to the —C—=C—, —C—N—, —C—0—, and —C=0—
bonds in the nanostructure [55,56]. The high intensity of the —C—=C—
peak confirms the formation of graphitic C in the composite nanofibers.
Besides, the presence of the deconvoluted -C-N- peak indicates a
nitrogen-doped carbon matrix. In particular, N-doped C offers high
electrical conductivity due to the high electronegativity of nitrogen
atoms, allowing rapid charge transfer, thus supporting kinetically
favored redox reactions. The N 1s deconvoluted spectrum in Fig. 4f
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Fig. 4. (a) XPS survey spectrum, (b) deconvoluted Ni 2p XPS spectrum, (c) deconvoluted Co 2p XPS spectrum, (d) deconvoluted O 1s XPS spectrum, (e) deconvoluted

C 1s XPS spectrum, and (f) deconvoluted N 1s XPS spectrum.

exhibits three well-fitted peaks, which are attributed to the pyridinic N
(398.0 eV), pyrrolic N (400.0 eV), and oxidized N (406.1 eV) species,
firmly supporting the -C-N- deconvoluted peak [1]. Overall, the XPS
results confirm the presence of NiCo,0O4 nanoparticles with metallic-Ni/
Co, which were well embedded inside the N-doped C matrix and even-
tually allowed fast electrochemical processes.

To further validate the XPS results, TG analysis and Raman spec-
troscopy were also performed for the P-N-CNF@NCO/HNC nanofibers,
as shown in Fig. S3. TG analysis of the prepared nanofibers was per-
formed in air to quantify the carbon content (Fig. S3a) and was ca. 51.5
wt%. The obtained value is consistent with the elemental analysis (EA)
results shown in Table S1, which estimates the carbon content to 50.2 wt
%. In addition, the nitrogen content of 2.4 wt% signifies the nitrogen-
doped carbon matrix in the prepared nanofibers. Furthermore, the

crystallinity of the carbonaceous material was investigated using Raman
spectroscopy, as shown in Fig. S3b. The well-separated peaks at 660.7
and 469.9 cm ™! correspond to the A1 and Eg Raman-active modes of the
NiCo,04 nanostructure, respectively, which arose due to the optical-
phonon confinement effect [57]. Additionally, the typical carbona-
ceous signatures of the D-band (1345 cm_l) and G-band (1580 cm™ 1)
were also observed, whose relative intensity ratio (Ip/I;) measures the
degree of crystallinity of the carbon products [58]. The Ip/I; ratio of
1.23 indicates that the carbon in the sample mainly consists of disor-
dered carbon with low crystallinity. This could be attributed to nitrogen
doping, which produces defects in the carbon framework. Moreover, the
defects formed are beneficial in providing surplus insertion sites for Li
ions. Furthermore, the porosity of the prepared nanofibers was analyzed
using the Ny adsorption—desorption isotherms shown in Fig. S3c. The
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existence of a type-IV BET curve with good hysteresis implies the pres-
ence of mesopores in the nanostructure that resulted in a high surface
area of 280 m? g™! (pore volume = 0.4 cm® g™1). In particular, meso-
pores arose because of the decomposition of the ZIF-8 polyhedra
distributed uniformly in the nanofibers (Fig. S3d).

To validate the structural advantages of P-N-CNF@NCO/HNC
nanofibers, the as-spun PAN/Ni/Co composite nanofibers stabilized at
150 °C (Fig. 1(e-h)) were subjected to a single-stage heat treatment at
300 °C for 2 h in an air atmosphere, as shown in Fig. S4. The FE-SEM
micrographs of the nanofibers with wrinkled surfaces shown in
Fig. S4a and b indicate a 1D fibrous morphology with an average
diameter of 400 nm. Moreover, the cross-sectional images in Fig. S4b
validate the absence of open pores in the structure compared to the P-N-
CNF@NCO/HNC nanofibers shown in Fig. 3. The TEM images in
Fig. S4c-f confirm the formation of uniformly dispersed NiCo,04 nano-
particles (¢ = 15 nm) well-embedded in the C matrix (dark region) all
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along the fiber (Fig. S4e and f). In addition, small voids (bright spots) are
also evident because of the decomposition of the PAN matrix in air. The
HR-TEM images in Fig. S4g firmly authenticate the above results,
showing clear lattice fringes with widths of 0.29 nm for the (220) crystal
plane, corresponding to the nanocrystalline spinel-type NiCo,04 nano-
particles. The SAED pattern (Fig. S4h) indicates the diffraction rings
related to the nanocrystalline phase of NiCo204 only. The XRD pattern
(Fig. S4i) shows sharp and intense diffraction peaks which can be
attributed to the spinel-type NiCo;04 phase, consistent with the above
results. The elemental dot mapping results shown in Fig. S4j imply a
uniform distribution of Ni, Co, O, and N in the fibrous nanostructure,
indicating the formation of a nanocrystalline spinel phase. However, C
was sparsely distributed in the fibrous structure, suggesting a relatively
low carbon content compared to the P-N-CNF@NCO/HNC nanofibers.
The carbon content of the F-NCO sample was determined to be 10.7 wt%
from the EA results (Table S1). The chemical states and bonding

