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A B S T R A C T   

Hierarchically porous nanofibers (NFs) comprising multiple core–shell Co3O4@graphitic carbon (GC) nano
particles grafted within N-doped carbon nanotubes (CNTs) (Co3O4@GC/N-CNT NF) were rationally designed as 
functional interlayers for excellent Li–S batteries (LSBs). The well-grafted N-doped CNTs (N-CNTs) and high- 
conductivity GC layer coated on Co3O4 nanoparticles provided conductive channels for fast ionic/electronic 
transfer during charging–discharging. The Co3O4 nanoparticles inside the GC layer served as active polar sites for 
efficient anchoring of dissolved lithium polysulfides and ensured their reuse during redox reactions via fast 
charge transfer processes. Consequently, the assembled Li–S cell featuring a Co3O4@GC/N-CNT NF-coated 
separator and a pure sulfur electrode (70 wt% and 2.0 mg cm− 2 loading) presented an excellent electro
chemical performance, namely a high-rate capability and stable cycling performance at C-rates of 0.1, 0.5, and 
1.0C. In addition, the Li-ion diffusion coefficient of the assembled Li–S cell (10− 8 cm2 s− 1) was one order of 
magnitude higher than those of the assembled Li–S cells featuring bare Co3O4 NF-coated and pristine separators 
(10− 9 cm2 s− 1). The remarkable overall cell performance was attributed to the combination of highly conductive 
N-CNTs, GC layer, and polar Co3O4 nanoparticles, which effectively trapped polysulfides. Therefore, we believe 
that the proposed unique nanostructure synthesis method can provide new insights into the development of 
sustainable and highly conductive polar materials as functional interlayers for advanced LSBs.   

1. Introduction 

Li–S batteries (LSBs) have attracted the attention of researcher 
worldwide owing to their high theoretical energy density (2600 Wh 
kg− 1), abundant sulfur resources, and low cost [1,2]. Additionally, sul
fur can undergo a multiple-electron-transfer redox process that results in 
a high theoretical capacity (1675 mAh g− 1, 2e− per atom) with a 
moderate potential of 2.2 V vs. Li/Li+ when used in LSBs [3–12]. 
However, the commercialization of LSBs is hindered by several factors, 
such as (i) the poor conductivity of S (5 × 10− 30 S cm− 1) and Li2Sx (x = 1 
or 2), the final discharge product (10− 13 S cm− 1), (ii) the low active 
material utilization and rapid capacity decay originated from the 

dissolution or shuttling (“shuttle effect”) of intermediate polysulfide 
products (Li2Sx, 4 ≤ x ≥ 8), (iii) the large volume change (80%) during 
lithiation owing to the large difference in density between sulfur (2.07 g 
cm− 3) and Li2S (1.66 g cm− 3), and (iv) the instability of Li metal anodes 
[13–23]. 

To date, numerous approaches have been developed to solve these 
drawbacks, which mainly focused on designing carbon nanostructures 
to encapsulate sulfur in conductive frameworks [4,15,24–37], immo
bilizing lithium polysulfides (LiPSs) using physical or chemical methods 
[14,17,18,22,23,38–51], protecting Li anodes [52–54], accommodating 
volumetric expansion [55,56], and optimizing electrolytes [57,58]. 
These methods have considerably improved the electrochemical 
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performance of LSBs through effectively suppressing LiPS diffusion by 
restricting them within the cathode domain. However, the steps 
required to synthesize sulfur–carbon nanocomposites render them 
impractical for large-scale manufacturing. Moreover, the synthesis 
process typically reduces the sulfur content of nanocomposites, which 
further compromises the energy density and electrochemical perfor
mance of LSBs. 

The introduction of an interlayer between the sulfur cathode and Li 
anode is another effective strategy for improving the electrochemical 
performance of LSBs [45,59–63]. Typically, the interlayer material 
consists of polar metal oxides, highly conducting polymers, or porous 
carbon nanomaterials, and is applied to the cathode-facing side of a 
commercial propylene separator [1,2,38,59–63]. The interlayer is ex
pected to suppress LiPSs migration towards the Li anode and ensure 
their reuse during repeated redox reactions [60]. Additionally, the 
interlayer is supposed to channel off the extreme volume changes of the 
active material during lithiation–delithiaton [61]. Therefore, the inter
layer material must be adequately conductive, porous, and possess suf
ficient polar sites to effectively capture LiPSs. To date, sp2-bonded 
carbon materials, such as 1-D carbon nanotubes (CNTs) and 2-D gra
phene have been used extensively in LSBs [19,32]. Both materials pre
sent excellent conductivity (approximately 102-103 S cm− 1), which is 
one of the requirements for interlayer materials [64,65]. However, with 
respect to porosity, CNTs and graphene sheets are not suitable as porous 
conductive scaffolds for separator coatings [66]. Moreover, graphene 
sheets undergo restacking during lithiation–delithiation [19]. In addi
tion, CNTs contain graphitic sheets, metal catalysts, amorphous carbon, 
and small amounts of fullerenes, which affect their morphology, con
ductivity, and porosity. Owing to their nonpolar nature, CNTs present 
poor affinity for polar/ionic polysulfides; therefore, the diffusion of 
hydrophilic LiPSs from the hydrophobic pores of CNTs is facilitated 
during long-term cycling [17]. Transition metal oxides (TMOs), such as 
TiO2, MnO2, Ti4O7, Co3O4, and Fe3O4, which are considered polar 
substances, present strong bonds between O2− anions and metal cations 
[67–70]. This renders TMOs practically insoluble in most organic sol
vents and, hence, they are ideal candidates for effective LiPS absorption 
in LSBs [71]. 

In this study, we introduce a functional interlayer by coating hier
archically porous nanofibers (NFs) comprising multiple core–shell 
Co3O4@GC nanoparticles grafted within N-doped CNTs (N-CNTs) 
(Co3O4@GC/N-CNT NFs) on the separator to enhance the conductivity 
and effective anchoring of LiPSs. Owing to the polar nature of 
Co3O4@GC nanoparticles, LiPSs were absorbed at their surface, where 
they can undergo the redox process. In addition, the GC layer sur
rounding Co3O4 and the highly integrated and grafted N-CNTs per
formed a dual function, namely they absorbed LiPSs and provided free 
pathways for efficient electron transfer. Therefore, the combination of 
porous NFs with Co3O4, GC layer, and highly integrated N-CNTs 
improved the Li ion storage performance of LSBs by simultaneously 
increasing conductivity and limiting LiPSs dissolution. The structural 
merits of the unique nanostructure introduced in this study could pro
vide critical information for the synthesis of advanced materials serving 
as functional interlayers or coatings for feasible metal–sulfur battery 
systems. 

