
Journal of Power Sources 559 (2023) 232632

Available online 14 January 2023
0378-7753/© 2023 Elsevier B.V. All rights reserved.

Porous nanofibers comprising VN nanodots and densified N-doped CNTs as 
redox-active interlayers for Li–S batteries 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hierarchically porous nitrogen-doped 
carbon (P–N–C) nanofibers are 
prepared. 

• Comprising VN nanodots and densified 
entangled N-doped CNTs (N-CNTs). 

• VN nanodots act as chemisorption sites 
for efficient anchoring of lithium 
polysulfide. 

• N-CNTs increase the overall conductiv
ity of the nanostructure framework. 

• Li–S cell with P–N–C@VN/N-CNT NF- 
coated separator exhibits stable 
performance.  
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A B S T R A C T   

A synthesis strategy to obtain hierarchically porous N-doped carbon (P–N–C) nanofibers (NFs) comprising VN 
nanodots and highly densified-entangled N-doped CNTs (N-CNTs) was visualized. The unique redox-active 
nanostructure was applied as a multifunctional interlayer for highly stable Li–S batteries (LSBs). The P–N–C 
skeleton obtained via selective removal of amorphous carbon (AC) and polystyrene (PS) not only guarantees 
efficient electrolyte percolation but also facilitates rapid diffusion of charged species during charge-discharge 
processes. Moreover, the N-CNTs constituting the fiber matrix increase the overall conductivity of the frame
work. Besides, highly conductive vanadium nitride (VN) nanodots act as chemisorption sites for efficient lithium 
polysulfide capturing and prohibit their diffusion towards the anode through efficient catalytic conversion, thus 
improving the elemental S utilization. The Li–S cells utilizing P–N–C@VN/N-CNT NF as a multifunctional barrier 
resulted in decent rate capabilities (559 mA h g− 1 at 2.0 C) and long-term cycling stabilities at low and high C- 
rates (432 mA h g− 1 after the 400th cycle at 0.1 C and 290 mA h g− 1 at the end of 600th cycle at 1.0 C). This is 
attributed to the combined synergistic effects of the P–N–C framework, N-CNT matrix, and polar VN nanodots.   

1. Introduction 

Since its launch, lithium-ion battery (LIB) technology has dominated 
the commercial market and become the preferred candidate for compact 

electronics and automobiles such as electric vehicles [1–4]. However, 
the present LIB technology’s gravimetric and volumetric energy den
sities approach their theoretical limit [5,6]. Achieving higher gravi
metric (~500 W h kg− 1) and volumetric energy densities (>1000 W h 
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L− 1) remains a challenge for the research community. Lithium–sulfur 
(Li–S) batteries have long been considered promising alternatives to 
state-of-the-art LIBs owing to their ultra-high theoretical energy den
sities (~2600 W h kg− 1 or 2800 W h L− 1) [7–9]. In addition, a high 
theoretical capacity (1675 mA h g− 1), considerable discharge potential 
(~2.1 V vs. Li/Li+), and abundance of S make Li–S battery (LSB) tech
nology a highly promising rechargeable storage system [10,11]. How
ever, widescale commercial use of LSBs is hindered by a few intrinsic 
shortcomings such as the electrically and ionically insulating nature of 
elemental S and discharge product (low-order insoluble lithium poly
sulfide i.e., Li2S), diffusion and migration of extremely soluble higher or 
middle-order lithium polysulfide (LiPS) via well-known “shuttle effect”, 
and severe volume variations during redox process (~80%) due to the 
large density difference between S and Li2S [12–16]. 

Extensive research efforts have been put by the research fraternity in 
the last two decades to address the above-discussed issues by various 
means such as encapsulating S inside various porous matrices [17–21], 
constructing advanced S composite materials using different polar ma
terials for prohibiting shuttling effect [22–25], controlling deposition of 
Li2S [26], and protection of Li anode using electrolyte optimization 
[27]. In addition, a new strategy for introducing modified cell compo
nents has gained momentum in the last few years. The modified cell 
component, or “functional interlayers”, usually consists of a thin coating 
of polar materials like metal oxides [9,28–31], metal selenides/sulfides 
[32–34], metal nitrides [35,36]; highly conductive carbon skeleton 
[37–42], and many more [43–45], which act as chemisorption sites for 
capturing dissolved LiPS species and allows their smooth conversion to 
S-like species. However, the coated material must be highly conductive 
to guarantee a fast charge transfer process, adequately porous to 
accommodate the volume variations during the redox process, and 
contain polar materials for chemical absorption of LiPS, thereby weak
ening the shuttle effect [46]. 

In this regard, the utilization of a one-dimensional (1-D) hierar
chically porous and highly conductive framework as a redox-active 
skeleton and interlayer material is envisioned in the present work. For 
the 1-D nanostructure, the conventional electrospinning technique was 
employed. The nanofiber mat consisted mainly of polyacrylonitrile 
(PAN)-derived nitrogen-doped carbon (N-doped C) nanofibers (NFs). N- 
doped C nanofibers were selected primarily because of their ease of 
synthesis and easily controllable parameters. Notably, the presence of N 
doping in the porous skeleton also contributes to the overall conduc
tivity mainly due to the higher electronegativity of the N atom than that 
of C [47]. This will guarantee the fast redox reaction process via rapid 
charge transfer kinetics and therefore, enhance the electrochemical 
performance. In addition, porosity was introduced using oval-shaped 
polystyrene (PS) granules that stretched during electrospinning due to 
the applied electric field and subsequently resulted in the formation of 
tunnel-like long-range channels inside the N-doped C skeleton during 
high-temperature heating. Furthermore, to enhance the overall con
ductivity, highly densified-entangled N-doped carbon nanotubes 
(N-CNTs) were introduced due to their high electronic conductivity 
(~105 S cm− 1). Furthermore, as a polar material, vanadium nitride (VN) 
nanodots were introduced via a carbonitrothermic reduction process 
using vanadium pentoxide (V2O5) as a precursor. VN nanodots not only 
behave as trapping sites for LiPS anchoring but also guarantee the cat
alytic conversion of trapped polysulfides owing to their high electronic 
conductivity (~104 S cm− 1) [16]. Therefore, a well-designed porous and 
conductive nanostructure as an interlayer material could efficiently 
enhance the overall electrochemical properties of Li–S cells via syner
getic effects between the porous structure, conductive channels, and 
polar material. The structural merits resulted in shortened diffusion 
length for Li–ions in addition to better electrolyte percolation or elec
trode wetting and channelizing the severe volume changes during lith
iation and delithiation whereas the numerous conductive channels 
provided by N-doped C and N-CNTs support fast redox kinetics. 