Fig. 5. Electrochemical performance
of the Li-S cells utilizing P-N-
CNF@NCO/HNC as free-standing
cathode substrate and lithium poly-
sulfide (LinSe) catholyte as active
material for typical cell parameters:
(a) cyclic voltammograms (CV)
curves at 0.01 mV s~ ! for three initial
cycles, (b) CV curves at different scan
rates ranging from 0.02 to 0.1 mV s},
(c) rate-capability test at various C-
rates (0.05-0.5 C), and (d) respective
charge-discharge profiles of the Li-S
cell for 15th cycle at different C-rates.
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environment of the F-NCO nanofibers obtained using XPS are shown in
Fig. S5, showing similar results to those of the P-N-CNF@NCO/HNC
sample. The Raman spectra (Fig. S6b) indicate a relatively low-intensity
ratio (Ip/Ig) of 1.05, which suggests that the fraction of disordered
carbon is relatively low. This is because there are fewer defects in the F-
NCO nanofibers compared to P-N-CNF@NCO/HNC. The BET surface
area (Fig. S6c) clearly confirms the above results, showing a small sur-
face area of 86 m? g~! (pore volume = 0.19 cm® g1) due to the few
surface defects in the carbon skeleton. Therefore, the above results
suggest that the F-NCO nanofibers mainly comprise uniformly dispersed
NiCo,04 nanoparticles throughout the nanostructure with low porosity.

3.2. Electrochemical performance of Li-S cells

The electrochemical performance of the P-N-CNF@NCO/HNC@LiPS
electrode was analyzed to verify its structural merits. The assembled Li-S
cells with typical battery parameters were initially subjected to CV tests
at various voltage scan rates, as shown in Fig. 5. The three initial CV
scans at 0.01 mV s~! shown in Fig. 5a indicate a typical Li-S signature
with two cathodic peaks centered at 2.29 and 2.05 V and one sharp
anodic peak at 2.40 V. The two cathodic peaks indicate the reduction of
more soluble higher-order lithium polysulfides to insoluble lower-order
polysulfides, that is, LisS through intermediate short order lithium
polysulfides [1,2]. During the reverse anodic scan, Li>S was oxidized to
elemental sulfur via. intermediate short-order polysulfides and long-
order polysulfides, thus completing the redox cycle. In addition, the
sharp peaks suggest a kinetically favored redox process, owing to the
high electrical conductivity of the N-doped C scaffold, which provides
numerous channels for fast ionic/electronic transfer. Likewise, the
symmetric and overlapping nature of the CV profiles indicates reversible
redox processes due to efficient inhibition of polysulfide diffusion. This
is due to the presence of polar spinel-type NiCo,04 and metallic-Ni/Co
nanoparticles that were well embedded inside the carbon skeleton,
providing various polar sites for polysulfide anchoring. These results
suggest that the synergistic effects in the P-N-CNF@NCO/HNC cathode
substrate guarantee enhanced redox processes owing to the faster ionic/
electronic diffusion, better volume stress alleviation, efficient electrolyte
percolation, and effective polysulfide immobilization.

