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Abstract

Batteries that utilize low‐cost elemental sulfur and light metallic lithium as

electrodes have great potential in achieving high energy density. However, building

a lithium–sulfur (Li–S) full battery by controlling the electrolyte volume generally

produces low practical energy because of the limited electrochemical Li–S redox.

Herein, the high energy/high performance of a Li–S full battery with practical

sulfur loading and minimum electrolyte volume is reported. A unique hybrid

architecture configured with Ni–Co metal alloy (NiCo) and metal oxide (NiCoO2)

nanoparticles heterogeneously anchored in carbon nanotube‐embedded self‐
standing carbon matrix is fabricated as a host for sulfur. This work demonstrates

the considerable improvement that the hybrid structure's high conductivity and

satisfactory porosity promote the transport of electrons and lithium ions in Li–S
batteries. Through experimental and theoretical validations, the function of NiCo

and NiCoO2 nanoparticles as an efficient polysulfide mediator is established. These

particles afford polysulfide anchoring and catalytic sites for Li–S redox reaction,

thus improving the redox conversion reversibility. Even at high sulfur loading, the

nanostructured Ni–Co metal alloy and metal oxide enable to have stable cycling

performance under lean electrolyte conditions both in half‐cell and full‐cell
batteries using a graphite anode.
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1 | INTRODUCTION

Reducing gas emissions and overcoming the consequent
climate crisis are among the foremost problems that confront
humanity in the next 50 years.1 Presently, the major sources
of gas emissions are industries and road transportation,
which mainly rely on fossil fuels. The current strategies of
companies are aimed at constantly reducing the use of fossil
fuels until they can be fully replaced with sustainable
resources, such as biofuels and natural gas, in the near
future.2 Despite being a sustainable choice, road transporta-
tion is also looking to improve the use of both hybrid and full
electric vehicles to compensate for the wide demand of the
market.3 However, at present, the extensive use of electric
vehicles is mainly hindered by the exorbitant cost of the
battery pack powering these vehicles.4,5 Understandably, this
is because the electric vehicle battery consists of expensive
elements, which are scarce in the earth's crust.6 Accordingly,
in the previous decade, researchers have begun to formulate
new chemistries that are suitable for Li‐ion technologies.7,8

Among these, the technique based on lithium–sulfur (Li–S)
reaction was found to have considerable potential consider-
ing the cost, availability, and theoretical energy density of
sulfur.9,10 The Li–S reaction mechanism has a theoretical
capacity of 1675mAhg−1 with an average working potential
of 2.2 V.11,12 However, this reaction also introduces problems
that can limit the lifecycle and practical uses of Li–S cells,13

such as sulfur's low electronic conductivity and dissolution
into the electrolyte, forming LiSn (1 <n<8) polysulfide
species (LiPs) that facilely move and precipitate on the Li
anode side as Li2S2 and Li2S.

14–17 It is necessary to mitigate
the sluggish sulfur conversion reactions and the shuttle effect
during cycling.14–17 Many papers have proposed that the
synthesis of sulfur composite electrodes can possibly resolve
the above problems.18–20 Despite these successes, the design
of electrodes based on integrating sulfur into a porous
conductive network (mainly carbon) does not consider the
practical capacity and energy density that the electrode can
deliver.21,22 The amount of electrolyte required to ensure a
satisfactory electrochemical reaction is normally 8–10 times
the amount of sulfur‐active material in terms of weight.23

This is attributed to the presence of large voids between the
carbon host and sulfur particles, the presence of a
considerable amount of inactive materials, and the confine-
ment of a substantial quantity of active materials within the
host.23 Thus, to ensure electrode wettability and lithium
diffusion into the electrodes, the electrolyte volume must
be large.4,24 A possible approach to reduce the required
volume is to deposit sulfur directly on the conductive and

self‐standing networks to assist in the redox reaction.25 Of
particular interest are conductive carbon nanofibers (CNFs)
with a small surface area and free volume that can enable
the deposition of active materials.26,27 The hydrophobic
surface of CNFs can also be modified using polar groups to
improve interactions with soluble LiPs.28,29 Owing to their
high strength and excellent electrical conductivity, transition
metal (TM) alloy nanoparticles have been widely investi-
gated in electrochemical catalysts for improving electron
transfer kinetics.30–33 In addition, transition metal oxides
with high polar surfaces were introduced for scavenging the
soluble LiPs.34,35 They can be directly integrated into the host
structure, therefore improving the binding energy between
sulfur and its host as well as enhancing the electron transfer
pathways of typical “2Li+ S→Li2S” conversion reaction in
the electrochemical process.36–41