Benefitting from the novel nanostructure design strategy, the 

hierarchically porous and highly conductive N-doped C skeleton 
comprising highly densified-entangled N-CNTs and VN nanodots 
(abbreviated as “P–N–C@VN/N-CNT” NF) was visualized as multi
functional interlayers and polysulfide barrier to obtain highly stable Li–S 
batteries. The Li–S cells utilizing pure S electrodes and P–N–C@VN/N- 
CNT NF-coated separator as a polysulfide barrier exhibited decent rate 
capabilities along with prolonged stable cycling performance at various 
current rates. Therefore, we anticipate that the synthesis approach 
described in this work will add extensive knowledge to the current un
derstanding of the development of advanced nanostructures for various 
energy-storage purposes. 

2. Experimental 

Sample preparation: The hierarchically porous nanofibers contain
ing well-embedded VN nanodots and highly densified-entangled N-CNTs 
were synthesized using as-received chemicals. Briefly, Polyacrylonitrile 
(PAN; Mw = 150000, Sigma-Aldrich), vanadium oxide (V2O5, 99.0%, 
Mw = 181.8, Daejung Chemicals), polystyrene (PS; Mw = 192000, 
Sigma-Aldrich), CNTs (MWCNTs, length: 10–30 mm, OD: 20–30 nm, 
Cheap Tubes Inc., Cambridgeport, USA; purity: >95.0 wt%), and urea 
(NH2CONH2, 99.0%, Samchun Chemicals) were utilized. The spinning 
solution was obtained using N, N-dimethylformamide (99.5%, Samchun 
Chemicals). Hierarchically porous nanofibers comprising N-doped C 
skeletons with highly densified-entangled N-CNTs and VN nanodots 
(abbreviated as “P–N–C@VN/N-CNT” NF) were prepared via a typical 
electrospinning process followed by a heating process. In particular, 1.0 
g of CNTs were dispersed in DMF (25 mL) solvent using ultrasonication. 
Before this, the CNTs were purified to remove the metal catalysts or any 
other impurities using acid treatment. Briefly, the CNTs were dispersed 
in an HNO3/H2SO4 (1:3 v/v) acidic solution maintained at 80 ◦C, fol
lowed by repetitive washing with ethyl alcohol and distilled water. 
Consequently, the treated CNTs were freeze-dried and stored until 
further use. Afterward, 0.7 g of V2O5, 1.0 g of oval-shaped PS granules, 
and 2.0 g of PAN polymer were sequentially added to the DMF solution 
with continuous stirring. The colloidal solution thus formed was left 
undisturbed overnight under ambient conditions for homogeneous 
dispersion. During stirring, a V2O5–PAN–CNT complex was produced 
owing to the dipole-dipole exchange and hydrogen bonding among 
CNTs and PAN, which resulted in a stable jet during spinning. The 
prepared spinning solution was put into a syringe pump (volume = 12 
mL) equipped with a 21-gauge needle (stainless steel) and electrospun 
on a drum (rotating at 180 rpm) wrapped with an Al collector. The 
ejection rate of the solution was fixed at 1.0 mL h− 1. The distance and 
applied voltage between the needle tip and the collector were fixed at 
15 cm and 25 kV, respectively. The as-spun V2O5/CNT/PS/PAN com
posite fibers were initially stabilized at 150 ◦C for 12 h and then at 
250 ◦C for 5 h in an air atmosphere with a ramp rate of 5 ◦C min− 1. 
Finally, the stabilized composite fibers were exposed to a carbon
itrothermic reduction process at 800 ◦C for 5 h. Urea was used as N- 
source and the heating was performed under a N2 atmosphere. The 
nanofibers thus obtained are abbreviated as P–N–C@VN/N-CNT NFs. 
For comparison, filled or non-porous PAN-derived nanofibers (F–N–C; F 
stands for filled), i.e., fibers without V2O5, CNTs, and PS, were also 
prepared using an identical technique followed by a two-step stabiliza
tion process at 150 ◦C (12 h) and 200 ◦C (1 h) in air atmosphere. The 
stabilized composite fibers were subsequently heated at 400 ◦C for 3 h 
under an N2 atmosphere. 

Characterization Techniques: The morphology and crystal structure 
analyses of as-prepared P–N–C@VN/N-CNT and F–N–C NF were per
formed using a Bruker X-ray diffraction (D8) instrument with Cu Kα 
radiation (λ = 1.5418 Å) at Korea Basic Science Institute (Daegu). The 
microstructural properties of the prepared nanofibers were examined 
using Zeiss make field-emission scanning electron microscopy (FE-SEM; 
UltraPlus) and JEOL make field-emission transmission electron micro
scopy (JEM-2100F). The thermal endurance of the prepared nanofibers 
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was analyzed using PerkinElmer make thermogravimetric analysis 
(TGA) (Pyrsis 1) from 25 to 800 ◦C in an N2 atmosphere. The heating rate 
was fixed at 10 ◦C min− 1 unless indicated otherwise. The bonding 
environment of different elements in the prepared nanofibers was 
determined by Thermo Scientific make X-ray photoelectron spectros
copy (XPS; K-Alpha) coupled with Al Kα X-ray. The specific surface area 
and pore distribution curves of the as-prepared nanofibers were deter
mined by adsorption-desorption curves based on the Bru
nauer–Emmett–Teller (BET) method using N2 as adsorbate gas. The 
carbon and nitrogen percentage in the samples were determined by an 
elemental analyzer instrument (EA, Vario MICRO cube). The crystalline 
properties of carbonaceous products in the as-prepared fibers were 
examined using the Raman spectroscopy technique (HR800, LabRam, 
Horiba Jobin-Yvon). 

