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A B S T R A C T   

Lithium-sulfur batteries (LSB) have a higher energy density than a practical lithium-ion battery, but they have a 
number of issues, including a lithium polysulfide (LiPS) shuttle and sluggish reaction kinetics, that must be 
addressed before they can be used in large-scale applications. Hierarchically structured MoO2 nanoparticles with 
N,P-codoped reduced graphene oxide (N,P-rGO/h-MoO2) are prepared by the combined procedures of the Ost-
wald ripening process and hydrothermal treatment, followed by homogeneously distributed hollow MoO2 
nanospheres on N,P-codoped rGO sheets. The hollow structure of MoO2 can act as a physical barrier to LiPS 
through its interior void and volume buffering of sulfur during cycling. In addition, N and P atoms introduced 
with MoO2 nanoparticles not only contribute to enhanced sulfur immobilization but also promote LiPS redox 
kinetics. The N,P-rGO/h-MoO2@S cathode materials demonstrated a high discharge capacity of 1274.9 mAh g− 1 

at 0.1C with superior high-rate capacity of 374.4 mAh g− 1 at 10C. Furthermore, the N,P-rGO/h-MoO2@S showed 
excellent long-term stability at 5 and 10C with low-capacity decay rates of 0.043 and 0.029% per cycle, 
respectively, even after 900 cycles. At a sulfur loading concentration of 4.2 mg cm− 2, the N,P-rGO/h-MoO2@S 
obtained a high capacity of 5.0 mAh cm− 2 with high-capacity retention of 79.7% over 250 cycles, and a relatively 
low fading rate of 0.08% per cycle.   

1. Introduction 

The ever-increasing development of electronic devices and electric 
vehicles has strong demand for advanced energy storage devices that 
meet the following criteria: high energy density, safety, and low cost 
[1–3]. Lithium-sulfur batteries (LSB) have received significant attention 
as an alternative to commercial lithium-ion batteries, due to their high 
theoretical capacity (1675 mAh g− 1), low cost, and resource abundance 
of active sulfur [4,5]. Despite these advantages, there are technical 
bottlenecks such as low conductivity of sulfur (5 × 10− 30 S cm− 1), 
dissolution and occlusion of lithium polysulfide (LiPS) species, and 
volume expansion of sulfur (up to 80%) limiting the application of LSB 

in practice [6,7]. 
A variety of chemical strategies have been used to address the above- 

mentioned limitations in the design of sulfur-hosting materials. First, 
carbon-based materials (CMs), including carbon nanotubes [8–10], 
reduced graphene oxide (rGO) [11,12], hollow carbon [13,14], carbon 
spheres [15,16], and carbon nanofiber [17,18] have received wide-
spread attention due to their excellent electrical conductivity, high 
specific surface area, and controllable porosity [19,20]. The addition of 
sulfur to CMs used as host materials can improve the utilization of sulfur 
by providing electrical conduction pathways and a larger surface area. 
However, the weak interaction between CMs and LiPS continued to 
dissolve LiPS in the electrolyte, resulting in degradation of performance 
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and stability. Therefore, heteroatom doped CMs such as P, O, N, S, and P 
have been incorporated to create abundant polar sites for strong 
immobilization of LiPS [21–23]. Introducing heteroatoms into CMs 
improves the electronic conductivity and polarity, improving the elec-
trochemical performance of LSBs. However, the low tab density and 
sulfur utilization of CMs still pose a challenge for high-power LSBs [24]. 
Transition metal oxides (TMOs), including CuO [25], SnO2 [26], 
ZnCo2O4 [27], CoFe2O4 [28], MnCo2O4 [29], Fe3O4 [30], V2O5 [31], 
NiO [32], and SiO2 [33] have also been studied to form polar host 
structures of sulfur. Although TMOs can effectively entrap LiPS through 
strong chemical interactions, they show low electrical conductivity, 
sluggish redox kinetics, and low sulfur utilization. Therefore, the hybrid 
of heteroatom doped CMs and TMOs is expected to act as a promising 
host matrix. 

