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A B S T R A C T   

Hierarchically porous nanofibers comprising TiO2 quantum dots and metal-organic-framework-derived hollow 
N-doped C nanocages (HNCs), abbreviated as P-N-C@TiO2/HNC NFs, have been introduced as ultra-lightweight 
multifunctional interlayers for stable Li–S batteries (LSBs). The hierarchically porous and highly conductive N–C 
nanofiber framework provides numerous conductive channels for rapid ionic/electronic transfer and support fast 
redox processes in addition to an efficient electrolyte percolation. Further, the presence of well-grafted polar 
TiO2 quantum dots ensures an efficient trapping and reuse of the lithium polysulfide species thus prohibits their 
migration toward the Li anode leading to high active-material utilization. Benefitting from these structural 
merits, the Li–S cells utilizing a high effective sulfur content (~61 wt%) electrode and P-N-C@TiO2/HNC-NF- 
coated separator exhibits satisfactory rate and cycling performance (590 mA h g− 1 after 500 cycles at 0.1C with 
an average capacity fading of only 0.11%). The combined strategy of developing a porous and highly conductive 
N–C framework comprising well-embedded polar TiO2 quantum dots reported in this work will provide valuable 
insights to the synthesis of advanced functional interlayers suitable for applications in various energy storage 
systems.   

1. Introduction 

Li–S batteries (LSBs) are now considered as a possible alternative to 
state-of-the-art Li-ion batteries as the latter have approached their 
theoretical capacity [1,2]. LSBs provide a high energy density (2600 W h 
kg− 1), high theoretical specific discharge capacity (1675 mA h g− 1), and 
nominal operating voltage of 2.1 V vs. Li+/Li. They are 
environment-friendly owing to the low toxicity of sulfur and are eco
nomic owing to the use of earth-abundant sulfur [3–8]. However, 
several fundamental drawbacks have hindered their commercial appli
cation, which mainly include the low conductivity of sulfur (σ = 10− 30 S 
cm− 1) and its discharge products (Li2S; σ = 10− 13 S cm− 1), formation 
and diffusion of intermediate lithium polysulfides (Li2Sx; 8 ≥ x ≥ 4) 
during the redox processes, severe volume variation due to the density 
difference between S and Li2S, and instability of the Li anode [9–12]. 
Consequently, LSBs display inferior electrochemical performance with 
low-rate capabilities, unstable cycling performance, and low Coulombic 
efficiencies [13–17]. 

Several strategies have been developed to overcome these problems, 

including the synthesis of carbon–sulfur nanocomposites [18–22], the 
physical and chemical anchoring of polysulfides through the use of 
various polar oxide/selenide/carbide/sulfide nanomaterials along with 
carbon [23–37], electrolyte modification [38,39], and Li anode pro
tection [40,41]. Another interesting strategy reported by various 
research groups over the world is the introduction of a porous and highly 
conductive interlayer consisting of mainly carbon and metal compounds 
as nanocomposites in the form of separator coating facing toward the 
cathode. The non-polar carbon nanostructure used in the interlayer 
usually has high specific surface area, which channelizes the volume 
stress during the electrochemical processes and serves as an additional 
conductive framework. Additionally, the polar metal oxides act as 
anchoring sites for an efficient polysulfide capture, which inhibits the 
shuttling effect and hence increases the active-material utilization. 

Herein, we propose a multicomponent strategy to synthesize a highly 
porous and conducting carbon nanostructure comprising well- 
embedded polar TiO2 quantum dots and HNCs using an electro
spinning technique. The designed nanostructure was then applied to a 
commercial Celgard 2400 membrane to obtain an ultra-lightweight 
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multifunctional interlayer suitable for stable LSBs. The hierarchical 
porous structure was obtained using the combined effect of polystyrene 
(PS) nanobeads and zeolitic imidazolate framework (ZIF-8) units as 
pore-forming agents. The decomposition of the PS nanobeads and ZIF-8 
polyhedrons during the heat treatment results in a hierarchically porous 
carbon nanostructure with highly interconnected HNCs. The porous 
structure ensures sufficient space for an efficient electrolyte percolation, 
which subsequently allows for a rapid electronic/ionic diffusion and 
channelizes the severe volume stress that occurs during the redox pro
cesses. Similarly, the presence of polar TiO2 quantum dots guarantees 
the efficient anchoring of the lithium polysulfide species, mitigating 
their diffusion toward the Li anode thus resulting in high active-material 
utilization. 

Benefiting from these structural merits, the Li–S cell utilizing func
tional interlayer and regular sulfur electrodes with a high sulfur content 
(~61 wt%) exhibits a reasonable rate capability, stable long-term 
cycling performance, and an overall enhanced electrochemical perfor
mance. Therefore, we believe that the synthesis strategy discussed in this 
paper will open up new possibilities for the development of hierar
chically porous and highly conductive nanostructured materials suitable 
for various energy storage applications. 

2. Material and methods 

2.1. Chemicals 

Analytical-grade chemicals were used without purification for the 
synthesis of the hierarchically porous nanofibers with well-embedded 
TiO2 quantum dots. Polyvinylpyrrolidone (PVP; Mw = 1300000, 98%, 
Alfa Aesar), titanium (IV) isopropoxide (Ti(OCH(CH3)3)4, TTIP; Mw =

284.23, 98%, Junsei), PS nanobeads (φ = 40 nm), 2-methylimidazole 
(C4H6N2; Mw = 82.10, 99%, Acros Organics), and zinc nitrate hexahy
drate (Zn(NO3)2⋅6H2O; Mw = 297.47, 96.0%, Junsei) were used. The 
spinning solution was prepared using ethanol (C2H5OH; 99.9%, Duksan) 
as the solvent. 