Cell assembly and electrochemical measurements: A slurry-casting 
method was employed to prepare regular sulfur electrodes as cathodes 
by mixing active material (elemental S), conductive agent (super-P), and 
binder (polyvinylidene fluoride; PVDF) in a mass ratio of 7:2:1. N- 
methyl-2-pyrrolidone (NMP) was used as a solvent. The homogeneous 
slurry was then spread onto an Al collector and dried at 60 ◦C for 12 h in 
a hot-air oven. The dried coated slurry was then punched into circular 
electrodes (φ = 14 mm). The average active sulfur loading in the elec
trodes was 1.4 mg cm− 2. The active material loading was fixed 
throughout the electrochemical characterization. The as-prepared 
P–N–C@VN/N-CNT and F–N–C NF were also coated on a commercial 
Celgard separator using an identical slurry casting technique and then 
employed as a multifunctional interlayer. In particular, the as-prepared 
composite nanofibers, conductive agent, and PVDF binder were thor
oughly mixed in a fixed weight ratio (7:2:1), dispersed in a minimum 
amount of NMP, and stirred for 12 h. The well-dispersed slurry was then 
coated onto a Celgard separator and dried at 60 ◦C. The round discs (φ =
19 mm) were then punched (~0.6 mg cm− 2) and used as an interlayer. 
CR2032 coin cells were assembled using sulfur electrodes as a positive 
electrode, metallic Li as a negative electrode, and coated Celgard sepa
rator as a multifunctional interlayer facing toward the cathode. 1.0 M 
lithium bis(trifluoromethanesulfonyl)imide with 0.5 M LiNO3 in a blend 
of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1, v/v) was 
used as electrolyte. The electrolyte volume inside the Li–S cell was fixed 
at 50 μL. The rate capabilities of assembled Li–S cells were measured at 
different current rates varied from 0.1 C to 2.0 C (1 C was equated to 
1675 mA h g− 1). The cycling stabilities of the assembled Li–S cells were 
analyzed at 0.1, 0.5, and 1.0 C. The Cyclic voltammetry (CV) tests were 
carried out at various scan rates ranging from 0.05 to 0.5 mV s− 1. The 
voltage range throughout the electrochemical characterization was set 
at 1.7–2.8 V. Electrochemical impedance spectroscopy (EIS) technique 
was utilized to plot Nyquist plots within a frequency limit of 0.01 Hz–1 
MHz using an electrochemical impedance analyzer instrument (ZIVE 
SP2; WonATech). The amplitude of the AC pulse was fixed at 10 mV. 

Polysulfide capturing and catalytic conversion tests: Visual 
demonstration tests of polysulfide anchoring by the as-prepared com
posite nanofibers were performed to analyze the polysulfide trapping 
potential of the prepared nanostructures. Elemental sulfur powder (S, 
Sigma-Aldrich, 99.98%) and Li2S (≥99%, Sigma-Aldrich) were 
dispersed at (5:1 M ratio) in DOL/DME (1:1, v/v) to produce a dark 
brown Li2S6 solution. Afterward, 1.0 mM Li2S6 solution was prepared in 
DOL/DME solvent and dropped into two glass containers having as- 
prepared nanofibers (5.0 mg each). A standard polysulfide solution 
was also prepared for comparison. Furthermore, symmetrical cells were 
made to determine the catalytic effect of the as-prepared nanofibers by 
using the prepared polysulfide solution. The counter and working 
electrodes (obtained using the slurry method) were kept identical and 
separated using a Celgard separator. CV plots were obtained for 
assembled symmetrical cells at a voltage scan rate of 3.0 mV s− 1 in a 
voltage range of − 1.0 1.0 V. 

3. Results and discussion 

The morphological and crystal structural variations of prepared 
nanofibers were examined after each process to investigate the forma
tion mechanism. The detailed morphologies of the as-spun V2O5/CNT// 
PS/PAN composite fibers obtained after a stabilization step at 150 ◦C are 
presented in Fig. 1a–c. The FE-SEM micrograph in Fig. 1a shows a 
continuous fibrous structure with an average diameter of ca. 2 μm. 
Additionally, the uniform thickness throughout indicates that all con
stituents were evenly distributed inside the fiber structure without any 
aggregation. Furthermore, the slightly crumpled surface in Fig. 1b was 
due to an outward diffusion of the PAN matrix. In addition, the cross- 
sectional part also revealed the presence of highly densified-entangled 
CNTs bundles confined inside the structure. In general, the weak van 
der Waals forces among CNTs tend to induce aggregation, which sub
sequently results in non-uniform fiber thickness after spinning. 
Although, in the present study, the acid treatment efficiently prohibited 
the aggregation of CNTs. It should be noted that CNTs comprise 
numerous concentric graphene cylinders held together by weak van der 
Waals forces between the adjacent graphene layers. During acid- 
treatment, various functional groups get adsorbed on the surface of 
CNTs which lowers the surface tension thus diminishing the force 
leading to the formation of aggregates [48]. This process eventually 
resulted in the formation of uniform precursor complexes in the spinning 
solution. The XRD pattern of the stabilized nanofibers in Fig. 1c displays 
sharp peaks that are primarily attributed to the V2O5 phase. Besides, a 
broad XRD peak located at 2θ = 17.1◦ relates to the PAN matrix in the 
prepared precursor fibers. The TG curve of the as-spun fibers after sta
bilization was obtained under N2 atmosphere to determine the sintering 
temperature, as presented in Fig. S1. The steep weight loss (Δm1 =

− 15.4%) between 306 and 322 ◦C is mainly due to the thermal break
down of elongated PS phase into gaseous species. A marginal weight loss 
(Δm2 = − 9.4%) between 322 and 408 ◦C corresponds to the complete 
removal of PS, along with the beginning of the carbonization process for 
the PAN matrix. The massive weight loss (Δm3 = − 23.8%) between 408 
and 450 ◦C represents the complete conversion of the PAN matrix to the 
N-doped C framework. However, the slight weight loss from 450 to 
800 ◦C was due to the partial decomposition of the highly densified 
CNTs. Overall, the TG curve suggests that a heat-treatment temperature 
≥800 ◦C would result in the synthesis of a phase-pure composite 
comprising an N-doped C skeleton with N-CNTs and VN nanodots. Based 
on the above results, porous composite nanofibers were prepared at an 
optimized temperature of 800 ◦C. 