2. Experimental 

2.1. Chemicals 

Analytical grade cobalt acetate tetrahydrate (Co(CH3COO)2⋅4H2O; 
Mw: 249.08, 98% purity, Daejung Chemicals & Metals Co., Ltd.,), poly 
(vinyl alcohol) (PVA; Mw: 2000, Kanto Chemical Co., Inc.,), and 
dicyandiamide (DCDA; Mw: 84.08, 99% purity, Sigma Aldrich) were 
used without further purification as precursor salts to synthesize NFs. 
Ethanol (99.9% purity, Duksan) was used as the solvent to dissolve the 
precursor salts. 

2.2. Synthesis of Co3O4@GC/N-CNT NFs 

Co3O4@GC/N-CNT NFs were synthesized using an electrospinning 
method followed by a two-step heat treatment process. For a typical 
procedure, 6.0 g of Co(CH3COO)2⋅4H2O was dissolved in 30 mL of 
ethanol under vigorous stirring until a homogeneous colloidal disper
sion was obtained. Thereafter, 3.0 g of PVA was added to the dispersion, 
and the reaction mixture was stirred overnight. The prepared colloidal 
dispersion was loaded into a 12 mL plastic syringe pump attached to a 
21-gauge stainless-steel needle. The spinning solution was ejected from 
the needle at a flow rate of 3.0 mL h− 1 onto a rotating drum collector 
(180 rpm) covered with an Al foil. The voltage applied and the distance 
between the needle tip and collector were 20 kV and 15 cm, respec
tively. The resulting as-spun Co(CH3COO)2/PVA fibers were stabilized 
at 150 ◦C overnight. The stabilized fibers were subjected to a two-stage 
heat treatment process in a quartz tube reactor at 400 ◦C for 2 h, fol
lowed by a second heat treatment step at 800 ◦C for 2 h under a N2 at
mosphere at a heating rate of 2 ◦C min− 1. To grow highly integrated N- 
CNTs, DCDA powder, which served as the C and N source, was added to 
the stabilized Co(CH3COO)2/PVA as-spun fibers during heat treatment. 
Lastly, the DCDA-treated NFs were subjected to a second heat treatment 
step at 300 ◦C for 30 min under an air atmosphere to obtain Co3O4@GC/ 
N-CNT NFs. For comparison, bare Co3O4 NFs that did not undergo DCDA 
treatment were also prepared at 300 ◦C for 30 min under an air atmo
sphere after the as-spun Co(CH3COO)2/PVA fibers were stabilized at 
150 ◦C. 

2.3. Physical characterization 

The phase and crystal structure of the Co3O4@GC/N-CNT NFs and 
the bare Co3O4 NFs were analyzed using an X-ray diffraction (XRD; D8 
Discover, Bruker) instrument at the Korea Basic Science Institute 
(Daegu). Morphological analysis was performed using a field-emission 
scanning electron microscopy (FE-SEM; Ultra Plus, Zeiss) apparatus 
and field-emission transmission electron microscopy (FE-TEM; JEM- 
2100F, JEOL) device. A Pyris 1 (Perkin Elmer) system was used to 
perform thermogravimetric analysis (TGA) in the temperature range of 
room temperature to 700 ◦C in air at a heating rate of 10 ◦C min− 1. An X- 
ray photoelectron spectroscopy (XPS; K-Alpha, Thermo Scientific) in
strument with Al Kα radiation was used to analyze the chemical 
composition of the prepared NFs. The surface area and pore size distri
bution of the prepared samples were analyzed using N2 adsorp
tion–desorption isotherms and Brunauer–Emmett–Teller (BET) curves. 
A Raman (LabRam, HR800, Horiba Jobin-Yvon) spectroscope was used 
to investigate the structure of the carbonaceous materials in the pre
pared samples. Polysulfide absorption tests were performed using an 
ultraviolet–visible (UV–vis) (Lambda 35, Perkin Elmer) spectroscope in 
the wavelength range of 200–800 nm. 

2.4. Electrode preparation 

To fabricate the Co3O4@GC/N-CNT NF-coated separator, we used 
the slurry method. In brief, Co3O4@GC/N-CNT NF (70 wt%), carbon 
black (20 wt%), and polyvinylidene difluoride (PVDF; 10 wt%) were 
mixed in a minimum amount of N-methyl-2-pyrrolidone (NMP) solvent. 
The mixture was stirred continuously for 12 h to prepare a uniform 
slurry and coated onto one side of a Celgard 2400 polypropylene sepa
rator using a doctor blade. The modified separator was dried overnight 
in an air oven at 60 ◦C, followed by punching into circular disks (ϕ = 19 
mm) with an aerial loading of approximately 0.7 mg cm− 2 (coating 
thickness of approximately 5 µm). The S electrodes were prepared by 
mixing elemental S, carbon black, and PVDF (7:2:1 ratio) in NMP. The 
slurry was cast onto an Al foil current collector, followed by heating at 
60 ◦C overnight to completely remove NMP. The S electrodes (ϕ = 14 
mm, 2.0 mg cm− 2) and coated separator were transferred to an Ar-filled 
glove box (H2O and O2 < 0.5 ppm) after drying at 60 ◦C in an air oven. 
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CR2032 coin cells were assembled using the pure S electrodes, Li metal, 
and coated separator. A 1.0 mol L− 1 solution of lithium bis-(tri
fluoromethanesulfonyl) imide in a mixture of 1,3-dioxolane (DOL) and 
1,2-dimethoxyethane (DME) (1:1 V/V) with 0.5 mol L− 1 LiNO3 as an 
additive was used as the electrolyte. The electrolyte volume was set at 
50 µL for all the Li–S cells. For comparison, Li–S cells with Co3O4 NF- 
coated and pristine separators were also assembled. 

