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A B S T R A C T   

Realizing high energy density is the desirable target of the research and development for lithium� sulfur battery. 
However, the demands of high sulfur content in composite, high sulfur loading in electrode, and low electrolyte 
usage are likely excessive for reaching both high gravimetric and volumetric capacities of sulfur cathode with 
conventional inactive hosts of sulfur. Herein, in order to effectively drive the conversion of sulfur, niobium 
tungsten oxide (Nb18W16O93) microspheres are adopted as electroactive host in the similiar electrochemical 
window to sulfur. As expected, Nb18W16O93 shows good electrochemical activity for lithium storage, and strong 
adsorption toward polysulfides. In particular, the in-situ electrochemically lithiated oxide in the discharge 
process can serve as good electrocatalyst and lithium-transfer bridge, facilitating the conversion of both the solid 
sulfur and soluble polysulfides. Correspondingly, the new lithium-transfer mechanism on Nb18W16O93 endows 
the sulfur cathode a high areal capacity (19.19 mAh cm� 2) under both high sulfur loading (16.94 mg cm� 2) and 
low electrolyte/sulfur ratio (4.5 μL mg� 1). In addition, the sulfur-based composite with high tap density (1.56 g 
cm� 3) shows a desired volumetric capacity (1605.3 mAh cm� 3

-composite), almost 1.9 times of that for the con-
ventional S/carbon composite. This work provides a new perspective for understanding the electroactive hosts in 
lithium� sulfur battery.   

1. Introduction 

The ever-increasing demands of portable electronics and electric 
vehicles call eagerly for high-energy storage devices, and have set off an 
upsurge of research in novel secondary batteries [1–3]. Lithium� sulfur 
(Li–S) battery has become one of the primary focus, owing to its high 
theoretical energy density (2600 Wh kg� 1) [4–6]. However, two tricky 
problems need to be settled before truly realizing the high energy den-
sity at the cell level. One is the sluggish redox kinetics of the multi-step 
conversion of sulfur, which would cause large polarization and low 
utilization of active materials [7–10]. The other problem is unsatisfac-
tory cycle performance caused by the severe “shuttle effect” of the sol-
uble intermediate polysulfides (LiPS). These problems could be 
magnified dozens of times under high sulfur loading and low electrolyte 
usage, which are necessary to achieve high energy density of Li–S 
battery. 

Aiming at these problems, great efforts have been made to motivate 
the development of Li–S battery. Usually, carbon-based nanomaterials 
are widely used as sulfur host to provide a good conductive network for 

the conversion of the insulated sulfur, and confine soluble LiPS mainly 
by physical interactions [11–16]. However, the intrinsic low density and 
large porosity of those carbon nanomaterials are adverse to the volu-
metric capacity of the cathode, which require excessive electrolyte 
simultaneously to wet the interface of porous electrode. 

Introducing the carbon-free polar hosts with catalytic activity could 
be a feasible way for constructing compact cathodes with the low elec-
trolyte usage [17–21]. Various metal compounds, such as metal nitrides 
[22–25], metal sulfides [8,26–30], and metal oxides [20,21,31–33] are 
used to enhance the electrochemical performance by virtue of polar 
adsorption and catalytic conversion toward soluble LiPS. However, to 
truly realize both the high gravimetric and volumetric capacities, high 
sulfur content in composite, high sulfur loading in cathode, and low 
electrolyte usage are essential, which in turn will cause the slow mas-
s/electron transport, sluggish redox kinetics, and unsatisfied electro-
chemical performance. Therefore, it would be preferable to accelerate 
the redox kinetics of the sulfur cathode, and enhance the mass/electron 
transport in porous electrode simultaneously by adopting desirable host. 
In most cases, the host materials reported previously are 
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electrochemically inactive during the discharge/charge process of the 
sulfur cathode. If the electro-active materials are adopted as the sulfur 
host in the working potential window, it would not only help to increase 
the capacity of the sulfur cathode, but also manipulate the electro-
chemical conversion kinetics of the solid sulfur and soluble LiPS. 

As demonstrated recently, some niobium tungsten oxides are good 
electrochemical lithium storage materials with certain reversible ca-
pacity and high-rate capability [34–37], due to the multiple redox 
couples (W6þ/W5þ and Nb5þ/Nb4þ/Nb3þ) and high diffusion coefficient 
of Li-ions (10� 13 m2 s� 1). In particular, the electrochemical window of 
niobium tungsten oxides for lithium storage is in the potential region of 
1–3 V, coincidentally covering the conversion of sulfur in the potential 
region of 1.7–2.8 V. Herein, Nb18W16O93 (NWO) with excellent rate 
performance and slightly lower lithiation potential than sulfur, is 
adopted as the electroactive sulfur host. It is expected that lithium could 
transfer freely across NWO host and sulfur cathode in the dis-
charge/charge processes, and NWO could serve as the lithium-transfer 
bridge to catalyze the conversion of both the solid sulfur and soluble 
polysulfides (Fig. 1). The certain capacity contribution of NWO in the 
working window would not undermine the gravimetric capacity of 
sulfur cathode. In the meantime, NWO possesses a good advantage of the 
high density up to 5.72 g cm� 3 [38], which is beneficial to increase the 
tap density and volumetric capacity of sulfur-based composites. 
Furthermore, niobium tungsten oxides with empty d-orbitals (Lewis 
acid) have good adsorption and catalytic properties toward hydrogen 
and ethanol [39–42], signifying in potentially anchoring the 
electron-rich sulfur and LiPS (Lewis base) for improving the cycle sta-
bility of sulfur cathode. If this strategy is worked, the electro-active 
NWO would undertake good responsibility of enhancing the gravi-
metric and volumetric capacities, as well the cycle stability of sulfur 
cathode. 