We present a polyoxometalate (POM)-derived hierarchically struc-
tured N,P-codoped rGO and MoO2 composite in which MoO2 nanorods 
are aggregated as secondary hollow spherical particles deposited on the 
large surface of N,P-codoped rGO (N,P-rGO/h-MoO2), through self- 
assembly and Ostwald ripening process. POMs with anionic molecular 
metal complexes based on high-valence transition metals such as Mo, W, 
and V, have advantages in terms of their uniform structural diversity and 
size, versatile electronic properties, and multiple redox active sites [34]. 
In addition, the structural tunability and compositional diversity allow 
POMs to serve as a template and precursor for the formation of hierar-
chically structured TMOs [35]. In particular, phosphomolybdic acid 
hydrate (PAH) was selected as the POM due to its dual atom sources of 
Mo and P, facile conversion into MoO2, and complex hollow sphere 
structure formation. The as-synthesized N,P-rGO/h-MoO2, a hierar-
chically structured polar sulfur host framework, acts as an efficient 
redox mediator, accelerating the redox kinetics of sluggish conversion 
reaction. The hollow structure of MoO2 acts as a physical and chemical 
barrier by serves both physical and chemical barrier by entrapping LiPS 
into the void and preventing the shuttle effect due to the donation of 
polar sites. In addition, the uniformly anchored hollow MoO2 particles 
effectively prevent the restacking of the rGO sheets, resulting in a higher 
electrolyte penetration that induces accelerated Li+/e− transport. 
Furthermore, the excessive LiPS dissolution was reduced by the forma-
tion of a polar surface as a result of the codoping of (N,P) heteroatoms, 
which provided abundant dipole polarization. Consequently, the hy-
bridization of POM derived hierarchical MoO2 with heteroatom doped 
rGO successively provides improved insight into the development of an 
efficient redox mediator for LSB. 

2. Materials and methods 

2.1. Synthesis of N,P-rGO/h-MoO2@S 

First, 600 μl of pyrrole and 25 ml of ethanol were added to the vial 
and sonication for 30 min (Solution A). Following immersion of 1 mmol 
(1825.25 mg) of PAH (H3PMo12O40) in 100 mL of deionized (DI) water, 
this mixture was added in 40 ml of Graphene Oxide (GO) and then 
stirred for 30 min (Solution B). Then, the prepared solution A was added 
dropwise to solution B with vigorous stirring for 20 h. The black viscous 
solution was transferred to Teflon-lined stainless steel autoclave and 
subjected to hydrothermal treatment at 180 ◦C for 12 h. After a cooling 
to room temperature, the product was filtered by centrifugation and 
washed with DI water until a neutral pH. After washing, the clay-like 
black powder was freeze-dried for 3 days. It was then heated in Ar gas 
for 2 h to 500 ◦C. The sample was naturally cooled after heating (N,P- 
rGO/h-MoO2). To add sulfur to the host material, the prepared N,P-rGO/ 
h-MoO2 and commercial Sulfur powder (Sigma-Aldrich) were ground 
using a mortar at a ratio of 1:3 followed by heating at 155 ◦C for 12 h in a 
Teflon liner under an Ar atmosphere. 

2.2. Synthesis of N-rGO/MoO2@S and rGO/MoO2@S 

Since the Phosphorus in N,P-rGO/h-MoO2 is obtained from 
H3PMo12O40, N-rGO/MoO2 was prepared using (NH4)6Mo7O24•4H2O 
instead of H3PMo12O40. The rest of the procedure was carried out as 
exactly mentioned above. Since Nitrogen in N-rGO/MoO2 was obtained 
from pyrrole, rGO/MoO2 was produced without pyrrole. The rest of the 
process was carried out exactly as above. 

2.3. Materials characterization 

The high-resolution scanning electron microscopy (HR SEM, 
MERLIN) and transmission electron microscopy (TEM, Libra 200 HT Mc 
Cs, 200 kV) images were collected to determine the microstructure. The 
X-ray diffraction (XRD, D8, Bruker) was analyzed in a 2θ range of from 
5◦ to 85◦ to obtain inherent peaks. Raman spectroscopy (SENTERRA 
Raman) was used with a 532 nm laser to confirm structural properties. 
The nitrogen adsorption-desorption isotherms, pore size distribution, 
specific surface area, and pore volume was measured using the 
Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) 
method using Quantachrome Nova 3200e. Thermogravimetric analysis 
(TGA, SDT Q600) was measured at a heating rate of 10 ◦C min− 1 in N2 
gas. Inductively coupled plasma-optical emission spectroscopy (ICP- 
OES, OPTIMA 8300) was conducted to measure the molecular 
concentration. 