The stabilized V2O5/CNT/PS/PAN composite fibers were initially 
subjected to oxidation at 250 ◦C for 5 h (Fig. 1d–f). The FE-SEM 
micrograph (Fig. 1d) shows that a continuous fibrous morphology 
remained intact even after oxidation, with an average diameter of 2.0 
μm. The cross-sectional image (Fig. 1e) suggests the partial removal of 
both PS and AC from PAN matrix, which subsequently resulted in the 
formation of longitudinal long-range channels and interconnected 
pores. The porous structure facilitates electrolyte percolation and pro
vides enough space to accommodate the volume changes during the 
redox processes when employed as an electrode or multifunctional 
interlayer for LSBs. Moreover, the selective removal of AC increased the 
overall conductivity of the nanostructures. Notably, during the oxida
tion process at low temperatures, the highly dense entangled N-CNTs 
remained intact inside the nanostructure. The XRD pattern in Fig. 1f 
displays narrow and intense peaks, which are primarily ascribed to the 
V2O5 nanostructure. However, a close inspection showed a broad peak 
at 2θ = 25◦, mainly due to the presence of highly-densified-entangled N- 
CNTs. 

Hierarchically porous N–C nanofibers composed of VN nanodots and 
highly densified entangled N-CNTs (referred as P–N–C@VN/N-CNT 
NFs) were obtained after the carbonitrothermic reduction reaction of the 
composite fibers obtained after oxidation at 250 ◦C. The urea was used 
as a N source and the heating was performed at 800 ◦C in N2 atmosphere. 
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Fig. 1. Morphologies and XRD pattern results of (a–c) V2O5/CNT//PS/PAN composite fibers after stabilization at 150 ◦C and (d–f) V2O5/CNT/PS/PAN composite 
fibers after oxidation at 250 ◦C: (a, d) FE-SEM images, (b, e) cross-sectional FE-SEM images, (c, f) XRD patterns. 
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The physical properties of obtained nanofibers are presented in Fig. 2. 
The FE-SEM micrograph in Fig. 2a reveals a continuous fibrous 
morphology with an average diameter of ca. 1.5 μm. During the high- 
temperature heat treatment, the residual AC decomposed from the 
PAN matrix to form N-doped carbonaceous (N-doped C) products. In 
addition, the residual PS decomposed completely as gaseous products to 
form porous channels. The uniform thickness of the nanofibers even 
after heat treatment was apparent, suggesting the non-agglomerated and 
homogeneous distribution of the metal nitride nanodots and highly 
densified entangled CNTs inside the nanofiber matrix. The cross- 
sectional image shown in Fig. 2b firmly supports the above result, 
with well-formed hollow longitudinal channels due to the removal of the 
elongated PS phase. The TEM images (Fig. 2c and d) further confirm the 
continuous fibrous structure of the prepared sample. Furthermore, the 
high-magnified TEM image in Fig. 2e indicates that the vanadium 
nitride nanodots (black dots) along with the highly entangled CNTs 
(indicated by arrows) are well embedded in the N–C framework (grey 
region). The high-resolution TEM (HR-TEM) image shown in Fig. 2f also 
indicates well-embedded VN nanodots with well-resolved lattice fringes 
separated by a distance of 0.21 nm that relates to the (200) diffraction 
plane. The selected area electron diffraction (SAED) pattern in Fig. 2g 
shows diffused diffraction rings primarily attributed to the VN phase. 
Additionally, the diffraction ring corresponding to the highly entangled 
CNTs (i.e., the (002) plane) is also evident. The XRD pattern in Fig. 2h 
firmly supports the above results with sharp and intense peaks of VN 
pure phase besides a broad XRD peak at ~2θ = 25◦ attributed to the 
CNTs. The elemental mapping images in Fig. 2i suggest the uniform 
dispersion of V, N, and C throughout the nanostructure. However, the 
higher percentage of C element followed by N clearly indicates that the 
matrix is N-doped C. Overall, the above results indicate the development 
of hierarchically porous N–C nanofibers comprising well-embedded VN 
nanodots in the N–C matrix, along with highly densified CNTs. 

The comprehensive formation mechanism of the P–N–C@VN/N-CNT 
NF inferred from the above results is summarized in Scheme 1. In the 
spinning solution, the non-compatible nature of the PS component re
sults in a dispersed phase mainly due to its different solubility extent 
than that of PAN polymer [16]. During electrospinning, the dispersed 
phase of PS formed an island-like structure from the initial oval-shaped 
structure that stretched along the fiber length under a high electric field 
(Scheme 1-①). Likewise, acid treatment prohibits the aggregation of 
CNTs due to van der Waals forces, thus forming homogeneous precursor 
complexes of V2O5/CNT/PAN. During oxidation (Scheme 1-②), both 
PAN and PS were partially decomposed into AC and removed as gaseous 
products afterward, which resulted in surface porosity to some extent. 
However, the CNTs remain intact during this step. The fibers comprising 
well-embedded V2O5 grains, elongated PS along the fiber, and highly 
densified entangled CNTs were further exposed to a carbonitrothermic 
process with urea as nitrogen source (Scheme 1-③). During this process, 
the V2O5 grains were reduced to VN nanodots via sequential reductive 
processes (V5+→V4+→V3+→V2+→V3+ (VN)). In addition, PS de
composes completely to form tunnel-like long-range longitudinal 
channels. Meanwhile, the residual AC from PAN decomposition was 
converted to an N-doped C framework comprising well-embedded VN 
nanodots and grafted N-CNTs. The obtained hierarchically porous 
nanofibers (P–N–C@VN/N-CNT NFs) were coated on a commercial 
Celgard separator (Scheme 1-④) and utilized as a multifunctional 
interlayer. 

