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1. Introduction

The ever-increasing energy demand has 
been prompting the development of 
advanced energy storage systems with high 
energy density and good affordability.[1–3] 
Among the various candidates, lithium–
sulfur (Li–S) batteries have attracted par-
ticular research attentions due to the high 
theoretical specific capacity (1675 mAh g−1), 
low cost, and environmental friendliness 
of sulfur.[4–6] However, the state-of-the-art 
Li–S batteries are still struggling to fulfill 
the expected energy density and serving 
life for practical application due to some 
intractable challenges. For example, both 
sulfur and its lithiation products are electri-
cally and ionically insulating, which renders 
the intrinsically sluggish redox reaction 
kinetics.[7–9] Meanwhile, the strong solvation 
of the intermediate lithium polysulfides in 
ether solvents renders their high solubility 
and mobility in electrolyte as well as the 
resultant notorious shuttle effect, which 
gives rise to serious sulfur loss and poor 
electrochemical reversibility.[10–13]

To address these shortcomings, various approaches have 
been proposed including hybrid cathode,[14–16] separator modifi-
cation,[17–19] electrolyte optimization,[20,21] anode protection,[22,23] 
etc. Studies have shown that the rational design of sulfur elec-
trode is of particular significance for improving the Li–S bat-
tery electrochemistry. The widely reported sulfur host materials 
include: i) nonpolar porous carbon materials, such as graphene, 
carbon nanotube, etc.; ii) polar materials, such as metal oxides/
sulfides/carbides/nitrides/selenides; iii) hybrid materials that 
consist of carbon and polar materials.[24–30] Carbon materials 
usually deliver high specific surface area and abundant pore 
structure, which make them ideal conductive candidates for 
physical sulfur storage and confinement. On the other hand, 
polar metal-based materials offer good chemical trapping and 
catalytic activity for polysulfide adsorption and conversion, 
respectively. Thus, metal–carbon hybrids or composites pro-
vide great opportunities to simultaneously address the multiple 
obstacles in sulfur electrochemistry.[31–33] Accordingly, rational 
construction or structural design of these hybrid materials is 
essential for the development of efficient sulfur cathode. This 

The rational design of sulfur cathode structure to suppress shuttling behav-
iors and expedite the conversion kinetics of polysulfides plays an essential 
role for the practical implementation of lithium–sulfur (Li–S) batteries. In this 
work, a unique consecutive and oxygen-deficient niobium oxide (Nb2O5−x) 
framework featured with 3D ordered macroporous (3DOM) architecture and 
carbon nanotubes (CNTs) embedding is developed, which serves as a high-
performance sulfur immobilizer and catalytic promoter for polysulfide conver-
sion. The 3DOM architecture affords a robust porous and open framework 
that favors electrolyte infiltration for fast ion/mass transfer, as well as inter-
face exposure for massive host–guest interactions. More importantly, CNTs 
are designed as “antennae” embedded within the Nb2O5−x skeleton, which 
not only contributes to a highly conductive framework but also intensifies the 
oxygen deficiency with enhanced sulfur immobilization and reaction catalyza-
tion. Benefiting from these advanced features, Li–S cells based on S-Nb2O5−x/
CNTs cathode achieve excellent cyclability with a high capacity retention of 
847 mAh g−1 after 500 cycles and remarkable rate capability with 741 mAh g−1 
at 5 C. Moreover, a high areal capacity of 6.07 mAh cm−2 can also be achieved 
under a high sulfur loading of 6 mg cm−2, illustrating great potential in the 
development of practical Li–S batteries.
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requires the cathode host materials to be equipped with suffi-
cient porosity, favorable chemical sulfur affinity, and good struc-
tural stability during charge–discharge cycling. Considering 
that metal oxides are more structurally robust and rigid, while 
carbons are more porous and electrically conductive for electro-
chemical process, the constructions based on metal oxide skel-
eton with carbon complement could be a promising solution to 
obtain rational and high-performance sulfur cathode.

In this work, we developed a unique robust and consecu-
tive metal oxide-based framework as advanced sulfur immo-
bilizer in Li–S batteries. The framework delivers a long-range 
continuous and 3D ordered skeleton composed by oxygen-
deficient Nb2O5−x with carbon nanotubes (CNTs) embed-
ment (3D ordered macroporous (3DOM) Nb2O5−x/CNTs). 
The highly porous, open, and stable architecture facilitates 
the reliable sulfur accommodation, fast ion/mass transfers, 
and sufficient exposure of active interfaces. Meanwhile, the 
defect engineering not only enhances the intrinsic conduc-
tivity of Nb2O5 but also invigorates its chemical interactions 
with lithium polysulfides, contributing to the strengthened 
sulfur immobilization and promoted reaction kinetics. More 
importantly, CNTs were introduced and designed as antennae 
within the Nb2O5−x skeleton, which not only forms a highly 
conductive network but also intensifies the oxygen deficiency 
with further enhanced sulfur immobilization and catalyzation. 