2. Experimental section 

2.1. Preparation of NWO oxide and S/NWO composite 

In a typical process, NbCl5 (2.25 mmol, 99.9%, Alfa across) and WCl6 
(2 mmol, 99.9%, Alfa across) were dissolved in isopropanol (40 mL, 
Aladdin), and stirred for 6 h at room temperature. Then, the surfactant 
tetrabutylammonium hydroxide solution (TBA, 15 wt% in H2O, 
Aladdin) was added into the solution, and stirred for another 12 h to 

form a uniform solution. The obtained solution was transferred into a 
Teflon-lined stainless-steel autoclave, and heat-treated at 200 �C for 48 
h. The precipitates were washed with water and ethanol for 3 times and 
dried for 12 h. The fully dried sample was sinered at 850 �C for 3 h in the 
muffle furnace. 

The S/NWO composites were prepared by the chemical deposition 
method. Na2S2O3 (0.04 mol) was dissolved into deionized water (400 
mL) with 1 wt% polyvinylpyrrolidone. Then, the as-prepared NWO 
powders (0.32 g) were added into the solution and dispersed uniformly 
by ultrasonic treatment. Finally, dilute hydrochloric acid (0.08 mmol) 
was added into the solution dropwise, and nano-sized sulfur was 
deposited on the NWO host material. The products were collected by 
centrifugation at 9300 rpm for 15 min, washed with deionized water and 
ethanol for 6 times and dried at 60 �C for 12 h. The commercial carbon 
bp2000 was chosen as the contrast material, and the S/carbon (bp2000) 
composite was prepared with the same method. 

2.2. Material characterization 

The crystal structures of NWO oxide and S/NWO composite were 
studied by X-ray diffraction (XRD, Rigaku mini Flex II). The crystal 
structure evolutions of NWO oxide and S/NWO composite during 
discharge/charge process were studied by in-situ XRD (Rigaku smartlab 
ultra IV). The morphology of the samples was characterized with scan-
ning electron microscopy (SEM, JEOL, JSM-7800F) and transmission 
electron microscopy (TEM, JEOL, JEM-2800). The sulfur contents in the 
composites were confirmed through thermogravimetric analysis (TG, 
METTLER TOLEDO, TG/DSC1). The surface areas of NWO and S/NWO 
samples were measured with the N2 adsorption/desorption experiment 
(JW–BK112 system). The LiPS entrapment ability of the host material 
was evaluated by the UV–vis adsorption spectrum (Varian Cary 100 
Conc UV–vis adsorptionanalyzer). X-ray photoelectron spectroscopy 
(XPS) measurements were conducted on Escalab 250Xi (Thermo Fisher 
Scientific). 

2.3. Cell assembly and electrochemical measurement 

NWO electrode, bp2000 electrode, S/NWO electrode and S/bp2000 
electrode were prepared by dispersing the active material (NWO, 
bp2000, S/NWO, and S/bp2000), the binder poly(vinylidene fluoride) 
(PVdF) and the conducting agent (super P) into the N-methyl- 

Fig. 1. Schematic illustration of the lithium-transfer bridging mechanism on niobium tungsten oxides as sulfur host.  
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pyrrolidone (NMP), with a mass ratio of 7:2:1. The suspension was 
casted onto the carbon paper (TGP-H-090) and dried at 60 �C for 48 h. 
Then, the cathode plate was punched into small disks with a diameter of 
10 mm, and the corresponding sulfur area loading was 0.9–17 mg cm� 2. 
The preparation of the normal electrolyte was dissolving 1.0 M lithium 
bis(trifluoromethanesulphony)imide (LiTFSI) and 0.4 M LiNO3 into the 
mixture of 1,3� dioxolane (DOL) and dimethyl ether (DME) with a 
volume ratio of 1:1. 2032� type coin cells were assembled by using 
Celgard 2400 as separator (18 mm), Li foil (14 mm) as anode. The 
electrochemical measurement was controlled in the voltage range of 
1.7–2.8 V. In the in-situ XRD test, the NWO oxide was coated on the Al 
foil, while the S/NWO composite coated on carbon paper with the Al 
film to cover the window of the mould. CV measurements were per-
formed on Chi600e workstation. The specific capacity was calculated 
based on sulfur as the active material, in view of the small capacity 
contribution of NWO. 