2.4. Electrochemical measurements 

N,P-rGO/h-MoO2@S electrodes were prepared by suspending N,P- 
rGO/h-MoO2@S powder (active materials, 80 wt%), carbon black 
(conductive additive; 10 wt%), and polyvinylidene difluoride (PVdF, 
binder, 10 wt%) in N-methyl-2-pyrrolidone (NMP). The slurry was 
coated onto aluminium foil using a doctor blade to give a S-loading area 
of 1.5 mg cm− 2 (4.2 mg cm− 2 for high S loading test), and dried in an 
oven at 80 ◦C for 12 h. The same procedure was also used to prepare N,P- 
rGO/MoO2@S, N-rGO/MoO2@S and rGO/MoO2 electrodes for refer-
ences. A Lithium foil (anode), polypropylene (PP, separator, Celgard 
2400) and an electrolyte composed of 1 M bis(trifluoromethane)sulfo-
nimide lithium (LiTFSI, Sigma-Aldrich) with 0.3 M lithium nitrate 
(LiNO3, Sigma-Aldrich) in a v/v mixture of 1,3-dioxolane (Sigma- 
Aldrich) and 1,2-dimethoxyethane (Sigma-Aldrich) were used to 
assemble coin cells (CR2032). An electrolyte was added with E/S ratio of 
10 μl per mg of sulfur. Cyclic voltammetry (CV, VMP3, Biologic) was 
performed at a scan rates from 0.1 to 0.8 mV s− 1 with the potential range 
of 1.7–2.8 V. The electrochemical impedance spectroscopy (EIS) mea-
surements were obtained within a frequency range of 0.01–1 × 106 Hz. 
Galvanostatic charge-discharge (GCD) profiles were measured at 
different C-rates (1C = 1675 mA g− 1). 

2.5. Li2S precipitation measurement 

S-free electrodes fabricated as above were treated with 30 μl of 0.5 M 
Li2S8 containing electrolyte on the cathode site, and with 30 μl of 0.5 M 
Li2S8-free electrolyte on the anode site, to form a symmetric cell. The 
resulting cells were first discharged galvanostatically to 2.10 V at 0.05C 
and then discharged potentiostatically at 2.10 V for Li2S nucleation and 
growth. 

2.6. Li2S6 symmetric cell test 

Electrodes were fabricated by mixing S-free N,P-rGO/h-MoO2 (80 wt 
%), carbon black (10 wt%), and PVdF binder (10 wt%) in NMP. The 
resulting slurry was coated onto aluminium foil, and the resulting 
coating was dried in an oven at 80 ◦C for 12 h. Two of these electrodes 
were each treated with 30 μl 0.5 M Li2S6 to afford symmetric cells, which 
were then analyzed by CV at various scan rates (0.2, 0.5, 1.0, and 2.0 
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mV s− 1) over the potential range of − 1.0 to 1.0 V. 

2.7. Shuttle current measurement 

The electrode was activated at 0.05 C-rate followed by discharging 
galvanostatically at different voltage with switching to the potentio-
static discharge for 1 h. The shuttle current was measured as potentio-
static current versus the potential drop. 

2.8. Computational details 

Density functional theory (DFT) calculations were performed with 

the Vienna Ab initio Simulation Package (VASP) [36]. 
Projector-augmented wave pseudopotentials were used with a 
plane-wave basis set, as implemented in VASP [37]. Perdew-Bur-
ke-Ernzerhof’s (PBE) parametrization of the generalized gradient 
approximation (GGA) was used [38]. A 2 × 2 × 1 k-point grid was used 
for DFT calculations to calculate the MoO2 surface. For more accurate 
calculation results for van der Waals interaction between lithium poly-
sulfide and substrate, the DFT-D3 correction method was considered in 
this study [39]. A kinetic energy cutoff of used as 500 eV in all the 
calculations, and the overall structure was optimized until the force in 
the unit cell converged to within 0.03 eV Å− 1. 