Attributed to these advantages, Li–S cells based on Nb2O5−x/
CNTs realized excellent cycling stability and rate capability, 
as well as high areal capacities under raised sulfur loading, 
demonstrating a good promise in the development of high-
performance Li–S batteries.

2. Results and Discussion

The preparation process of S-Nb2O5−x/CNTs is schematically 
illustrated in Figure S1 (Supporting Information). Polymethyl 
methacrylate (PMMA) nanosphere templates in uniform size 
of around 200 nm were firstly prepared according to our pre-
vious works (Figure S2, Supporting Information).[34] Subse-
quently, the PMMA template was immersed into the mixture 
solution containing niobium salt and CNTs. Following calci-
nation removed the PMMA and simultaneously transformed 
the niobium salt into Nb2O5−x. The content of CNTs in the 
obtained Nb2O5−x/CNTs composite was ≈1.8 wt% by thermo-
gravimetric analysis (TGA, Figure S3, Supporting Informa-
tion), while the decomposition of PMMA also contributes 
to a carbon residue of ≈1.5 wt% in the products. The micro-
structure and functionalities of the obtained Nb2O5−x/CNTs 
composite are schematically depicted in Figure  1a. In addi-
tion to the ordered macropores, abundant meso/micropores 

Figure 1. a) Schematic illustration of Nb2O5−x/CNTs; b) SEM image, c,d) TEM images, e,f) HRTEM images, and g) corresponding high-magnification 
element mapping with a scale bar of 200 nm of Nb2O5−x/CNTs.
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are also generated during the synthesis. Oxygen vacancies 
(Vo) are introduced simultaneously to realize strong adsorp-
tion on polysulfides and boost the sulfur species conversion. 
Finally, the S-Nb2O5−x/CNTs composite was prepared through 
the conventional melt-diffusion method as the cathode mate-
rial. Control samples of pristine Nb2O5 and oxygen-deficient 
Nb2O5−x without CNTs were also prepared for comparison (see 
synthetic details in the Experimental Section).

The morphology of 3DOM Nb2O5−x/CNTs was unveiled by 
scanning electron microscopy (SEM) observations, which con-
firm its exquisite 3DOM structure with rich macroporosity 
(Figure  1b). The ordered macropores and the connected chan-
nels favor the uniform sulfur distribution as well as facile 
electrolyte infiltration for fast ion/mass transfers. The SEM 
images of Nb2O5−x and Nb2O5 counterparts are presented in 
Figures S4a,b and S5a,b (Supporting Information), respectively, 
demonstrating the similar 3DOM architecture. Figure S6 (Sup-
porting Information) shows the energy-dispersive spectrometer 
(EDS) element mapping images of the 3DOM Nb2O5−x/CNTs, 
which reveals the uniform distribution of Nb and O as well as 
confirming the successful introduction of CNTs by the con-
siderable C signal. Transmission electron microscopy (TEM) 
and high-resolution TEM (HRTEM) were applied to probe the 
deeper morphological information of 3DOM Nb2O5−x/CNTs. 
Figure  1c confirms the ordered interconnected macroporous 
framework of 3DOM Nb2O5−x/CNTs similar to Nb2O5−x and 
Nb2O5 (Figures S4c and S5c, Supporting Information). Notably, 
a certain number of CNTs can be detected in 3DOM Nb2O5−x/
CNTs as shown in Figure  1d,e, which are embedded inside 
the skeleton. This should be attributed to the in situ conver-
sion from Nb salt into Nb2O5−x with the CNTs accommodated 
inside. Such hybridization could enhance the overall conduc-
tivity as well as the structural robustness of the framework. 
Meanwhile, the Nb2O5−x thin walls are found with abundant 
micro/mesopores, which increase the surface area and enrich 
the accessible interfaces for host–guest interactions. Except 
the visible pores in Figure  1f, the porous textures of different 
samples were further studied by N2 adsorption–desorption 
measurement (Figures S7 and S8, Supporting Information). 
The results demonstrated that the specific surface area was 
≈37.6 and 60.8 m2 g−1 for 3DOM Nb2O5−x and 3DOM Nb2O5−x/
CNTs, respectively, where the embedment of CNT increases 
mainly the micro and mesopores. The micropore surface area 
and micropore volume of the Nb2O5−x/CNTs are ≈56.74 m2 g−1 
and 0.021 cm3 g−1, respectively, based on Saito–Foley method. 
Apart from that, it could be noticed that obvious lattice fringe 
can be detected for the Nb2O5 thin walls (Figure S5d, Sup-
porting Information), while both amorphous and crystalline 
regions can be observed in Nb2O5−x/CNTs (Figure S9, Sup-
porting Information), implying the partially crystalized feature 
and the abundance of lattice defects in the product. It is also 
noteworthy that no Nb2O5−x particles can be perceived under 
varied TEM magnifications (Figure S9, Supporting Informa-
tion), suggesting that the matrix is constructed consecutively 
by the single Nb2O5−x phase without obvious particulate inter-
faces. This results in a rigid, large-scale, and continuous frame-
work with favorable long-range conductivity in drastic contrast 
to conventional nanoscale Nb2O5 designs. Furthermore, the 
high-magnification element mapping of 3DOM Nb2O5−x/CNT 

is depicted in Figure  1g. The uniform distribution of Nb and 
O elements can be clearly perceived, while the intensity of C 
is relatively weak due to the low content of CNTs embedded 
within the Nb2O5−x shells.