The visual electrochemical test was implemented in an optically 

transparent electrolytic cell, with the S/NWO or S/bp2000 as the cath-
ode, Li foil (14 mm) as anode, and 5 mL nomal electrolyte. Photos were 
taken at different depths of discharge. Linear sweep voltammetry (LSV) 
test and Tafel plot were conducted as following: The Li2S6 electrolyte 
(0.1 mol L� 1, 20 mL) used was prepared by dissolving Li2S and S into the 
nomal electrolyte with the molar ratio of 1:5, and stirred for 48 h at 60 
�C. The three-electrode system was used, including working electrode 
(NWO electrode or bp2000 electrode), counter electrode (Li foil, 16 mm) 
and reference electrode (Li slip, 1.5 mm � 10 mm). The linear sweep of 
the cell was performed in the potential range of �100 mV from the open- 
circuit voltage at 0.2 mV s� 1. The LSV measurements were performed on 
LK2000 workstation. 

2.4. Adsorption and nucleation tests of polysulfides 

Li2S6 solution (0.1 mol L� 1) was prepared by dissolving Li2S and S 
into a mixture of DOL/DME solution with the mole ratio of 1:5 and 

Fig. 2. Characterization of the as-prepared NWO and S/NWO composite. (a) SEM images of NWO. (b) TEM image of NWO discharged to 1.8 V. (c) TEM image of 
pristine NWO. (d) Schematic crystal structure of NWO. (e) HRTEM images of NWO. (f) XRD patterns of S, NWO and S/NWO composite. (g) TG curve of S/NWO 
composite in Ar atmosphere. (h) N2 adsorption and desorption isotherms of NWO and S/NWO composite. (i) SEM image and EDS elemental mappings of S/ 
NWO composite. 
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stirring at 60 �C for 48 h. The obtained Li2S6 solution was diluted to 3 
and 1 mmol L� 1 with DME before use. The NWO electrodes were be-
forehand discharged to 2.1 V and 1.8 V, respectively, then washed with 
DME and dried in the glove box. The pristine electrode, the electrode 
discharged to 2.1 V and 1.8 V with the same active material loading were 
put into Li2S6 solution. After standing, the liquid supernatants were 
taken out to test the UV–vis adsorption spectra, and the electrodes were 
dried for the XPS tests. 

The nucleation of Li2S was tested on the NWO and bp2000 elec-
trodes, respectively, where the active material loading was 0.56 mg 
cm� 2. Li foil (14 mm) was chosen as the counter electrode. The adopted 
Li2S8 electrolyte (3.5 mol L� 1) used was prepared by dissolving Li2S, S, 
LiTFSI and LiNO3 into the tetraglyme, and stirring for 48 h at 60 �C. 
During the cell assembly, 5 μL normal electrolyte was dropped in the 
anode side and 20 μL Li2S8 electrolyte was dropped in the cathode side. 
For the nucleation test of Li2S, the cell was first discharged galvanos-
tatically to 2.09 V at 0.03 C and then potentiostatically discharged at 
2.07 V for Li2S nucleation for 15,000 s. 

3. Results and discussion 

3.1. Preparation and characterization of NWO and S/NWO composites 

Niobium tungsten oxide (Nb18W16O93, NWO) is prepared through a 
facile solvothermal and sintering process by using niobium (V) chloride 
and tungsten (VI) chloride as the niobium and tungsten sources, 
respectively (Fig. S1). With the assistance of the surfactant tetrabuty-
lammonium (TBA, hydroxide solution), spherical precursors are pre-
pared (Fig. S2a). After calcining at 850 �C for 3 h, porous microspheres 
assembled with nanorods are obtained (Fig. 2a–c and Fig. S2b). Due to 
the inherent small volume effect [34,35], the spherical morphology 
could be retained after the lithiation/delithiation reactions, which is 
favorable for loading sulfur into the stacking macropores/mesopores 
and increasing the tap density of NWO microspheres (1.86 g cm� 3). The 
prepared NWO oxide possesses typical orthorhombic structure (Pbam 
space group), and all the diffraction peaks are in agreement with the 
standard pattern (JCPDS #750–0561, Fig. 2f). HRTEM images show 
clear lattice spacing of 0.395, 0.339, and 0.860 nm, which match well 
with (001), (290) and (130) planes of bronze-like phase NWO (Fig. 2e). 
As shown in Fig. 2d, NWO oxide shows a typical superstructure 
composed of NbO6 and WO6 octahedra, and owns 3-, 4-, 5-sided and 
some S-shaped large channels along c axis, which could accommodate a 
large number of Li-ions and facilitate long-range diffusion of Li-ions 
[35]. 

