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1. Introduction

Advanced energy storage technologies with 
high energy/power density and low cost 
have been attracting extensive research 
attentions to meet the ever-increasing 
energy demand.[1] Lithium–sulfur (Li–S) 
batteries are regarded as one of the most 
promising candidates for next-generation 
energy storage benefiting from the natural 
abundance, environmental benignity, and 
high specific capacity of sulfur.[2] While 
the significant advantages are convincing, 
the wide-scale commercialization of Li–S 
batteries is so far limited because of some 
intractable technical challenges, which 
involve the ionically and electrically insu-
lating nature of sulfur, the dissolution and 
shuttling behaviors of the intermediate 
lithium polysulfides (LPS), and the large 
volume expansion during cycling.[3]

Under these circumstances, polar mate-
rials such as transitional metal chalco-
genides (TMCs) have been developed as 
promising sulfur immobilizer for improved 

sulfur electrochemistry. The favorable interactions between 
TMCs and LPS strengthen the sulfur confinement within the 
cathode, while the nanostructure construction can further pro-
mote the reaction kinetics by offering decent ionic/electronic  
conductivity. Among TMCs, Co3O4 has drawn particular 
research interests due to its high electrochemical stability and 
strong LPS adsorbability.[4] However, the relatively poor electron 
and ion conduction properties and low catalytic activity of 
Co3O4 are greatly impeding its widespread implementation.[5] 
In this regard, defect engineering and morphology design 
have been regarded as promising strategies to efficiently accel-
erate Li–S chemistry. Cation and anion defects in TMCs have 
been reported capable of manipulating the electronic struc-
ture toward favorable physical and electrochemical properties, 
so affecting the energetics for electron and ion transport as 
well as adorability.[6] However, despite its successful applica-
tions in other chemistries, defect engineering has been rarely 
investigated for improving the kinetics and sulfur hosting capa-
bility of sulfur chemistry. A comprehensive understanding of 
defects in adsorption and electrocatalysis will shed light on 
the advanced sulfur host design in Li–S battery. Beyond that, 

Lithium–sulfur (Li–S) batteries have great promise to support the next-
generation energy storage if their sluggish redox kinetics and polysulfide 
shuttling can be addressed. The rational design of sulfur electrodes plays 
key roles in tacking these problems and achieving high-efficiency sulfur 
electrochemistry. Herein, a synergetic defect and architecture engineering 
strategy to design highly disordered spinel Ni–Co oxide double-shelled 
microspheres (NCO-HS), which consist of defective spinel NiCo2O4–x  
(x = 0.9 if all nickel is Ni2+ and cobalt is Co2.13+), as the multifunctional 
sulfur host material is reported. The in situ constructed cation and 
anion defects endow the NCO-HS with significantly enhanced electronic 
conductivity and superior polysulfide adsorbability. Meanwhile, the 
delicate nanoconstruction offers abundant active interfaces and reduced 
ion diffusion pathways for efficient Li–S chemistry. Attributed to these 
synergistic features, the sulfur composite electrode achieves excellent 
rate performance up to 5 C, remarkable cycling stability over 800 cycles 
and good areal capacity of 6.3 mAh cm−2 under high sulfur loading. This 
proposed strategy based on synergy engineering could also inform material 
engineering in related energy storage and conversion fields.
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morphological tuning on TMCs also delivers critical impacts 
on the sulfur redox reaction by reducing LPS diffusion pathway 
and enhancing sulfur confinement.[7]