The as-designed hierarchical 3DOM structure is also 
endowed with good sulfur loadability, which enables a high 
sulfur loading up to 74 wt% as determined by TGA (Figure S10, 
Supporting Information). The successful sulfur loading was 
also confirmed by the sharp peaks assigned to element sulfur 
in the X-ray diffraction (XRD) pattern of S-Nb2O5−x/CNTs 
as shown in Figure S11 (Supporting Information). The SEM 
images and element mapping further reveal the uniform sulfur 
distribution as well as the well-maintained ordered macroporo-
sity and the interconnected channels, indicating the excellent 
structural integrity for sulfur storage (Figure S12, Supporting 
Information).

To confirm the crystallization properties of the products, 
the XRD patterns were collected as shown in Figure 2a. All the 
patterns for Nb2O5−x/CNTs, Nb2O5−x, and Nb2O5 exhibit good 
match with the orthorhombic Nb2O5 phase in P space group 
(JCPDS No. 30-0873). Notably, significant positive shifts can 
be perceived for Nb2O5−x/CNTs and Nb2O5−x compared with 
Nb2O5 (Figure  2a, inset), suggesting the distortion of lattice 
structure as well as the formation of Vo.[35–37] Figure  2b pre-
sents the Raman spectra of the Nb2O5, Nb2O5−x, and Nb2O5−x/
CNTs. Comparatively, the D and G bands can be observed only 
in Nb2O5−x/CNTs spectrum, confirming the existence of CNTs. 
Meanwhile, all these three samples show two major bands at 
around 300 and 700 cm−1, referring to the lattice vibration in 
Nb2O5.[38] The local magnification (inset in Figure  2b) reveals 
the obvious negative peak shifts and broadenings for Nb2O5−x/
CNTs and Nb2O5−x compared with Nb2O5, further signifying 
the presence of Vo in consistent with the XRD results. To fur-
ther investigate the chemical states of these samples, X-ray pho-
toelectron spectroscopy (XPS) spectra were collected as shown 
in Figure 2c,d. The Nb 3d spectrum of Nb2O5 shows two typical 
peaks of Nb 3d3/2 and Nb 3d5/2 at 210 and 207.3 eV, respectively, 
corresponding to the valence feature of Nb5+ (Figure  2c). By 
contrast, these peaks in Nb2O5−x and Nb2O5−x/CNTs undergo 
significant shift to the lower binding energy range, suggesting 
the increase of electron cloud density and the correspondingly 
lower valence of Nb, which echoes with the construction of Vo 
that renders a nonstoichiometric formula in Nb2O5−x. In addi-
tion, the O1 peaks of Nb2O5−x and Nb2O5-x/CNTs shift up to a 
higher binding energy region, further confirming the oxygen-
deficient character (Figure 2d).[12]

Furthermore, the oxygen deficiency was determined by 
electron paramagnetic resonance (EPR) measurement. As 
presented in Figure 2e, the as-prepared Nb2O5−x and Nb2O5−x/
CNTs exhibit strong resonance signal at a g-value of 2.003, 
while minimum resonance can be observed for Nb2O5. This 
result strongly confirms the construction of Vo in Nb2O5−x 
and Nb2O5−x/CNTs. It should be also noted that Nb2O5−x/
CNTs deliver a considerably higher resonance intensity than 
that of Nb2O5−x, suggesting its more abundance in Vo. The 
Vo is considered induced by the incomplete oxidization and 
crystallization under relatively mild temperature (500 °C), 
where the insufficient energy and sluggish O diffusion par-
ticularly within the solid phase lead to the undercoordination 
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of Nb and deficiency of O in the Nb2O5−x product. Moreover, 
the increase of Vo in Nb2O5−x/CNTs can be attributed to the 
chemical reducibility of CNT under the synthetic temperature, 
which further mitigate the oxidization and thus intensifies the 
resulting Vo. Collectively, the above results evidentially con-
firm the existence and abundance of Vo in the as-developed 
Nb2O5−x/CNTs. The Vo construction is expected to alter the 
electronic structure and improve the electron conduction, 
which is verified by the density of states (DOS) as shown in 
Figure 2f. The DOS of Nb2O5−x displays a narrowed bandgap 
than that of Nb2O5, suggesting the facilitated electron conduc-
tion by the introduction of Vo. Attributed to the CNT embed-
ment and the rearrangement of electron state, Nb2O5−x/CNTs 
deliver a much higher conductivity than that of Nb2O5 (2.46 
× 10−3 vs 3.25 × 10−6 S cm−1), which is highly favorable to the 
sulfur electrochemical reactions.