Rate capability tests were also performed for the Li-S cells utilizing
the P-N-CNF@NCO/HNC@LiPSs electrode, as shown in Fig. 5c. The
assembled cells were subjected to charge-discharge processes at various
current rates ranging from 0.05 to 0.5 C. The cell displayed an initial
discharge capacity of 473 mA h g~! at 0.05 C and steadily increased to
1026 mA h g™! after the 15th cycle, owing to the activation process
[59,60]. After that, the cell displayed discharge capacities of 1029, 779,
667, 644, and 602 mA h g’l for the 15th cycle at 0.1, 0.2, 0.3, 0.4, and
0.5 C-rates, respectively. The obtained discharge capacities seem to be
feasible considering the high effective sulfur content (65 wt%), high
active material loading (3.6 mg cm™2), and low E/S ratio (10.9 pL
mg ). This observation is in accordance with the utilization rate of the
active material at different C-rates, as shown in Fig. S7. At low C-rates of
0.05 and 0.1 C, the Li-S cell displayed a high active material utilization
of 61 %, which decreased to 36 % capacity utilization at 0.5 C. The
better capacity utilization, especially at high C-rates, is attributed to the
numerous conductive pathways that result in a rapid charge transfer
during the redox processes. Moreover, the presence of polar chemical
sites in the form of Ni-Co/NiCo204 nanocrystals effectively prohibits the
migration of lithium polysulfide molecules to the anode side. This syn-
ergetic effect subsequently resulted in complete redox conversions with
no side reactions, as shown in the respective charge-discharge profiles
of the assembled Li-S cell in Fig. 5d. The presence of well-distinguished
charge-discharge plateaus at all C-rates firmly supports the above
reasoning and effectively confirms the structural advantages of the P-N-
CNF@NCO/HNC substrate.

To further validate the structural superiority of the prepared porous
cathode substrate, the Li-S cell with typical battery parameters was
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subjected to a cycling performance test at 0.1 C-rate, as shown in Fig. 6a.
The cell displayed an initial discharge capacity of 510 mA h g~!, which
rapidly increased to 994 mA h g~! at the 10th cycle because of the
activation process during cycling. However, the increase in capacity
became marginal with further cycling, only displaying a maximum
discharge capacity of 1123 mA h g~! at the end of the 75th cycle. The
maximum discharge capacity obtained was approximately 67 % of the
theoretical capacity (1675 mA h g~1). Furthermore, as cycling pro-
ceeded, the cell displayed a slight decrease in discharge capacity, which
finally seemed to stabilize at 898 mA h g~! after 220 continuous char-
ge—discharge cycles. In addition, the assembled cell displays a low
average capacity decay rate of 0.04 % per cycle (after 10th cycle),
considering the practically viable battery parameters. Moreover, the
high Coulombic efficiency of 96 % clearly suggests the presence of
highly reversible redox reactions. The practical viability of the prepared
P-N-CNF@NCO/HNC cathode substrate was also evaluated by consid-
ering the areal capacity parameter. As shown in Fig. 6a, the Li-S cell
displayed a maximum areal capacity of ~4.0 mA h cm™2, which is
almost equal to the theoretical benchmark of the presently available Li-
ion systems (LiCoO- graphite system). Even after long-term cycling, the
areal capacity remained as high as 3.2 mA h cm™2, implying the high
practical potential of the prepared cathode substrate.