Herein, we present a synergistic strategy to optimize the 
structural and adsorptive properties of TMCs toward the spe-
cific demands of Li–S systems. This facile strategy involves 
the one-pot synthesis and the subsequent thermal treat-
ment to yield highly defective TMCs hollow microspheres 
(TMCs-HS). As a demonstration, disordered spinel nickel 
cobalt oxide (Ni–Co oxide) double-shelled microspheres 
(NCO-HS), which consists highly defective spinel NiCo2O4-x 
(x = 0.9 if all nickel is Ni2+ and cobalt is Co2.13+), was devel-
oped with abundant oxygen vacancies on octahedral sites. The 
defect engineering endows the NCO-HS with significantly 
enhanced electronic conductivity and alters the chemical 
interactions with LPS toward excellent sulfur immobilization. 
Moreover, the highly porous and double-shelled architecture 
shortens the ion transfer distance, homogenizes the sulfur 
distribution, offers abundant active interfaces, and buffers 
the volume variation. When employed it as sulfur host, these 
advantageous features enable high sulfur utilization, fast 
reaction kinetics, and strong sulfur confinement, leading 
to outstanding battery cyclability with an ultralow capacity 
fading rate of 0.045% per cycle over 800 cycles at 0.2 C (1 C 
= 1675 mA g-1) and remarkable rate capability up to 5 C, as 
well as a high areal capacity of 6.3 mAh cm-2 under raised 
sulfur loading. This strategy offers a synergy of defects engi-
neering and structural design that renders fast and durable 
sulfur electrochemistry as well as significantly improved bat-
tery performance, holding a great promise in promoting the 
practical application of Li–S batteries.

2. Result and Discussion

Scheme 1 illustrates the synthetic process of NCO-HS and the 
according morphological evolution. NCO-HS with uniform 
size and morphology was synthesized through a one-step 
hydrothermal method followed by annealing treatment under 
air atmosphere. In this method, glucose and metal nitrates 
are mixed together for hydrothermal reactions, in which the 
metal ions (Ni2+ and Co2+) are adsorbed via an in situ coordi-
nating process during the preliminary carbonization of glucose 
to form carbonaceous microspherical frameworks (CMFs).[8] 
Figure 1A shows the morphology of CMF with spherical shape 
and smooth surface. Subsequently, in the calcination process in 
air, the CMF microspheres began to shrink near 300 °C induced 
by the temperature gradient,[9] which is confirmed by scanning 
electron microscopy (SEM), transmission electron microscopy 
(TEM), and X-ray diffraction (XRD) (Figure S1A–C, Supporting 
Information). When the temperature continues increasing to 
400 °C, the layer separation occurs inside the solid CMF sphere 
to form a double-shelled structure, which is attributed to the 
combined actions of contraction force and adhesion force in 
opposite directions on the shell.[10] (Figure S1D,E, Supporting 
Information) Meanwhile, the XRD pattern reveals the forma-
tion of crystalline Ni–Co oxide during this annealing stage 
(Figure S1F, Supporting Information), while the drastic weak-
ening of the carbon peak indicates the decomposition of the 
carbonaceous components. At a higher temperature of 500 °C, 
the highly porous and hollow structured NCO-HS was collected 
through prolonged annealing as shown in Figure 1B,C.[11]

The obtained microspheres exhibit good size uniformity and 
plentiful mesopores on the shell surface, which is confirmed by 
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Scheme 1. Illustration of the morphological evolution during the synthetical process of NCO-HS.
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scanning helium ion microscopy (SHIM), indicating its good 
electron and ion transportation.[12] Clearly, the highly porous 
NCO-HS acquires good structure integrity without any damage 
or malposition when bombarded by He ions (Figure 1D). The 
highly porous shells in NCO-HS provide vast active sites for 
sulfur reaction as well as abundant channels for ion transfer, 
while the large inner voids in the hollow structure could facilitate 
sufficient sulfur loading. The STEM images of NCO-HS and 
energy disperse X-ray (EDX) element distribution clearly 
reveal its interior structure and uniform element distribution 
(Figure 1H–J). The element distribution of carbon and thermo-
gravimetric analysis (TGA) in Figure S2 of the Supporting Infor-
mation revealed the formation of TMCs without excessive carbon 
remaining.[13] It should be noted that this synthetic method 
delivers good universality and can be extended to various hollow 
structured TMCs. As for demonstration, other TMCs such as 
Co3O4 and NiO double-shelled hollow microspheres (Co3O4-HS 
and NiO-HS) were successfully synthesized by simply tuning 
the composition of the carbonaceous precursor (Figure S3, 
Supporting Information). Such a facile and universal synthetical 
strategy is promising for the structural designs of TMCs to meet 
specific demands in a wide range of potential application fields.