Apart from the conductivity enhancement, the defect engi-
neering is also expected to be beneficial to the sulfur adsorption 
behavior. For verification, visualized sulfur adsorption test was 
firstly performed by immersing the same amount of Nb2O5−x/
CNTs, Nb2O5−x, and Nb2O5 in 5 × 10−3 m Li2S6 solution. As 
shown in the inset of Figure 3a, the blank Li2S6 solution pre-
sents a typical brownish color. After immersion by different 
adsorbents for 12 h, the solution displays a color depth order 
of Nb2O5  > Nb2O5−x  > Nb2O5−x/CNTs, suggesting the highest 
polysulfide absorbability of Nb2O5−x/CNTs. This result can 
also be confirmed by UV–vis spectra measurements on the  
supernatants. Obviously, the characteristic polysulfide peaks 
experience the most drastic intensity reduction after adsorption 
by Nb2O5−x/CNTs, indicating the least polysulfide in the super-
natant in accordance with the optical observation. Moreover,  

the underlying mechanism of the polysulfide adsorption 
was explored by density functional theory (DFT) calculations. 
The optimized geometrical configurations of Li2S6 on Nb2O5 
(Li2S6-Nb2O5) and Nb2O5−x (Li2S6-Nb2O5−x) are depicted in 
Figure  3b. The results demonstrate that the Li2S6 is prone to 
bond with Nb2O5−x via NbS and LiO bonding, upon which 
the Nb and Li tend to accept electrons from S and O, respec-
tively. Meanwhile, shorter bond length LiO (2.71 Å vs 4.22 Å) 
can be noticed in Li2S6-Nb2O5−x than that in Li2S6-Nb2O5 con-
figuration, rendering a higher adsorption energy of −5.26 eV 
(vs −4.14 eV for Li2S6-Nb2O5). These favorable chemical adsorp-
tion behaviors are expected to contribute to an enhanced sulfur 
immobilization in Li–S configuration, which mitigates the 
sulfur loss and inhibits the shuttle effect for stabilized sulfur 
electrochemistry.

In addition to the adsorption effect, the potential kinetic 
improvement by the defect engineering was also predicted 
by the Li+ diffusion behaviors. The Li+ diffusion profiles and 
the corresponding geometrical configurations on different 
surfaces are depicted in Figure  3c,d, respectively. According 
to the calculation result, a lower diffusion barrier energy of 
0.82 eV can be obtained on the oxygen-deficient Nb2O5−x 
surface compared with that on Nb2O5 (1.89 eV), manifesting 
the facilitated ion transfer by the defect engineering. This 
improvement in Li+ diffusion behavior can also be verified 
by the Li+ diffusion coefficients (DLi+), which is investigated 
by the cyclic voltammetry (CV) curves of different sulfur elec-
trodes at varied scanning rates as shown in Figure 4. The Li–S 
coin cells were fabricated by using different sulfur composites 
as cathode active materials. Figure  4a–c shows the CV pro-
files of S-Nb2O5−x/CNTs, S-Nb2O5−x, and S-Nb2O5 electrodes 

Figure 2. a) XRD patterns; b) Raman spectra; c) Nb 3d and d) O 1s high-resolution XPS spectra; e) EPR spectra of Nb2O5−x/CNTs, Nb2O5−x, and Nb2O5; 
f) DOS patterns of Nb2O5−x and Nb2O5.
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at initial three cycles, respectively. All of them present typi-
cally two cathodic peaks at about 2.3 V and a smaller peak at 
about 2.05 V, referring to the reduction of S8 into soluble poly-
sulfides and further into insoluble Li2S2/Li2S, respectively. 
The anodic peaks located at around 2.3 and 2.4 V are assigned 
to the reverse conversion from Li2S to S during the charging 
process. It can be noted that the CV profile of the S-Nb2O5−x/
CNTs cathode can be well maintained upon cycling, indi-
cating its good electrochemical reversibility. Figure 4d–f dem-
onstrates the CV profiles of the S-Nb2O5−x/CNTs, S-Nb2O5−x 
and S-Nb2O5 electrodes, respectively, at a series of scanning 
rates from 0.1 to 0.5 mV s−1, while the according correlations 
between the peak current (Ip) and the square root of scanning 
rate (v0.5) at different redox peaks are presented in Figure 4g–i. 
According to the Randles–Sevick equation, the slope of the fit-
ting line corresponds to the DLi+, which positively reflects the 
mobility of Li+ within the electrode. Obviously, the S-Nb2O5−x/
CNTs electrode delivers much higher DLi+ than S-Nb2O5−x and 
S-Nb2O5 at all the redox states (peak A, B, and C), strongly 
confirming the significantly facilitated Li+ diffusion behaviors 
by the defect engineering.