2.5. Electrochemical measurements 

Cyclic voltammetry (CV) tests were performed at a scan rate of 0.1 
mV s− 1, and charging–discharging tests were performed at several rates 
at room temperature using a WBCS3000 (WonATech) battery cycler. 
The voltage range for the CV and charging–discharging tests was set at 
1.7–2.8 V. The C-rate was calculated by equating 1.0C to 1675 mAh g− 1. 
Extended cycling stability tests were performed at C-rates of 0.1, 0.5, 
and 1.0C. Electrochemical impedance spectroscopy (EIS) was used to 
evaluate changes in impedance during electrochemical testing using a 
ZIVE SP2 (WonATech) electrochemical workstation in the frequency 
range of 2 MHz to 0.01 Hz and using an AC pulse amplitude of 5 mV. 

2.6. Polysulfide adsorption study 

To confirm the efficient anchoring of LiPS, visual experiments were 
conducted using a LiPS solution. Lithium sulfide (Li2S, ≥99%) and S 
powder (5:1 ratio) were added to an appropriate amount of DOL/DME 
(1:1 V/V) to prepare a Li2S6 polysulfide solution with a S concentration 
of 2.0 M. Two glass vials containing 0.05 mM of the prepared LiPS so
lution were filled with as-prepared Co3O4@GC/N-CNT and bare Co3O4 
NFs and were stirred continuously for 2 h inside an Ar-filled glove box. 
The supernatant was used for UV–vis spectroscopy analysis, and a blank 
Li2S6 solution was used as the standard. 

3. Results and discussion 

The hierarchically porous nanofibers comprising multiple core–shell 
Co3O4@GC nanoparticles grafted within N-CNTs were synthesized using 
an electrospinning technique followed by a two-step heat treatment 
process. The detailed synthesis mechanism is presented in Scheme 1. 
The Co salt as a Co precursor and PVA were uniformly distributed in the 
as-spun Co(CH3COO)2/PVA composite fibers (Scheme 1-①). The pre
pared as-spun Co(CH3COO)2/PVA composite fibers were stabilized 
overnight at 150 ◦C, followed by the first heat treatment step to grow 
highly integrated N-CNTs containing Co nanoparticles (Scheme 1-① and 
②). For this, DCDA powder, which was used as the C and N source 
during the heat treatment step, was added to the stabilized fibers under a 
N2 atmosphere. During the first heat treatment stage at 400 ◦C, the Co 
salt decomposed and was reduced to metallic Co nanocrystals, which 
were distributed homogeneously throughout the fiber structure (Scheme 
1-②). Additionally, PVA decomposed to amorphous carbon (AC), which 
was well wrapped with Co nanoparticles (Scheme 1-②). The AC 
restricted grain growth and metallic Co nanocrystal aggregation by 
surrounding them, thereby ensuring a good availability of Co nano
crystals as the catalyst for the formation of highly integrated CNTs. As 
the temperature was further increased to 800 ◦C during the second heat 
treatment stage, highly integrated N-CNTs grew using the metallic Co 
nanocrystals as active catalyst sites by interacting with CHx and NH3 
generated via DCDA decomposition (Scheme 1-③). Moreover, the AC 
surrounding the Co nanocrystals was graphitized into a GC layer by Co 
metal, which acted as a catalyst, and formed a GC coating layer on the 
Co nanoparticles. The final heat treatment step was performed at 300 ◦C 
in an air atmosphere for 30 min (Scheme 1-④). During this step, the 
following two critical processes were performed to maximize structural 
benefits. First, the metallic Co nanocrystals distributed in the carbon 
matrix were oxidized to Co3O4 nanoparticles as polar cathode material. 
Second, the residual AC formed by PVA decomposition was selectively 

Scheme 1. Schematic illustration of the formation mechanism of the hierarchically porous nanofibers comprising multiple core–shell Co3O4@GC nanoparticles 
grafted within N-CNTs. 
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removed at 300 ◦C; however, the GC coating layer and N-CNTs 
remained. The presence of the GC coating layer and N-CNTs ensures a 
fast electronic/ionic transfer, leading to an enhanced redox kinetics, 
whereas the Co3O4 nanoparticles provide numerous polar sites for effi
cient LiPS anchoring. Overall, a highly electronic/ionic conducting 
nanostructured architecture combined with a polar host was hierar
chically designed using an electrospinning method followed by a two- 
step heat treatment process. 

To better understand the formation mechanism of Co3O4@GC/N- 
CNT NFs, we systematically investigated the morphology and crystal 
structure changes during each synthesis step. The morphology of the as- 
spun Co(OAc)2-PVA composite fibers stabilized at 150 ◦C is presented in 
Fig. 1. The as-spun stabilized fibers presented a continuous fibrous 
morphology with an average diameter of 500 nm (Fig. 1a). It was 
difficult to confirm the aggregation and non-uniform thickness area, 
indicating the uniform distribution of Co(CH3COO)2 and PVA using the 
cross-sectional image in Fig. 1b. The broad peak at 2θ = 20◦ in the XRD 
pattern (Fig. 1c) of the as-spun Co(OAc)2-PVA composite fibers indi
cated the amorphous nature of the composite fibers. The TG analysis 
(Fig. 1d) was carried out to examine the thermal stability and the op
timum temperature condition for the heat-treatment of the as-spun Co 
(OAc)2-PVA composite fibers. The TGA curve revealed an initial weight 
loss up to 200 ◦C, which is attributed to the vaporization of water 
molecules adsorbed in the sample. Additionally, PVA and Co(CH3COO)2 
decomposed until approximately 330 ◦C with no further weight loss that 

suggests formation of pure Co3O4 phase. 
The Co/N-CNT/AC composite NFs obtained after the first heat 