2.2. Synthesis process 

Hierarchically porous nanofibers comprising TiO2 quantum dots and 
metal-organic-framework-derived hollow N-doped C nanocages (P-N- 
C@TiO2/HNC NFs) were synthesized using conventional electro
spinning technique and subsequent post-heat-treatment process. ZIF-8 
polyhedral crystals were synthesized using a facile solution method, as 
previously reported [1]. In a typical procedure, 1.0 g of ZIF-8 poly
hedrons was dissolved in 10 mL of ethanol using repeated ultra
sonication and stirring steps until a milky solution was obtained, 
following which 5 mL of the PS nanobeads (φ = 40 nm) suspension was 
added to the former solution. The PS-nanobead suspension was prepared 
using an emulsion polymerization technique, as reported in previous 
study, and was used as a pore generator along with the ZIF-8 poly
hedrons [42]. The resulting solution was vigorously stirred at room 
temperature, followed by the addition of TTIP (12 wt% of the ZIF-8) and 
1.0 g of PVP. The resulting white colloidal suspension was stirred 
overnight at an ambient temperature. The obtained spinning solution 
was loaded into a plastic syringe pump (12 mL capacity) fitted with 
stainless-steel needle (21-gauge). The solution was fed at a speed of 3 
mL h− 1 onto an aluminum collector attached to a rotating drum (180 
rpm). The applied voltage and distance between the needle tip and 
collector were fixed at 20 kV and 15 cm, respectively. The as-spun 
PVP/TTIP/ZIF-8/PS composite fibers were stabilized in a hot air oven 
at 150 ◦C for 48 h. Subsequently, the fibers were further subjected to 
heat treatment at 800 ◦C for 5 h under a flowing N2 gas atmosphere. The 
second heat treatment was carried out at 300 ◦C for 3 h under an 
ambient atmosphere to obtain the P-N-C@TiO2/HNC composite NFs. 
For comparison, samples without TTIP, i.e., porous N-doped carbon 
network with hollow carbon nanocages (P-N-C/HNC), and porous fibers 

comprising PS nanobeads only (P-N-C) were also prepared under similar 
conditions. 

2.3. Material characterization 

A phase analysis of the as-prepared P-N-C@TiO2/HNC and other 
composite NFs was performed using Bruker X-ray diffraction (D8) in
strument at the Korea Basic Science Institute (Daegu). The morpholog
ical characteristics of the composite NFs were determined using field- 
emission scanning electron microscopy (FE-SEM) (UltraPlus; Zeiss) 
and field-emission transmission electron microscopy (JEM-2100F; 
JEOL). The thermal stability of the NFs was determined using ther
mogravimetric analysis (TGA) (Pyrsis 1; PerkinElmer) from room tem
perature to 800 ◦C, under a N2 atmosphere at a ramping rate of 10 ◦C 
min− 1, unless stated otherwise. The chemical and bonding environments 
of the various elements in the as-prepared fibers were determined using 
X-ray photoelectron spectroscopy (XPS) (K-Alpha; Thermo Scientific) 
equipped with an Al Kα radiation source. N2 adsorption–desorption 
isotherms were used to determine the specific surface area and pore size 
distribution of the as-prepared fibers based on the Brunauer–Emmett–
Teller (BET) method using a surface analyzer. The crystallinity of the 
carbonaceous products in the as-prepared fibers was analyzed using 
Raman spectroscopy (LabRam, HR800, Horiba Jobin-Yvon). 

2.4. Cell assembly and electrochemical measurements 

Regular sulfur electrodes were prepared using a slurry-casting 
method by mixing elemental sulfur, super-P, and polyvinylidene fluo
ride (PVDF) binder in a weight ratio of 7:2:1 in N-methyl-2-pyrrolidone 
(NMP). The slurry was coated onto an aluminum current collector using 
a doctor blade and subsequently dried overnight at 60 ◦C. Thereafter, 
circular discs (φ = 14 mm) were punched and used as the working 
electrodes. The mass of sulfur in the electrodes was maintained at 2.52 
mg (active-material loading of 1.64 mg cm− 2) throughout the electro
chemical process. The coated separator as a multifunctional interlayer 
was also fabricated using a technique similar to that described above. 
Briefly, the as-prepared composite nanofibers (as the active material), 
super-P (as a conductive agent), and PVDF binder were thoroughly 
ground in a weight ratio of 7:2:1 dispersed overnight in NMP followed 
by coating on a commercial polypropylene separator and finally dried at 
60 ◦C to evaporate the solvent. The circular discs (φ = 19 mm) were used 
as the interlayer and punched with an ultra-low areal loading of 0.19 mg 
cm− 2. Even with the additional cell components at the cathode side, the 
total sulfur content remained as high as 60.7 wt%. CR2032 coin cells 
were assembled using the working electrode as the cathode, Li metal as 
the anode, and a coated separator as a functional interlayer with the 
coated side facing toward the sulfur electrode. The electrolyte used was 
1.0 M lithium bis(trifluoromethanesulfonyl)imide in a blend of 1,3-diox
olane (DOL) and 1,2-dimethoxyethane (DME) (1:1, v/v) with 0.5 M 
LiNO3 as an additive. The total volume of the electrolyte inside the cells 
was fixed at 50 μL. The Li–S cells utilizing different interlayer arrange
ments were charged–discharged at various current rates ranging from 
0.1 C to 0.5 C (1 C = 1675 mA h g− 1). The long-term cycling stability of 
the assembled Li–S cells constructed with different interlayer arrange
ments was evaluated at 0.1 C. Cyclic voltammetry measurements were 
performed at different voltage scan rates in the range of 0.05–0.5 mV 
s− 1. All electrochemical tests were performed using a WBCS3000 
(WonATech) battery cycler at room temperature in a voltage window of 
1.7–2.8 V. Nyquist plots were obtained using an electrochemical 
impedance analyzer (ZIVE SP2; WonATech) in the frequency range of 
0.01 Hz–1 MHz with a 5 mV AC pulse. 

2.5. Polysulfide adsorption and electrocatalytic activity tests 

Visual polysulfide adsorption tests were also conducted to observe 
the polysulfide anchoring capability of the as-prepared nanostructures. 
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Briefly, Li2S (≥99%, Sigma-Aldrich) and elemental sulfur powder (S; 
99.98%, Sigma-Aldrich) were mixed in a weight ratio of 5:1 in DOL/ 
DME solvent (1:1, v/v) to obtain a light-yellow Li2S6 polysulfide solu
tion. A 1.0 mM solution of Li2S6 prepared in an appropriate amount of 
DOL/DME was added to three glass vials containing the as-prepared 
samples (3.0 mg). A pristine polysulfide solution was also prepared as 
a reference. To observe the catalytic effect of the as-prepared samples, 
symmetrical cells were assembled using a polysulfide solution and 
identical working counter electrodes (prepared using the slurry-casting 
method) separated by a Celgard 2400 membrane. The assembled cells 
were subjected to CV in the voltage range of − 1.0 to 1.0 V, at a scan rate 
of 3.0 mV s− 1. 