The in-depth crystalline feature of the obtained NCO-HS was 
further characterized by HRTEM, which exhibits an interplanar 
spacing of 0.21 nm corresponding to the (400) crystallographic 
plane (Figure 1E). Meanwhile, the fast Fourier transform (FFT) 
image with periodic arrangement of the lattice fringe selected 
area (Figure 1F) reveals a cubic structure with a crystal axis of 
[011]. Figure 2A shows the XRD result of NCO-HS, confirming 
its cubic spinel phase with the Fd3 m space group.[14] For com-
parison, the Co3O4-HS was also prepared via the same method 
but without defects. The XRD pattern and FFT image implies its 
similar crystal structures with NCO-HS (Figure 2A; Figure S4, 
Supporting Information). However, the significantly broadened 
and negatively shifted XRD peaks as well as reduced lattice 
fringe from FFT can be observed for NCO-HS, suggesting an 
disordered lattice volume resulted from defect engineering.[15] 
The NCO-HS exhibits a high Brunauer–Emmett–Teller surface 
area of 102.2 m2 g-1 and hierarchical pore size distribution 
(Figure S5, Supporting Information). The high porosity and 
large surface area built into the microstructure are beneficial 
for uniform distribution of sulfur, efficient confinement of 
LPS, and fast ion/electron transfer during the charge–discharge 
process.
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Figure 1. SEM images of A) single CMF, B) single particle of NCO-HS, and C) multiple particles of NCO-HS. D) SHIM image, E) HRTEM image, and 
F) FFT images of NCO-HS. G) STEM image and H–J) element distribution mapping of Ni, Co, and O for NCO-HS.
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Beyond that, the defect engineering strategy by substituting 
Ni into the spinel Co3O4 lattice is expected to increase the 
electrical conductivity and intensify the interactions between 
TMCs and sulfur species.[16] In order to investigate the defective 
structure in NCO-HS, the chemical composition of the product 
was confirmed by inductively coupled plasma optical emission 
spectrometry (ICP-OES), which indicates a Ni/Co ratio of 0.5 
(Table S1, Supporting Information). The surface chemistry of 
NCO-HS was investigated by X-ray photoelectron spectroscopy 
(XPS) analysis. The peaks located at 854.7 eV in Ni 2p3/2 spec-
trum (Figure 2B) confirms the existence of Ni2+ species in 
NCO-HS.[17] The two sub peaks in Co 2p3/2 spectrum located 
at 780 and 780.7 eV can be assigned to Co3+ and Co2+, which 
implies the nonintegral valence of cobalt in NCO-HS.[18] 
Figure 2C displays the O 1s spectrum of NCO-HS, which 
can be fitted into four sub peaks (O1, O2, O3, and O4). The 
strongest O1 peak is located at 529.8 eV, corresponding to 
metal–oxygen bonds.[19] A shoulder O2 peak can be observed at 
531.2 eV, indicating the hydroxylated surface of NCO-HS, which 
is favorable to attracting LPS.[20] The O3 peak at 532.2 eV can 
be considered to be defects with a low oxygen coordination.[21] 
The O4 peak located at 533.5 eV is contributed by adsorbed 
moisture on the surface of NCO-HS.[22] The defective structure 
of NCO-HS was further probed by electron energy loss near-
edge structure spectroscopy (ELNES), electron paramagnetic 
response spectroscopy (EPR) and HRTEM. Figure 2D shows 
the core-loss O K-edge and Co L2,3-edges near-edge spectra. The 
pre-edge peak located at 528 eV in O K-edge spectra is attributed 