treatment step of the as-stabilized nanofibers at 400 and 800 ◦C are 
illustrated in Fig. 2. The composite Co/N-CNT/AC composite NFs pre
sented a 1-D morphology (500 nm diameter) with well-grafted CNTs 
throughout the structure (Fig. 2a). During this step, the Co salt was 
reduced to metallic Co nanocrystals, which were distributed homoge
neously throughout the nanofiber structure and acted as active catalyst 
sites for the growth of N-CNTs. DCDA acted as a source of C and N to 
produce N-CNTs via catalytic chemical vapor deposition. The uniformly 
grown N-CNTs surrounded the nanofibers well as shown in Fig. 2b. 
Highly integrated and entangled N-CNTs with an average diameter of 
20 nm and length of up to several hundred nanometers were well grafted 
(Fig. 2c). Moreover, the AC decomposed from PVA was graphitized to 
GC, which surrounded the metallic Co nanocrystals and led to the for
mation of core–shell Co@GC nanoparticles (Fig. 2d). The thickness of 
the GC shell was approximately 5 nm. However, the AC located away 
from metallic Co was not graphitized because Co was not available to act 
as a graphitization catalyst. The lattice fringe distance of 0.20 nm was 
attributed to the (111) plane of the metallic Co phase (Fig. 2d, inset). 
The presence of the GC layer was also well supported by the lattice fringe 
distance of 0.34 nm, which corresponded to the (002) lattice plane of 
the GC (Fig. 2d, inset). The selected area electron diffraction (SAED) 
pattern of Co/N-CNT/AC composite NFs consisted of well-resolved 
crystal rings for GC and metallic Co nanocrystals and confirmed the 

Fig. 1. Physical characterizations of as-spun Co(OAc)2-PVA composite fibers obtained after stabilization at 150 ◦C: (a, b) FE-SEM images, (c) XRD pattern, and (d) 
TG curve. 
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aforementioned results (Fig. 2e). The characteristic peaks of GC and N- 
CNTs at approximately 26◦ and metallic Co phase (JCPDS No. 15–0806, 
cubic, Fm3m) at 2θ = 45◦ and 52◦ were present in the XRD pattern of Co/ 
N-CNT/AC composite NFs (Fig. 2f). Furthermore, the elemental map
ping profile of Co/N-CNT/AC composite NFs (Fig. 2g) suggested that 
metallic Co and carbon were homogeneously distributed throughout the 
original nanofiber structure and newly grown N-CNTs were present on 
the fiber surface. 

The porous Co3O4@GC/N-CNT NFs obtained after heat treatment of 
the Co/N-CNT/AC composite NFs at 300 ◦C in an air atmosphere are 
presented in Fig. 3. The overall 1-D structure with well-grafted N-CNTs 
was maintained well after oxidizing heat treatment (Fig. 3a-c). How
ever, the AC formed via PVA decomposition was selectively removed 
from the structure, whereas the N-CNTs and GC shell layers with rela
tively higher decomposition temperatures were retained; this generated 
numerous mesopores in the structure (Fig. 3b,c). The selective removal 
of AC was proved by comparing the Raman spectra of the Co3O4@GC/N- 
CNT NFs before and after oxidation (Fig. 3d and S1). The relative in
tensity ratio of the D band (1360 cm− 1) to the G band (1600 cm− 1) (ID/ 
IG) is typically used as a structural disorder measure in graphitic mate
rials [72]. The ID/IG value decreased from 0.97 to 0.80 after oxidation, 
indicating that the disordered AC material in the composite was selec
tively removed during the heat treatment step at 300 ◦C. The additional 
sharp peaks at 194.5, 480.2, 517.8, and 685.2 cm− 1 in the Raman 

spectrum of Co3O4@GC/N-CNT NFs correspond to the Co–O bonds of 
Co3O4 nanoparticles [73]. In addition, the BET surface area of 
Co3O4@GC/N-CNT NFs increased from 83 m2 g− 1 before oxidation to 
117 m2 g− 1 owing to the formation of mesopores via selective removal of 
AC (Fig. S2a). The high BET surface area of Co3O4@GC/N-CNT NFs was 
attributed to the presence of micro-, meso-, and macropores in their 
structure, as confirmed by the Barrett–Joyner–Halenda pore size dis
tribution curve (Fig. S2b). The formation of abundant pores was 
attributed to the removal of AC and formation of defects in N-CNTs 
during the heat treatment of Co3O4@GC/N-CNT NFs in an air atmo
sphere. The high-resolution TEM image of Co3O4@GC/N-CNT NFs 
(Fig. 3e) confirmed that the GC shell surrounding Co3O4 nanoparticles 
was present even after heat treatment. Additionally, phase conversion 
was further demonstrated by the lattice fringe distance of 0.24 nm, 
which corresponds to the (311) plane of Co3O4 nanoparticles and (002) 
plane of the GC layer (Fig. 3f). The SAED pattern of Co3O4@GC/N-CNT 
NFs (Fig. 3g) confirmed the presence of well-resolved lattice rings cor
responding to Co3O4 and GC. The XRD pattern of Co3O4@GC/N-CNT 
NFs (Fig. 3h) further confirmed the complete conversion of metallic Co 
to Co3O4 over GC. Moreover, the elemental mapping profile of 
Co3O4@GC/N-CNT NFs (Fig. 3i) suggested that Co3O4@GC nano
particles grafted within the N-doped CNTs were homogeneously 
distributed in the NF matrix. 

XPS analysis was performed to evaluate the chemical nature of 

Fig. 2. Characterizations of the Co/N-CNT/AC composite nanofibers obtained after the first heat-treatment of the as-stabilized nanofibers assisted by DCDA- 
treatment: (a) FE-SEM image, (b) TEM image, (c,d) HR-TEM images, (e) SAED pattern, (f) XRD pattern, and (g) elemental mapping images. 

R. Saroha et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 426 (2021) 130805

6

Co3O4@GC/N-CNT NFs (Fig. 4). The XPS survey scan of Co3O4@GC/N- 
CNT NFs (Fig. S3) indicated the presence of Co, O, C, and N in the 
composite NFs. The well-separated peaks at binding energies of 778.2 
and 793.1 eV and their satellite peaks (marked as “Sat”) in the high- 
resolution Co 2p XPS profile of Co3O4@GC/N-CNT NFs (Fig. 4a) corre
spond to the Co 2p3/2 and Co 2p1/2 states, respectively of Co3+ species, 

suggesting the presence of a Co3O4 phase in the NFs [73–75]. Moreover, 
the peaks at binding energies of 779.5 and 795.2 eV, were ascribed to 
the Co 2p3/2 and Co 2p1/2 states, respectively of the Co2+ species of the 
Co3O4 nanoparticles [75]. The well-resolved peaks at binding energies 
of 283.7, 285.3, 286.6, and 287.7 eV in the high-resolution C 1 s XPS 
profile of Co3O4@GC/N-CNT NFs (Fig. 4b) were assigned to the C = C, 

Fig. 3. Characterizations of the porous Co3O4@GC/N-CNT NF obtained after second heat-treatment at 300 ◦C in air atmosphere: (a) FE-SEM image, (b,c) TEM image, 
(d) Raman spectrum, (e,f) HR-TEM images, (g) SAED pattern, (h) XRD pattern, and (i) elemental mapping images. 