To further broaden the practical applicability, Li-S cells utilizing P-N-
CNF@NCO/HNC@LIPS electrodes with severe battery parameters such
as high effective sulfur content (~76.7 wt%), high active material
loading (5.9 mg cm’z), and low E/S ratio (8.7 uL mg’l) were assembled
and cycled at a 0.1 C-rate, as shown in Fig. 6b. The Li-S cell displayed a
low initial discharge capacity of 268 mA h g’l, which monotonically
increased to 608 mA h g~! for the 35th cycle, indicating activation of the
active material over a few initial cycles. With further cycling, the
discharge capacity stabilized at 418 mA h g~! after the end of the 400th
cycle, indicating an average capacity decay rate of 0.08 % per cycle
(considered from the 35th cycle). The decay rate is believed to be
reasonable considering the high effective sulfur content, high sulfur
loading, and low E/S ratio. In addition, a high Coulombic efficiency of
94 % indicates the excellent reversibility of the redox processes inside
the Li-S cell. Additionally, the cell displayed a maximum areal capacity
of 3.2 mA h em ™2, which stabilized to 2.5 mA h cm~? after 400 cycles,
suggesting that the robust cathode substrate structure allows high active
material utilization even at severe battery parameters and prolonged
cycling. Benefitting from the structural merits, the effective sulfur con-
tent and active material loading were further increased to ~80 wt% and
7.7 mg cm™2, respectively, along with a low E/S ratio of 8.0 uL mg~".
The assembled Li-S cell was subjected to charge-discharge at 0.1 C-rate,
shown in Fig. 6¢. The cell again displayed similar capacity trends as
observed previously, with a low initial discharge capacity of 283 mA h
g1, constantly increased to 687 mA h g~* until the 19th cycle, and then
stabilized at 358 mA h g™ after the 160th continuous charge-discharge
cycle, with an average capacity decay rate of 0.33 % per cycle. Besides,
the cell displayed a maximum areal capacity of 5.4 mA h cm™? that
stabilized to 2.8 mA h cm™2 after 160 cycles. Furthermore, a stable high
Coulombic efficiency of 95 % suggests the remarkable integrity of the
electrode. The obtained electrochemical performance in the present
work is comparable with that of previous reports, as shown in Table 1. In
addition, the contribution of the P-N-CNF@NCO/HNC cathode substrate
to the total capacity is negligible except for the first cycle, as shown in
Fig. S8. The above electrochemical results firmly suggest that the
designed nanostructure of the cathode substrate exceptionally supports
a reasonable battery performance even with the harsh parameters. This
is due to the synergistic effects of the porous framework, highly
conductive channels, and the presence of polar binary metal oxide and
metallic-Ni/Co nanocrystals as polysulfide anchoring sites. The above
results are more pronounced when considering the gravimetric energy
density calculated at the electrode level for Li-S cells utilizing different
sulfur loadings and the P-N-CNF@NCO/HNC substrate (Table S2),
which again supports the potential of this strategy for practical
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Fig. 6. Cycling performance of the Li-S cells employing free-standing P-N-CNF@NCO/HNC@LiPS electrode with different battery parameters at 0.1 C-rate: (a)

typical Li-S cell, and (b, c¢) Li-S cells with high sulfur content/loading.

applications.

The structural superiority of the P-N-CNF@NCO/HNC cathode sub-
strate was further validated by considering the electrochemical perfor-
mance of the Li-S cells with non-porous or filled F-NCO@LiPS
electrodes, as shown in Fig. S9. The initial CV curves at 0.01 mV s * of
the Li-S cell with typical battery parameters (65 wt% sulfur content, 3.6
mg cm 2 sulfur loading, and E/S ratio of 10.9 pL mg™!) displayed
somewhat incomplete redox processes, as no obvious cathodic/anodic
peaks were observed (Fig. S9a). Instead, asymmetrical and broad peaks
were obtained at a low current intensity, suggesting poor charge transfer
kinetics during the redox reaction, which subsequently resulted in a
large potential polarization. Similar trends were observed for high-
voltage scan rates, as shown in Fig. SOb. The high potential polariza-
tion clearly implies a sluggish ion diffusion mechanism inside the cell.
These observations are supported by the rate capability tests at various
current rates (Fig. S9c¢) and the respective charge-discharge profiles
(Fig. S9d). The poor rate capability even at low current rates (0.05 C)
validates the above results. In addition, the respective charge-discharge
profiles also displayed no obvious plateaus and are in good agreement
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with the CV results (Fig. S9a). Furthermore, the inferior cycling per-
formance at a 0.1 C-rate (as shown in Fig. S10) for the Li-S cell
employing the non-porous F-NCO cathode substrate also suggests slug-
gish ion kinetics inside the cell. These results unanimously validate the
structural merits of the porous P-N-CNF@NCO/HNC cathode substrate,
resulting in improved electrochemical results.