3. Results and discussion 

The hierarchically porous graphitic C nanofibers comprising well- 
grafted TiO2 quantum dots and ZIF-8 derived hollow N-doped C 
nanocages (P-N-C@TiO2/HNC) were prepared using an electrospinning 
method. The detailed formation mechanism is shown in Scheme 1. The 
as-spun fibers comprise the homogeneous dispersion of TTIP, ZIF-8 
polyhedrons (φ = 60 nm), and PS nanobeads (φ = 40 nm) in the PVP 
matrix, as shown in Scheme 1-①, and were stabilized overnight in a 
preheated oven at 150 ◦C to obtain the PVP/TTIP/PS/ZIF-8 composite 
fibers. The fibers were then heat-treated at 800 ◦C for 5 h under a N2 
atmosphere. During carbonization, PVP matrix was transformed into C 
products, whereas TTIP was converted into uniformly distributed tita
nium monoxide (TiO) quantum dots that were well grafted inside the C 

matrix (Scheme 1-②). In addition, the selective conversion of the C 
products into graphitic C (GC) and amorphous C (AC) occurs depending 
on the vicinity of the TiO quantum dots owing to their catalytic nature. 
Moreover, the ZIF-8 polyhedrons split into highly volatile Zn/Zn2+

species and N-rich organic ligands. During the heat treatment step, the 
volatile metal species evaporate, leaving behind highly ordered meso
pores in the form of hollow nanocages, whereas the organic ligands are 
transformed into the N-doped C skeleton (Scheme 1-②). The detailed 
structural transformation of the ZIF-8 polyhedrons during the high- 
temperature heating step is shown in Scheme S1. Moreover, the PS 
nanobeads were completely removed at 800 ◦C, leaving pores inside the 
C framework (Scheme 1-②). This synergy between the PS nanobeads 
and ZIF-8 polyhedrons results in a highly porous N-C skeleton with open 
mesopores, which act as highly interconnected nanocages. The second 
heat-treatment step was performed at 300 ◦C for 3 h under an air at
mosphere, which primarily resulted in the phase conversion of TiO to 
TiO2, in addition to the selective decomposition of AC to CO2 gas 
(Scheme 1-③). Overall, this synthetic methodology results in a highly 
porous N-doped GC skeleton that comprises well-grafted TiO2 quantum 
dots accompanied by uniformly distributed interconnected HNCs that 
not only guarantee sufficient space for efficient electrolyte infiltration or 
electrode wetting but also accommodate the undesired volume variation 
(Scheme 1-④). In addition, the highly polar and homogeneously 
dispersed TiO2 quantum dots prohibit the migration of sulfur-like spe
cies toward the anode thus increasing the active-material utilization 
and, hence enhancing the electrochemical performance. 

The formation mechanism was further validated upon systematically 

Scheme 1. Formation mechanism (①-④) of hierarchical porous nitrogen-doped carbon fibers comprising well-grafted TiO2 quantum dots and ZIF-8 derived hollow 
carbon nanocage by electrospinning and subsequent heat-treatments as a coating interlayer for Li–S batteries. 
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examining the morphological and crystal structure changes of the as- 
prepared fibers after each synthesis step. The as-spun PVP/TTIP/PS/ 
ZIF-8 composite nanofibers obtained after stabilization at 150 ◦C are 
shown in Fig. 1. The FE-SEM image (Fig. 1a) indicates the formation of 
continuous 1D fibrous morphology with a mean diameter of ca. 2.0 μm. 
In addition, the rough surface of the fibers was also apparent due to the 
uniform distribution of the ZIF-8 polyhedrons (φ = 60 nm) and PS 
nanobeads (φ = 40 nm) in the PVP matrix (Fig. 1b). The cross-sectional 
image shown in Fig. 1b also confirms the uniform distribution of the 
different constituents inside the nanofiber envelope. The XRD pattern 
obtained for the fibers shown in Fig. 1c exhibit well-resolved and intense 
peaks that can be primarily indexed to the ZIF-8 polyhedrons, which was 
in accordance with the XRD pattern of the as-prepared ZIF-8 poly
hedrons (Fig. S1c). The characteristics of the as-prepared ZIF-8 poly
hedrons are shown in Fig. S1. Furthermore, the thermal decomposition 
of the stabilized fibers is analyzed using TGA, as shown in Fig. 1d. The 
curve indicates a slight initial weight loss up to 100 ◦C owing to the loss 
of crystal water from the fibers. Afterward, the subsequent weight loss 
within the temperature range of 260 and 350 ◦C was attributed to the 
conversion of the PVP matrix to the carbonaceous products. Subse
quently, the final steep weight loss to 580 ◦C corresponds to the 
decomposition of the PS nanobeads into gaseous products, whereas the 
PVP matrix continues to convert into carbonaceous products. In addi
tion, the splitting of ZIF-8 polyhedrons into volatile Zn/Zn2+ species and 
N-rich organic units also contributes to the weight loss. The volatile 
metal species evaporate, whereas the organic units are converted into 
HNCs. Thereafter, no appreciable weight loss was observed up to 800 ◦C, 
suggesting the high thermal stability of the composite fibers. Therefore, 

we chose 800 ◦C as the optimal heat-treatment temperature to obtain the 
hierarchically porous composite fibers. 