to the hybridization of the unoccupied O 2p orbital with Co 3d 
orbitals.[23] The less prominent pre-edge peak of NCO-HS con-
firming the existence of oxygen vacancies.[24] In Co L2,3-edges 
spectra, the intense L3 edge can be assigned to Co 2p3/2 and 
the L2 edge is attributed to Co 2p1/2 orbital. A 0.5 eV shift is 
observed from the Co L3 peak of NCO-HS while the Co L2 peak 
remains unchanged, indicating the valence state reduction of 
octahedral Co3+ species.[25] This shift is in good agreement with 
the trend observed from Co 2p3/2 XPS spectra (Figure S6A,B, 
Supporting Information), which exhibits a positive shift of 
0.4 eV binding energy (BE) of Co3+ peak in NCO-HS compared 
with Co3O4-HS. The processed ELNES spectrum reveals an L3/
L2 intensity ratio of 4.21, implying the valence state around 
Co2.2+ (Figure S7A, Supporting Information).[26] Moreover, 
the normalized Co L2,3 ELNES spectrum regression fitting in 
Figure S7B of the Supporting Information suggest a composi-
tion of 20.5% of Co3O4 (with Co2.67+) and 79.5% of CoO (with 
Co2+), indicating the cobalt valence state in NCO is Co2.13+. This 
ELNES fitting result also indicates the formation of disordered 
octahedral coordination around Co sites in NCO-HS. As a 
result, the ELNES, XRD, XPS, and ICP analyses cooperatively 
indicate the formation of highly disordered spinel NCO-HS in 
formula of NiCo2O4-x (x = 0.9 if all nickel is Ni2+, oxygen is O2-, 
and cobalt is Co2.13+).[27] The EPR pattern present a distinctive 
EPR signal with a g value of 2.004, suggesting a higher con-
centration of oxygen vacancies in NCO-HS in drastic contrast 
to Co3O4-HS (Figure 2E).[28] Besides, defective sites in NCO-HS 
can be clearly observed from lattice fringes in HRTEM images, 
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Figure 2. A) XRD patterns of NCO-HS and Co3O4-HS (inset: local magnification of the (220) and (311) peaks); the high resolution B) Ni 2p and Co 
2p and C) O 1s XPS spectra of NCO-HS. D) ELNES spectra of the O K-edge and Co L2,3-edges and E) EPR pattern of NCO-HS and CO3O4-HS. F) TEM 
image of defective sites on NCO-HS.
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as shown in Figure 2F. All these results consistently verify the 
highly defective nature of the as-developed NCO-HS.

The defect engineering is expected to create new defect states 
such as dangling bonds and oxygen vacancies located in the 
band gap of Co3O4 so as to lower the formation energy of elec-
tron holes in Co3O4 and give rise to a substantially enhanced 
electrical conductivity.[29] To examine the boosted electrical con-
ductivity through defect-engineering in the proposed strategy, 
the conductivity of the prepared NCO-HS, Co3O4-HS, and 
Co3O4-NPs were measured. The as-developed NCO-HS exhibits 
a significantly higher conductivity of 0.52 S cm-1 and such elec-
trical conductivity enhancement of NCO-HS is expected to offer 
an improved electron transfer for fast sulfur electrochemistry. 
Overall, the above evidences reveal that cation and anion defects 
have been successfully constructed in NCO-HS, which favors 
the electron conduction for facilitated sulfur redox reactions.

In view of its highly defective and polar nature, NCO-HS 
could also facilitate the adsorption of LPS for improved sulfur 
confinement in Li–S batteries.[30] To testify the LPS adsorption 
abilities, NCO-HS, Co3O4-HS, and Co3O4-NPs were immersed 
into 4 × 10-3 m Li2S6 solution for comparison (Figure 3A). After 
adsorption, the Li2S6 solution adsorbed by NCO-HS exhibits 
more transparent color than the others, which intuitively illus-
trates its strongest adsorption to LPS. UV–vis measurements 
were performed to further investigate the Li2S6 adsorption 
capabilities. The UV–vis spectrum of the pristine Li2S6 shows 
peaks at 265 and 415 nm, which is corresponded to S6

2- and 
S4

2-.[31] The intensities of these peaks are in positive correlation 
with the LPS concentration in solutions.[32] The peaks for 

NCO-HS specimen experience the largest decrease in intensity,  
indicating its strongest adsorption to polysulfides. The as-
developed NCO-HS delivers the highest polysulfide adsorp-
tion capability of 1.763 mg Li2S6 per 5 mg material, as shown 
in Figure 3B and Figure S8. XPS analysis was performed to 
verify these chemical interactions. It can be clearly observed 
that both the Co 2p1/2 and Co 2p3/2 peaks of NCO-HS/LPS 
shift significantly to lower BE ranges (Figure S6A, Supporting 
Information). Especially, the octahedral coordinated Co peak 
undergoes a much large shift than that for Co3O4-HS/LPS 
(Figure S6B, Supporting Information). These results strongly 
support that the introduction of defect engineering in NCO-HS 
improves the chemical interaction between Co and LPS.[33] 
Besides, the major peak of the M–O bond in NCO-HS/LPS 
shifts to a higher BE range, corresponding to a reduction 
of electron cloud density in O, suggesting the formation of 
“lithium bond”-like interactions (Figure S6C, Supporting Infor-
mation).[34] The other peaks in the NCO-HS/LPS O1s spectra 
shift toward lower BE, which implies the coordination between 
the defective oxygen and the sulfur in LPS, corresponding to 
the adsorption of polysulfides on oxygen vacancies.[35] Further 
verification on the chemical interactions can be gained through 
the S 2p XPS spectra (Figure 3C). The large shift of ST