Inspired by previous findings, in this study, nanostruc-
tured Ni–Co metal alloy and metal oxide particles in carbon
nanotubes (CNTs)/CNFs (CNTs/CNFs/Ni–Co) structures
are integrated as sulfur host; the particles are implemented
directly in the fiber structure during synthesis, while sulfur‐
active material is, subsequently, deposited on top of the
CNFs host surface through a simple drop‐casting proce-
dure. Both Ni–Co metal alloy and metal oxide were selected
due to their superior function for enhancing the redox
conversion reversibility of Li–S cells. The reaction mecha-
nism was investigated through combined electrochemical
texts and X‐ray photoelectron spectroscopy (XPS) measure-
ments, as well as density functional theory (DFT) calcula-
tions. By taking the unique physicochemical functionalities,
the sulfur‐deposited CNTs/CNFs/Ni–Co electrodes can be
cycled under lean electrolyte conditions (i.e., 3:1 electrolyte‐
to‐sulfur [E/S] weight ratios) even in a Li–S full battery
configuration using a lithiated‐graphite anode.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of NiCo and NiCoO2
embedded within porous CNF composite
structure

Polyacrylonitrile (PAN, Mw= 150,000; Sigma‐Aldrich)
and polystyrene (PS, Mw= 192,000; Sigma‐Aldrich) were
dispersed in N,N‐dimethylformamide (DMF; Sigma‐
Aldrich) in a 1:1 ratio corresponding to 20 wt.% of the
solution. The following were added to this solution:
0.8‐mmol nickel(Ⅱ) acetate tetrahydrate (NiAc2; Sigma‐
Aldrich), 0.8‐mmol cobalt(Ⅱ) acetate tetrahydrate (CoAc2;
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Sigma‐Aldrich), and CNTs corresponding to 10wt.% of
PAN. Then the mixture was stirred overnight at 70°C. The
CNTs/CNFs/Ni–Co composite was obtained using the
electrospinning method. To fabricate the composite
structure, the solution described above was fed into a
syringe and then electrospun at 16 kV with a spinning
distance of 10 cm and a feeding rate of 20 μLmin−1 using
a 21‐gauge needle tip; the rotational speed was 450 rpm.
The composite structure was stabilized in air at 200°C for
1 h and carbonized at 1000°C for 2 h with N2 flow. The
structure thickness varies from 250 to 300 μm. For
comparison, the composite structures were also synthe-
sized at carbonization temperatures of 700°C and 1100°C.
In addition, the porous CNF composite structure (CNTs/
CNFs) was synthesized using the same process without
the Ni and Co acetate tetrahydrate solution.

2.2 | Synthesis of sulfur CNTs/CNFs/
Ni–Co and sulfur CNTs/CNFs cathodes

To introduce sulfur to the CNTs/CNFs/Ni–Co and
pristine CNTs/CNFs, a 1‐M solution of Li2S8 DME was
deposited by drop casting. The solution was prepared by
dissolving 1mol of Li2S and 7mol of S in 1 L of 1,2‐
dimethoxyethane (DME) solution at 60°C and stirred
until the solution turned red. After cutting into the
9.5‐mm (0.708 cm2) diameter composite structure disk,
the solution was directly dropped on the top of both
electrodes. The electrodes were heated at 80°C for 10min
to completely evaporate the DME solvent. The sulfur
loading on CNTs/CNFs/Ni–Co and pristine CNTs/CNFs
corresponded to the solution amount.

2.3 | Material characterizations

The crystalline phases of the prepared materials were
characterized by powder XRD (PAN analytical, Empyrean)
with Cu‐Kα radiation. The morphologies and elemental
distributions of the prepared materials and samples cross‐
sectioned by focused ion beam milling were observed by
scanning electron microscopy (SEM) (JEOL JSM 6400) and
transmission electron spectroscopy (TEM) (JEOL 2010).
The electronic conductivity was measured by the direct
volt–ampere method (CMT‐SR1000) where a disk sample
was brought into contact with a four‐point probe; TGA was
performed with a thermal analysis instrument (STA 449C,
Netzsch) with N2 flow at a heating rate of 10°Cmin−1. The
polysulfide adsorbability levels of CNTs/CNFs/Ni–Co and
pristine CNTs/CNFs were measured by UV/vis spectros-
copy (V‐670; JASCO) after dispersing 10mg of CNTs/
CNFs/Ni–Co in 2mL of 0.0025‐M Li2S8 DME. The specific

surface area, pore size, and volume were measured
using a Brunauer–Emmett–Teller analyzer (Quantachrom
Autosorb‐1 equipment). The samples were also analyzed
using XPS (PHI5000 Versaprobe) to measure the binding
energy. During this measurement, the sample was
packaged and transferred into a vacuum to preclude
exposure to moisture and air.