The as-spun PVP/TTIP/PS/ZIF-8 composite fibers were initially 
heat-treated at 800 ◦C under an N2 atmosphere for 5 h, to obtain hier
archically porous N-doped C (P-N-C) NFs comprising well-grafted TiO 
quantum dots and HNCs (abbreviated as P-N-C@TiO/HNC), as shown in 
Fig. 2. The FE-SEM image in Fig. 2a shows that the fibrous structure of 
the as-spun fibers is maintained with numerous interconnected pores 
distributed homogeneously throughout the fiber length. This observa
tion is also apparent from the high-resolution FE-SEM and cross- 
sectional images shown in Fig. 2b and c, respectively, which indicate 
the presence of open mesopores in the structure. The mesoporous 
structure was attributed to the successive conversion of the ZIF-8 poly
hedrons into hollow C nanocages and the complete decomposition of the 
PS nanobeads in the composite. During the heat-treatment step, the 
organic groups in ZIF-8 are converted into N-doped C products, whereas 
the highly volatile reduced Zn species evaporate, leaving uniformly 
dispersed hollow nanocages (HNC) surrounded by N–C walls. The HNCs 
thus formed acts as reservoirs to store electrolyte that subsequently 
supports fast redox reactions inside the cell in a more efficient way be
sides inducing porosity to the nanostructure. In addition, the PS nano
beads (φ = 40 nm) were decomposed into gaseous products, resulting in 
additional porosity within the structure, which is beneficial for an effi
cient electrolyte penetration and the alleviation of the volume variation 
during the charge–discharge process [1]. Similarly, PVP also converts 
into the N-doped C matrix, and the titanium salt is reduced into TiO 
quantum dots, which are well-grafted inside the N–C scaffold. These 
observations are well supported by the TEM images shown in Fig. 2d and 

Fig. 1. Physical characterization of as-spun PVP/TTIP/PS/ZIF-8 composite fibers obtained after stabilization at 150 ◦C: (a, b) FE-SEM images and in inset is the cross- 
sectional image, (c) XRD pattern, and (d) TG curve in N2 atmosphere. 
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e, which confirm the presence of bright regions associated with the 
hollow C nanocages and the gray and dark regions correspond to the GC 
and TiO quantum dots, respectively. The hollow N–C nanocages with a 
mean diameter of ~50 nm in the fibrous nanostructure are more 
apparent in Fig. 2e and are surrounded by a carbon wall with a thickness 
of ~5 nm. Furthermore, the HR-TEM image shown in Fig. 2f indicates 
the presence of the well-embedded TiO quantum dots with diameters of 
5 nm inside the N–C skeleton with a fairly distinct lattice fringe spacing 
of 0.208 nm, which corresponds to the (200) crystal plane. Moreover, 
the lattice fringe spacing of 0.34 nm was assigned to the (002) plane of 
the GC. The XRD pattern shown in Fig. 2g exhibits diffraction peaks 
associated with GC (2θ = 25◦) and the TiO nanocrystalline phase. The 
selected area electron diffraction pattern (SAED) shown in Fig. 2h 

exhibits diffraction rings that correspond to the GC and TiO crystal 
phase, which are in good agreement with the XRD results. The elemental 
dot mapping images presented in Fig. 2i indicate the homogeneous 
dispersion of carbon, titanium, oxygen, and nitrogen in the 1D fibrous 
nanostructure. In addition, no traces of zinc were observed, suggesting 
the complete removal of the Zn/Zn2+ species from the structure. 

The hierarchically porous C fibers comprising well-grafted TiO2 
quantum dots and hollow N-doped C nanocages inside the N-C scaffold 
(P-N-C@TiO2/HNC) were finally obtained after the second heat- 
treatment step at 300 ◦C in air, as shown in Fig. 3. The FE-SEM im
ages shown in Fig. 3a suggest that the fibrous morphology was main
tained after the heat-treatment step. In addition, the porous structure 
was well preserved (Fig. 3b and c). The TEM image in Fig. 3d exhibits 

Fig. 2. Characterization of P-N-C@TiO/HNC fibers obtained after the first heat-treatment of stabilized composite fibers at 800 ◦C in N2 atmosphere: (a, b) FE-SEM 
images, (c) cross-sectional image, (d, e) TEM images, (f) HR-TEM image, (g) XRD pattern, (h) SAED pattern, and (i) elemental mapping images. 
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similar fibrous morphologies with bright, gray, and dark regions cor
responding to the hollow nanocages, GC, and TiO2 quantum dots, 
respectively, which are well confined within the carbon scaffold. During 
oxidation, the TiO crystal phase was converted into the TiO2 phase. 
Moreover, the AC with a low decomposition temperature in the carbon 
matrix was selectively removed from the composite, leaving only re
sidual GC. Therefore, the removal of AC forms additional pores in the 
structure. The robustness of the nanostructure was also evident from the 
high-magnification TEM image (Fig. 3e), indicating the homogeneous 
presence of hollow N–C nanocages in the nanostructure. The HR-TEM 
image shown in Fig. 3f suggests well-embedded nanocrystalline TiO2 
quantum dots with lattice fringes separated by a distance of 0.205 nm 
corresponding to the (210) lattice plane. In addition, the lattice fringe of 

separation 0.34 nm corresponding to the (002) plane of GC was also 
evident. The XRD pattern in Fig. 3g shows diffraction peaks that can be 
assigned to the GC and TiO2 crystalline phases, which suggest the 
complete phase conversion of TiO into TiO2. The SAED pattern in Fig. 3h 
also confirms the diffraction rings associated with the GC and TiO2 
crystal phases. Moreover, the uniform dispersion of various elements 
such as carbon, titanium, oxygen, and nitrogen in the elemental map
ping images (Fig. 3i) indicates the presence of TiO2 nanocrystals inside 
the N-doped C framework. Overall, the formation of a hierarchically 
porous N-doped C framework comprising well-trapped TiO2 quantum 
dots and uniformly distributed hollow N–C nanocages was verified. 

The chemical environment and bonding state of the various elements 
in the as-prepared P-N-C@TiO2/HNC nanofibers are analyzed using 

Fig. 3. Morphologies, SAED, XRD pattern, and elemental mapping images of the P-N-C@TiO2/HNC composite fibers obtained after second heat-treatment at 300 ◦C 
in an air atmosphere: (a, b) FE-SEM images, (c) cross-sectional image, (d, e) TEM images, (f) HR-TEM image, (g) XRD pattern, (h) SAED pattern, and (i) elemental 
mapping images. 
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XPS, as shown in Fig. 4. The XPS survey spectrum shown in Fig. 4a ex
hibits well-distinguished photoelectron peaks corresponding to the C 1s, 
N 1s, Ti 2p, and O 1s orbitals in the as-prepared nanofibers. The high- 
resolution Ti 2p XPS spectrum in Fig. 4b shows two fitted peaks at 
binding energies of 458.0 (Ti 2p3/2) and 463.8 (Ti 2p1/2) eV, which can 
be assigned to the Ti4+ species [43–45]. Moreover, the binding energy 
separation between the two intense peaks (ΔE = 5.8 eV) was consistent 
with that previously reported [46]. Moreover, the two low intense peaks 
centered at binding energies of 461.3 and 456.0 eV were assigned to the 
Ti3+ (Ti2O3) valence state due to the partial incomplete oxidation of Ti 
[47,48]. However, their low intensity suggests that the proportion of 
Ti2O3 in the as-prepared sample was almost insignificant. The decon
voluted O 1s spectrum shown in Fig. 4c exhibits three closely spaced 
photoelectron peaks at binding energies of 531.2, 532.9, and 534.1 eV, 
which correspond to the Ti–O, –OH, and O–C bonds, respectively [49, 
50]. The C 1s high-resolution XPS profile shown in Fig. 4d exhibits four 