The S/NWO composite is prepared by chemical deposition method, 
where the mass ratio of sulfur is 79.22 wt% (Fig. 2g). As sulfur host, 
NWO could still maintain the spherical morphology and orthorhombic 
structure in the S/NWO composite (Fig. 2f and i). It is demonstrated 
from EDS element mapping that Nb, W and S are distributed homoge-
neously among the microspheres. It illustrates that the desired loading of 
sulfur into the microspheres is obtained, which is further proved by the 
reduced surface area from 81.2 m2 g� 1 of NWO to 14.7 m2 g� 1 of S/NWO 
(Fig. 2h). In particular, the tap density of the S/NWO reaches up to 1.56 
g cm� 3, which is far exceed the S/carbon (bp2000) composite (0.92 g 
cm� 3), under the same sulfur content (~80 wt%). Therefore, such ad-
vantages on high sulfur content, uniform distribution of sulfur, and high 
tap density would contribute to the desired electrochemical perfor-
mance of the S/NWO composite. 

3.2. Electrochemical performance 

Firstly, in order to verify the electrochemical activity of NWO in the 
desired working window, the electrochemical properties of pure NWO 
oxide are studied (Fig. 3a–c). In CV curve, a pair of sharp peaks at 2.12/ 
2.08 V (vs Li/Liþ), and the broad peaks around 1.75 V (vs Li/Liþ) can be 
observed (Fig. 3a), corresponding to the redox reactions of Nb5þ/Nb4þ

and W6þ/W5þ couples [34–36], accompanied simultaneously with the 
lithiation/delithiation reactions. The lithiation potential is slightly 
lower than the conversion potential of sulfur. According to 
Randles-sevcik equation [30,34], CV tests with different scan rates are 
carried out to measure the diffusion coefficient of Li-ions (Fig. S3). The 
diffusion coefficients in the cathodic (reduction) and anodic (oxidation) 
processes are 2.08 � 10� 13 and 2.28 � 10� 13 m2 s� 1, respectively, much 
close to that of some solid-state electrolytes [35,43]. With the fast 
diffusion capability of Li-ions, the prepared NWO oxide releases certain 
discharge capacities of 112.4, 106.8, 93.4, 82.2, and 75.5 mAh g� 1 at 
0.1, 1, 5, 10 and 20 C rate between 1.7 and 2.8 V (vs Li/Liþ), respec-
tively, as well as good cycle stability during 300 cycles (Fig. 3b and c). 
Therefore, NWO is qualified as the electro-active host of sulfur, based on 
the certain capacity contribution and fast lithium-transfer capability in 
the desired working window. 

The electrochemical performance of the S/NWO composite is eval-
uated in Li–S battery environment. In CV tests, the S/NWO composite 
exhibits two pairs (2.30/2.37 and 2.05/2.31 V) of typical redox peaks 
with higher peak currents and smaller polarization, indicating faster 
conversion kinetics (Fig. 3d). Meanwhile, the small peak at 2.12 V 
corresponds to the oxidation peak of NWO, while the reduction peak of 
NWO at 2.08 V is overlapped by the reduction peak of LiPS, implying a 
good match in the electrochemical working window. Similar to CV tests, 
the S/NWO composite shows smaller polarization potential (158 mV) in 
the discharge/charge curves. Due to the well overlapping discharge 
plateau of NWO and sulfur, the lithiation behavior of NWO could not be 
obviously observed in the CV and discharge curve of S/NWO. While the 
plateau corresponding to the delithiation of NWO could be observed in 
the early stage of charging, as shown in Fig. S4. Notably, the elevated 
high plateau and the extended low plateau imply a higher utilization of 
sulfur in the S/NWO composite (Fig. 3e), as compared with the S/carbon 
composite. Accordingly, the S/NWO composite releases a higher initial 
gravimetric capacity of 1302.6 mAh gs

� 1 (0.1 C) than that of S/carbon 
composite (1130.5 mAh gs

� 1), with a moderate sulfur loading of ~1.5 
mg cm� 2 (Fig. 3e). Importantly, the S/NWO composite shows a great 
advantage on volumetric capacity (1605.3 mAh cm� 3

-composite), almost 
1.9 times higher than that of the S/carbon composite (832.0 mAh cm� 3

- 

composite), mainly by virtue of the high tap density (1.56 g cm� 3 vs. 0.92 g 
cm� 3). The S/NWO composite also reveals a much lower capacity decay 
rate as compared with the S/carbon composite (0.13% vs. 0.22% per 
cycle, Fig. 3g), illustrating that NWO could efficiently suppress the 
shuttle effect for improving the cycle stability. In addition, the S/NWO 
composite presents a good high-rate capability, and delivers high initial 
capacities of 849.0, 751.6, 634.1, 511.9 mAh gs

� 1 at 1.0, 2.0, 5.0, 10.0 C, 
respectively (Fig. 3h). The capacity decay rates in long-term cycling at 1 
C and 2 C can be further decreased to 0.088% and 0.083% per cycle 
(Fig. S5). It means that the mass transport and redox kinetics in the S/ 
NWO electrode are fast, which may be attributed to the unique catalytic 
conversion ability and the as-proposed lithium-transfer bridging mech-
anism on NWO oxide. 