Fig. 1. (a) the schematic illustration for the synthetic procedures of N,P-rGO/h-MoO2@S. SEM images of N,P-rGO/h-MoO2 with (b) low-, (c) medium-, and (d) high 
magnification. (inset image of Fig. 1d: cracked MoO2 sphere), (e) HR-TEM and (f) dark-field STEM image of N,P-rGO/h-MoO2, (g) high magnification HR-TEM image 
of N,P-rGO/h-MoO2, (h–n) line-profile and elemental mapping STEM image of N,P-rGO/h-MoO2@S with (i) C, (j) Mo, (k) S, (l) O, (m) P, and (n) N. 
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3. Results and discussion 

A schematic of the synthesis process of N,P-rGO/h-MoO2@S is 
illustrated in Fig. 1a (see the experimental Section for further details). In 
the presence of pyrrole, the oxidation polymerization of pyrrole to 
polypyrrole (ppy) results in POM acting as a strong oxidizing agent. The 
driving force for self-assembly into nanoparticles (NPs) is the electro-
static interaction between negatively charged POM and positively 
charged ppy. A secondary hollow sphere structure was constructed by 
Ostwald ripening of the aforementioned self-assembled particles. POM 
clusters located outside the surface are gradually grown into large par-
ticles at the expense of internal POM NPs when stirring the ppy+POM/ 
GO composite solution. During ripening, the interior cavity within the 
Ostwald cluster grew simultaneously, forming hollow ppy+POM NPs on 
the surface of GOs. Furthermore, the hydrothermal process led to the 
conversion of POM into MoO2 and the reduction of GO to rGO. In 
addition, through the calcination process, N, P atomic doping were 
obtained from ppy and POM, respectively, to synthesize N,P-rGO/h- 
MoO2. 

The stirring time of the ppy+POM/GO solution is an essential factor 
for controlling the size and distribution degree of h-MoO2 spheres. 
Fig. S1 shows that the controllable morphology of N,P-rGO/h-MoO2 
varies over time. Several nm-sized ppy+POM NPs were uniformly 
distributed on the surface of GO for 1 h, followed by self-assembled 
growth of solid spherical NPs over 5 h. In particular, the surface of 
ppy+POM NPs became rough after 10 h, indicating the formation of a 
rod-shaped structure on the outer of the surface. Through the Ostwald 
ripening process, ppy+POM NPs are gradually grown into a rod-shaped 
structure and form hollow spherical particles. After 20 h, the hierar-
chical hollow structure could not be preserved because excessive ag-
gregation on the outer surface of ppy POM NPs caused the collapse of the 
spherical structure (Fig. S2). Furthermore, the quantity of precursor is 
another critical factor to optimize the formation of composites. The 
amount of pyrrole and POM could significantly affect to form hierar-
chically structured composites aggregated with nanorods as secondary 
hollow spherical particles. When a large amount of pyrrole was added, a 
layered structured N,P-rGO/MoO2 was constructed instead of desired 
composites (Fig. S3a). Since the hierarchical structure is beneficial for 
preventing the LiPS dissolution and volume expansion, a moderate 
amount of pyrrole was used to form desirable structure. Moreover, an 
excessive amount of POM resulted in the thick POM layer with NPs 
deposited on the surface of rGO, impeding the smooth progress of the 
self-assembly process (Fig. S3b and Fig. S3c). The optimized loading 
content of MoO2 in the N,P-rGO/h-MoO2 composites were demonstrated 
as 28.8 wt% through the element concentration of Mo, following the 
typical crystalline planes of monoclinic MoO2 in XRD (Table S1). The 
hierarchically structured N,P-rGO/h-MoO2 obtained from POM was 
characterized using scanning electron microscopy (SEM). Compared to 
the SEM images of bulk aggregates of POM (Fig. S4) and rGO with a 
smooth surface (Fig. S5), N,P-rGO/h-MoO2 (Fig. 1b and c) show that the 
h-MoO2 spheres are homogenously distributed with diameters ranging 
from 200 to 400 nm on the N,P-codoped rGO. According to the high- 
magnification SEM image (Fig. 1d), the h-MoO2 nanospheres had a 
rough outer surface covered by a random assembly to rod-shaped 
nanoparticles with a size of about 140 × 22 nm. Moreover, cracks 
with obvious cavities verify the hollow space of anchored h-MoO2 
nanospheres (inset in Fig. 1d). The N,P-rGO/h-MoO2 was further char-
acterized using high-resolution transmission electron microscopy (HR- 
TEM) and dark-field scanning transmission electron microscope (STEM). 
As shown in Fig. 1e and f, the hollow interior of h-MoO2 nanospheres 
anchored on N,P-codoped rGO sheets was observed in the presence of 
nanorods. The crystalline structure of N,P-rGO/h-MoO2 was identified, 
illustrating the (− 111) and (− 211) planes of MoO2 with d-spacing of 
0.35 and 0.27 nm, respectively (Fig. 1g). The energy dispersive X-ray 
(EDX) spectroscopy supports the uniform distribution of h-MoO2 NPs on 
the rGO sheets, as shown in the Mo, C, and O signals (Figs. S6 and S7). 