-1 and 
SB

0 peaks in the NCO-HS/LPS spectra can be observed after 
adsorbed Li2S6, indicating the reduction of electron cloud den-
sity in sulfur atoms and further confirming the strong chemical 
interactions between NCO-HS and LPS.[36] This is attributed 
to the stronger binding ability and the increased adsorption 
sites induced by the massive oxygen vacancies in NCO-HS.[37]  

Adv. Energy Mater. 2019, 1900228

Figure 3. A) UV–vis spectra and optical images of LPS solutions adsorbed by Co3O4-NPs, Co3O4-HS, and NCO-HS. B) The polysulfide adsorption 
capacities of different adsorbers. C) XPS spectra of S 2p for pristine Li2S6, Co3O4-HS/LPS, and NCO-HS/LPS.
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A pair of new peaks emerges at the higher BE in NCO-HS/LPS 
spectra, which refers to the formation of polythionate complex 
and further manifests the chemical bondage between defec-
tive sites of NCO-HS and LPS.[38] All these variations in XPS 
spectra evidentially support the strong chemical interactions 
between NCO-HS and sulfur species.

The interactions between LPS and metal oxide surfaces were 
calculated by density functional theory (DFT+U) calculations 
based on the Vienna ab initio simulation package.[39] The 
results show that LPS@NCO exhibits a higher BE, indicating 
a stronger interaction between NCO and LPS, which is 
presented in Figure S9 of the Supporting Information. More-
over, a significantly reduced Li–O (1.86 Å) and Co–S (2.20 Å) 
bond distances can be obtained in LPS@NCO (Figure S9F, 
Supporting Information), which is consistent with the XPS 
results and suggest the much-strengthened Li–O and metal–
sulfur binding of NCO.

Symmetrical cells were further employed to investigate the 
interfacial interaction of polysulfide.[40] The cyclic voltammetry 
(CV) data and EIS results of different symmetrical cells are 
shown in Figure S10 of the Supporting Information. It can be 
clearly observed that the NCO-HS sample exhibits the highest 
redox current density and smallest electrochemical resistance 
among the different electrodes. These results further confirm 
the significantly improved kinetics of polysulfides redox 
reactions on NCO-HS matrix, which is attributed to its superior 
conductivity and stronger LPS adsorption.[41]

Electrochemical measurement were further performed to verify 
the Li–S battery performance. TMCs-sulfur composites were 
prepared with a sulfur content of 70 wt% in the composites,[42] 
which is confirmed by TGA analysis in Figure S11 of the Sup-
porting Information. The peaks ascribed to elemental sulfur 
can be clearly observed in the XRD pattern (Figure S12, Sup-
porting Information), indicating the successful impregnation of 
sulfur in NCO-HS, Co3O4-HS, and Co3O4-NPs. The SEM and 
TEM image in Figure S13 of the Supporting Information indi-
cates a uniform distribution of sulfur. After sulfur loading, the 
NCO-HS sphere well maintains its structure without collapses. 
For comparison, the morphology of Co3O4-HS and Co3O4-NPs 
and their sulfur composites are also provided in Figure S14 
of the Supporting Information, which exhibits more sulfur 
agglomeration than NCO-HS. Also, the strong sulfur peak in 
XRD pattern indicates the high crystallinity of sulfur, revealing 
the existence of bulk sulfur particle. The severe sulfur agglom-
eration significantly impedes charge and mass transfer and 
enable the composite electrode with poor Li–S electrochemical 
performance. Besides, the N2 adsorption–desorption isotherms 
of NCO-HS undergoes a drastic decrease after sulfur loading 
(Figure S15, Supporting Information), confirming the occupa-
tion of sulfur in the pores. These results demonstrate the suc-
cessful sulfur loading and the uniform sulfur distribution.