Achieving the high utilization of sulfur under the high sulfur loading 
and low electrolyte usage is a great challenge for sulfur cathode. Herein, 
the S/NWO composite shows excellent electrochemical performance 
under the high sulfur loading and low E/S ratio (4.5 μL mg� 1). Under the 
sulfur loading of 8.3 mg cm� 2, the S/NWO composite could deliver a 
high capacity of 754.2 mAh gs

� 1, and show a good capacity retention of 
99.5% after 130 cycles at 0.1 C (1.4 mA cm� 2) after activation (Fig. 3i). 
After increasing the sulfur loading to 10.55 mg cm� 2, an initial areal 
capacity of 8.34 mAh cm� 2 (742.3 mAh g� 1) is achieved for the S/NWO 
electrode at 1 mA cm� 2 (Fig. 3j). When reducing the current density to 
0.13 mA cm� 2, the S/NWO electrode with the higher sulfur loading of 
16.94 mg cm� 2 can deliver a superhigh initial areal capacity of 19.19 
mAh cm� 2 (1132.8 mAh g� 1) (Fig. 3j and Fig. S6). Correspondingly, 
under such a high sulfur loading (16.94 mg cm� 2), a high gravimetric 
energy density of 1319.2 Wh kg� 1

-cathode of S/NWO cathode is obtained 
(including the binder and the conductive agent, Note S1). Therefore, by 
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adopting the NWO host, the high utilization of sulfur could be achieved 
under the high sulfur loading and low electrolyte usage. In the mean-
time, the NWO oxide presents a desired competitive advantage as host 
for achieving both high gravimetric and volumetric capacities. Fig. S7 
and Table S1 show the comparison on the areal capacity [8,18,44–53] 
and volumetric capacity [17,32,48,54–62] of this work with cathode 
materials for Li–S battery reported previously, further demonstrating the 
advantage of the electroactive NWO host on improving the electro-
chemical performance of the sulfur cathode. In particular, the 
lithium-transfer bridging mechanism on NWO oxide is working in 

improving the electrochemical performance of sulfur cathode under 
high sulfur loading and low E/S ratio. 

3.3. The interaction mechanism between lithiated NWO electrode and 
LiPS 

Firstly, the adsorption of the pristine NWO powders is evaluated by 
comparing with porous carbon (bp2000). The pristine NWO powders 
show much stronger adsorption ability toward LiPS than porous carbon, 
as demonstrated by forming Nb–S [63] and W–S [64,65] bindings 

Fig. 3. Electrochemical performance of the NWO and S/NWO composite. (a) CV curve of the NWO oxide between 1.7 and 2.8 V (vs Li/Liþ). (b) The initial discharge/ 
charge curves and (c) the cycle performance of the NWO oxide at 0.1, 1, 5, 10 and 20 C rate between 1.7 and 2.8 V (vs Li/Liþ) (1 C ¼ 150 mA g� 1). (d) CV curves of 
the S/NWO and S/carbon composite at the scan rate of 0.1 mV s� 1. The initial discharge/charge curves of the S/NWO (1.69 mg cm� 2) and S/carbon composite (1.53 
mg cm� 2) at 0.1C rate with the electrolyte/sulfur (E/S) ratio of 10 μL mg� 1, based on (e) gravimetric calculation and (f) volumetric calculation (1 C ¼ 1675 mA g� 1). 
(g) The cycle performance of the S/NWO composite (1.69 mg cm� 2) and S/carbon composite (1.53 mg cm� 2) at 0.1C rate with E/S ratio of 10 μL mg� 1. (h) Rate 
performance of the S/NWO composite (0.95 mg cm� 2). (i, j) The cycle performances of the S/NWO electrode with the high sulfur loadings at low E/S ratio of 4.5 μL 
mg� 1. The electrode area is 0.785 cm2 for all the electrochemical tests. 
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(Fig. S8 and Note S2), where Nb5þ and W6þ with empty d-orbitals in 
NWO (Lewis acid) tend to bond with the electron-rich sulfur (Lewis 
bases), and induce strong chemical interaction toward LiPS [66,67]. 
Secondly, in consideration of the continual lithiation of NWO in the 
discharge process, the interaction between LiPS and different lithiated 
NWO (as LixNWO) electrodes is more important, rather than the pristine 
NWO. Therefore, to explore the interaction mechanism between NWO 
electrode and LiPS, adsorption experiments with UV–vis and XPS tests 
are carried out in different lithiated states (Fig. 4). 

Herein, NWO electrodes discharged to 2.1 V (NWO-2.1, corre-
sponding to Li4NWO) and 1.8 V (NWO-1.8, corresponding to Li18NWO) 
are chosen as the representatives of the different lithiated states. As 
shown in Fig. 4a, after immersion for 10 h with Li2S6 solution, both the 
NWO-2.1 and NWO-1.8 electrodes show a surprised color fading capa-
bility, as compared with the pristine NWO electrode. It illustrates that 
the electrochemically lithiated NWO electrodes are endowed with 

stronger interaction with LiPS, such as chemical adsorption and catalytic 
conversion. In order to further verify the interaction mechanism of the 
lithiated NWO electrodes with LiPS, UV–vis and XPS tests are also 
conducted. As shown in UV–vis spectra (Fig. 4b), the characteristic 
adsorption peaks of Li2S6 solution are gradually decreased from NWO to 
NWO-2.1 and NWO-1.8 electrodes, indicating the stronger chemical 
interaction of the electrochemically lithiated NWO electrodes with LiPS 
[68–70]. More interestingly, the final product Li2S is detected on the 
surface of NWO-2.1 and NWO-1.8 electrode according to the S 2p 
spectra (160.5 eV, Fig. 4e). It means that Li2S6 is completely reduced and 
catalytically converted to final Li2S product by the electrochemically 
lithiated NWO electrodes, accompanied simultaneously with freely 
transferring of Li-ions from LixNWO to compensate charge. 