Considering these favorable features, the reaction kinetics 
of sulfur redox reactions were further investigated by sym-
metric cell characterizations. Figure  5a compares the CV 
profiles of symmetric cells based on identical electrodes 
of Nb2O5−x/CNTs, Nb2O5−x, and Nb2O5 within the voltage 
window of −1.5 to 1.5 V. The Nb2O5−x/CNTs cell exhibits much 
higher current response than the Nb2O5−x and Nb2O5 coun-
terparts, suggesting its fastest polysulfide conversion kinetics. 
The well-maintained CV profile upon the initial four cycles 
also indicates the good conversion reaction stability on the 
Nb2O5−x/CNTs surface (Figure  5b). The multicycle CV curves 
of Nb2O5−x and Nb2O5 electrodes are displayed in Figure S13 
(Supporting Information). The CV profiles of the symmetric 
cells at different scanning rates were also collected as shown 

in Figure S14 (Supporting Information). The Nb2O5−x/CNT cell 
delivers the smallest potential gap between the redox peaks as 
well as the slowest gap widening rate compared with those of 
Nb2O5−x and Nb2O5 cells, further indicating the best kinetics of 
polysulfide conversions and demonstrating the great catalytic 
effect of the as-developed Nb2O5−x/CNTs. The electrochem-
ical impedance spectroscopy (EIS) spectra of symmetric cells 
clearly demonstrate the smaller charge-transfer impedance 
of Nb2O5−x/CNTs compared with others, which supports the 
fast polysulfide conversion kinetics and is in consistent with 
the above results (Figure  5c). Apart from that, the Li2S depo-
sition behaviors on different host surfaces were studied by 
potentiostatic discharging at 2.05 V. As shown in Figure 5d–f, 
the Nb2O5−x/CNTs electrode clearly exhibits higher current 
response at earlier time point (3629 s) with higher precipita-
tion capacity (198.1 mAh g−1) compared with those of Nb2O5−x 
(4113 s, 146.6 mAh g−1) and Nb2O5 (6485 s, 65.2 mAh g−1), 
suggesting the reduced energy barrier for the nucleation and 
growth of Li2S on Nb2O5−x/CNTs surface. Additionally, the 
significant kinetic improvement can also be observed for the 
Li2S oxidization behavior. The Li2S oxidization was evaluated 
by linear sweep voltammetry (LSV) technique as shown in 
Figure  5g. It can be noted that the Nb2O5−x/CNTs electrode 
delivers an onset potential of −0.35 V for the Li2S oxidization, 
which is much lower than that of Nb2O5−x (−0.22 V) and Nb2O5 
(−0.2 V), indicating the lower energy barrier to initiate the Li2S 
decomposition. Moreover, the Nb2O5−x/CNTs electrode also 
demonstrates the highest current response among these speci-
mens, corresponding to the fast oxidization reactions. This cat-
alyzed reaction behavior can also be confirmed by the smallest 
Tafel slope of (90 mV dec−1) of Nb2O5−x/CNTs electrode com-
pared with Nb2O5−x (105 mV dec−1) and Nb2O5 (146 mV dec−1) 
in the according Tafel plot (Figure  5h). DFT calculation on 
the Li2S decomposition was further conducted to probe into 
the mechanism of the kinetic improvement. As depicted in 

Figure 3. a) UV–vis spectra and optical observation (inset) of polysulfide solution adsorbed by Nb2O5−x/CNTs, Nb2O5−x, and Nb2O5; b) optimized 
configuration of Li2S6 adsorption on Nb2O5 and Nb2O5−x; c) diffusion profiles and d) geometrical configurations of Li+ diffusion on Nb2O5 and Nb2O5−x 
surfaces. The blue, red, purple, and yellow balls represent the Nb, O, Li, and S atoms, respectively.
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Figure  5i, an obviously reduced energy barrier of 0.46 eV for 
the Li2S decomposition was achieved on the oxygen-deficient  
Nb2O5−x compared with that on the perfect Nb2O5 lattice (1.47 eV),  
which contributes to the facile Li2S redox reactions in con-
sistent with the experimental results. The corresponding geo-
metrical configurations on different surfaces are depicted in 
Figure S15 (Supporting Information). All the aforementioned 
results collectively and strongly confirm the desirable enhance-
ment in sulfur conversion kinetics by the as-developed defect-
rich 3DOM Nb2O5−x/CNTs construction.

On this basis, the electrochemical performances of the 
as-developed sulfur electrodes (S-Nb2O5−x/CNTs, S-Nb2O5−x, 
and S-Nb2O5) were evaluated in CR2032-type coin cells. 
Figure 6a shows the voltage profiles of S-Nb2O5−x/CNTs elec-
trode at 0.2 C, which displays the typical two-plateau charge–
discharge curve according to the multistep sulfur redox 
reactions and is in good consistency with the CV result. It 
is noteworthy that the voltage profile can be well maintained 
upon 100 cycles, indicating the good structural stability and 
electrochemical reversibility of S-Nb2O5−x/CNTs electrode. 