The chemical states of various elements in the P–N–C@VN/N-CNT 
NFs were examined using the XPS technique (Fig. 3). The survey spectra 
(Fig. S2a) clearly indicate the presence of O 1s, V 2p, N 1s, and C 1s 
photoelectron signals. The magnified V 2p signal (Fig. 3a) indicates five 
well-fitted deconvoluted peaks. The peak located at 521.6 eV attributed 
to the presence of VN species in the nanostructure whereas the addi
tional peak pairs located at 514.4/522.1 eV and 516.8/524.1 eV cor
responds to the VNO and VO species, respectively, due to the air 
exposure of P–N–C@VN/N-CNT NF [16,49]. The deconvoluted O 1s XPS 

spectrum (Fig. 3b) confirms the above results and agrees well with 
previous reports [50,51]. Furthermore, the deconvoluted C 1s XPS 
profile (Fig. 3c) indicates four fitted peaks attributed to C––C (284.5 eV), 
C–N/C–C (285.9 eV), C––O (287.9 eV), and O–C––O (290.6 eV) species 
[17,52–56]. The most intense C––C peak indicated the existence of a 
carbonaceous structure in the nanostructure. Additionally, the presence 
of the C–N/C–C peak implies nitrogen doping in the carbon skeleton, 
which eventually enhances the overall conductivity due to the high 
electronegativity of N atom compared to that of C [47]. The deconvo
luted N 1s XPS profile (Fig. 3d) exhibits well-fitted peaks at 398.2, 400.8, 
and 403.9 eV that corresponds to the pyridinic, pyrrolic, and graphitic 
nitrogen species, respectively, thus confirming the N-doped C frame
work and firmly supporting the above results [10,57]. The peak centered 
at 399.2 eV again validates the presence of N species in the VN nanodot 
nanostructure [58]. Moreover, these results are well authenticated by 
the EA results presented in Table S1, which indicate a nitrogen content 
of 8.1 wt% in P–N–C@VN/N-CNT NF. The VN content in the nano
structure was quantify using TG curve (Fig. 3e) and was ca. ~39 wt%. 
The Raman results presented in Fig. 3f indicate an ID/IG value of 0.81, 
implying that the carbonaceous products in the P–N–C@VN/N-CNT NF 
are mainly graphitic [59,60]. Notably, the formation of graphitic 
N-doped C during the carbonitrothermic reduction process was mainly 
derived from partially converted amorphous C (remained after oxida
tion step), as confirmed by the Raman spectroscopy (Fig. S3). 

To validate the structural advantages of P–N–C@VN/N-CNT, filled 
structured nanofibers comprising only PAN matrix (i.e., without PS, 
V2O5 grains, and CNTs) were also prepared for comparison. After sta
bilization, the fibers (Figs. S4a and b) showed a continuous solid-type 
fibrous structure with a mean diameter of ~500 nm. The XRD pattern 
(Fig. S4c) displays a sharp peak at 2θ = 17.1◦, which is primarily related 
to the PAN matrix. The stabilized fibers were then heated at 400 ◦C in N2 
atmosphere and the obtained morphology is shown in Fig. S5. The FE- 
SEM micrographs (Figs. S5a and b) showed a smooth surface and fil
led fibrous structure with a mean diameter of 230 nm. The TEM images 
(Figs. S5c and d) confirmed that the filled structure was mainly 
comprised of AC. The SAED pattern (Fig. S5e) with diffused diffraction 
rings and XRD (Fig. S5f) with a broad diffraction peak at 2θ = 25◦, 
suggested amorphous carbonaceous products. Elemental dot mapping 
images (Fig. S5g) further prove N-doped carbonaceous products. The 
acrylonitrile group (–C3H3N–) in PAN acted as a nitrogen source in the 
F–N–C NFs. The nitrogen quantification results of F–N–C in Table S1 also 
suggest a high nitrogen content of 18.7 wt%. The low BET surface area of 
14 m2 g− 1 (Fig. S6c) for F–N–C NFs compared to 188 m2 g− 1 for 
P–N–C@VN/N-CNT NFs (Fig. S6a) further confirm the non-porous 
structure of the sample. The presence of numerous mesopores 
(Fig. S6b) originating from the complete decomposition of PS and AC 
removal resulted in a high surface area for the P–N–C@VN/N-CNT NFs. 
Overall, the results indicate the successful synthesis of a highly porous 
and conductive skeleton in the form of N-doped C, along with well- 
embedded VN nanodots and well-grafted highly densified entangled 
N-CNTs. The structural advantages of the P–N–C@VN/N-CNT NF 
envisage enhanced electrochemical performance owing to the presence 
of enormous conductive and porous channels, which guarantees fast 
redox kinetics and allows rapid charge diffusion owing to efficient 
electrolyte penetration. Additionally, the VN nanodots act as active 
chemisorption sites for effective polysulfide anchoring, thus weakening 
the shuttling effects and subsequently reducing the active material loss. 

The physical properties of the separators coated with the as-prepared 
nanofibers were also examined (Fig. S7). A digital image of the coated 
separator (Fig. S7a) indicates a uniform and crack-free coating that 
resulted in highly integrated circular disks (φ = 19 mm) to be employed 
as interlayers (Fig. S7b). The coating thickness was measured using a 
micrometer and found to be ~10 μm, as shown in the digital photo
graphs (Figs. S7c–e). Furthermore, the excellent mechanical integrity of 
the coated separator was confirmed by bending and folding operations, 
as shown in Fig. S7f. The pristine and coated separators were further 
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Fig. 2. Characterization of P–N–C@VN/N-CNT NF obtained after carbonitrothermic reduction reaction at 800 ◦C for 5 h under N2 atmosphere: (a, b) FE-SEM images, 
(c–e) TEM images, (f) HR-TEM image, (g) SAED pattern, (h) XRD pattern, and (i) elemental mapping images. 
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examined by microstructural analysis (Fig. S8). The pristine or uncoated 
Celgard separator (Fig. S8a) showed a nanometer-sized opening that 
allowed the rapid diffusion of Li–ions during the redox processes. 
Furthermore, the separator coated with P–N–C@VN/N-CNT NFs clearly 
indicated a uniform coating of the sample over the Celgard separator 
surface (Fig. S8b). The coating layer thickness is ca. ~10 μm (Fig. S8c) 
and matches well with the thickness measured in Fig. S7. The above 
results imply that a uniform coating layer with high mechanical integ
rity was successfully coated over the Celgard separator for use as a 
functional interlayer for highly stable LSBs. 