Moreover, N and P heteroatoms were uniformly distributed due to 
overlap with the C signal of rGO and Mo signal of MoO2. The hierar-
chical structure of N,P-rGO/h-MoO2 was maintained without aggre-
gated clusters of sulfur melt-diffusion process was conducted, indicating 
that sulfur was homogenously dispersed in the interior cavities of N,P- 
rGO/h-MoO2 (Fig. S8). In addition, the infiltrated sulfur was not only 
evenly distributed inside the h-MoO2 nanospheres but also on the N,P- 
rGO/h-MoO2 indicating polar interaction between heteroatoms and 
sulfur, corresponding with elemental mapping and line-profile analysis 
of N,P-rGO/h-MoO2@S (Fig. 1h–n and Fig. S9). 

The crystalline structure of the hierarchical N,P-rGO/h-MoO2@S was 
further analyzed by X-ray diffraction (XRD) patterns (Fig. 2a). Pristine 
POM exhibited patterns that matched well with conventional Keggin- 
structured POM. The N,P-rGO/h-MoO2 exhibited three dominant 
peaks at 25.9, 36.9, and 53.6, corresponding to (− 111), (− 211), and 
(− 311), which are typical crystalline planes of monoclinic MoO2 (JCPDS 
No. 78-1071), indicating that the POM existing in ppy+POM/GO solu-
tion was completely converted into MoO2 by the hydrothermal process. 
This result was consistent with HR-TEM from the aforementioned 
Fig. 1g, indicating that the broad main diffraction peaks were affected 
by the nano-crystalline characteristics of h-MoO2. Furthermore, these 
results implied that each N atom from pyrrole and each P atom from the 
center of POM diffused the GO surface, without forming nitrate and 
phosphate phases, respectively. The typical diffraction peak of rGO at 
23.3 is not clearly observed due to the overlap of the weak diffraction 
peak with the (− 111) plane of h-MoO2 NPs. The N,P-rGO/h-MoO2@S 
exhibited sublimated sulfur peaks (JCPDS No. 08-0247), which not only 
showed no direct chemical bonding of sulfur with h-MoO2, but also 
exhibited fine-scale sulfur penetration into internal cavities [40]. 

The formation of N,P-rGO/h-MoO2@S was confirmed by the Raman 
spectrum when compared with N,P-rGO/h-MoO2, rGO, sulfur, and 
pristine POM (Fig. 2b). The Raman signal of POM shows a set of peaks 
between 100 and 300 cm− 1 corresponding to the νs (Mo-Oa). The 
characteristic peaks at 622.9, 890.1, and 1003.4 cm− 1 show the 
stretching vibration of νs (Mo–O–Mo), νas (Mo–O–Mo), and νs (Mo––O), 
respectively, indicating the typical Keggin structure of POM [41]. The 
peaks of POM were significantly weakened as the pristine POM was 
completely converted to MoO2 after the thermal decomposition reaction 
from hydrothermal procedure. The N,P-rGO/h-MoO2 exhibited distinct 
peaks at 815.0 and 992.0 cm− 1, corresponding to vibration stretching of 
Mo–O–Mo and Mo––O bond of MoO2 [42]. The ID/IG ratios of N, 
P-rGO/h-MoO2 increased from 0.98 of rGO to 1.10, while maintaining 
the D and G bands of the carbon-based matrix at 1344.7 and 1591.3 
cm− 1. This result indicated that there was a strong interaction between 
MoO2 NPs and rGO sheets with induced defect sites induced by N, 
P-codoping [43]. Three common peaks of N,P-rGO/h-MoO2@S, and 
sulfur demonstrated successful sulfur impregnation within the void of 
h-MoO2. 