R. Saroha et al.                                                                                                                                                                                                                                 



Chemical Engineering Journal 426 (2021) 130805

7

C–N, C–O, and C =O bonds, respectively, of the composite NFs [73]. The 
high intensity of the peak corresponding to C = C bonds indicates that 
GC was formed and persisted even after heat treatments. Moreover, the 
presence of the C–N peak suggested the formation of N-doped carbo
naceous materials in the composite. The peaks at binding energies of 
398.5 and 399.4 eV in the high-resolution N 1 s XPS profile of 
Co3O4@GC/N-CNT NFs (Fig. 4c) corresponded to pyridinic- and 
pyrrolic-N species, respectively, confirming the N doping of carbon. The 
TGA profile of Co3O4@GC/N-CNT NFs presented one weight loss step in 
the temperature range of 400–540 ◦C, which was attributed to the 
decomposition of the GC shell surrounding the Co3O4 particles and N- 
CNTs in the composite (Fig. 4d). The total C content of the composites 
calculated using TGA data was 32 wt%. Overall, the XPS, TGA, and 
Raman data confirmed that Co3O4@GC/N-CNT NFs consisted of core–
shell Co3O4@GC nanoparticles and N-CNTs, which were expected to 
enhance electrical conductivity and support fast redox kinetics processes 
for LSBs. 

To demonstrate the structural merits of Co3O4@GC/N-CNT NFs, bare 
Co3O4 nanofibers, which were not subjected to perform heat treatment 
with DCDA, were also prepared using the as-spun Co(CH3COO)2/PVA 
composite fibers, followed by heat treatment in an air atmosphere at 
300 ◦C (Fig. S4). The bare Co3O4 NFs presented a 1-D structure with an 
average diameter of 500 nm (Fig. S4a). The TEM images of the bare 
Co3O4 NFs (Figs. S4b and 4c) revealed that the nanofibers contained 
pores, which were formed via PVA decomposition during the oxidation 
at 300 ◦C. The well-faced lattice fringe distance of 0.47 nm corresponded 
to the (111) crystal plane of the Co3O4 phase (Fig. S4d). Additionally, 
only crystalline rings corresponding to the Co3O4 phase were observed 

in the SAED pattern of the bare Co3O4 NFs (Fig. S4e), which was 
consistent with the TGA profile of the bare Co3O4 NFs (Fig. S5), sug
gesting that PVA was completely burned in an air atmosphere. The XRD 
pattern of the bare Co3O4 NFs (Fig. S4f) also confirmed the single-crystal 
Co3O4 phase (JCPDS No: 09–0417, cubic, Fd3m). The elemental map
ping profile (Fig. S4g) suggested that the fibers consisted of pure Co3O4 
crystals. These results confirmed that the bare Co3O4 NFs comprised 
Co3O4 nanoparticles with pores and no traces of C. 

Prior to analyzing the electrochemical performance of Co3O4@GC/ 
N-CNT and bare Co3O4 NFs, the physical properties of the separators 
with and without coatings were evaluated (Fig. S6). The coatings were 
highly uniform and free of cracks. The coated separators were punched 
into circular disks (ϕ = 19 mm) (Fig. S6b), and their thickness was 
measured using a digital thickness meter (Fig. S6c-e). The thicknesses of 
the separators coated with Co3O4@GC/N-CNT and bare Co3O4 NFs were 
calculated to be approximately 3–5 μm. The effect of folding and 
twisting the separator coated with Co3O4@GC/N-CNT NFs is presented 
in Fig. S6f. The coated separator regained its original shape after 
deformation, which explained the high flexibility and integrity of the 
coating layer. The FE-SEM image of the pristine 2400 Celgard separator 
is illustrated in Fig. S7a. The separator presented an interconnected 
homogenous porous structure with submicron-sized channels. The sub
micron openings provided an uninterrupted stream of Li+ ions during 
redox reactions. The FE-SEM image of the top surface of the Co3O4@GC/ 
N-CNT NFs coated on separator is presented in Fig. S7b. The coated 
surface presented an interwoven, uniform, and dense coating network. 
The hierarchically porous nanostructure of Co3O4@GC/N-CNT NFs 
coated on the separator was expected to allow a better electrolyte uptake 

Fig. 4. (a) XPS Co 2p spectrum, (b) XPS C 1 s spectrum, (c) XPS N 1 s spectrum, and (d) TG curve of Co3O4@GC/N-CNT NF.  
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and absorption during charging–discharging than the uncoated sepa
rator. In addition, the coating thickness was approximately 5 µm 
(Fig. S7c), which was in good agreement with the results presented in 
Fig. S6e. 