2.4 | Electrochemical measurements

For the half‐cell tests, the sulfur CNTs/CNFs/Ni–Co and
sulfur pristine CNTs/CNFs cathodes were punched into
0.95‐cm diameter disk (0.708 cm2 in area). These were
directly used as working electrodes with the Li metal as
counter and reference electrodes. The average Li2S8 loads in
the CNTs/CNFs/Ni–Co electrodes were approximately 4
and 7mg cm−2. The electrolyte was a combination of 0.8‐M
LiNO3 and 0.5‐M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) dissolved in a 1:1 (volume/volume) mixture
of 1,3‐dioxolane (DOL) and 1,2‐dimethoxyethane (DME).
The half‐cells were fabricated with electrolytes using E/S of
10, 5, and 3. The polymer membrane (Celgard 2400) was
used to separate the electrodes. The half‐cells were
prepared in an Ar‐filled dry box (MBRAUN) and cycled
in the voltage range of 1.8–2.6 V at 25°C. For the full‐cell
assembly based on the sulfur CNTs/CNFs/Ni–Co cathode
and graphite anode, the sulfur loading in the cathode was
3mg cm−2. The full‐cell balance was achieved by limiting
the capacity ratio to 1.2:1 (anode:cathode) Graphite
(POSCO Chem, Inc.) was mixed with carbon black (Super
P; TIMCAL) and water‐based polyacrylic acid binder at a
mass ratio of 95:2.5:2.5. The slurry was coated on the Cu
foil and dried at 100°C for 24 h in a vacuum oven. Before
the cell assembly, the anodes were cycled three times
between 0.01 and 3.0 V at a current rate of 0.1 C
(1 C= 375mAh g−1) with Li metal as the counter electrode;
the electrolyte was a combination of 2.5‐M LiTFSI and 0.4‐
M LiNO3 in DME:DOL (1:1 by volume). The full cells were
fabricated with electrolytes using E/S of 10, 5, and 3. The
full cells were prepared in an Ar‐filled dry box and cycled in
the voltage range of 1.0–2.6 V at 25°C. The current rates for
all cycling and/or C‐rate tests referred to the theoretical
capacity of sulfur (1675mAh g−1). The specific capacities
were calculated based on the sulfur mass loadings.

2.5 | First‐principles calculations

All the DFT calculations were performed using the
Vienna Ab initio Simulation Package (VASP).42

Projector‐augmented wave pseudopotentials were used
with a plane‐wave basis set, as implemented in VASP.43
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Perdew−Burke−Ernzerhof (PBE) parametrization of the
generalized gradient approximation (GGA)44 was used.
For DFT calculations, a 2 × 2 × 1 k‐point grid was used to
calculate each surface structure. The GGA+U32 method
was adopted to address the localization of the d‐orbital in
Ni and Co ions, with Ueff values of 5.5 and 6.6 eV,
respectively, as used in the previous studies.45,46 For the
more accurate calculation results for van der Waals
interaction between lithium polysulfide and substrate,
the DFT‐D3 correction method47 was considered in this
study. A kinetic energy cutoff of 500 eV was used in all
the calculations, and all the structures were optimized
until the force in the unit cell converged within
0.03 eV Å−1.

In this study, structural data for NiCo and NiCoO2

were obtained from the Inorganic Crystal Structure
Database (ICSD). After the relaxation process to optimize
the DFT calculation, each structure was cleaved along
the (110) plane for NiCo and (100) plane for NiCoO2, to
generate the surface model.

The adsorption energy (Eads) derived from the
following equation:

E E E E= − ( + ),ads surface@Li−S surface Li−S

where Esurface@Li‐S is the total energy of substrate which
adsorbed lithium polysulfide molecule, Esurface is the total
energy of the pristine substrate, and ELi‐S is the total
energy of lithium polysulfide molecule.

3 | RESULTS AND DISCUSSIONS

3.1 | Synthesis and characterization of
CNTs/CNFs/Ni–Co

The Ni–Co metal alloy (NiCo) and metal oxide (NiCoO2)
anchored to the CNTs‐embedded porous CNFs composite
was synthesized via the electrospinning method. The
synthesis details are shown in the schematic in Figure 1A
and discussed in the experimental section. After the heat
treatment at 1000°C for 2 h under N2 gas flow, flexible and
freestanding CNTs/CNFs/Ni–Co (Figure 1B,C) with an
average thickness range of 200–250 μm (SEM image of
cross‐section, Figure 1D) is derived. The SEM images of
CNTs/CNFs/Ni–Co show that the nanofibers have a three‐
dimensional porous structure with randomly dispersed
smooth fibers with diameters in the range of 1–1.5 μm
(Figure 1E,F). Note that multiple pores in CNFs can be

FIGURE 1 Schematic synthesis and characterization of CNTs/CNFs/Ni–Co: (A) schematic synthesis of CNTs/CNFs/Ni–Co through
electrospinning (21‐gauge syringe needle; flow rate: 20 μLmin−1) and (B, C) digital photographs of flexible and self‐standing CNTs/CNFs/
Ni–Co. (D) Cross‐sectional SEM image, (E) pristine SEM image, (F) focused ion beam (FIB)–SEM image of CNTs/CNFs/Ni–Co nanofiber,
(G) Raman spectrum, (H) nitrogen adsorption–desorption isotherms, and (I) XRD pattern. The inset of (H) shows the corresponding surface
area and total pore volume.
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formed through the decomposition of polystyrene and thus
elasticity may be increased by decreasing mechanical
toughness and stress.48 Raman spectroscopy analyses
(Figures 1G and S1) show that the CNTs/CNFs/Ni–Co
has a relatively ordered graphitic carbon structure based on
a relatively low I(D)–I(G) intensity ratio of ~1.03. The
results of the nitrogen adsorption and desorption tests
(Figure 1H) conducted on CNTs/CNFs/Ni–Co indicate the
surface area and cumulative pore volume to be
419.06m2 g−1 and 0.88 cm3 g−1, respectively, with mesopore
and micropore distributions (Figure S2). The X‐ray diffrac-
tion (XRD) pattern (Figure 1I) shows the heterogeneously
co‐existence of NiCo and NiCoO2 phases in the carbon fiber
matrix.49,50 Through investigation of different heat treat-
ment temperatures, it was found that the crystallinity of the
nanoparticles was not sufficient at 700°C, and intense peaks
corresponding to metal due to excessive reduction
were shown at 1100°C, confirming that the heat treatment
at 1000°C was the best temperature (Figure S3).