The electrochemical performance of Li–S cells utilizing various 
coated arrangements as functional interlayers is presented in Fig. 4. The 
Li–S cells were initially exposed to CV tests, as presented in Fig. 4a and 
Figs. S9a–c. The initial CV curves exhibited well-recognized redox peaks 
for all assembled Li–S cells featuring various coated separators as in
terlayers. The initial CV cycle in Fig. 4a exhibits two reduced peaks 
located at 2.27 and 1.98 V, which correspond to the sequential reduction 
of sulfur to lower-order insoluble polysulfide through extremely soluble 
higher- and middle-order lithium polysulfide, respectively, as interme
diate products [10]. Additionally, the sharp and broad oxidation peaks 
observed at 2.43 and 2.56 V, respectively, indicate the successful con
version of insoluble discharge products to sulfur via soluble intermediate 
polysulfides [17]. The relatively higher current intensities for the cell 
utilizing P–N–C@VN/N-CNT NF in Fig. 4a suggest high specific 

discharge capacity values compared to those utilizing F–N–C NF coated- 
or pristine separators. This is well supported by the fact that the cell 
utilizing the P–N–C@VN/N-CNT NF-coated separator displayed the 
lowest polarization potential (ΔV = 0.15 V) between the respective CV 
redox peak pairs compared to the F–N–C NF-coated (ΔV = 0.29 V) and 
pristine (ΔV = 0.35 V) separators (Fig. 4b). Besides, the CV curves for 
five initial cycles at 0.1 mV s− 1 in Fig. S9 exhibit overlapping profiles, 
indicating extremely reversible redox processes. To authenticate the 
above results, the Li–S cells were charged–discharged at 0.1 C, as indi
cated in Fig. 4b. The Li–S cells utilizing the P–N–C@VN/N-CNT NF, 
F–N–C NF, and pristine separators displayed discharge capacities of 
1097, 645, and 568 mA h g− 1, respectively. The longer charge–discharge 
plateau length for the cell featuring the P–N–C@VN/N-CNT NFs in
dicates better redox kinetics, which is in good agreement with the CV 
results. Moreover, the higher capacity values for the upper (QH) and 
lower (QL) voltage regions for the P–N–C@VN/N-CNT NFs suggest 
efficient capture and reuse of the S-like species. This was mainly 
attributed to the well-embedded VN nanodots, which not only act as 
active chemisorption sites for efficient trapping of polysulfide, thus 
prohibiting their migration towards the anode, but also guarantee their 
effective electrocatalytic conversion owing to the high conductivity of 
VN. In addition, the conductive and porous N–C skeleton provided 
numerous conductive pathways for fast charge transfer, which subse
quently supported kinetically favored redox processes. Overall, the 

Scheme 1. Schematic elaboration of formation mechanism of hierarchically porous N-doped C nanofibers comprising VN nanodots and densified N-doped CNTs.  
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Fig. 3. XPS, TGA curve, and Raman spectrum of P–N–C@VN/N-CNT NF: (a) V 2p XPS spectrum, (b) O 1s XPS spectrum, (c) C 1s XPS spectrum, (d) N 1s XPS 
spectrum, (e) TG curve, and (f) Raman spectrum. 
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above results envisage improved electrochemical performance for 
P–N–C@VN/N-CNT NFs compared to that of the F–N–C NFs, owing to 
the synergistic effects of the hierarchically porous and conductive ar
chitecture along with the availability of enormous chemisorption sites. 

The rate capability tests were conducted at different C-rates ranging 
from 0.1 to 2.0 C for assembled cells, as indicated in Fig. 4c. The cell 
employing P–N–C@VN/N-CNT NFs as interlayer displayed initial 
discharge capacities of 1097, 902, 790, 707, 648, 623, and 559 mA h g− 1 

at 0.1, 0.2, 0.3, 0.5, 0.8, 1.0, and 2.0 C, respectively. In contrast, the cells 

employing the F–N–C NF interlayer and pristine separators display 
lower discharge capacities of 645/569, 460/230, 414/145, 303/83, 
154/30, 90/13, and 26/0.5 mA h g− 1, respectively, at identical rates, 
confirming the excellent structural merits of the P–N–C@VN/N-CNT 
NFs. Furthermore, the cell with the P–N–C@VN/N-CNT NF interlayer 
exhibited a discharge capacity of 772 mA h g− 1 (~70% of the initial 
capacity) when the C-rate was reversed to 0.1 C. The reasonable rate 
capability results are mainly due to the hierarchically porous nano
structure that offers efficient electrolyte infiltration in addition to the 

Fig. 4. Electrochemical performances of Li–S cells assembled with different interlayer arrangements: (a) initial CV curves at 0.1 mV s− 1, (b) initial charge–discharge 
voltage profiles at 0.1 C-rate, (c) rate capability test, and cycling performance of the assembled cells at 0.1 C (d) and 1.0 C-rate (e). 
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conductive N-doped C skeleton that guarantees fast redox processes 
through rapid electron transfer, and the accessibility of polar sites as 
highly conductive VN nanodots that allow effective capture of poly
sulfide species, thus restricting their diffusion towards the anode and 
hence, improved sulfur utilization. The typical charge–discharge voltage 
profiles with well-developed long voltage plateaus, especially for the cell 
employing P–N–C@VN/N-CNT (Fig. S10a) compared to the other 
interlayer arrangements (Figs. S10b and c) further verified the above 
results. In addition, capacity utilization curves were also obtained for all 
the cells in Fig. S11, which confirms that the P–N–C@VN/N-CNT 
interlayer exhibits the highest sulfur utilization at all C-rates; thus 
indicating kinetically favored redox processes. Even at a high current of 
2.0 C, the cell employing the P–N–C@VN/N-CNT interlayer exhibited a 
capacity utilization of 44%. 

The cycling stability was further examined at 0.1 C-rate, as indicated 
in Fig. 4d. The cell with P–N–C@VN/N-CNT exhibited an initial 
discharge capacity of 1020 mA h g− 1 (~61% of the theoretical capacity). 
Furthermore, as the cycling proceeded, the capacity stabilized to 552 
mA h g− 1 (~55% capacity retention) after 200 cycles. The prolonged 
cycling performance of the cell with P–N–C@VN/N-CNT at 0.1 C is 
presented in Fig. S12a, which implies a discharge capacity of 432 mA h 
g− 1 after 400 cycles with an average discharge capacity loss of only 
0.14% per cycle. In addition, the high Coulombic efficiency of ~100% 
indicates that the redox processes are highly reversible. On the other 
hand, the Li–S cells utilizing the F–N–C NF and pristine separators dis
played inferior cycling performance with poor capacity retention. The 
poor cycling performance of the cell with the F–N–C NFs interlayer was 
due to the non-accessibility of chemisorption sites along with the non- 
porous structure which resulted in active-material loss and capacity 
fading. These results are consistent with the voltage profiles at various 
cycle numbers of the cells employing different interlayer arrangements, 
as presented in Fig. S13. Similar cycling performance trends were 
observed at a high current of 0.5C (Fig. S12b) and 1.0 C-rate (Fig. 4e). 
The cell featuring P–N–C@VN/N-CNT interlayer retains 60% of the 
capacity (361 mA h g− 1) even after 400 cycles at 0.5 C. Likewise, the 
Li–S cell utilizing the P–N–C@VN/N-CNT interlayer display high- 
capacity retention (~46% after 600 cycles) with an average discharge 
capacity loss of only 0.09% per cycle at 1.0 C-rate. In contrast, the Li–S 
cells featuring the F–N–C NFs and pristine separators exhibited low- 
capacity retention over prolonged cycling mainly due to poor reaction 
kinetics that resulted in low active material utilization as evident from 
the diminished charge-discharge voltage plateaus in Figs. S13d and f, 
respectively. The high discharge capacity of the cells with the 
P–N–C@VN/N-CNT interlayer was attributed to well-resolved char
ge–discharge plateaus (Fig. S13b). Additionally, the Li–S cell featuring 
the P–N–C@VN/N-CNT interlayer was also tested to confirm the long- 
term cycling stability at a high C-rate of 2.0 C, as shown in Fig. S12c. 
The cell demonstrates an initial discharge capacity of 649 mA h g− 1 