well-fitted peaks at binding energies of 284.5, 285.2, 287.2, and 288.4 
eV, which can be assigned to the –C=C–, –C–N/C–C–, –C–O–, and 
–C=O– bonds, respectively, and match well with that previously re
ported [51–54]. The presence of a highly intense –C=C– peak firmly 
confirms the presence of carbonaceous species in the as-prepared fibers. 
In addition, the –C–N/C–C– peaks indicate N-doping in the carbona
ceous framework [1,16]. N-doping generally results in a high electronic 
conductivity due to the increased electronegative nature of the N atom, 
when compared to C. To validate this, the deconvoluted N 1s XPS 
spectrum is obtained, as shown in Fig. 4e, which exhibits three distinct 
peaks at 398.2, 400.0, and 403.7 eV corresponding to pyridinic N, 
pyrrolic N, and graphitic N, respectively, and firmly confirm the 
N-doping in the C framework [16,53]. An elemental analysis is per
formed to quantify the N content in the composite, as shown in Table S1. 
The nitrogen content was observed to be 9.7 wt% in the structure and 
primarily induced from the N-rich organic units in the PVP polymer and 

Fig. 4. (a) XPS survey spectrum, (b) Ti 2p XPS spectrum, (c) O 1s XPS spectrum, (d) C 1s XPS spectrum, (e) N 1s XPS spectrum, and (f) TG curve of P-N-C@TiO2/ 
HNC fibers. 
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ZIF-8 polyhedrons precursors. In addition, TGA under an air atmosphere 
is performed to quantify the carbon and TiO2 content, as shown in 
Fig. 4f, which indicates the presence of 68 wt% carbon and 20 wt% TiO2. 
Furthermore, Raman spectroscopy is performed to examine the crys
talline nature of the carbonaceous products in the P-N-C@TiO2/HNC 
sample, as shown in Fig. S2b. To observe the changes in the carbona
ceous materials in a better manner, the composite nanofiber sample 
prior to oxidation (P-N-C@TiO/HNC) was also analyzed (Fig. S2a). Both 
samples display a typical Raman signature with D- and G-bands centered 
at 1350 and 1600 cm− 1, respectively. However, the relative intensity 
ratio of the two bands, i.e., ID/IG, which is usually considered as a crucial 
parameter to examine the crystallinity of carbon products, differs 
significantly for the two samples [55]. For instance, the ID/IG ratio prior 
to oxidation was 1.26, indicating that the carbon material inside the 
sample was primarily amorphous, whereas after oxidation, the ID/IG 
ratio decreased to 0.87, indicating the selective removal of the AC under 
the air atmosphere. However, a lower ID/IG ratio also indicates a lower 
degree of defects or disordered arrangement in the as-prepared sample, 
which subsequently affects the porosity of the sample. To validate this 
observation, adsorption–desorption isotherms are obtained for the 
as-prepared nanofibers before and after oxidation using N2 as the 
adsorbate gas, as shown in Figs. S3a–d. The pre-oxidized sample 
(P-N-C@TiO/HNC) exhibits a high BET surface area of 673 m2 g− 1 

(Fig. S3a), primarily originating from the mesopores in the nano
structure, as evident from the type IV isotherm curve. In addition, the 
pore-size distribution curve shown in Fig. S3b confirms the presence of 
mesopores with a peak centered at 42 nm. However, the 
P-N-C@TiO2/HNC composite nanofibers display a slightly lower surface 
area (612 m2 g− 1) with a mesopore peak located at 15 nm after oxida
tion. This can be attributed to the burning of the porous AC in the 
nanostructure during the oxidation step. These observations are 
consistent with the Raman results discussed earlier. Therefore, it is quite 
clear that the P-N-C@TiO2/HNC composite nanofibers mostly consist of 
N-doped carbonaceous products comprising well-embedded TiO2 
quantum dots and uniformly distributed N-doped hollow carbon 
nanocages. 

To verify the structural merits of the P-N-C@TiO2/HNC composite 
NFs, a spinning solution for comparison sample i.e., without TTIP (PVP/ 
PS/ZIF-8) was also prepared along with PVP/PS (i.e., without TTIP and 
ZIF-8). The as-spun PVP/PS/ZIF-8 composite fibers stabilized at 150 ◦C 
indicate a continuous fibrous morphology with a mean diameter of 
~1.5 μm (Fig. S4a). The composite fibers after the heat treatment at 
800 ◦C were abbreviated as P-N-C/HNC and are shown in Fig. S5. The 
FE-SEM images in Figs. S5a–c indicates 1D fibrous morphology (mean 
diameter ~1.0 μm) along with the uniform distribution of the hollow 
nanocages with open pores all over the structure. The XRD pattern 
(Fig. S5g) also confirms that the nanostructure completely consists of 
carbonaceous material. The SAED pattern with a diffuse diffraction ring 
(Fig. S5h) was in good accordance with the XRD results, which corre
sponds to AC only. The elemental mapping results (Fig. S5i) suggests 
that carbon and nitrogen were evenly dispersed throughout the nano
fibers. Moreover, no traces of zinc are observed, indicating the complete 
removal of Zn/Zn2+ species, which results in the highly porous nano
structure. An extremely high surface area of 1019 m2 g− 1 (Fig. S6a) is 
observed due to the formation of mesopores with an average pore 
diameter of 30 nm, as shown in Fig. S6b. Similarly, the morphology and 
phase analysis results of the porous nanofibers (P-N-C) obtained after 
heat treatment of the stabilized PVP/PS composite fibers (Fig. S7) are 
shown in Figs. S8a–e, respectively, along with the corresponding 
discussion. 