To better understand the presence of NiCo and
NiCoO2 in CNTs/CNFs/Ni–Co, XPS (Figure 2A,B) analy-
sis was performed. The Ni 2p spectra clearly show
distinguishable peaks at 854.4 and 872 eV assigned to
the Ni2+, and peaks at 852.95 and 870 eV assigned to
metallic Ni0.48–52 The Co 2p spectra show peaks at 780 and
795 eV assigned to Co2+, and peaks at 778 and 793 eV
assigned to metallic Co0.49–52 The results further prove the
co‐existence of NiCo and NiCoO2 in the CNTs/CNFs/
Ni–Co.50,53 The N 1 s spectra (Figure S4) also confirmed
the small level of nitrogen doping of the carbon structure
induced by the decomposition of the nitrile group in

polyacrylonitrile (PAN) during synthesis.54,55 The scan-
ning transmission electron spectroscopy (STEM) and
high‐resolution TEM images show that the CNTs and
pores are uniformly dispersed inside the fibers
(Figure 2C,D). To further investigate the structural and
chemical properties of the material used, the selected
CNTs/CNFs/Ni–Co samples were cross‐sectioned using a
focused‐ion beam and analyzed using STEM (Figure 2E).
The high‐resolution transmission electron microscopy
(HR‐TEM) images of the white circles (Figure 2E) confirm
the lattice fringes of NiCo alloy and NiCoO2, demonstrat-
ing their coexistence (Figures 2F,G and S5).53–55 TEM and
corresponding energy dispersive X‐ray spectroscopy
(EDX) elemental mapping (Figure 2H–I3) indicates the
unique structural features of CNTs/CNFs/Ni–Co with
NiCoO2 and NiCo nanoparticles webbed in the CNTs and
anchored to the CNF matrix. A pristine CNTs/CNFs
material was also prepared via an identical synthesis route
without Ni and Co metal sources and characterized using
elemental mapping by SEM (Figure S6) and TEM with
EDX (Figure S7). The electrical conductivities of the
pristine CNTs/CNFs and CNTs/CNFs/Ni–Co supports are
calculated to be 5.5 and 0.61 S cm−1, respectively, from the
equation (σ t R= / s, where σ is the electrical conductivity
of materials, Rs is the sheet resistance measured using
4‐point probe equipment, and t is the thickness of the
mateials).56,57 Note that although the metal oxides afford
natural insulation, their electrical conductivity is partially
compensated by the presence of CNTs and NiCo metal
alloy particles.53,55 Accordingly, CNTs/CNFs/Ni–Co has
sufficient electrical conductivity to compensate for the

FIGURE 2 Characterization of CNTs/CNFs/Ni–Co: XPS analysis for (A) Ni 2p and (B) Co 2p. (C) STEM image and (D) HR‐TEM image
for the edge region of CNTs/CNFs/Ni–Co. (E) STEM image of cross‐sectioned CNTs/CNFs/Ni–Co using FIB milling and (F, G) HRTEM
images of Ni–Co particles marked as a white circle in (E). (H) TEM images and (I1, I2, I3) corresponding EDX mapping of Ni (yellow), Co
(red), O (white), and C (blue), respectively.
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problem of sulfur's intrinsic insulating properties to host
sulfur in Li–S batteries.

3.2 | Polysulfide trapping interfaces
of Ni–Co heterogeneous metal and
metal oxide

In this work, the interactions of LiPs with CNTs/CNFs/
Ni–Co were investigated through combined DFT calcu-
lation, visual observation, and ultraviolet‐visible (UV‐vis)
spectroscopy analysis (Figure S8). We used 10mg of
CNTs/CNFs/Ni–Co soaked in a solution of DME and
2.5 mM of Li2Sn polysulfide. For qualitative comparison,
the test was also performed for the pristine CNTs/CNFs
material. After 30min of immersion, the Li2Sn solution
slightly changed in color, indicating that the pristine
CNTs/CNFs only weakly interacted with LiPs because
only physical adsorption was involved through their
pores. In contrast, the Li2Sn solution containing CNTs/
CNFs/Ni–Co became transparent after 10 min because
NiCo and NiCoO2 adsorbed the polysulfide from the
solution. This confirmed the occurrence of pore adsorp-
tion and strong Lewis acid–base interactions.58,59 The
UV‐vis spectroscopy further demonstrated the strong
chemical affinity of NiCo and NiCoO2 with soluble Li2Sn.
The peaks at 350, 475 nm of S6

2− and 420 nm of S4
2−,

represented by the yellow color, virtually lost all their
intensities compared with those of pristine CNTs/CNFs,
confirming the better chemical adsorption of the
proposed modified nanofiber network.60