The electrochemical properties of the Li–S cells featuring 
Co3O4@GC/N-CNT NF-coated, bare Co3O4 NF-coated, and pristine 
separators are presented in Fig. 5. The CV curves obtained at a scan rate 
of 0.1 mV s− 1 in the voltage window of 1.7–2.8 V for the first three cycles 
are illustrated in Fig. 5a-c. The Li–S cells featuring the pristine and the 
bare Co3O4 NF-coated separators exhibited two well-divided cathodic 
peaks at approximately 2.2 and 2.0 V and a single anodic peak at 
approximately 2.5 V (Fig. 5a,b). The cathodic peak at approximately 2.2 
V was attributed to the reduction of elemental S to long-order poly
sulfides (Li2Sx; 6 ≤ x ≤ 8) and then to middle-order polysulfides (Li2Sx; 4 
≤ x ≤ 6), which, lastly, were reduced to Li2S via lower-order polysulfides 
at 2.0 V. The oxidation of Li2S to elemental S occurred at 2.5 V via 
middle and higher-order intermediate polysulfides, thus completing the 
redox cycle. However, the Li–S cell featuring the Co3O4@GC/N-CNT NF- 

coated separator presented two cathodic peaks at 2.32 and 2.01 V which 
were shifted towards higher potentials due to better utilization of sulfur 
species during the discharge, and an anodic peak at 2.38 V, which was 
downshifted (Fig. 5c) due to prohibition of lithium polysulfides diffusion 
in the anode region [76]. This suggested a significant decrease in po
larization potential owing to the fast kinetics of the redox reaction of 
Co3O4@GC/N-CNT NFs. Additionally, the redox peaks of the Li–S cell 
featuring the Co3O4@GC/N-CNT NF-coated separator were sharper with 
highest current values than those of the Li–S cells with bare Co3O4 NF- 
coated and pristine separators. It further suggested that the kinetics of 
the redox reactions inside the Li–S cell featuring the Co3O4@GC/N-CNT 
NF-coated separator were faster than those of the other two Li–S cells. 
This could be attributed to the presence of highly conductive N-CNTs 
framework along with the GC layer that provides enormous conductive 
channels for rapid electron/ion transfer. The polarization potential of 
the Li–S cell featuring the Co3O4@GC/N-CNT NF-coated separator (60 
mV) was lower than those of the Li–S cells featuring the bare Co3O4 NF- 
coated and pristine separators (250 and 300 mV, respectively), which 

Fig. 5. Electrochemical performances of the cells with different separators: (a-c) cyclic voltammograms (CV) curves at 0.1 mV s− 1 for three initial cycles, (d) initial 
charge–discharge profiles of the cells at 0.1C, and (e) rate-performances. 
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further supported the aforementioned results. Moreover, the high values 
of redox currents for Co3O4@GC/N-CNT NF-coated separator indicate 
better charge kinetics inside the cell. However, the difference in redox 
current intensities of the assembled Li–S cells suggests difference in 
discharge capacity values. Overall, the exactly overlapping CV results 
suggested better lithium-ion storage properties in Co3O4@GC/N-CNT 
NF-coated separator Li–S cell with enhanced electrochemical perfor
mance mainly because of the remarkable electronic/ionic conduction 
and efficient polysulfide anchoring by polar metal oxide nanoparticles, 
which ensured an efficient active material utilization. The initial char
ge–discharge profiles of the Li–S cells with different separators at a C- 
rate of 0.1C (1C = 1675 mAh g− 1) are presented in Fig. 5d. The plateau 
positions during the initial charge–discharge profile matched the CV 
results, indicating that redox reactions occurred only between S and Li2S 
via intermediate LiPSs. In addition, the initial discharge capacities of the 
pristine, bare Co3O4 NF-coated, and Co3O4@GC/N-CNT NF-coated 
separators were 642, 1177, and 1140 mAh g− 1, respectively. Addition
ally, the polarization of the Li–S cell featuring the Co3O4@GC/N-CNT 
NF-coated separator (0.17 V) was the lowest among all assembled Li–S 
cells, confirming the better redox kinetics and efficient anchoring of 
dissolved LiPSs of the Li–S cell featuring the Co3O4@GC/N-CNT NF- 
coated separator. 

The rate performances of the Li–S cells with different separators at 
various C-rates in the range of 0.1–2.0C are presented in Fig. 5e. The 
initial discharge capacities of the Li–S cell featuring the Co3O4@GC/N- 
CNT NF-coated separator at C-rates of 0.1, 0.2, 0.3, 0.5, 0.8, 1.0, and 
2.0C were 1140, 932, 839, 697, 571, 493, and 329 mAh g− 1, respec
tively. The discharge capacities of the Li–S cells featuring the pristine/ 
bare Co3O4 NF-coated separators at the same C-rates were 1177/642, 
865/496, 740/406, 590/153, 447/88, 361/59, and 150/17 mAh g− 1, 
respectively. The high discharge capacities of the cell featuring the 
Co3O4@GC/N-CNT NF-coated separator even at higher C-rates were 
attributed to the distinct charge–discharge voltage plateaus compared 
with those of the other Li–S cells (Fig. S8). These results were well 
supported by the capacity utilization data (Fig. S9). The Li–S cell 
featuring the Co3O4@GC/N-CNT NF-coated separator presented the best 
active material utilization among all assembled Li–S cells even at high C- 
rates. At a high C-rate of 2.0C, the capacity utilization of the Li–S cells 
featuring the Co3O4@GC/N-CNT NF-coated, bare Co3O4 NF-coated, and 
pristine separators were 19.6%, 8.9%, and 1.0%, respectively. This was 
ascribed to the GC layer surrounding Co3O4 and well-grafted N-CNTs of 
Co3O4@GC/N-CNT NFs improving electronic/ionic conductivity and 
the Co3O4 nanoparticles of Co3O4@GC/N-CNT NFs providing abundant 
active chemisorption sites. The efficient polysulfide capturing capacity 
of Co3O4 nanoparticles prevented active material loss during the redox 
process and, therefore, the Li–S cell featuring the Co3O4@GC/N-CNT 
NF-coated separator presented an excellent electrochemical 
performance. 