Then, XPS, XRD and TEM analyses of different LixNWO electrodes 
before and after contacting with LiPS are further carried out, and the 
lithium-transfer bridging mechanism is proposed. As shown in XPS 

Fig. 4. (a) The discharge curve of NWO at 0.1C, and the digital photos of Li2S6 solutions (1 mmol L� 1, 5 mL) before and after contacting to the pristine NWO, NWO- 
2.1 and NWO-1.8 electrodes for 10 h, with the same loading (8 mg) of the active material. (b) UV–vis adsorption spectra of Li2S6 solution (1 mmol L� 1, 3 mL) before 
and after contacting to NWO, NWO-2.1 and NWO-1.8 electrodes for 4 h, with the same loading (5.5 mg) of the active material. XPS spectra of (c) Nb 3d, (d) W 4f and 
(e) S 2p on NWO, NWO-2.1 and NWO-1.8 electrodes before and after immersion with Li2S6 solution for 4 h. (f) The digital photos for the dissolution process of sulfur 
on the lithiated NWO-2.15 electrode. 
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spectra, the binding energy of Nb is moderately decreased from 207.65 
eV (NWO) to 207.55 eV (NWO-2.1) and 207.5 eV (NWO-1.8), indicating 
the decreased valence state with gradual lithiation (Fig. 4c). Meanwhile, 
W shows an identical change tendency with Nb on the chemical state. 
Specifically, the binding energy of W is reduced slightly from 36.03 eV 
(pristine NWO) to 35.91/34.19 eV (NWO-2.1) and 35.87/34.2 eV 
(NWO-1.8, Fig. 4d and Fig. S9). After contacting with Li2S6, the binding 
energies of Nb and W are moved to lower value for the pristine NWO 
electrode, showing the formation of Nb–S and W–S bindings, as the same 
with the powder sample. However, the binding energy of Nb is increased 
slightly from 207.55 to 207.58 eV for the NWO-2.1 electrode, and from 
207.5 to 207.64 eV for the NWO-1.8 electrode, respectively, after the 
immersion experiment. After contacting with Li2S6, the binding energy 
of W is shifted to higher place of 36.01/34.68 eV and 36.01/34.93 eV for 
the NWO-2.1 and NWO-1.8 electrodes, respectively (Fig. S9). The 
increased valence states of Nb and W in LixNWO after interacting with 
Li2S6 are different from the common valence state change caused by the 
Lewis acid-base interaction, and must be accompanied with the strip-
ping of Li-ions [35]. And Li-ions/electrons are transferred from the 
lithiated LixNWO to Li2S6, leading to the direct reduction of Li2S6. It is a 
very interesting phenomenon that the lithiated LixNWO electrode pre-
sents the good competitive advantage over the pristine NWO to catalyze 
the conversion of LiPS as a Li-ions/electrons mediator, which is pro-
posed as the lithium-transfer bridging mechanism. 

To further verify the proposed interaction mechanism, XRD patterns 
and HRTEM images of the pristine NWO, NWO-2.1 and NWO-1.8 elec-
trodes before and after contacting with Li2S6 are provided, in consid-
eration of the crystal structure change of the oxide on the electrodes 
upon lithiation/delithiation. In the case of the pristine NWO electrode 
(Fig. 5a and Fig. S10), the anisotropic but reversible structural revolu-
tion can be observed in the discharge/charge processes. With lithiation 
during discharging, some lattices along c axis (such as (001), (021)) 

shrink first and then expand afterwards, which is beneficial for buffering 
volume expansion and maintaining structure stability during cycling 
[35]. While a-b plane lattices keep expanding after lithiation, and 
(1120), (390), (291) and (431) peaks are gradually shifted to the lower 
angles. All the peaks are recovered to the initial place after delithiation 
in the subsequent charge process, showing good reversibility. Therefore, 
it can be further judged whether there is any transportation of Li-ions 
between the lithiated LixNWO and LiPS through the lattice change in 
LixNWO. No obvious changes are observed in the crystal planes of the 
pristine NWO after contacting with Li2S6 according to XRD patterns and 
HRTEM images (Fig. S11). In comparison, the diffraction peaks on the 
immersed NWO-2.1 and NWO-1.8 electrodes are shifted to high angles 
(Fig. 5b), demonstrating the decrease of the interplanar spacing after 
contacting with Li2S6. In addition, the interplanar spacing of (001) and 
(290) lattice of the Li18NWO is decreased from 0.401 and 0.347 nm to 
0.396 and 0.338 nm, respectively, on NWO-1.8 electrode after con-
tacting with Li2S6 (Fig. S12). It means that the stripping of Li-ions from 
LixNWO truly occurs during the interaction with Li2S6. Therefore, it is 
demonstrated that the LixNWO could facilitate the catalytic conversion 
of LiPS as a lithium-transfer bridge. Moreover, LiPS could be easily and 
directly reduced to Li2S on the electrochemically lithiated LixNWO 
(Fig. 4e), jumping across the sluggish solid-solid conversion from Li2S2 
to Li2S [71]. Thus, this unique interaction on electro-active host is more 
effective in promoting the conversion of solid sulfur to soluble LiPS. 