First‐principles calculations were performed to fur-
ther understand the interaction between the NiCo and
NiCoO2 surfaces by comparison with the graphene
surface. The adsorption energy (Eads) for lithium sulfide
(Li2Sx) and sulfur (S8) on each substrate was calculated in
Figure 3A. The negative Eads values indicated a strong
interaction between lithium sulfide species and sub-
strates. Compared to graphene substrates, NiCo and
NiCoO2 have a stronger binding affinity to lithium
polysulfides; in particular, notably, lithium polysulfide
molecules are strongly bound to NiCoO2 substrate due to
their polar nature.61 The detailed adsorption structures of
lithium polysulfides on different substrates are illustrated
in Figure 3B–D. It can be suggested that the strong
affinity of NiCo and NiCoO2 substrate to lithium
polysulfide can help suppress the shuttling effect of
lithium polysulfides during cycling. Furthermore, the
theoretical Gibbs free energies for the corresponding
lithium‐sulfur conversion reactions on graphene, NiCo,
and NiCoO2 were gained via first‐principles calculation.
The Li2S8/Li2S6 reaction undergoes liquid–liquid transi-
tion during the reaction since Li2S8 and Li2S6 are soluble.

This liquid–liquid transition gives some advantages to
ensure that the conversion occurs in fast kinetics.62 On
the other hand, the Li2S4‐to‐Li2S2 and Li2S2‐to‐Li2S
conversions are the important steps to evaluate the
electrochemical performance of Li‐S cathode since these
reactions have happened during liquid–solid and
solid–solid phase transformation; moreover, Li2S2‐to‐
Li2S conversion is commonly the rate‐determining step
on the lithium‐polysulfide conversion.16,62 As illustrated
in Figure 3E, the conversion reaction from S8 to Li2S8
occurs spontaneously due to the negative Gibbs free
energy change in the discharge process on graphene,
NiCo, and NiCoO2. After the S8‐to‐Li2S8 conversion, the
Gibbs free energy gradually increased in all sub-
strates; however, these conversion reactions are more
advantageous for NiCo and NiCoO2. Among the sub-
strates, NiCo alloy exhibits the lowest Gibbs free energy
barrier of ~1.79 eV, indicating that the total conversion
reaction of lithium sulfide species is thermodynamically
more favorable. Moreover, NiCoO2 exhibits a Gibbs‐free
energy barrier at an appropriate level along with high
adsorption energy for lithium sulfide species, supporting
an efficient overall lithium‐polysulfide conversion
reaction. Therefore, the synergetic effect of NiCo and
NiCoO2 as polysulfide mediators is better than that of
graphene, which is consistent with experimental results.
From the first‐principles calculation, we confirmed that
the proposed NiCo and NiCoO2 play an important role as
polysulfide mediators with a synergistic effect in adsorb-
ing the soluble polysulfide as well as the catalytic effect of
lithium–sulfur conversion.

3.3 | CNTs/CNFs/Ni–Co as
the polysulfide mediator

To fabricate the sulfur electrode, Li2Sn was deposited on
CNTs/CNFs/Ni–Co by drop casting 1M of Li2S8/DME
solution (Figure 4A). The solvent was evaporated to
remove the excess weight before assembling the Li–S cell.
The electrode was prepared with a sulfur mass loading of
7.5 mg cm−2. The sulfur content was approximately
71.8 wt.% of the total electrode mass, as confirmed by
thermogravimetric analysis (TGA) and SEM–EDX analy-
sis (Figures 4B and S9). Note that considering the pore
cumulative volume of 0.88 cm3 g−1, CNTs/CNFs/Ni–Co
can theoretically load up to 64 wt.% of sulfur (2.07 g
cm−3) into the pores.60 This leads to the conclusion that
most of the sulfur has actually penetrated the porous
CNTs/CNFs/Ni–Co composite. Approximately 7 wt.% of
sulfur is present on the electrode surface as a result of
anchoring to NiCo and/or NiCoO2. The TEM and
corresponding EDX mapping data (Figure 4C–F) indicate
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that sulfur is uniformly distributed in CNTs/CNFs/
Ni–Co and enables the satisfactory affinity of NiCo
and/or NiCoO2 to sulfide species.

Note that the Li–S cells previously reported in the
literature were generally fabricated under loose experi-
mental control; in particular, a relatively large amount of
electrolyte was employed. They exhibited satisfactory

capacity and cycling properties; behind those shining
performances, however, their systems had inadequate
applicability due to the low practical energy densities
achieved. Hence, in this study, Li–S cells using the CNTs/
CNFs/Ni–Co electrode with various sulfur loads (4 and
7.5mg cm−2) and ratios of electrolyte volume to sulfur
weight (E/S, in μL/mg), specifically, 3, 5, and 10, were