Before analyzing the electrochemical performance of the Li–S cells 
utilizing different coating separator arrangements, the physical prop
erties of the separator coatings are analyzed, as shown in Fig. S9. A 
digital photograph of the coated separator shown in Fig. S9a reveals the 
crack-free and uniform coating formed over a commercial Celgard 2400 
separator. In addition, the coating thickness (~26 μm) appears to be 

uniform for all of the separator arrangements, as shown in Figs. S9b–e. 
Moreover, the coated separator exhibits a high mechanical integrity 
even upon bending and twisting, as shown in Fig. S9f. In addition, all of 
the utilized separators are highly uniform in the measured dimensions 
(φ = 19 mm), as shown in Fig. S9g. Furthermore, the surfaces of the 
pristine and coated separators along with the coating cross-section are 
observed using FE-SEM, as shown in Figs. S10a–c. The surfaces of the 
pristine and uncoated separators (Fig. S10a) reveal a nanometer-sized 
opening for a smooth diffusion of the charged species during the redox 
processes. In contrast, the surface of the coated separator reveals a 
uniform deposition of the as-prepared nanofibers (Fig. S10b). The 
thickness of the coated layer was ~30 μm as observed from the cross- 
sectional FE-SEM image shown in Fig. S10c and is consistent with the 
thickness measurements results in Fig. S9. 

The electrochemical performances of various Li–S cells employing 
different coated separators are shown in Fig. 5. The cells are initially 
subjected to CV in a voltage window of 1.7–2.8 V at a voltage scan rate of 
0.1 mV s− 1, as shown in Fig. 5a and Figs. S11a–c. The CV curves display 
well-resolved cathodic and anodic peaks for all of the Li–S cells utilizing 
different coated separator arrangements. The first CV scans shown in 
Fig. 5a display two cathodic peaks centered at ~2.3 and ~2.0 V, which 
can be assigned to the successive reduction of elemental sulfur to lower- 
order lithium polysulfide (Li2Sx; 3 ≤ x ≤ 1) via intermediate higher 
order (Li2Sx; 8 ≤ x ≤ 6) and middle-order lithium polysulfide (Li2Sx; 6 ≤
x ≤ 4), respectively [16]. In addition, slightly broad anodic peaks 
observed at ~2.4 V suggest the effective conversion of low-order 
discharge products to elemental sulfur via intermediate polysulfides, 
thus completing the cycle [7]. However, a clear difference in the current 
intensities suggests a difference in the specific discharge capacity values. 
In addition, the CV curves for the first five initial cycles for Li–S cells 
utilizing the different coating arrangements shown in Fig. S11 display 
almost overlapping profiles, suggesting the highly reversible electro
chemical processes occurring inside of the cells. To confirm the CV re
sults, the Li–S cells with different coated separator arrangements are 
subjected to the charge–discharge process at 0.1 C (1C = 1675 mA h 
g− 1), as shown in Fig. 5b. The Li–S cells employing P-N-C@TiO2/HNC, 
P-N-C/HNC, and P-N-C NFs as the coated interlayer display initial 
discharge capacities of 1377, 1089, and 903 mA h g− 1, respectively. In 
addition, clear charge–discharge plateaus suggest typical redox re
actions involving elemental sulfur and its discharge product (Li2S), that 
are consistent with the CV results. Moreover, the high upper (QH) and 
lower (QL) discharge capacity values observed for the Li–S cell utilizing 
the P-N-C@TiO2/HNC coated separator suggests an efficient trapping 
and reuse of the sulfur-like species. The obtained capacity values seem 
reasonably high when considering the high effective sulfur content in 
the cathode region (~61 wt%). This was attributed to the presence of 
well-grafted TiO2 quantum dots that act as chemical adsorption sites for 
capturing polysulfide species, restricting their migration toward the 
anode and result in high active-material utilization. Moreover, the 
availability of the highly conductive N–C skeleton ensures enormous 
conductive channels for the rapid transfer of charged species, which in 
turn guarantee kinetically favored redox processes. These observations 
are in good agreement with the potential polarization values calculated 
for all of the assembled cells. The Li–S cell employing P-N-C@TiO2/HNC 
displays the lowest polarization potential (ΔV = 260 mV) when 
compared to the Li–S cell utilizing P-N-C/HNC (ΔV = 290 mV) and 
P-N-C (ΔV = 300 mV). Therefore, CV and initial charge–discharge re
sults show the overall enhanced electrochemical performance of the 
P-N-C@TiO2/HNC NFs compared to the other prepared nanostructures 
owing to the synergetic effects of the highly conductive and porous N–C 
scaffold, as well as the availability of numerous adsorption sites. 

The Li–S cells utilizing various coated separator arrangements are 
further subjected to rate capability tests at various C-rates ranging from 
0.1 to 0.5C, as shown in Fig. 5c. The Li–S cells utilizing P-N-C@TiO2/ 
HNC NFs as coated functional interlayers display initial discharge ca
pacities of 1377, 976, 846, and 742 mA h g− 1 at 0.1, 0.2, 0.3, and 0.5C, 
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respectively. In contrast, the Li–S cell employing the P-N-C/HNC and P- 
N-C NF-coated separator display lower discharge capacities of 1089/ 
903, 754/698, 715/620, and 514/523 mA h g− 1, respectively, at iden
tical C-rates, suggesting the superior structural advantages of the P-N- 
C@TiO2/HNC NFs. Moreover, the discharge capacity values obtained 
for the P-N-C@TiO2/HNC NF-coated separator seem overwhelming 
considering the high effective sulfur content in the cathode region (~61 
wt%). Furthermore, when the current was reversed, the Li–S cell 
employing the P-N-C@TiO2/HNC NF-coated separator recovers 65% 
(898 mA h g− 1) of the initial capacity at 0.1C. These results are primarily 
due to the highly conductive N–C framework that supports the fast redox 
kinetics via rapid charge transfer, highly porous structure for efficient 
electrolyte infiltration, and availability of polar species in the form of 
TiO2 quantum dots that guarantee the effective anchoring of lithium 

polysulfide species and restricts their migration toward the anode, 
which enhances the active-material utilization. These observations are 
well supported by the well-developed charge–discharge profiles with 
long voltage plateaus (Fig. S12a) observed for P-N-C@TiO2/HNC when 
compared with the other Li–S cells. In addition, the capacity utilization 
curves are plotted and analyzed for all of the Li–S cells, as shown in 
Fig. S13, which again suggest that the P-N-C@TiO2/HNC coated sepa
rator exhibits the highest active-material utilization at all C-rates stud
ied, suggesting the fast redox kinetics inside the cell. Even at a C-rate of 
0.5C, the P-N-C@TiO2/HNC-coated separator cell displays a capacity 
utilization of 44%. Besides, the Li–S cell utilizing P-N-C@TiO2/HNC also 
exhibit reasonable high-rate capability performance, as shown in 
Fig. S14. 