(39% of theoretical value). After 700 cycles, the cell exhibits a discharge 
capacity of 271 mA h g− 1 (42% capacity retention) with an average 
capacity decay rate of 0.08% only. Table S2 compares the electro
chemical performance obtained in the present work with those reported 
previously. The obtained cell performance is either comparable or su
perior to the previous works. To evaluate the more practical aspect of 
the prepared interlayer, the Li–S cell featuring the P–N–C@VN/N-CNT 
interlayer was further exposed to cycling performance at 0.3 C-rate for 
high-loading regular S electrodes, as shown in Fig. S14. It should be 
noted that all other parameters remained constant. The Li–S cell displays 
initial discharge capacities of 757, 694, and 349 mA h g− 1 at 0.3 C with 
active material loadings of 2.05, 3.09, and 5.01 mg cm− 2, respectively. 
Even after 250 continuous charge‒discharge cycles, the cells retain 65% 
(492 mA h g− 1), 50% (347 mA h g− 1), and 94% (329 mA h g− 1) of the 
discharge capacities. These results indicate that even with the high- 
loading electrodes, the Li–S cells exhibited stable cycling properties. 
The cycling stability results validate that the structural merits of 
P–N–C@VN/N-CNT support smooth diffusion of charges during the 

redox processes and efficiently channelize the volume fluctuations be
sides effective polysulfide anchoring. A schematic illustration of the 
modified separator, further describing the role of each component in the 
prepared nanofibers as an interlayer, is presented in Scheme 2. As 
indicated, the introduction of a functional interlayer not only guarantees 
efficient anchoring of the polysulfide species but also enhances the 
integrity of the regular sulfur cathode, especially for high-loading 
electrodes. 

To authenticate the superior redox kinetics inside the cells featuring 
P–N–C@VN/N-CNT interlayer, the Li–ion diffusion coefficient (DLi

+) was 
calculated for all cells by analyzing CV measurements at different scan 
rates from 0.05 to 0.5 mV s− 1 (Fig. 5). The CV curves exhibited con
ventional Li–S redox peaks, suggesting that the electrochemical pro
cesses inside the cells were between those of elemental S and Li2S. 
However, the high peak current intensity for the cell featuring 
P–N–C@VN/N-CNT NF (Fig. 5a) at all scan rates compared to the other 
Li–S cells, indicates rapid redox processes along with an efficient 
diffusion of charges. The well-known Randles–Sevcik equation was 
further applied to measure the DLi

+ values for all the cells [10]: 

Ip = 2.69 × 105n1.5A D0.5
Li+ CLi ν0.5 (1)  

where Ip represents the redox peak current, n is the actual number of 
electrons during the redox reaction (n = 2), A is the electrode area (cm2), 
CLi is the concentration (mol L− 1) of Li–ion, and v is the voltage scan rate 
(V s− 1). The Ip vs. v0.5 curves obtained for the assembled Li–S cells 
employing P–N–C@VN/N-CNT NFs, F–N–C NFs, and pristine were 
shown in Fig. 5b, d, and f, and the corresponding DLi

+ values all Li–S cells 
are presented in Table S3. The cell featuring P–N–C@VN/N-CNT NFs 
exhibited the highest diffusion coefficient values thus indicating supe
rior diffusion kinetics. The diffusion coefficient results again confirm 
that the synergetic effects between various components in the 
P–N–C@VN/N-CNT NFs during the design strategy subsequently resul
ted in an overall improvement in the electrochemical performance 
compared to the non-porous F–N–C NFs. 

The enhanced kinetics inside the assembled cells were further 
confirmed by Nyquist plots (Fig. 6a). Besides, the obtained Nyquist plots 
were well-fitted using equivalent circuit model based on series and 
parallel combination of various parameters (Fig. S15) and all the fitted 
parameters for different Li–S cells utilizing various coated separators are 
listed in Table S4. The Li–S cells featuring P–N–C@VN/N-CNT displayed 
the lowest electrolyte resistance (Re), even after the 50th cycle, indi
cating a stable electrode–separator–electrolyte interface. In contrast, the 
Li–S cells featuring the F–N–C NF interlayer or pristine separator dis
played higher Re values, suggesting relatively slow redox processes. 
Additionally, the cell utilizing the P–N–C@VN/N-CNT NF exhibited the 
lowest charge transfer resistance (Rct) compared to the other cells. For 
instance, at the end of 100th cycle, the cell with P–N–C@VN/N-CNT NF 
interlayer display an Rct value of only 9.4 Ω compared to 33.7 and 52.7 
Ω for the Li–S cells employing F–N–C NF-coated and pristine separators, 
respectively. Therefore, the above results again advocate that the 
structural supremacy of the P–N–C@VN/N-CNT NFs not only guarantees 
smooth redox process but also enhances the structural integrity of the 
sulfur electrode along with the efficient anchoring of polysulfides. 