The surface area and pore structure of N,P-rGO/h-MoO2, and N,P- 
rGO/h-MoO2@S were compared by investigating the N2 adsorption/ 
desorption isotherms in Fig. 2c. The hysteresis loop H3 of N,P-rGO/h- 
MoO2 was typical, indicating the presence of mesopores formed by 
POM-derived h-MoO2 NPs [44]. The introduction of h-MoO2 NPs 
anchored on N,P-rGO improved the Brunauer-Emmett Teller (BET) 
specific surface area from 120.56 m2 g− 1 to 170.9 m2 g− 1 (Fig. S10). The 
improved mesopores derived from the hierarchical structure not only 
allowed sufficient penetration of the electrolyte beneficial for Li+ ion 
transportation but also mitigated the volumetric expansion of sulfur 
during lithiation/delithiation. The specific surface area of N,P-rGO/h--
MoO2@S was drastically reduced to 1.5 m2 g− 1 compared to the loosely 
reduced value of rGO (24.09 m2 g− 1). This result demonstrated the 
successful infiltration of sulfur into the framework due to the combined 
synergetic effect of the polar nature of h-MoO2 and the dipole polari-
zation caused by codoping with heteroatoms. 

To verify the dual LiPS anchoring capability of N,P-rGO/h-MoO2, the 
displayed LiPS adsorption experiments were performed in a 5 mM 
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solution of Li2S6 with 0.5 M LiTFSI in a 1:1 v/v mixture of 1,3-dioxolane 
and 1,2-dimethoxyethane (inset in Fig. 3a). The chemically prepared 
LiPS solution with N,P-rGO/h-MoO2 became colorless while the solution 
with rGO remained approximately same, validating the strong adsorp-
tion capacity of N,P-rGO/h-MoO2 with polar framework. The UV–vis 
spectra in Fig. 3a further verify the exceptional LiPS adsorption capacity 
of N,P-rGO/h-MoO2. A typical strong absorption peak from 250 to 350 
nm indicating S6

2− species apparently disappeared after adding N,P-rGO/ 
h-MoO2, validating the reduced LiPS concentration. Therefore, the sol-
uble LiPS produced during the charge/discharge processes is rapidly 
adsorbed by N,P-rGO/h-MoO2, mitigating the excessive migration of 
LiPS into the electrolyte. 

The electronic states and surface composition of N,P-rGO/h-MoO2 
were further investigated using X-ray photoelectron spectroscopy (XPS). 
In Fig. S11, the survey spectrum of N,P-rGO/h-MoO2 showed that it had 
C, O, N, P, and Mo components that derived from rGO, ppy, and POM. 

The XPS spectra of Mo 3d (Fig. 3b) exhibited distinct peaks located at 
235.5 and 232.3 eV, corresponding to Mo6+ 3d3/2 and Mo6+ 3d5/2, and 
the peaks at 231.7 and 228.5 eV belong to the 3d3/2 and 3d5/2 of Mo4+

respectively. After adsorbing Li2S6, peaks located at 233.4, and 230.2 eV 
assigned to Mo5+ were newly formed, indicating the formation of a 
strong chemical bond in the process of electron transfer. Furthermore, 
all Mo 3d peaks shifted towards lower binding energy with the enhanced 
intensity of Mo4+, forming thiosulfate and polythionate complex spe-
cies. In terms of S 2p (Fig. 3c), the XPS spectra of N,P-rGO/h-MoO2 after 
adsorption LiPS exhibited the distinct peaks located at 168.8 and 168.3 
eV in the region of high binding energy, which corresponds to poly-
thionate complexes and thiosulfate such as SO4

2− , S2O3
2− [45,46], and 

164.1 and 163.5 eV representing the bridging sulfur (SB) and terminal 
sulfur (ST) in the region of low binding energy. Compared to the rGO 
after adsorption LiPS, the distinct peaks of N,P-rGO/h-MoO2 shifted to 
higher values, which is associated with the strong chemical interaction 

Fig. 2. (a) XRD spectra and (b) Raman spectra of N,P-rGO/h-MoO2@S in comparison with N,P-rGO/h-MoO2, rGO, sulfur, pristine POM, (c) N2 adsorption/desorption 
isotherms of N,P-rGO/h-MoO2@S and N,P-rGO/h-MoO2. (inset pore distribution). 