The improved electrochemical results of the Li-S cells utilizing
different electrodes were further demonstrated using Nyquist plot
measurements before and after cycling at 0.1 C in a fully lithiated state,
as shown in Fig. S11. The slightly different solution resistance (R;)
values (~12 and 18 Q before and after cycling, respectively) indicate
marginally dissimilar interactions at the electrode—electrolyte interface
for the Li-S cell employing the P-N-CNF@NCO/HNC@LiPS electrode, as
shown in Fig. S11a. However, a decrease in the total cell resistance from
57 Q to 5 Q after 50 continuous charge-discharge cycles suggests su-
perior charge transfer kinetics inside the cell and better electrode
integrity. In contrast, the Li-S cell employing the F-NCO@LIiPS electrode
displayed high resistance values (~2164 Q) before and after cycling
(Fig. S11b), indicating inferior redox reactions inside the Li-S cell. The
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Table 1
Electrochemical performance of free-standing P-N-CNF@NCO/HNC cathode substrate with previously reported works based on various battery parameters.
Cathode Substrate Effective Sulfur E/S Max. Areal Max. Cgischarge / Final Cgischarge Ref.
Sulfur Loading (uL Capacity Cycle No. /Rate
(Wt.%) (mgem™2) mg™h) (mAhcem™2) (mAhg /) /Cycle No. (mA h
g71/C/)
Highly porous nitrogen-doped carbon nanofiber with 64.6 3.6 10.9 4.0 1123/75 898/0.1/220 This
embedded nickel cobaltite nanocrystals 76.7 5.9 8.7 3.2 608/35 418//0.1/400 Work
79.8 7.7 8.0 5.4 687/19 358/0.1/160
3D-integrated hollow carbon fiber foam 57 6.2 60* 6.4 1263/1 1050/0.1/50 [15]
Nitrogen-rich carbon fiber - - 10* - 1442/10 1278/0.1/60 [61]
Molybdenum carbide embedded carbon nanofiber - 4.74% 15 - 977/0.2 828/0.2/250 [62]
Carbon nanofiber coated Co3S4 nanosheets - 1.7 15.6 1.5 710/1 710/1.0/200 [63]
6.8 7.8 4.1 375/1 592/0.1/100
Nitrogen-doped carbon nanofiber - 3.08 20 - 967/1 773/0.2/150 [64]
Nanoflower-like MnO,-kb@carbon paper - 2.1 - - 776/1 814/0.5/100 [65]
SnS,-nanodots@graphene 75 2.5 10 5.0 1234/0.2 1016/0.2/300 [66]
ACNF/Co3S4/S paper electrode 50-55 2.5 - - 953/1 610/1.0/450 [67]
7.5 5.25 950/1 701/0.3/100
13.5 7.0 957/1 550/0.3/100
Binder-free Carbon Nanofiber - 6.5 52% 3.5 880/1 700/1 .0/80$ [68]
CNT-CNF freestanding cathode 60 16 15 7.1 771/1 480/0.1/100 [69]
Carbonized sucrose-coated eggshell membranes - 3.2 - - 1327/1 1000/0.1/100 [70]
Carbon nanofiber sponges 40 - - - 688/125 598/0.5/300 [71]
3D sponge-like carbon nanotube 56 2 - - 767/1 613/0.5/800 [72]
3D r-GO aerogel - 3.3 - 2.8 - - [73]
Nitrogen-doped rGO/CNT hybrid aerogel - 6 - - 1100/1 610/0.5/400 [74]
MWCNT-paper 62 1.7 40* - 1261/1 1179/0.5/50 [75]
PEI-GC aerogel - 6 - 5.8 1125/1 950,/2.0/100% [76]
10 6.0 1072/1 590/1.68/50%
18 12.0 1079/1 671/1.25/30°
WS,-rGO-CNT aerogel - 3.84 - 4.0 1100/1 860/0.5/100 [77]
Free-standing nitrogen-doped graphene paper 66 1.06 20* - 1300/20 1100/0.2/100 [78]
MOF-derived N-doped carbonaceous composite - 2.03 - - 926/4 766/0.5/250 [79]
5.10 13.89 4.69 - -

above results firmly support the overall improved electrochemical per-
formance of the P-N-CNF@NCO/HNC cathode substrate, which was
primarily developed because of its structural superiority.