The prolonged cycling performance of the Li–S cells with different 
separators is illustrated in Fig. 6. At a C-rate of 0.1C, the Li–S cells 
featuring pristine, bare Co3O4 NF-coated, and Co3O4@GC/N-CNT NF- 
coated separators delivered initial discharge capacities of 546, 1147, 
and 1187 mAh g− 1, respectively (Fig. 6a). The discharge capacities of 
the Li–S cells featuring the bare Co3O4 NF-coated and Co3O4@GC/N- 
CNT NF-coated separators decreased monotonically until the 40th cycle 
and presented almost similar capacities of 729 and 727 mAh g− 1, 
respectively. Subsequently, the discharge capacity of the Li–S cell 
featuring the Co3O4@GC/N-CNT NF-coated separator increased until 
the 100th cycle and stabilized thereafter. The Li–S cell featuring the bare 
Co3O4 NF-coated separator exhibited lower, although stable, discharge 
capacities. The final discharge capacities of the Li–S cells featuring the 
Co3O4@GC/N-CNT NF-coated and the bare Co3O4 NF-coated separators 
after 250 continuous charge–discharge cycles were 712 and 594 mAh 
g− 1, respectively, and their corresponding Coulombic efficiencies (CEs) 
were 99% and 97%, respectively. The high CE of Li–S cell featuring the 
Co3O4@GC/N-CNT NF-coated separator confirmed the high 

reversibility of the redox process of the cell. The average capacity decay 
per cycle for the Li–S cells featuring Co3O4@GC/N-CNT NF-coated and 
the bare Co3O4 NF-coated separators were 0.16% and 0.19%, respec
tively. In contrast, the discharge capacity of the Li–S cell featuring the 
pristine separator was 345 mAh g− 1 after the 184th cycle, with an 
average capacity decay of 0.20% per cycle. At a C-rate of 0.5C (Fig. 6b), 
the Li–S cell featuring the Co3O4@GC/N-CNT NF-coated separator 
delivered an initial discharge capacity of 656 mAh g− 1, whereas the Li–S 
cells featuring the pristine and the bare Co3O4 NF-coated separators 
were 234 and 647 mAh g− 1, respectively. As cycling proceeded, the 
discharge capacity decreased and stabilized, and after 500 cycles, the 
discharge capacities of the Li–S cells featuring the Co3O4@GC/N-CNT 
NF-coated, bare Co3O4 NF-coated, and pristine separators were 389, 
336, and 304 mAh g− 1, respectively. Similar trends were observed 
during cycling at a C-rate of 1.0C (Fig. 6c). The initial discharge ca
pacities of the Li–S cells featuring the Co3O4@GC/N-CNT NF-coated, 
bare Co3O4 NF-coated, and pristine separators were 513, 537, and 93 
mAh g− 1, respectively. The discharge capacities of the Li–S cells 
featuring the Co3O4@GC/N-CNT NF-coated and bare Co3O4 NF-coated 
separators at the 900th cycle were 319 and 250 mAh g− 1, respectively, 
with corresponding average capacity decays of 0.04% and 0.06% per 

Fig. 6. Cycling performances of the cells with different separators at different 
C-rates: (a) 0.1C, (b) 0.5C, and (c) 1.0C. 
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cycle, respectively. Moreover, the high CE values during cycling sug
gested reversible redox processes. The obtained electrochemical per
formances of the Li–S cells featuring the Co3O4@GC/N-CNT NF-coated 
separators in this work are either comparable or superior to the previ
ously reported works on Co3O4-based composites (Table S1). Overall, 
cycling results indicated that superior electrochemical performance of 
the Co3O4@GC/N-CNT NF-coated separator was attributed to its novel 
structural architecture leading to efficient polysulfide confinement, high 
active material utilization, and fast redox kinetics. 

EIS profiles were used to gain better insights into the properties of 
the electrode–separator–electrolyte interface of the Li–S cells before and 
after cycling (Fig. 7). The impedance of the Li–S cells before cycling was 
measured at the open-circuit voltage of the cell, whereas impedance 
data of the cycled Li–S cells were collected after the 100th cycle at a C- 
rate of 0.5C in fully charged state. The solution resistances of the Li–S 
cells with the bare Co3O4 NF-coated and Co3O4@GC/N-CNT NF-coated 
separators (5 Ω) were lower than that of the Li–S cell featuring the 
pristine separator (10 Ω), indicating that the redox reactions at the 
electrode–coated separator–electrolyte interface were faster than those 
at the electrode–pristine separator–electrolyte interface. Additionally, 
the charge transfer resistance (Rct) values, indicated by the x-axis in
tercepts of the depressed semicircles in the mid-frequency region of the 
Nyquist plots of the Li–S cells with the bare Co3O4 NF-coated and 
Co3O4@GC/N-CNT NF-coated separators (13 Ω) were lower than that of 
the Li–S cell featuring the pristine separator (27 Ω), suggesting the 
enhanced Li-ion diffusion in the cells featuring coated separators. 
Furthermore, after the 100th cycle (Fig. 7b), the Rct values of the Li–S 
cells with the bare Co3O4 NF-coated and Co3O4@GC/N-CNT NF-coated 
separators were 15 and 19 Ω, respectively, which were lower than those 
of the Li–S cell featuring the pristine separator (50 Ω). With further 
cycling (500th cycle), the Rct value of Co3O4@GC/N-CNT NF-coated 
separator was lowest of 15 Ω compared to those of the bare Co3O4 NF- 
coated (26 Ω) and pristine separators (67 Ω), suggesting superior elec
trode integrity over prolonged cycling. Therefore, the introduction of 
Co3O4@GC/N-CNT NFs as a functional interlayer effectively improved 
surface kinetics by accelerating charge transfer, even after prolonged 
cycling. A better charge transfer led to an efficient conversion of trapped 
polysulfides to elemental S and, hence, a better electrochemical per
formance in terms of effective active material utilization. The specific 
EIS parameters of the assembled Li–S cells before and after cycling are 
summarized in Table S2. 

The Li-ion diffusion coefficient (DLi
+) is a critical parameter for 

analyzing the extent of the redox kinetics inside cells. The assembled 
Li–S cells with different separators were subjected to voltage scan rates 
in the range of 0.1–1.0 mV s− 1, and the plot of the peak current vs. the 
square root of the scan rate (Fig. 8) was analyzed and used to calculate 
the DLi

+ values of the Li–S cells. All Li–S cells presented two well- 
separated cathodic peaks, which were attributed to the reduction of 
elemental S to Li2S via intermediate LiPSs. Additionally, the anodic peak 
was related to the reverse process, that is, the oxidation of Li2S to 
elemental S via the formation of LiPSs, thus completing the redox cycle. 
However, the Li–S cell featuring the Co3O4@GC/N-CNT NF-coated 
separator presented more prominent cathodic and anodic peaks than 
to the Li–S cells featuring bare Co3O4 NF-coated and pristine separators 
even at a very high scan rate of 1.0 mV s− 1, which indicated a better Li- 
ion diffusion. In addition, the Randles–Sevick equation was used to 
calculate DLi