FIGURE 3 First‐principles calculation results: (A) calculated adsorption energies for lithium polysulfide (Li2Sx) and sulfur (S8) on
graphene, NiCo, and NiCoO2 substrate. (B–D) Optimized adsorption structure for lithium polysulfide (Li2Sx) and sulfur (S8) on graphene,
NiCo, and NiCoO2 substrate, respectively. (E) Gibbs free energy profile for the lithium‐sulfur conversion reactions on graphene, NiCo, and
NiCoO2 substrate.
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fabricated to demonstrate superior electrochemical per-
formance with low E/S. For comparison, the pristine
CNTs/CNFs electrode was also evaluated. To confirm the
electrochemical redox reactions of CNTs/CNFs/Ni–Co
and pristine CNTs/CNFs electrodes in Li–S cells, cyclic
voltammetry (CV) was initially conducted at a scan rate
of 0.05mV s−1 in the voltage range of 1.8–2.6 V
(Figure 5A,B). For the first scan, both electrodes
exhibited typical double‐stage reduction and oxidation
reactions. The two distinctive reduction peaks at 2.34 and
2.02 V are assigned to the high‐order (Li2Sx, 4 ≤ x ≤ 8) and
low‐order (Li2S2 and Li2S) reductions of sulfur during the
cathodic segment, respectively. The two peaks at 2.3 and
2.41 V during the anodic segment are assigned to the
reversible oxidation process.16,36 In the succeeding cycles,
however, the pristine CNTs/CNFs electrode compared
with the CNTs/CNFs/Ni–Co electrode showed
irreversible redox reactions with relatively large voltage
polarization and low output current. For the cycling test,
both electrodes were first activated once at low current
rates of 0.1 and 0.2 C (1 C = 1675mA g−1) before they
were subjected to prolonged galvanostatic cycling under
various test conditions. With a moderate E/S of 10 (sulfur
loading of 4.0 mg cm−2) at a current rate of 0.5 C, the
CNTs/CNFs/Ni–Co electrode delivered a discharge
capacity of 1276.9 mAh g−1 higher than that yielded by
the pristine CNTs/CNFs electrode (1159.4 mAh g−1). It
also had better capacity retention with higher Coulombic
efficiency and no capacity loss upon cycling (more than

100 cycles) (Figure 5C,D). The effect of the presence of
NiCo and NiCoO2 as polysulfide mediators is more
distinct under constrained test conditions (sulfur loading:
7.5mg cm−2; E/S = 5). Hence, the reversible capacity of
the pristine CNTs/CNFs electrode compared with that of
the proposed electrode was two times lower. Moreover, it
had a drastic capacity loss with considerably unstable
Coulombic efficiency after 33 cycles (Figures 5E,F
and S10). This capacity drop is attributed to the
undesirable “shuttle effect” caused by the dissolution of
LiPs into the electrolyte and their subsequent deposition
on the Li metal surface. This accelerates the active
material loss and dendritic growth of Li, eventually
leading to Li–S cell failure. In contrast, the CNTs/CNFs/
Ni–Co electrode demonstrated a higher discharge capac-
ity of 1100.2mAh g−1 and superior cycling stability and
Coulombic efficiency after 50 cycles. These performance
improvements in terms of reversible capacity, rate
capability, and cycle life clearly demonstrate the benefi-
cial presence of NiCo and NiCoO2 as polysulfide
mediator. It can be noted that the nanostructured NiCo
and NiCoO2 composite not only functions as a polysulfide
scavenger but also provides mechanical integrity.63,64

Consequently, the volumetric changes are suppressed by
adsorbing the LiP species during the Li–S cell opera-
tion.36,63 Moreover, its porous network provides sufficient
active sites for electrochemical reactions and physically
entraps excess LiPs.18,65 This results in a synergetic
effect suppressing active mass loss and mitigating the

FIGURE 4 Characteristics and trapping of lithium polysulfide in CNTs/CNFs/Ni‐Co. (A) Polysulfide adsorption through solvent casting
on the CNTs/CNFs/Ni–Co; (B) TGA of elemental sulfur (S8) and S–CNTs/CNFs/Ni–Co composite; and (C–F) EDX mapping for Ni (red), Co
(yellow), O (white), and S (green), respectively.
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FIGURE 5 Electrochemical performance of Li–S cells using pristine CNTs/CNFs and CNTs/CNFs/Ni–Co electrodes: (A, B) CV curves
(all cells were tested in the voltage range of 1.8–2.6 V at 0.05mV s−1), (C) voltage profiles of cells with sulfur loading of 4 mg cm−2 and E/S of
10 at current rate of 0.5 C, and (D) corresponding discharge capacity retention and cell efficiency during 100 cycles; (E) voltage profiles of
cells with sulfur loading of 7.5 mg cm−2 and E/S of 5 at 0.5 C and (F) corresponding discharge capacity retention and cell efficiency during 50
cycles; (G, H) rate capability test of Li–S cells (sulfur loading of 4 mg cm−2 and E/S of 5) with different cell configurations. All cells were
cycled at increasing current rates from 0.1 C (0.1675 A g−1) to 5 C (8.375 A g−1) in the voltage range of 1.8–2.6 V.
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migration of LiPs to the Li metal side. The power
capabilities of both pristine CNTs/CNFs and CNTs/
CNFs/Ni–Co electrodes were tested at various current
rates and compared under a sulfur load of 4mg cm−2 and
E/S of 5. The CNTs/CNFs/Ni–Co electrode showed
852.4mAh g−1 of reversible capacity even at 5 C, whereas
the pristine CNTs/CNFs electrode delivered inferior
capacities with large voltage polarization and drastic
capacity drop (Figure 5G,H). Notably, even with a high
sulfur load of 7.5mg cm−2 and E/S of 5, the CNTs/CNFs/
Ni–Co electrode delivered 837.05 mAh ∙ g−1 of reversible
capacity at a 2 C current rate (Figure S11). On the other
hand, to confirm the synergetic effect of NiCo and
NiCoO2 in improving the power capability, the CNTs/
CNFs/Ni–Co electrode dominated by NiCo metal alloy
was synthesized by heat treatment at 1100°C and tested
under a sulfur load of 4mg cm−2 and E/S of 5 (Figure S3).
Although the large fraction of NiCo metal alloy can help
to improve the electronic conductivity of the electrode, the
inferior reversible capacities were observed at various
current rates due to the lack of LiPs adsorption ability
compared with the proposed CNTs/CNFs/Ni–Co electrode
(Figure S12). These improved power capabilities can be
attributed to the co‐existence of NiCo and NiCoO2