The structural superiority of the P-N-CNF@NCO/HNC and its capa-
bility to suppress polysulfide diffusion was further validated using
electrocatalytic activity tests and polysulfide adsorption experiments, as
shown in Fig. 7. Symmetric cells were assembled using P-N-CNF@NCO/
HNC and F-NCO samples as both working and counter electrodes and
filled in between with 20 uL of 1.0 mM LiySe polysulfide solution. The
CV tests recorded for the initial five cycles at a voltage scan rate of 3 mV
s~ ! in the voltage range of —1.0 to +1.0 V are shown in Fig. 7a-c. The first
CV scan in Fig. 7a indicates that the pristine F-NCO sample displayed
poor electrocatalytic activity towards lithium polysulfide, evident from
the widely spaced broad redox peaks accompanied by low current
values. In contrast, the symmetric cell utilizing P-N-CNF@NCO/HNC
electrodes displayed well-distinguished and relatively sharp redox peaks
along with high current values, indicating excellent electrocatalytic
activity towards lithium polysulfide. Moreover, the exactly symmetric
and overlapping CV profile of the P-N-CNF@NCO/HNC electrodes over
repeated cycling (Fig. 7b) compared to the pristine F-NCO electrodes
(Fig. 7c) confirms the above results. These results were further validated
through a visual demonstration of polysulfide adsorption by the two
samples, as shown in Fig. 7d. The digital photographs taken over
different time intervals indicate a concomitant color change from yellow
(t = 0) to almost colorless (t = 1 h) for the P-N-CNF@NCO/HNC sample
compared to the pristine F-NCO sample. This indicates efficient poly-
sulfide immobilization, which can be attributed to the presence of
metallic-Ni/Co and polar spinel-type NiCo,04 nanoparticles, which
acted as polar sites for the chemical adsorption of lithium polysulfide.
Therefore, the above results confirm the structural merits of the P-N-
CNF@NCO/HNC cathode substrate, which not only guarantees high
structural integrity even at harsh battery parameters but also offers
efficient polysulfide capture during prolonged cycling, and hence,

“#’ Sulfur-loading is in mg; “** Electrolyte volume is in uL; ‘¢’ C-rate is in mA cm 2,
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superior electrochemical performance. Likewise, Li-S cells with different
sulfur loading values of 5.9 and 7.7 mg cm ™2 were connected in series to
power an external load (a 5V, 10 mW light-emitting diode) after cycling
ata 0.1 C-rate, as shown in Fig. 7e. The series cell combination provided
a continuous power supply to the load for 30 m and thus validates all the
electrochemical results discussed above.

3.3. Investigation of cycles Li-S cells:

The structural stability of the P-N-CNF@NCO/HNC cathode sub-
strate was further examined via post-cycling morphological analysis, as
shown in Fig. 7(f-i). The Li-S cell utilizing the P-N-CNF@NCO/HNC
substrate with a sulfur loading of 7.7 mg cm ™2 was disassembled care-
fully inside the glovebox after cycling at 0.1 C followed by drying the
electrode to remove the solvent. Likewise, the Li-S cell employing the F-
NCO cathode host was dismantled and the different cell parts were
collected. The FE-SEM micrographs of the P-N-CNF@NCO/HNC@LiPS
electrode (Fig. 7f) revealed that even with a high sulfur content and
loading, the fibrous morphology was well-maintained. However, the
fiber nanostructure was completely filled with a high volume of cath-
olyte, suggesting complete absorption of the liquid active material. In
contrast, the F-NCO electrode (Fig. 7g) displayed large deposits of un-
used active material throughout the nanofibers, owing to its highly non-
porous structure. This observation strongly suggests that the porous
structure in P-N-CNF@NCO/HNC not only provides hollow reservoirs
for high active material absorption but also effectively channels off the
volume stress during cycling. In addition, efficient electrolyte percola-
tion ensures better utilization of the active material and, hence, superior
electrochemical performance. These results are further supported by the
digital photographs of the Celgard obtained after cycling. The Celgard
used with the P-N-CNF@NCO/HNC@LIiPS electrode (Fig. 7h) displayed
a yellowish color compared to the Celgard used with the F-NCO@LiPS
electrode, which revealed dark brown deposits, in accordance with the
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cycled morphology of the electrode (Fig. 7i). Therefore, the above re-
sults confirm that the porous structure of the P-N-CNF@NCO/HNC
substrate confined the active material species within the cathodic re-
gion, whereas the NCO nanocrystals offered chemisorption sites for
polysulfide anchoring. This synergetic effect resulted in higher active
material utilization, better mitigation of polysulfide diffusion, and effi-
cient electrolyte percolation. Elemental dot mapping results were also
obtained for the two cycled electrodes, as shown in Fig. S12a and b,
which revealed that a high fraction of sulfur species in the F-NCO sub-
strate (12.5 wt%) remained unutilized compared to that in the P-N-
CNF@NCO/HNC (7.2 wt%). These results are in good agreement with
the FE-SEM micrographs of the cycled lithium anode shown in Fig. S13.
The lithium anode employed in the Li-S cell utilizing the P-N-
CNF@NCO/HNC cathode substrate displayed a much smoother surface
with no crack formation (Fig. S13a) compared to the cell employing the
F-NCO substrate, which displayed a highly disintegrated lithium surface
morphology (Fig. S13b). In addition, elemental dot mapping and the
EDS spectra revealed a low diffusion of sulfur-like species towards the
anode side for the P-N-CNF@NCO/HNC substrate than the F-NCO sub-
strate, which shows large polysulfide deposits over the metallic anode.
These results were further supplemented by observing the changes in the
XPS profiles of various elements after cycling, as shown in Fig. S14. The
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Fig. 7. Electrocatalytic activity and adsorption
tests of lithium polysulfides using free-standing P-
N-CNF@NCO/HNC and F-NCO cathode substrate:
(a) Initial CV curves for different symmetric cells
obtained at 3.0 mV s~! in the voltage range of
—1.0 to 1.0 V, (b) Five initial CV cycles for sym-
metric cell employing P-N-CNF@NCO/HNC, (c)
Five initial CV cycles for symmetric cell employing
F-NCO, and (d) digital photographs of the lithium
polysulfide adsorption test at different span of
time, (e) digital photographs of a light-emitting
diode (5 V, 10 mW) powered by series combina-
tion of two Li-S cells with sulfur loadings of 5.9
and 7.7 mg cm 2 after cycling at 0.1 C-rate, anode
facing-side FE-SEM images of the free-standing
cycled electrode along with the digital photo-
graphs of the Celgard separator after cycling at 0.1
C-rate: (f, h) P-N-CNF@HNC/NCO, and (g, i) F-
NCO.