Electrochemical evaluations were conducted to verify the 
advantageous effects of NCO-HS serving as sulfur immobilizer 
for Li–S batteries. Figure 4A shows the typical galvanostatic 
charge–discharge profiles with two distinguished plateaus 
curves for all the S@NCO-HS, S@Co3O4-HS, and S@Co3O4-
NPs electrodes (corresponding to sulfur composite electrodes 
based on NCO-HS, Co3O4-HS and Co3O4-NPs, respectively). 
The discharge plateau at around 2.3 V (vs Li+/Li) is related  

to the electroreduction of sulfur into long-chain LPS (Li2S8 and 
Li2S6), while the other discharge plateau at around 2.1 V corre-
sponds to the further reduction of the LPS to Li2S2 and Li2S. The 
CV results in Figure 4B are in good agreement with the charge–
discharge profiles by showing two major reduction peaks at 
2.3 and 2.05 V, and two major oxidation peaks at 2.35 and 2.4 V. 
Notably, the S@NCO-HS electrode displays the smallest poten-
tial hysteresis in both charge–discharge profiles and CV curve 
compared to the other electrodes, indicating its smaller electro-
chemical polarization and improved reaction kinetics. The rate 
performances in Figure 4C and Figure S16 (Supporting Infor-
mation) show that the S@NCO-HS electrode exhibits the best 
rate capability with a high discharge capacity of 855 mAh g-1 
at 5 C as well as a highly reversible capacity of 1103.5 mAh g-1 
when the current is returned to 0.2 C. Even under raised cur-
rent density, the charge–discharge curves of S@NCO-HS still 
displays two distinguished plateaus curves without severe poten-
tial hysteresis and delivers the highest discharge capacity among 
those composites. These results manifest that the defect engi-
neering on NCO-HS can provide favorable conduction proper-
ties for the sulfur electrode to achieve fast reaction kinetics.

Figure 4D shows the cycling performances of different 
electrodes at 0.2 C. The S@NCO-HS electrode exhibits the 
best cycling performance with a high capacity retention of 
1143.8 mAh g-1 after 100 cycles. Benefited from the structural 
superiorities of NCO-HS, which combining strong physical 
and chemical adsorptions of LPS, a superior cyclability of S@
NCO-HS electrode can be achieved. The highly reversible 
capacity and stable coulombic efficiency can be obtained from 
cycling performance in Figure S17 of the Supporting Informa-
tion, indicating the strong confinement of LPS and the expedite 
sulfur electroreactions in S@NCO-HS. The sulfur confinement 
in S@NCO-HS was further revealed by SEM observation 
(Figure S18, Supporting Information). The uniform coating of 
sulfur species on the NCO-HS surface after 100 cycles indicates 
the strong sulfur immobilization and inhibited polysulfide 
shuttling for S@NCO-HS electrode. By contrast, the platelet-
like crystalline Li2S can be clearly observed on Co3O4-HS after 
cycling, signifying a relatively severe dissolution and shuttling 
behaviors of LPS. After cycling, the NCO-HS well maintains 
its unique morphology without structural damage or cracks 
(Figure S19, Supporting Information). The EDX elemental 
mapping also reveals a uniform element distribution of Ni, Co, 
O, and S in the electrode (Figure S20, Supporting Information). 
The highly porosity on the shell provide enough space to store 
sulfur and buffer the volume change during charge–discharge 
process. These results reveal the strong structural integrity of 
NCO-HS to tolerate the volume expansion during lithiation/
delithiation. Considering its high porosity, large inner voids, 
and great structural stability, electrochemical performance of 
sulfur electrodes based on S@NCO-HS composites with dif-
ferent sulfur contents were also investigated. Benefited from 
the structural superiorities, sulfur was uniformly distributed 
on the subunits of NCO-HS even at a high sulfur content up 
to 80 wt% (Figure S21, Supporting Information). The cyclic 
performances of S@NCO-HS electrodes with different sulfur 
content (Figure S22, Supporting Information) indicates that the 
composite with 70 wt% sulfur exhibits the highest discharge  
capacity and cyclability, which can be employed for further 