To further examine the electrocatalytic conversion effect of poly
sulfide by the P–N–C@VN/N-CNT NFs interlayer, CV curves were ob
tained using symmetrical cells (Fig. 6b–d). The initial CV profile for 
symmetrical cells in Fig. 6b exhibit appreciable differences as the 
P–N–C@VN/N-CNT NF cell displays an effective electrocatalytic 
behavior towards polysulfides, as apparent from the high current in
tensity. In contrast, the F–N–C NF symmetrical cell exhibited relatively 
poor electrocatalytic effects toward lithium polysulfides owing to the 
absence of active chemisorption sites in the prepared nanofibers. 
Furthermore, the CV plots for four successive cycles shown in Fig. 6c and 
d displays almost overlapping curves, suggesting efficient electro
catalytic conversion. These explanations were confirmed by visual 
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polysulfide anchoring tests (Fig. 6e). The clear adsorption of lithium 
polysulfide was apparent from the P–N–C@VN/N-CNT NFs, as indicated 
by a constant change in the color of the polysulfide solution from yellow 
at T = 0 to transparent after T = 1 h. In contrast, the solution containing 
F–N–C NFs displays poor polysulfide adsorption owing to the absence of 
polysulfide capturing units, as apparent from the slightly yellowish color 
even after 1 h. Furthermore, the XPS profiles of interlayer materials were 
also analyzed after cycling for the S 2p photoelectron signal, as shown in 
Fig. S16. The S 2p XPS profile of commercial sulfur is also presented for 
better comparison. The two closely spaced peaks at binding energies of 
164.5 and 163.4 eV are the characteristic signatures of the S 2p1/2 and S 
2p3/2 spin-orbit doublet, respectively, in elemental sulfur (S8) [61,62]. 
Additionally, the presence of photoelectron signals at binding energies 
of 166.9 eV for the cycled P–N–C@VN/N-CNT and F–N–C NF is assigned 
to the thiosulfate (-S2O3

2− ) groups [63]. The presence of thiosulfate 
species is considered as an indication of the surface redox reaction be
tween the polysulfide and VN, which subsequently resulted in the 
effective mitigation of higher-order polysulfide migration by converting 
them to insoluble lower-order polysulfides [63]. The broad peak at 
168.6 eV is related to the polythionate complexes which formed due to 
the reaction of elemental S with nucleophilic species such as HS− or 
SO3

2− [63]. The polythionate complex is believed to restrict polysulfide 
shuttling. The fitted peak at 169.9 eV is ascribed to the sulfate (-SO4

2-) 
species that originated due to LiTFSI decomposition inside the cell which 
is considered as a key source of LixSOy species [64]. However, the 
presence of thiosulfate species for F–N–C NF is due to the presence of 
high N doping in the carbon framework, which also prohibits polysulfide 

diffusion to some extent due to its high electronegativity. These results 
clearly validate that the structural merits of the P–N–C@VN/N-CNT NFs 
resulted in effective capturing/reuse of the polysulfide species owing to 
the availability of well-embedded VN nanodots as chemisorption sites. 

Furthermore, the post-cycling morphology of the cycled separator, 
shown in Fig. S17 firmly authenticated these results. The FE-SEM mi
crographs of the cycled separator featuring the P–N–C@VN/N-CNT NFs 
(Fig. S17a) indicate that the 1D structure remains intact, thus implying 
the high structural robustness of the nanostructure. In addition, no 
lithium polysulfide build-up was observed, indicating efficient electro
catalytic conversion of polysulfide species. In contrast, the cells 
employing the F–N–C NFs (Fig. S17b)-coated separator displayed large 
lithium polysulfide deposits, suggesting a poor electrocatalytic conver
sion mechanism due to the non-existence of redox-active sites in the 
nanostructure. These observations were further strengthened from the 
morphological characterizations of the S electrodes after cycling, as 
shown in Fig. S18. The morphology of the S powder in Li–S cells 
featuring the coated separator arrangements (Figs. S18b and c) re
sembles pretty well with the uncycled S electrode (Fig. S18a), indicating 
the enhanced morphological and structural integrity of the active ma
terial. However, the S electrode obtained from Li–S cell featuring F–N–C 
NFs interlayer (Fig. S18c) display higher aggregation compared to the S 
electrode obtained from Li–S cell featuring P–N–C@VN/N-CNT NFs 
interlayer (Fig. S18b). Likewise, the morphology of the S powder in Li–S 
cell utilizing pristine separator (Fig. S18d) exhibits flake-type deposits 
possibly due to large lithium polysulfides accumulations. 

Overall, the introduction of a hierarchically porous and highly 

Scheme 2. Schematic illustration elaborating working mechanism of P–N–C@VN/N-CNT NF coated separator for stable Li–S battery.  
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conductive multifunctional interlayer in the form of a P–N–C@VN/N- 
CNT NF-coated separator placed on the cathode side demonstrated 
enhanced electrochemical properties such as decent rate capabilities and 
prolonged cycling stabilities at various C-rates. The improved cell per
formance is due to the synergistic effects of the hierarchically porous 
and conductive N–doped C skeleton, which guarantees rapid charge 
transfer and better electrolyte percolation. Additionally, the presence of 
highly conductive and polar VN nanodots allows the effective catalytic 
conversion of trapped polysulfide species, thus leading to high sulfur 
utilization. Therefore, we anticipate that the synthesis strategy discussed 
in this work will substantially enhance the present knowledge on 
developing conductive and porous nanostructures for various energy- 
storage applications. 

4. Conclusions 

In summary, we analyzed the electrochemical performance of Li–S 
cells by incorporating a modified cell component as coated separator. 
The multifunctional barrier comprised a hierarchically porous and 
conductive N–doped C skeleton to support rapid charge diffusion and 
efficient electrolyte infiltration. In addition, the well-grafted and highly 
densified entangled N-CNTs increased the overall conductivity. 

Additionally, the highly conductive vanadium nitride (VN) nanodots act 
as chemisorption sites for efficient anchoring of polysulfide and prohibit 
their migration towards the anode through efficient catalytic conver
sion, thus increasing sulfur utilization. The assembled Li–S cell 
employing a regular S electrode and a P–N–C@VN@N-CNT NF-coated 
separator as a polysulfide barrier demonstrated an overall improved 
electrochemical performance, such as good rate capability (559 mA h 
g− 1 at 2.0 C) and stable long-term stability (an average discharge ca
pacity loss of only 0.09% per cycle at 1.0 C-rate after 600 cycles). The 
physical and electrochemical results discussed in this work will provide 
considerable insights into the development of porous and conductive 
nanostructures for various storage applications. 
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