Figure 6b compares the cycling performance of different elec-
trodes. The S-Nb2O5−x/CNTs electrode delivers an initial dis-
charge capacity of 1469 mAh g−1, which is higher than that 
of S-Nb2O5−x (1440 mAh g−1) and S-Nb2O5 (1318 mAh g−1) 
electrodes. After 100 cycles, the capacity of 1171, 804, and 563 
mAh g−1 can be maintained retained for S-Nb2O5−x/CNTs, 
S-Nb2O5−x, and S-Nb2O5 electrode, respectively, demonstrating 
the significantly higher capacity retention of S-Nb2O5−x/CNTs 
electrode. It should be also noticed that a constantly high cou-
lombic efficiency over 99% can be achieved for S-Nb2O5−x/
CNTs electrode during the whole cycling process, indicating 
the effective inhibition on shuttle effect and the stabilization 
of sulfur redox reactions due to the architectural and chemical 
superiorities of the Nb2O5−x/CNTs host as discussed above. 
The rate performances of different electrodes at varied cur-
rent rates from 0.2 to 5 C are compared in Figure 6c. Impres-
sively, the S-Nb2O5−x/CNTs electrode retains a high capacity 
of 741 mAh g−1 at raised current rate even up to 5 C, strongly 
indicating the fast sulfur conversion kinetics on the Nb2O5−x/
CNTs surface. When the current rate is reduced back to 0.2 C, 

Figure 4. a–c) CV curves at 0.1 mV s−1, d–f) CV curves at different scan rate, and g–i) the corresponding linear fitting based on Randles–Sevick equation.
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a reversible capacity of 1256 mAh g−1 can still be restored, sug-
gesting a good reaction reversibility. By contrast, S-Nb2O5−x 
and S-Nb2O5 electrodes suffer from much faster capacity 
fading along with the increase of current rate, retaining lower 
capacity of 386 and 128 mAh g−1 at 5 C, respectively. The dis-
tinctions in rate capability among different electrodes can 
be understood as follows. The construction of Vo in Nb2O5−x 
enhances the intrinsic conductivity as well as the catalytic 
activity to sulfur conversion reactions, contributing to the 
promoted reaction kinetics compared with the intact-lattice 
Nb2O5. Moreover, the CNT embedment in Nb2O5−x/CNTs 
further improves the overall conductivity, while simultane-
ously intensifies the attributes from the defect engineering by 
inducing more Vo formation within the host matrix. Thus, the 
Nb2O5−x/CNTs electrode delivers the best rate performance 
among these electrodes, which can also be supported by its 
smallest electrochemical impedance as shown in the EIS 
spectra (Figure 6d).

Furthermore, the cyclabilities of different electrodes were 
probed by long-term galvanostatic cycling at 1 C with activation  

by initial three cycles at 0.1 C. As shown in Figure  6e, the 
S-Nb2O5−x/CNTs electrode presents an initial capacity of 
1120 mAh g−1 at 1 C, which retains 847 mAh g−1 after 500 cycles, 
corresponding to a favorably low capacity attenuation rate of 
0.05% cycle−1. In comparison, discharge capacity of 962 and 
715 mAh g−1 is obtained for S-Nb2O5−x and S-Nb2O5 electrode, 
which suffers from serious capacity decay with a low capacity 
retention of 364 and 182 mAh g−1, respectively, after 500 cycles. 
The SEM of cycled electrode is shown in Figure S16a,b (Sup-
porting Information), where the porous and continuous archi-
tecture is well retained. Moreover, the TEM image further 
confirms the well-maintained 3DOM structure after cycling, 
indicating the good structural stability of the as-developed 
Nb2O5−x/CNTs. Furthermore, the battery performance achieved 
in this work is also highly competitive among the previously 
reported Nb2O5-based designs (Table S1, Supporting Informa-
tion). These results strongly demonstrate the superiority of the 
as-developed 3DOM Nb2O5−x/CNTs design to stabilize and pro-
mote sulfur redox reactions for significant improvements in 
cyclability and rate capability of Li–S batteries.