Adv. Energy Mater. 2019, 1900228
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long-term cycling measurements. Attributed to the uniform 
sulfur distribution, favored reaction kinetics, and enhanced 
sulfur immobilization, the S@NCO-HS electrode achieves an 
outstanding cyclability with a low capacity fading rate of 0.045% 
per cycle and a highly reversible capacity of 781.8 mAh g-1 
after 800 cycles at 0.2 C (Figure 4E). A high rate cycling test 
of the S@NCO-HS composite electrode was also performed at 
1.0 C for 300 cycles, as shown in Figure S23 of the Supporting 
Information. The S@NCO-HS electrode retains a highly 
reversible capacity of 790.3 mAh g-1 after 300 cycles as well 
as a high coulombic efficiency over the cycling. These results 
are highly competitive among sulfur electrodes based on metal 
oxides host in Table S2 of the Supporting Information, strongly 
supporting the intriguing structural superiorities of NCO-HS 
as an advanced sulfur host for Li–S batteries.

To further understand the underlying mechanism of the per-
formance enhancement of the S@NCO-HS electrode, a series 
of electrochemical analyses was performed to verify the benefits 

of NCO-HS in terms of ion and electron transportation. The 
defective NCO nanosized subunits establish a 3D conductive 
architecture while the porous hollow structure offers enlarged 
electrode/electrolyte interfaces and multi-dimensional channels 
for ion diffusion (Figure 5A). Therefore, S@NCO-HS compos-
ites guarantee sufficient ion supply and fast sulfur electrochem-
ical redox. The above argument receives strong support from 
the potentiostatic intermittent titration (PITT), which shows 
that the S@NCO-HS electrode delivers the highest Li+ diffusion 
coefficient (DLi

+) (Figure 5B). The DLi
+ in discharge and charge 

processes are in good correspondence, revealing the good 
reversibility of these composite electrodes. The high DLi

+ of S@
NCO-HS is benefited from the high porosity and large inner 
voids in the architecture, which offer abundant Li+ pathways for 
Li+ diffusion. Conductivity measurements and EIS tests were 
also performed to verify the improved sulfur electroredox for 
S@NCO-HS. Notably, S@NCO-HS still possess the highest  
conductivity of 0.29 S cm-1 after loading 70 wt% sulfur, 
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Figure 4. A) Galvanostatic discharge–charge profiles at 0.2 C, B) CV curves at scan rate of 0.1 mV s-1, C) rate performances, and D) cycling performances 
at 0.2 C of S@NCO-HS, S@Co3O4-HS, and S@Co3O4-NPs electrodes. E) Specific capacity and coulombic efficiency of S@NCO-HS electrode over the 
long-term cycling at 0.2 C.
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indicating the best electron transfer within the bulk composite 
(Figure 5C). Moreover, Figure 5D shows the Nyquist plots of 
different sulfur electrodes at the fully charged state. Clearly, S@
NCO-HS holds the smallest interfacial charge-transfer resistance 
and Warburg resistance, which further illustrates its best charge 
and mass transfer properties among these three composites. 
These results are in good agreement with the PITT profiles and 
rate performances, evidencing the great promotion of conduc-
tion properties and the sulfur electrochemical reaction kinetics 
contributed by the unique structural features of NCO-HS.

To examine the structure differentiation affected by Ni con-
tent, NCO-HS with different Ni/Co ratio was synthesized and 
characterized by XRD in Figure S24 of the Supporting Informa-
tion. With the increase of Ni content, the XRD peak of NCO-HS 
shifts more toward lower angle, indicating severe structure 
change and result in higher content of oxygen vacancies. Espe-
cially, the major XRD peak of NiCO2O4-x undergoes the largest 
shift from 36.83° to 36.66°, indicating the highly disordered 
spinel structure that NiCO2O4-x possessed among those mate-
rials, leading to the formation of abundant oxygen vacancies 
in octahedral sites. The S@NCO-HS composites with different 
nickel substitution were prepared and their electrochemical 
performance is shown in Figure S25 of the Supporting Infor-
mation, the first discharge–charge cycle of those samples was 
measured at a current density of 0.2 C with different Ni content. 
The discharge–charge profiles exhibit a higher discharge pla-
teau, lower potential hysteresis, and higher discharge capacity 
with the nickel content increasing. Moreover, the conductivity of 
NCO-HS significantly improves with Ni content increasing.[43] 

Benefitting from those advantages, the S@NiCo2O4-X cathode 
exhibits the highest initial discharge capacity. However, with 
the Ni/Co ratio further increasing, NiO phase will formed in 
NCO-HS during CMF calcination. The NiO dissolution caused 
severe structure deformation, oxygen vacancies compensa-
tion, and conductivity loss of NCO-HS.[44] As a result, the S@
Ni1.5Co1.5O4-x cathode exhibits poor conductivity, low PS adora-
bility and finally demonstrates a relatively low discharge capacity.