The conversion of solid sulfur to soluble LiPS on the lithiated LixNWO 
electrode is studied by a demonstrative experiment (Fig. 4f and Sup-
porting videos). Firstly, the NWO electrode is discharged to 2.15 V 
(NWO-2.15), and then sulfur powders are putted onto the electrolyte- 
wetted NWO-2.15 electrode. Clearly, the yellow sulfur is turned to red 
after a few minutes standing, which is the color of Li2S8 [68]. Then, after 
adding more electrolyte, it seems to have the dissolution of the solid 
sulfur. Actually, the yellowish red electrolyte signifies the solid sulfur is 

Fig. 5. (a) In-situ XRD patterns of the pristine NWO electrode in the discharge/charge processes in the potential range of 1.7–2.8 V. (b) XRD patterns of NWO-2.1 and 
NWO-1.8 electrodes before and after contacting with Li2S6. (c,d) In-situ XRD patterns of the S/NWO electrode in the discharge/charge processes in the potential 
range of 1.7–2.8 V. 
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converted directly to Li2S8 by receiving Li-ions and electrons from the 
lithiated NWO-2.15 electrode. Of course, the pristine NWO oxide is 
inactive to the solid sulfur, which can guarantee the stability of the 
sulfur composite (Fig. S13). In addition, the interaction between 
LixNWO at different lithiated states with other soluble LiPS (Li2S8 and 
Li2S4) is also investigated (Fig. S14). The almost identical change ten-
dency is obtained, and the deeper lithiated LixNWO could induce the 
more thorough color fading, illustrating the lithiated LixNWO could also 
promote the conversion of Li2S8 and Li2S4 through the as-proposed 
lithium-transfer bridging mechanism. Therefore, the conversion from 
the solid sulfur to soluble LiPS, and the final solid Li2S can be accelerated 
by the lithium-transfer bridging mechanism on electro-active NWO host 
(Fig. 1). As shown in the cathodic reaction (Sþ2Liþþ2e� ¼ Li2Sx, 1 < x 
< 8), sulfur species, Li-ions, and electrons are three indispensable factors 
in the cathode conversion. As the absorber of LiPS and transporter of 
Li-ions/electrons, the electrochemically lithiated LixNWO is highly 
efficient in accelerating the redox reaction of sulfur cathode. 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.105173 

The function of NWO oxides in Li–S battery system is further 
explored by in-situ XRD measurement. Based on the reaction mechanism 
and in-situ XRD results, the discharge process can be tentatively divided 
into four stages (Fig. 6 and Fig. S15) [72]. In the first stage, solid sulfur is 
reduced to liquid Li2S8, which is dissolved in the electrolyte. As to the 
sulfur cathode with conventional hosts, the transferring of Li-ions to 
active material (sulfur) happens only from liquid electrolyte on the 
solid/liquid interface. When the NWO is used as electro-active hosts, the 
in-situ electrochemically lithiated LixNWO could serve as the conductor 
of Li-ions/electrons, providing two transfer paths of Li-ions on the 

solid/solid (S/LixNWO) and solid/liquid (S/electrolyte) interfaces. It 
means that the utilization of the insulating sulfur on the solid/solid 
(S/LixNWO) interface can be increased, as demonstrated by the 
completely disappeared peaks of the orthorhombic S8 (Fig. 5c and d and 
Fig. 6b and c). Meanwhile, the characteristic peaks of NWO are slowly 
moved to lower angles (NWO to Li1NWO, the number of Li-ions is 
roughly calculated, Note S3). In the second stage, liquid Li2S8 is further 
reduced to short-chain Li2S6 and Li2S4, existing in electrolyte. The 
number of soluble LiPS and the viscosity of electrolyte reach the 
maximum, where the shuttling is easy to occur without effective host 
[73]. Interestingly, along with the potential sudden drop, the diffraction 
peaks of NWO are rapidly shifted to lower angles with lithiation by 
forming Li7NWO, then re-shifted back to high angles (Li3NWO) at the 
beginning of the second discharge plateau (Fig. 5d). It is confirmed that 
the transferring of Li-ions occurs from the lithiated LixNWO to LiPS on 
the solid/liquid interface. Furthermore, the strong interaction of 
LixNWO and LiPS could result in the formation of Li2S on the interface 
with the newly emerged peaks at 27.03�, 31.31� and 44.88� (Fig. S15). 
However, the Li2S formed on the interface disappears quickly under the 
high-concentrated LiPS environment due to the following reaction: 2/5 
Li2S þ 3/5 S6