XPS signals for Ni 2p and Co 2p core levels after cycling (Fig. S14a;
bottom panel) exhibit a slight shift in binding energy values along with a
significant decrease in the fraction of Ni®" and Co®*, as evident from the
decrease in peak intensity. This indicates that both Ni** and Co®" get
partially reduced due to the charge transfer from the S2~ species in the
LisSe catholyte [46]. Additionally, the S 2p spectra was also observed for
cycled electrodes in Fig. S14b. The deconvoluted XPS profiles exhibit
well-fitted peaks at binding energies of 168.7, 166.7, 163.4, and 160.7
eV that corresponds to the polythionate complex, thiosulfate, bridging
sulfur (S§) of LiySe, and S-Ni/S-Co species [46,80]. Thus formed poly-
thionate species act a mediator to weaken the shuttling effect through
chemical interaction with lithium polysulfide species [81,82]. These
results again validate the efficient anchoring of polysulfides or sulfur-
like species by the P-N-CNF@NCO/HNC substrate, in addition to
providing sufficient space for high active material volume intake, suf-
ficient space to absorb volume stress, and superior electrolyte infiltra-
tion. The above results clearly validate that synthesizing a cathode host
with a highly porous morphology, conductive channels, and the pres-
ence of polar species produces synergistic effects that result in enhanced
electrochemical performance. Moreover, the synthesis and electro-
chemical results presented in this work would surely help in the
advancement of tailoring novel materials for energy and related
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applications that are based on various chemical processes or chemical
engineering techniques.

4. Conclusions

In summary, we proposed a porous and highly conductive 3D free-
standing cathode substrate for advanced LSBs based on feasible oper-
ating parameters. The advanced cathode substrate primarily comprises a
highly conductive N-CNF scaffold with well-embedded metallic-Ni/Co
and spinel-type NiCo204 nanocrystals and metal-organic framework-
derived HNCs. The highly porous and conductive N-CNF framework
guarantees high active material absorption, provides enough space to
channelize the severe volume stress during prolonged cycling, efficient
electrolyte penetration for fast ion diffusion processes, and enormous
conductive channels for rapid charge transfer to support redox kinetics.
In addition, the presence of numerous chemisorption sites in the form of
metallic-Ni/Co and polar spinel-type NiCoyO4 nanocrystals ensured
effective polysulfide anchoring, thus enhancing active material utiliza-
tion. Benefitting from the synergistic effects of the conductive and
porous nanostructure design, LSBs employing P-N-CNF@NCO/HNC as
the cathode substrate and highly concentrated lithium polysulfide so-
lution (Li»Se; 0.95 M) as the starting active material, displayed stable
electrochemical performance even with viable battery parameters such
as super-high sulfur content (79.8 wt%), high sulfur loading (7.7 mg
em2), and low E/S ratio (8.0 uL mg’l). Overall, we believe that the
nanostructure design strategy presented in this work will provide
considerable insights into the progress of advanced free-standing sub-
strates as sustainable electrodes for various energy storage applications.
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