nanoparticles, which improves the electrical conductivity
as well as suppresses the loss of active mass in the
electrolyte solution by trapping polysulfide in the porous
structure, simultaneously. Furthermore, the well‐linked
CNTs/CNF network facilitates electrolyte accessibility,
thereby improving Li‐ion diffusion and affording better
charge‐transfer kinetics even under lean electrolyte
condition.

3.4 | Postmortem analysis

The electrochemical mechanism of the CNTs/CNFs/
Ni–Co electrode in Li–S cells is investigated through the
postmortem analysis of the cycled cathode and Li metal
anode. At the end of the discharge process (1.8 V) after
100 cycles, XPS analysis (Figure 6A,B) was performed for
cycled pristine CNTs/CNFs and CNTs/CNFs/Ni–Co
electrodes to investigate the chemical functionalities
formed at the electrode surface. The S 2p core level in
the CNTs/CNFs/Ni–Co electrode showed the main peak
at 160.3 eV, which was associated with the Li2S2 and Li2S
species. In contrast, a relatively weak peak was observed
at approximately 167.5 eV, which was ascribed to the
formation of Li2S−(S)O3 species.66 The foregoing sug-
gests that a large fraction of intermediate LiPs is mostly
converted to Li2S2 and Li2S at the CNTs/CNFs/Ni–Co
electrode, whereas a small fraction bonds to the oxygen
group on the electrode surface. In contrast, the S 2p core
level of the pristine CNTs/CNFs electrode exhibited a
relatively weak peak at 161.8 eV related to the low
presence of Li2S2 and Li2S. This was because the peak at
166.8 eV associated with the formation Li2S−(S)O3 was
even dominant in the spectrum. The XPS results clearly
indicated that both NiCo and NiCoO2 nanoparticles
trigger the electrochemical reversible conversion to
Li2S2/Li2S, thus acting as polysulfide mediators.64

Figure 6C–D4 shows the TEM image and corresponding
EDX mapping results of the CNTs/CNFs/Ni–Co elec-
trode after the full discharge (1.8 V) at the 100th cycle.
The image shows that the NiCo and NiCoO2 nanopar-
ticles are well‐preserved for the cycled electrode with the

FIGURE 6 Electrochemical mechanism of lithium/polysulfide: (A) XPS spectrum of S 2p core level corresponding to CNTs/CNFs at full
discharge (1.8 V) after 100 cycles and (B) XPS spectrum of S 2p core level corresponding to CNTs/CNFs/Ni–Co at full discharge (1.8 V) after
100 cycles; (C, D) corresponding TEM–EDX mapping of CNTs/CNFs/Ni–Co at full discharge (1.8 V) after 100 cycles. SEM and elemental
analysis (sulfur: red) of Li metal anodes recovered from cells using different cathodes after 100 cycles: (E) pristine CNTs/CNFs and (F)
CNTs/CNFs/Ni–Co.
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FIGURE 7 (A) Schematic illustration
of the proposed Li‐S full battery. Long‐
term cycling test of the Li‐S full battery
with different test condition: (B) cycled at
S loading: 3 mg cm−2, E/S: 5, current rate:
0.2 C; (C) cycled at S loading: 2.
5 mg cm−2, E/S: 3, current rate: 0.1 C.
Charge–discharge voltage profiles of the
Li‐S full battery (D) at the 1st, 250th,
500th, 1000th, and 1400th cycle
corresponding to (B) and (E) at the 1st,
100th, and 500th cycle corresponding
to (C).
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sulfur species enclosed and anchored to the electrode
pores. A strong chemical bond is formed by NiCoO2 with
the LiPs based on the Lewis acid–base interactions. The
better conversion reactions with chemical binding of the
CNTs/CNFs/Ni–Co electrode observed in postmortem
analysis showed good agreement with the DFT calcula-
tions. In addition, to better analyze the eventual LiPs
migration toward the anode side, cycled Li anodes were
collected from the Li/CNTs/CNFs and Li/CNTs/CNFs/
Ni–Co cells after 100 cycles (discharge state at 1.8 V), and
then they were analyzed through SEM–EDX mapping
(Figure 6E,F). The anode recovered from the Li/CNTs/
CNFs cell showed a highly faded surface due to the
deposition of large amounts of sulfur on the Li metal. In
contrast, the anode collected from the Li/CNTs/CNFs/
Ni–Co cell exhibited a smoother surface with a consider-
ably lower fraction of accumulated sulfur on its surface
(Figure S13).