The assembled Li–S cells were further subjected to long-term cycling 

Fig. 5. (a–d) Electrochemical performances and (e–g) Nyquist impedance plots 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, (d) cycling performance of the assembled cells at 0.1 C-rate, and Nyquist 
plots at different cycle number: (e) before cycling, (f) after the 5th cycle, and (g) after 200th cycle. 
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stability tests at 0.1C, as shown in Fig. 5d. The Li–S cell employing the P- 
N-C@TiO2/HNC-coated separator as the functional interlayer exhibits 
an initial discharge capacity of 1373 mA h g− 1 (81% of the theoretical 
value), which reduces monotonically to 723 mA h g− 1 at the 100th cycle. 
However, upon further cycling, the capacity seems to be highly stable 
with a final value of 590 mA h g− 1 (~43% capacity retention) observed 
at the end of the 500th cycle with an average capacity decay rate of only 
0.11% per cycle. However, the significant capacity augment during 
cycling process could be attributed to the activation of the trapped sulfur 
species. Such activation process generally beneficial for the long-term 
cycling performance as it can compensate the active material loss dur
ing the cycling. Additionally, a slightly above 100% Coulombic effi
ciency is primarily due to the infinite Li-source (anode) compared to the 
sulfur cathode. Besides, it also confirms that the highly reversible redox 
processes occurring inside the Li–S cell. In contrast, the Li–S cells 
employing the P-N-C/HNC NF-coated separator interlayer also displays 
a similar trend, but the capacity decay process was much more pro
nounced. For instance, the Li–S cell displays an initial discharge capacity 
of 1058 mA h g− 1 (63% of the theoretical capacity), which constantly 
decreases and finally stabilizes at 348 mA h g− 1 (~33% capacity 
retention) at the end of the 500th cycle with an average capacity decay 
of 0.13% per cycle. Similarly, the separator coated with P-N-C NFs also 
displays poor cycling stability with an initial discharge capacity of 828 
mA h g− 1 (49% of the theoretical capacity), which reduces sharply to 36 
mA h g− 1 (~4% capacity retention) at the end of the 500th cycle with an 
average capacity decay rate of 0.19% per cycle. The poor cycling sta
bility of the P-N-C/HNC and P-N-C NF-coated separator was attributed 
to the non-availability of numerous chemisorption sites in the form of 
polar material that efficiently capture the polysulfide species and restrict 
the active-material loss. These results are further verified by considering 
the respective charge–discharge profiles of the different Li–S cells uti
lizing various coated separator arrangements at various cycle numbers, 
as shown in Fig. S15. Overall, the cycling results further confirm that the 
structural advantages in P-N-C@TiO2/HNC not only allow fast redox 
kinetics owing to the efficient diffusion of charge species but also 
effectively absorb unwanted volume variations in addition to an effi
cient polysulfide trapping. Furthermore, the electrochemical perfor
mance of Li-S cell employing high sulfur loading electrodes and low E/S 
ratio were also explored, as shown in Fig. S16. The electrolyte volume 
was fixed at 30 μL for high loading Li-S cells. As a result, a low E/S ratio 
of 9.7 (for 2.0 mg cm− 2) and 6.5 μL mg− 1 (for 3.0 mg cm− 2) was ob
tained. The Li-S cell employing high loading electrodes exhibit stable 
cycling performance at 0.1 C-rate with a discharge capacity of 823 (for 
2.0 mg cm− 2) and 747 (for 3.0 mg cm− 2) mA h g− 1 at the end of 45th 
cycle. These results again confirm the structural merits of the P-N- 
C@TiO2/HNC NFs. 

The enhanced reaction kinetics inside the Li–S cells are confirmed 
using Nyquist plot analysis, as shown in Fig. 5e–g. The equivalent circuit 
fitting model along with the impedance parameters for various Li–S cells 
featuring different coated separator arrangements are listed in Fig. S17 
and Table S2, respectively. The impedance was measured for all of the 
freshly assembled cells at an open-circuit voltage, as well as at different 
cycle numbers in a fully charge state during cycling at 0.1 C. The solu
tion resistance (Rs) corresponding to the Li–S cells featuring the P-N- 
C@TiO2/HNC- and P-N-C/HNC NF-coated separator displays the lowest, 
similar values, even after the 200th continuous charge–discharge cycle, 
suggesting a highly stable electrode–separator–electrolyte interface. In 
contrast, the assembled Li–S cells utilizing the P-N-C NF-coated sepa
rator display slightly higher Rs values, implying that the redox processes 
at the interface are relatively slow. Furthermore, the Li–S cell employing 
the P-N-C@TiO2/HNC NF-coated separator displays the lowest charge 
transfer resistance (Rct) throughout the cycling study when compared to 
the other Li–S cells. For instance, after the 200th cycle, the Li–S cell 
employing P-N-C@TiO2/HNC-NF-coated separator exhibits an Rct of 
27.8 Ω compared to 48.2 and 207.5 Ω observed for the Li–S cells pre
pared using the P-N-C/HNC and P-N-C-NF-coated separators, 

respectively. These results suggest that the structural merits of P-N- 
C@TiO2/HNC NFs not only ensure a kinetically favored redox process 
inside the Li–S cell but also enhance the integrity of the electrode during 
prolonged cycling. 