Fig. 3. (a) UV–vis spectra of N,P-rGO/h-MoO2 compared with rGO after adsorption with Li2S6 (inset image: optical images of the above solutions). High-resolution 
XPS profiles of (b) Mo 3d of N,P-rGO/h-MoO2 before and after adsorption of LiPS, (c) S 2p peaks of N,P-rGO/h-MoO2 and rGO after adsorption of LiPS. (d), (e) 
Potentiostatic nucleation profiles of Li2S8 solution on N,P-rGO/h-MoO2 and rGO electrodes. (f) EPR signal of N,P-rGO/h-MoO2 and pristine MoO2. 
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between the LiPS and N,P-rGO/h-MoO2. Moreover, N,P-rGO/h-MoO2 
promoted the formation of polythionate and thiosulfate complex, acting 
as surface-bound active redox mediator to create intermediate com-
plexes [47]. 

In the XPS spectra of O 1s (Fig. S12a), the peak at 533.3 eV indicates 
residual oxygen groups on the surface. The peaks at 531.7 and 530.2 eV 
are associated with the lattice O from MoO2. After adsorbing LiPS, the 
residual O acted as active sites for the formation of sulfate species. 
Furthermore, the O 1s peaks shifted to lower binding energies, indi-
cating enhanced electron cloud density on the surface due to the for-
mation of sulfur complex species. The N 1s region shown in Fig. S12b 
was deconvoluted into four peaks at 401.3, 399.7, 397.9, and 396.2 eV, 
which are assigned to Graphitic N, Pyrrolic N, Pyridinic N, and N–Mo, 
respectively [48]. Each N atom can adsorb LiPS in different ways 
through diverse mechanisms [49]. In particular, the locations of the 
peaks of Graphitic N and Pyridinic N were significantly shifted towards 

higher binding energies after adsorbing Li2S6, indicating that the 
negatively charged N was successfully combined with the positively 
charged Li of LiPS. In the XPS spectra of P 2p, two peaks at 133.8 (P–C) 
and 133.1 eV (P–O) were observed, as shown in Fig. S12c. Whether or 
not Li2S6 adsorption occurred did not influence the P 2p peak location, 
indicating that the doped P atoms did not directly contribute to the 
mitigation of excessive LiPS dissolution. However, it is noteworthy that 
the presence of P atoms with a larger atomic size and higher 
electron-donating capability than N led to a synergic effect with N 
atoms, as they ensured efficient electron transfer and provided abundant 
redox mediating sites [50]. Consequently, the presence of N and P atoms 
in N,P-rGO/h-MoO2 improved the LiPS conversion kinetics. 

Fig. 3d and e showed the potentiostatic discharge profiles of sulfur- 
free electrodes in a 0.5 M Li2S8 electrolyte to understand the redox- 
mediated effect of N,P-rGO/h-MoO2 on Li2S precipitation (see the 
experimental section for more details). Based on Faraday’s law, the Li2S 

Fig. 4. (a) CV curves of symmetric cells, (b) Nyquist plots of symmetric cells with N,P-rGO/h-MoO2 compared with N,P-rGO/MoO2, N-rGO/MoO2, and rGO/MoO2. 
(c) the shuttle current values of the LSB cell with N,P-rGO/h-MoO2@S and rGO/MoO2@S cathode. (d) CV curves of N,P-rGO/h-MoO2@S cathode obtained in the 
range of 0.1–0.8 mV s− 1. (e) plots of current values versus square root N,P-rGO/h-MoO2@S at A1, C1, and C2 peaks in CV curves, (f) Li ion diffusion coefficients of N, 
P-rGO/h-MoO2@S and rGO/MoO2@S. (g) DFT calculation of N,P-rGO/MoO2 with heteroatom variation. 
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precipitation capacity was calculated to be 202.74 mA h gs
− 1 and 187.25 