3.5 | Li–S full battery with lean
electrolyte

The current Li‐S batteries using the Li metal anode is
confronted with the problem of a short lifetime and
serious safety concerns, hindering their practical battery
applications. To fabricate a safe and reliable Li–S battery,
the use of a graphite anode is an acceptable alternative
due to its low average working potential and satisfactory
reversibility. Our previous work showed that an electrolyte
based on 2.5M LiTFSI + 0.4M LiNO3 dissolved in
DME:DOL= 1:1 (v/v) had high compatibility because of
its unique solvation chemistry with the graphite anode;
hence, it was capable of delivering high reversible
capacity.67,68 The reversible intercalation of Li+ ion into
graphite with the electrolyte is indicated by the whiteness
in the operando XRD analysis. The XRD patterns of the
graphite anode were collected within the scanning angle
(2θ) domain of 22–28° during the first lithiation process
(Figure S14). During lithiation, the major peak at 26.3°
corresponding to the (002) plane of graphite gradually
shifted toward the lower scanning angle by forming the
Li+–graphite intercalation compounds (GIC) of LiC12.

69 At
the end of lithiation, the final GIC phase of the LiC6

compound was clearly observed, exhibiting an identical
electrochemical Li+ ion intercalation reaction with the
conventional electrolyte used in commercial LIBs.70 The
Li–S full‐cell battery consisting of a lithiated‐graphite
anode and CNTs/CNFs/Ni–Co cathode was assembled by
balancing the anode‐to‐cathode capacity ratio (N/P) to
1.2:1 (Figure 7A). To be competitive with commercial Li‐
ion batteries, the Li–S battery must operate with a lean
amount of electrolyte, because a considerable portion of

the total battery weight is contributed by the electrolyte.
Hence, to reasonably evaluate the practical acceptability of
the proposed Li–S full‐cell battery, it must be assembled
with a lean amount of electrolyte.71 With a high sulfur
load of 3mg cm−2 and E/S of 5, the Li–S full‐cell battery
delivered 480.48mAh g−1(sulfur) of high reversible capacity,
showing unprecedented long‐term cycling stability and
high Coulombic efficiency with a current rate of 0.2 C
after 1400 cycles (Figure 7B,D). Unexpectedly, the Li–S
full‐cell battery survives even under an extremely lean
electrolyte condition (E/S of 3), demonstrating a 99.5%
ultra‐stable capacity retention after 500 cycles with a
current rate of 0.1 C (Figure 7C,E). Although further work
is necessary to achieve the practical utilization of the
proposed Li–S full‐cell battery, particularly in terms of
increasing sulfur load (mg cm−2), the performance that
has been reported in this work is superior to most of the
recent state‐of‐the‐art Li–S batteries (Table S1).

4 | CONCLUSION

The use of metal oxides has been reported in the state of
the art of Li/S cells to alleviate sulfur dissolution and
mitigate capacity fading upon cycling. Coupling oxide
systems together with metal particles can also improve
the electronic conductivity of sulfur‐based electrodes. A
new approach to the design of a practical Li–S full‐cell
battery with a lean amount of electrolyte is proposed. The
configuration involves a unique self‐standing hybrid
architecture with NiCo and NiCoO2 nanoparticles that
are heterogeneously anchored to the CNT‐embedded
self‐standing carbon matrix. This work demonstrates that
the presence of NiCo and NiCoO2 increases the interac-
tions between the Li2Sn species and electrode surface,
thus substantially stabilizing the electrochemical per-
formance. The NiCo and NiCoO2 nanoparticles function
as an efficient polysulfide mediator with a twofold role as
follows. (1) As a polysulfide scavenger, it confines the
active material (sulfur and LiPs) at the cathode side and
prevents migrations to the Li anode surface under
prolonged cycling. (2) As a redox‐active mediator, it
facilitates the electrochemical conversion reaction
between Li and S, thus enhancing the electrochemical
utilization of sulfur. Smart coupling of both metal and
metal oxide particles shows the synergistic effect of both
polysulfide anchoring and electron transfer. Further-
more, the optimized three‐dimensional architecture of
the CNTs/CNFs/Ni–Co electrode, the reduced free
volume in between the carbon fibers after the adsorption
of Li2Sn species, and the high mass density of the active
material all contribute to the reduction in the electrolyte
volume. By employing a commercial graphite anode, this
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study further demonstrated the possible use of the
proposed CNTs/CNFs/Ni–Co electrode with sulfur even
in a Li‐S full battery configuration under a lean
electrolyte condition. This shows the potential of Li–S
technology in satisfying the commercial requirements of
batteries with practical high energy density, long cycling,
and operational safety.
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