To further validate the redox kinetics inside the cells, the Li-ion 
diffusion coefficient (DLi

+) is calculated using CV measurements per
formed at different voltage scan rates from 0.05 to 0.5 mV s− 1 in a 
voltage window of 1.7–2.8 V, as shown in Fig. 6. The CV plots obtained 
at different scan rates display typical Li–S redox peaks, implying that the 
reaction processes are between elemental sulfur and its discharge 
product (Li2S). However, the high current intensity observed for the Li–S 
cell employing P-N-C@TiO2/HNC NFs, even at a higher voltage scan rate 
of 0.5 mV s− 1 compared to the other Li–S cells, suggest fast redox pro
cesses combined with an enhanced diffusion of charge species. The 
Randles–Sevcik equation was used to further quantify the DLi

+ values as 
follows [16]:  

Ip = 2.69 × 105 n1.5 A DLi
+0.5 CLi v0.5                                                (1) 

where Ip is the redox peak current, n is the number of electrons involved 
in the reaction (n = 2), A is the electrode surface area (cm2), CLi is the Li- 
ion concentration (mol L− 1), and v is the voltage scan rate (V s− 1). The Ip 
vs. v0.5 curves obtained for the Li–S cells featuring the P-N-C@TiO2/ 
HNC-, P-N-C/HNC-, and P-N-C-NF-coated separators are shown in Fig. 6 
and their corresponding DLi

+ values calculated for the Li–S cells are 
summarized in Table S3. The Li–S cell featuring P-N-C@TiO2/HNC 
displays the highest diffusion coefficient values for all three redox peaks 
when compared to the other Li–S cells, suggesting the superior diffusion 
processes inside the cell. This again validates the structural superiority 
of the P-N-C@TiO2/HNC NFs when compared to the other samples in 
enhancing their overall electrochemical performance. 

To elucidate the catalytic conversion of lithium polysulfide by the P- 
N-C@TiO2/HNC NF-coated separator, we analyze the CV curves using 
symmetrical cells employing the as-prepared nanofibers as the counter 
and working electrodes infiltrated with the prepared catholyte solution, 
as shown in Fig. 7. The first CV profiles obtained at a scan rate of 3 mV 
s− 1 in the voltage window of − 1.0 to 1.0 V for all of the assembled 
symmetrical cells are shown in Fig. 7a. The CV plots display appreciable 
differences with the P-N-C@TiO2/HNC NF symmetrical cell exhibiting 
an efficient catalytic behavior toward lithium polysulfides, as evident 
from the high current intensity peaks. In contrast, the symmetrical cell 
utilizing the P-N-C/HNC electrodes displays relatively low catalytic ef
fects toward polysulfides due to the non-polar nature of the as-prepared 
NFs. Similarly, the symmetrical cell featuring the P-N-C NF electrode 
exhibits the lowest polysulfide catalytic conversion effect, as evident 
from the low current values. In addition, the CV curves for five succes
sive cycles of all the symmetric cells shown in Fig. 7b–d display exact 
overlapping profiles, implying an effective catalytic conversion, 
although to different extents. These observations are further validated 
using visual polysulfide adsorption tests, as shown in Fig. 7e. A clear 
adsorption of the polysulfide solution was evident from the as-prepared 
P-N-C@TiO2/HNC NFs with a continuous change in color from yellow 
(at t = 0) to transparent (t = 1 h). In contrast, the polysulfide solution 
added to P-N-C/HNC and P-N-C NFs display polysulfide adsorption due 
to the N-doped C framework, but to a lower extent, as evident from the 
light-yellow color of the solution even after 1 h. A schematic illustration 
of the P-N-C@TiO2/HNC NFs as a functional interlayer restricting the 
migration of lithium polysulfides from diffusing toward the Li anode is 
shown in Fig. 7f. These results again confirm that the structural ad
vantages of the P-N-C@TiO2/HNC NFs resulted in the efficient trapping/ 
reuse of the lithium polysulfide species due to the presence of well- 
grafted TiO2 quantum dots. Furthermore, the post-cycling morphol
ogies presented in Fig. S18 firmly authenticates the above results. The 
FE-SEM image of the coated separator utilizing P-N-C@TiO2/HNC NFs 
(Fig. S18a) implies that the fibrous structure remains intact even after 
the prolonged cycling thus indicating high structural integrity of the 
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nanostructure. Besides, no polysulfide deposits were observed suggest
ing effective catalytic conversion of the sulfur-like species (as indicated 
by the color of the separator in an opened cell). In contrast, the cells 
employing P-N-C/HNC NFs (Fig. S18b) and P-N-C NFs (Fig. S18c) coated 
separator display large polysulfide deposits indicating poor catalytic 
conversion effect due to absence of redox-active species also evident 
from the digital images of the opened cells. 

Overall, the incorporation of a highly porous, conductive, and ultra- 
lightweight functional interlayer in the form of P-N-C@TiO2/HNC NFs 
inserted on the cathode side of a commercial Celgard separator result in 
an overall improved electrochemical performance with a reasonable 
rate capability and stable prolonged cycling. The results are highly 
promising considering the high effective sulfur content (~61 wt%) in 
the cathode region and can be attributed to the synergetic effects of 
hierarchically porous and highly conductive N–C framework that pro
vide numerous conductive channels for rapid charge transfer along with 
the efficient electrolyte percolation. In addition, the presence of polar 
TiO2 quantum dots ensures an efficient trapping and reuse of the lithium 

polysulfide species, leading to high active-material utilization. There
fore, we believe that the present strategy will provide substantial insight 
into the synthesis of hierarchical porous and conductive nanostructures 
suitable for various rechargeable applications. 

4. Conclusions 

In summary, we have carried out a detailed investigation of the 
synergetic effects of incorporating a multifunctional interlayer at the 
cathode side to restrict the migration of lithium polysulfide toward the 
anode, to improve the overall electrochemical performance. The inter
layer consists of a hierarchically porous and highly conductive N–C 
skeleton for fast redox reactions and well-grafted TiO2 quantum dots for 
efficient polysulfide anchoring. The assembled Li–S cell utilizing a 
highly effective sulfur cathode and P-N-C@TiO2/HNC-coated separator 
as a multifunctional interlayer exhibited an overall improved electro
chemical performance with a satisfactory rate capability and stable long- 
term stability (500 cycles at 0.1 C). The nanostructure design strategy 

Fig. 6. Lithium-ion diffusion coefficient (DLi+) for the assembled Li–S cells with different coated separators: (a, b) P-N-C@TiO2/HNC NFs, (c, d) P-N-C/HNC NFs, and 
(e, f) P-N-C NFs. 
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discussed in the present work will provide insights toward the devel
opment of advanced functional materials as interlayers for a wide range 
of energy storage applications. 
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