Self-discharge behavior is a significant indicator of LPS 
shuttling effect. The self-discharge evaluation was performed 
by resting the composite electrodes at 2.2 V in their second 
discharge for 24 h (Figure S26, Supporting Information). The 
results show that the S@NCO-HS electrode exhibits the lowest 
voltage decay during battery rest and demonstrates the best 
capacity retention of 94.4% after rest, which strongly confirms 
its superior LPS shuttling inhibition.

The practical application of Li–S batteries requires a raised 
sulfur loading of sulfur electrode for higher energy density. 
Figure 6A shows the galvanostatic charge–discharge curves of 
S@NCO-HS electrode at different current densities. Clearly, 
the distinguished two-plateau charge–discharge curves can still 
be obtained at a relatively high rate of 2 C, indicating its low 
polarization and good reaction kinetics even under high sulfur 
loading. Nevertheless, Figure 6B manifests the good rate capa-
bility of the high-loading S@NCO-HS electrode by showing a 
highly reversible areal capacity of 3.8 mAh cm-2 at 2 C and a 
decent capacity of 5.4 mAh cm-2 after switching the current 
back to 0.2 C. Furthermore, the stable long-term operation 
also indicates the good cyclability of the S@NCO-HS electrode 

Figure 5. A) Schematic illustration of kinetic features of S@NCO-HS. B) PITT profiles reveal the Li+ diffusion coefficients of S@NCO-HS, S@Co3O4-HS,  
and S@Co3O4-NPs upon the discharge–charge process. C) The electrical conductivities of NCO-HS, Co3O4-HS, and Co3O4-NPs, and their sulfur 
composites. D) EIS spectra of S@NCO-HS, S@Co3O4-HS, and S@Co3O4-NPs electrodes.
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under high sulfur loading (Figure 6C) with a constantly high 
areal capacity over 5 mAh cm-2, which is competitive with com-
mercial Li-ion batteries.[45] The good electrochemical perfor-
mance under raised sulfur loading is attributed to the synergis-
tically combined morphological and structural superiorities of 
NCO-HS. The uniform sulfur distribution and the excellent con-
duction properties in the highly porous and defective NCO-HS 
ensures high sulfur utilization and fast reaction kinetics, while 
the strong physical and chemical sulfur immobilizations further 
suppress the dissolution and shuttling behaviors of polysulfide, 
leading to significantly prolonged cycling lifespan.

3. Conclusion

In summary, we have developed a facile synergistic strategy to 
synthesize TMC-HS employed with abundant cation and anion 
defects. The obtained NCO-HS displays a unique double-shelled 
hollow structure and hierarchical porosity, which favors uniform 
sulfur distribution, fast ion transfer, and good physical sulfur 
confinement. Meanwhile, the defective spinel NCO-HS con-
sisting abundant Ni2+ substitution within Co3O4-HS matrix and 
oxygen vacancies on octahedral sites, was endowed with signifi-
cantly enhanced ionic/electronic conductivity and strong chem-
ical interactions with sulfur species, contributing to fast sulfur 
electroredox and excellent sulfur immobilization. Benefited from 
these advantages, S@NCO-HS achieves fast and durable sulfur 
electrochemistry with a minimal capacity fading rate of 0.045% 
per cycle over 800 cycles, superior rate capability up to 5 C, and 
high areal capacity of 6.3 mAh cm-2 under raised sulfur loading. 

This implementation of synergistic engineering to design highly 
conductive and adsorptive multifunctional sulfur host offers an 
instructive attempt for material engineering toward superior 
Li–S performance, which also paves way for other energy storage 
applications such as electrocatalysis and supercapacitors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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