+, as follows [77]:  

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

where Ip is the cathodic/anodic peak current, n is the number of elec
trons involved in the reaction (n = 2), A is the surface area of the 
electrode (1.54 cm2), CLi is the Li-ion concentration (1.0 mol L− 1), and v 
is the scanning rate (V s− 1). The Ip vs. v0.5 plots of the Li–S cells featuring 
the Co3O4@GC/N-CNT NF-coated, bare Co3O4 NF-coated, and pristine 
separators are presented in Fig. 8b, d, and f, respectively, and the 

calculated DLi
+ values of the Li–S cells are summarized in Table S3. The 

DLi
+ value of the Li–S cell featuring the Co3O4@GC/N-CNT NF-coated 

separator (10− 8 cm2 s− 1) was one order of magnitude higher than 
those of the Li–S cells featuring the bare Co3O4 NF-coated and pristine 
separators (10− 9 cm2 s− 1). It suggests that the synergetic effects of Co3O4 

Fig. 7. Electrochemical impedance spectroscopy (EIS) spectra of assembled Li- 
S cells with different separators: (a) before cycling, (b) after 100th cycle, and (c) 
after 500th cycle at 0.5C-rate. 
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nanoparticles, N-CNTs, and GC layer result in a highly effective cata
lyzing conversion of the polysulfide species. Therefore, it confirmed that 
the structural merits of Co3O4@GC/N-CNT NF facilitate electronic/ionic 
transport owing to the N-CNTs and GC layer, trapping/reusing poly
sulfide species via numerous active chemisorption sites of the Co3O4 
nanoparticles; thus, enhancing the sulfur utilization which subsequently 
improved the overall electrochemical performance of Li–S cell. 

To elucidate the physical and chemical interactions between LiPSs 
and Co3O4@GC/N-CNT NFs, adsorption tests were performed using a 
Li2S6 solution (Fig. 9). Upon adding Co3O4@GC/N-CNT and bare Co3O4 
NFs to the Li2S6 solution, the color of the solution changed from bright 
yellowish to yellow and almost colorless, respectively (Fig. 9a). The 

change in color suggested the strong adsorption of LiPSs by the NFs. 
UV–vis spectroscopy analysis was performed to further validate this 
visual observation (Fig. 9b). The supernatant solution illustrated in 
Fig. 9a was used for UV–vis spectroscopy analysis. The broad charac
teristic peak at approximately 425 nm in the UV–vis spectrum of the 
Li2S6 solution was assigned to S6

2− species [78]. However, the charac
teristic peaks of Co3O4@GC/N-CNT and bare Co3O4 NFs were not 
observed in the UV–vis spectrum of the Li2S6 solution. A schematic di
agram of LiPSs and other S species anchored on the Co3O4@GC/N-CNT 
NF interlayer is illustrated in the Fig. 9c. These results indicated that the 
introduction of Co3O4@GC/N-CNT NFs as a functional interlayer effi
ciently improved the electrochemical performance of the Li–S cells. 

Fig. 8. Lithium-ion diffusion coefficient (DLi
+) for the assembled Li-S cells with different separators: (a,c,e) Cyclic voltammograms at different scan rates ranging from 

0.1 to 1.0 mV s− 1 and (b,d,f) peak current vs square root of the voltage scan rate plots to calculate the DLi
+. 
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Overall, the strategy to introduce the hierarchically porous 
Co3O4@GC/N-CNT NFs as separator coating layer resulted in superior 
energy storage performance mainly due to the synergetic effects of the 
simultaneous anchoring and efficient catalytic conversion of the lithium 
polysulfide species by the core–shell Co3O4@GC nanoparticles accom
panied by enhanced charge transfer kinetics via well-grafted N-CNTs and 
GC layer that subsequently allows reuse of the trapped sulfur species 
during the extended cycling. The nanostructure synthesis strategy 
adopted in the present work might be helpful for the advancement of 
highly conductive polar metal oxides nanoparticles with a wide range of 
application in energy storage systems. 

4. Conclusions 

In summary, we investigated the effect of incorporating a highly 
conductive and polar material, namely Co3O4@GC/N-CNT NFs, as a 
functional separator coating on the cathode side of Li–S cells. The 
structural merits of the unique nanostructure, namely the GC layer 
surrounding the Co3O4 nanoparticles and well-grafted N-CNTs enabled 
fast redox reactions; moreover, the polar Co3O4 nanoparticles ensure 
efficient capture and reuse of trapped LiPSs. Consequently, the assem
bled Li–S cell featuring the Co3O4@GC/N-CNT NF-coated separator 
exhibited superior electrochemical performance than the Li–S cells 
featuring the bare Co3O4 NF-coated or pristine separators. The initial 
discharge capacities of the Li–S cell featuring the Co3O4@GC/N-CNT 
NF-coated separator at C-rates of 0.1, 0.2, 0.3, 0.5, 0.8, 1.0, and 2.0C 
were high (1140, 932, 839, 697, 571, 493, and 329 mAh g− 1, respec
tively). Additionally, the final discharge capacity of the Li–S cell 
featuring the Co3O4@GC/N-CNT NF-coated separator was 

approximately 319 mAh g− 1 with an average capacity decay of 0.04% 
per cycle after 900 continuous charge–discharge cycles at a C-rate of 
0.1C. Moreover, the DLi

+ value of the Li–S cell featuring the Co3O4@GC/ 
N-CNT NF-coated separator (10− 8 cm2 s− 1) was one order of magnitude 
higher than those of the Li–S cells featuring the bare Co3O4 NF-coated 
and pristine-separators (10− 9 cm2 s− 1). Overall, we believe that the 
unique nanostructure introduced in this study for the development of 
well-grafted highly integrated N-CNTs entangled with metal oxide 
nanoparticles and its electrochemical performance can provide critical 
information for the development of advanced functional interlayers for 
viable LSBs. 
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Fig. 9. Demonstration of lithium polysulfides adsorption: (a) visible illustration using polysulfide solution with samples, (b) UV–visible spectroscopy for the pol
ysulfide adsorption, and (c) schematic illustration of the separator as a functional interlayer to restrict polysulfide diffusion inside a Li-S cell. 
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