Figure 5. a,b) CV curves and c) EIS spectra of symmetric cells; d–f) Li2S precipitation profiles, g) Li2S oxidization LSV curves, and h) corresponding 
Tafel plots of Nb2O5−x/CNTs, Nb2O5−x, and Nb2O5; i) energy profiles of Li2S decomposition on Nb2O5−x and Nb2O5 surfaces.
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Further exploration on the high-loading and lean-electrolyte 
performance was carried out for the S-Nb2O5−x/CNTs electrode, 
which is critical for the potential practical application of Li–S 
batteries. Attributed to the favorable architectural and sur-
face chemical properties, the Nb2O5−x/CNTs enables stable 
cycling under high sulfur loading of 3, 5, and 6 mg cm−2 with 
an electrolyte to sulfur rate of 8.8, 5.3, and 4.4 mL g−1, respec-
tively (Figure  7a). High capacity retention of 3.2, 4.6, and 
4.8 mAh cm−2 can be retained accordingly after 100 cycles at 
0.1 C, further confirming the great capability of the 3DOM 
Nb2O5−x/CNTs design in fulfilling stable sulfur electrochem-
istry. Figure  7b depicts the voltage profile of S-Nb2O5−x/CNTs 
electrode under different sulfur loading and electrolyte to sulfur 
(E/S) ratios. It can be noted that the distinct two-plateau pro-
file can be well maintained under relatively practical condi-
tions even at the high sulfur loading of 6 mg cm−2 and low E/S 
ratio of 4.4 mL g−1, strongly confirming the excellent kinetic 
improvement accomplished by the architectural design and 
defect engineering. As such, the S-Nb2O5−x/CNTs electrodes 

achieve decent rate capability with high areal capacities of 2.3, 
3.4, and 3.6 mAh cm−2 at 1 C under sulfur loadings of 3, 5, and 
6 mg cm−2, respectively (Figure 7c). These results strongly dem-
onstrate the great promise of the as-developed Nb2O5−x/CNTs 
design in the development of high-performance and practical 
viable Li–S batteries.

3. Conclusion

In summary, we have developed a unique long-range consec-
utive and oxygen-deficient 3DOM Nb2O5−x/CNT as advanced 
sulfur host material in Li–S batteries. The successful imple-
mentation of defect engineering and CNT embedment ren-
ders enhanced conductivity as well as strengthened sulfur 
absorbability and catalytic activity, contributing to potent 
sulfur immobilization and fast reaction kinetics. Meanwhile, 
the construction of the open and 3DOM architecture benefits 
the facile ion/mass transfer as well as further intensifying 

Figure 6. a) Charge–discharge profiles of S-Nb2O5−x/CNTs electrode; b) cycle performances at 0.2 C, c) rate performances, d) EIS spectra, and e) long-
term cycle performances at 1 C of S-Nb2O5−x/CNTs, S-Nb2O5−x, and S-Nb2O5 electrodes.
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the host–guest interactions due to the sufficiently exposed 
active interfaces. Attributed to these architectural and chem-
ical superiorities, sulfur electrodes based on Nb2O5−x/CNTs 
realized outstanding cyclability over 500 cycles and superb 
rate performance up to 5 C, as well as impressive areal 
capacities under raised sulfur loading and limited electrolyte. 
This work rationally combines the constructional design and 
defect engineering toward fast-kinetic and long-lasting Li–S 
batteries, which could also inspire the target-oriented mate-
rial designs in other related energy storage and conversion 
fields.

4. Experimental Section
Fabrication of 3DOM Nb2O5−x/CNTs: First, PMMA temple was 

synthesized according to a previous report.[34] The precursor solution 
was then prepared by adding 0.01 mol NbCl5 and 0.05 g CNTs  into 
20 mL ethanol. After that, PMMA temple was immersed into the 
as-prepared precursor solution for 24 h, followed by drying at 60 °C to 
remove the extra solvent. Subsequently, the precursor was heated with a 
heating rate of 1 °C min−1 to 500 °C under air atmosphere, and calcinated 
for 2 h to remove the PMMA temple and obtain the 3DOM Nb2O5−x/
CNTs product. Similarly, 3DOM Nb2O5−x was also synthesized through 
the same procedures but without the addition of CNTs. In addition, the 
control sample of 3DOM Nb2O5 was prepared by raising the calcination 
temperature to 700 °C.

Fabrication of S-Nb2O5−x/CNTs: The loading of sulfur was carried out 
through the typical melt-diffusion method. The mixture of sulfur and the 
as-prepared Nb2O5−x/CNTs in mass ratio of 3:1 was heated at 155 °C for 
12 h. Thereafter, a following thermal treatment was conducted at 200 °C 
for 1 h to remove the extra sulfur on the surface. Accordingly, S-Nb2O5−x 
and S-Nb2O5 were also prepared through the same procedures for 
comparison.

Material Characterization: SEM (ZEISS Gemini 500) and TEM 
(JEM-2100HR, JEOL) were employed to study the morphology of 
the synthesized samples. N2 adsorption–desorption measurement 
(V-Sorb 2800P) was used to investigate the porosity based on 
Brunauer–Emmett–Teller (BET) theory. XPS (PHI 5000) was 
employed to analyze the surface chemical states. EPR (Bruker, A300) 
spectroscopy at 77 K with a microwave frequency of 9.853 GHz and 
microwave power of 19.8 mW was used to survey the defect status. 
Raman results were obtained by a Raman microscope (Thermo 
Scientific, Waltham, MA) with a laser excitation wavelength of 532 nm. 
The carbon content in product and the sulfur content in sulfur-based 
composite were determined by TA-DTG Q600 under air and Ar 
atmosphere, respectively. The UV–vis spectra were collected by a Cary 
60 UV–vis spectrophotometer.