2� ¼ S4
2� þ 4/5 Liþ [74], and would insure the clean and 

active surface of the NWO host for the subsequent reactions. The third 
stage is the two-phase reduction process with a flat and long plateau 
region from soluble Li2S4 to insoluble Li2S. The lithiation/delithiation 
processes of Li5þxNWO are repeated smoothly, exhibiting the almost 
unchanged diffraction peak of the host in the third stage (Fig. 5c and 
d and Fig. 6). Herein, Li5þxNWO could transfer Li-ions/electrons for 
trapping LiPS, leading to the rapid reduction of LiPS. Usually, in the last 
stage, some residual LiPS are still observed from the yellow separator in 

Fig. 6. (a) Scheme of the interaction of NWO and lithiated LixNWO with the sulfur species in the different discharge stages of the sulfur cathode. Schematic 
illustration of the working mechanism of the (b) conventional host, and (c) electro-active NWO host in Li–S battery. 
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S/carbon cell (Fig. S17a). While the lithiated LixNWO is highly efficient 
for converting the residual LiPS, as verified by the nearly colorlessly 
separator in the discharged cell (Fig. S17b). Therefore, the NWO is 
in-situ electrochemically lithiated as LixNWO in the discharge process, 
which plays a positive role in all the conversion stages of sulfur during 
discharging by the lithium-transfer bridging mechanism. Such an 
interaction mechanism with the strong entrapment and catalytic con-
version of LiPS can be verified by the visual electrochemical test in the 
optically transparent cells (Fig. S18). 

3.4. Electrochemical kinetics 

Herein, the electrochemical kenitics of soluble LiPS is the key issue, 
which is evaluated on the NWO oxide, including the conversion from 
liquid long-chain LiPS to liquid short-chain LiPS, and from liquid short- 
chain LiPS to final solid Li2S product. As shown in linear sweep vol-
tammetry (LSV, Fig. S19) and corresponding Tafel plots (Fig. S20), the 
reduction onset potential of Li2S6 on NWO (2.319 V) is higher, indi-
cating the easier reduction of Li2S6. In particular, the higher exchange 
current density (0.12 mA cm� 2 vs. 0.10 mA cm� 2) represents a greatly 
enhanced conversion rate of long-chain LiPS on NWO. In the oxidation 
process, the lower onset potential (2.363 V) and higher exchange cur-
rent density (0.16 mA cm� 2) are observed, verifying the fast oxidation 
kenitics of Li2S6 under the efficient catalysis of NWO. 

The effective deposition of final solid Li2S is another critical step in 
the electrochemical process. The electrochemical deposition of Li2S on 
NWO and carbon hosts are compared with the potentiostatic discharge 
tests. The galvanostatic intermittent titration experiments (GITT) are 
implemented to obtain the equilibrium potential, which is ~2.17 V for 
both cells, thus the potential for potentiostatic discharge is accordingly 
set at 2.07 V (Fig. S21) [75]. It is found from the current-time curves that 
the Li2S nucleation is earlier on NWO oxide with a higher capacity of 
201.9 mAh g� 1, as compared with porous carbon (123.0 mAh g� 1, 
Fig. S22). It means that the conversion and deposition from soluble LiPS 
to solid Li2S are more effective and adequate on NWO. 

4. Conclusions 

In high energy density Li–S battery, the effective anchoring of sulfur/ 
LiPS, and the timely transfer of Li-ions/electrons are necessary to ensure 
the high sulfur utilization in the electrochemical reaction, especially in 
the thick and dense electrode with lean electrolyte. In this work, the 
NWO microspheres are chosen as the electroactive host of sulfur for 
fabricating sulfur cathode. Herein, the NWO microspheres show the 
strong chemical adsorption toward LiPS, the certain capacity contribu-
tion, and fast lithium-transfer capability in the desired working window. 
Especially, the in-situ electrochemically lithiated LixNWO serves as good 
electrocatalyst and lithium-transfer bridge to facilitate the effective 
conversion of both sulfur and LiPS to final Li2S product, and significantly 
improves the sulfur utilization under high sulfur content, high sulfur 
loading and lean electrolyte condition. Specifically, the S/NWO elec-
trode delivers a high areal capacity (19.19 mAh cm� 2) under both high 
sulfur loading (16.94 mg cm� 2) and low electrolyte/sulfur ratio (4.5 μL 
mg� 1). Meanwhile, due to the high tap density (1.56 g cm� 3), the S/ 
NWO composite presents a great advantage on volumetric capacity 
(1605.3 mAh cm� 3

-composite), almost 1.9 times higher than that of the S/ 
carbon composite (832.0 mAh cm� 3

-composite). This work also provides a 
new understanding by using the electroactive host of sulfur in achieving 
high energy Li–S battery. 
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