Electrochemical Measurements: Sulfur electrodes were prepared 
by coating the slurry containing sulfur composite (S-Nb2O5−x/CNTs, 
S-Nb2O5−x, or S-Nb2O5), polyvinylidene fluoride (PVDF), and super P 
at a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP) solvent onto 
the carbon-coated Al foil. The regular sulfur loading on the prepared 
electrode was controlled at about 2 mg cm−2, while higher sulfur loadings 
of 3, 5, and 6 mg cm−2 were also explored. The CR2032 coin cells were 
assembled with sulfur electrode as cathode, lithium foil as anode, 
Celgard 2400 membrane as separator, and the solution containing 1 m 
lithium bis-trifluoromethanesulfonimide (LiTFSI) with 0.1 m LiNO3 in 
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) binary solvent (1:1 
in volume) as the electrolyte. The E/S ratio was controlled at 13.3 mL g−1 
for regular cells, while lower E/S ratios were also examined for high-
loading electrodes. The coin cells were assembled in an Ar-filled glove 
box with moisture and oxygen levels lower than 0.5 ppm. Galvanostatic 
cycling test was conducted on a multichannel battery tester (BTS-
5V5mA, Neware) from 1.7 to 2.8 V (vs Li/Li+) at room temperature. 
CV and EIS were collected on electrochemical workstation (Bio-logic 
VSP-300). The Li+ diffusion properties were evaluated according to the 
Randles–Sevick equation

269000 1 5 0 5 0 5= × × × × ×I n A D C v. . .  (1)

Figure 7. a) Cycle performance at 0.1 C, b) charge–discharge profiles, and c) rate performance of S-Nb2O5−x/CNTs electrodes under raised sulfur 
loading and limited electrolyte.
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where I means the peak current, n corresponds to the number of 
electrons, A is the electrode area, D refers to Li+ diffusion coefficient, 
C corresponds to the Li+ concentration, and v means the scanning rate.

Conductivity Test: The sample powder was compacted and sealed 
in a tubular mold. Cu foils serve as the electrode tabs connecting, 
respectively, to the two ends of the sample tube. The polarization curves 
were collected by Bio-logic VSP-300 workstation within a voltage range of 
−50 to 50 mV at a scanning rate of 0.1 mV s−1 to measure the resistance. 
The conductivity was calculated based on the following equation

σ = L / RA  (2)

where σ represents the conductivity (S m−1), L refers to the length of the 
mold (m), R corresponds to the impedance (Ω), and A represents the 
sectional area of the sample tube (m2).

Li2S6 Adsorption Test: Li2S6 solution was prepared by the addition 
of Li2S and sulfur at a molar ratio of 1:5 into DME/DOL solvent (1:1 
in volume). The Nb2O5−x/CNTs, Nb2O5−x, or Nb2O5 powders were 
immersed as adsorbent into the prepared 5 × 10−3 m Li2S6 solution for 
comparison.

Symmetric Cell Test: The symmetric cell used Nb2O5−x/CNTs (or 
Nb2O5−x or Nb2O5) as identical working and counter electrodes in coin-
cell configuration. Electrolyte containing 0.1 m Li2S6 was used for the 
symmetric cell characterization. CV measurement was conducted within 
the potential range −1.5 to 1.5 V with a scanning rate of 10 mV s−1. The 
EIS spectra were collected within the frequency range of 100 kHz to  
0.1 Hz with an amplitude of 5 mV.

LSV Test: The Nb2O5−x/CNTs (or Nb2O5−x or Nb2O5), Super P, and 
PVDF binder were dispersed in NMP solvent with a weight ratio of 
8:1:1 to form a homogeneous slurry, which was dropped onto the 
glassy carbon electrode for LSV test. The LSV tests were carried out 
at a scanning rate of 10 mV s−1 using 0.1 m Li2S/methanol solution as 
electrolyte and the Ag/AgCl electrode as the reference.

Li2S Nucleation Test: The coin cells were assembled using Nb2O5−x/
CNTs (or Nb2O5−x, or Nb2O5) as cathode, lithium foil as anode, and 
0.5 m Li2S8/tetraethylene glycol dimethyl ether solution as electrolyte. 
The cells were firstly galvanostatically discharged to 2.06 V at a current 
of 0.112 mA, followed by potentiostatic discharging at 2.05 V until the 
current dropped to 0.01 mA.

Density Functional Theory Calculation: The calculation software 
package used in this work is Vienna ab initio Simulation Package (VASP). 
All calculations were performed on the basis of the density functional 
theory level using PBE functional and projector-augmented wave 
(PAW) potentials under GGA, where the supercell size is 2 × 2 × 2, k  
point uses a gamma point, truncated energy (ENCUT) is 500 eV, the 
force on each ion was ensured to converge below 0.03 eV Å−1, and all the 
geometries were fully relaxed to minimize the total energy of the system 
until a precision of 10−4 eV was reached.

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