mA h gs
− 1 for the N,P-rGO/h-MoO2 electrode and the rGO electrode, 

respectively. Also, the accelerated kinetics of the N,P-rGO/h-MoO2 
electrode were observed further from the earlier reduction peak (3029 s) 
compared to rGO (3660 s). These results suggest that the polar nature of 
N,P-rGO/h-MoO2 provides more active sites for Li2S precipitation, 
which facilitates the formation of Li2S nuclei, which affects the entire 
reduction kinetics of LiPS transformation. Electron paramagnetic reso-
nance (EPR) spectroscopy was further analyzed to understand the defect 
and electron configuration of N,P-rGO/MoO2, which can provide 
favorable LiPS adsorption capacity on active sites (Fig. 3f). The POM 
derived N,P-rGO/h-MoO2 demonstrated a unique EPR signal, which 
verifies the presence of unpaired electrons in oxygen vacancies 
compared to pristine MoO2. The crystal structure of the POM derived N, 
P-rGO/h-MoO2 was reordered by oxygen vacancies, which acted as a 
superficial donor, inducing fast charge transfer kinetics and supporting 
structure maintenance during the charge/discharge process. Further-
more, oxygen vacancies can act as effective active sites for Li2S precip-
itation [51,52]. Given by the observed increase in the EPR signal with an 
increasing amount of POM, it can be inferred that a large quantity of 
POM precursor is attributed to an increase in oxygen vacancies 
(Fig. S13). Nonetheless, the amount of POM was optimized to construct 
hierarchically structured N,P-rGO/h-MoO2, which serves as a physical 
and chemical barrier for LiPS (Figs. S3b and S3c). 

To verify the obtained hierarchically structured N,P-rGO/h-MoO2@S 
with the excellent electrochemical performance of POM, samples 
without internal void and polar substrate were prepared (see an exper-
imental section for more details). Interestingly, N-rGO/MoO2@S com-
posite using a widely used Mo source (ammonium molybdate: 
(NH4)6Mo7O24•4H2O) instead of POM showed spherical NPs without 
hollow interior voids (Fig. S14). Polarization cyclic voltammetry (CV) 
experiments were conducted to evaluate the electrocatalytic effect of N, 
P-rGO/h-MoO2 on LiPS redox reactions in 0.5 M Li2S6 electrolyte 
(Fig. 4a). Regardless of the hierarchical structure with heteroatom 
codoping, the presence of MoO2 revealed two reversible redox peaks. 
However, N,P-rGO/h-MoO2 showed the smallest voltage hysteresis and 
the highest current density, indicating its superior conversion of LiPS. 
The peaks of N,P-rGO/h-MoO2 at − 0.14/0.15 V correspond to the 
conversion of S8 into long-chain LiPS, while the peaks at − 0.3/0.29 V 
attributed to Li2S2/Li2S precipitation from long-chain LiPS. N,P-rGO/h- 
MoO2 not only effectively adsorbed LiPS but also accelerated the redox 
kinetics of LiPS due to the efficiency of linking the anchored h-MoO2 and 
N,P-doped atoms. Additionally, Fig. 4b shows symmetrically con-
structed cells’ electrochemical impedance spectroscopy (EIS) spectra. 
These plots showed that the N,P-rGO/h-MoO2 electrode had a lower 
charge transfer resistance (Rct; 89 Ω) than those of N,P-rGO/MoO2 (Rct; 
110 Ω), N-rGO/MoO2 (Rct; 177 Ω), and rGO/MoO2 (Rct; 235 Ω). The 
significantly reduced Rct value indicates the enhancement of LiPS redox 
kinetics by N,P-rGO/h-MoO2, which can act as a redox mediator. The 
value of LiPS inhibiting the ability of N,P-rGO/h-MoO2@S was esti-
mated by the current shuttle measurement obtained through the natural 
process (Fig. 4c) [53]. The thermogravimetric analysis (TGA) indicated 
that the sulfur content of the N,P-rGO/h-MoO2@S was estimated as 74.1 
wt% (Fig. S15). The current shuttle values of the rGO/MoO2@S elec-
trode drastically increased to 2.4 V, corresponding to the solid-to-liquid 
phase transition of cyclic S8 to soluble long-chain LiPS. In contrast, the 
current shuttle profile of the N,P-rGO/h-MoO2@S electrode showed 
dramatically decreased current over the entire LiPS conversion voltage, 
indicating the soluble LiPS could be effectively entrapped inside the 
h-MoO2, acting as a volume buffer layer. 

In order to verify the enhanced electrochemical properties of the N,P- 
rGO/h-MoO2@S electrode (Fig. 4d), the CV was measured under various 
scan rates of 0.1–0.8 mV s− 1. Compared to rGO/MoO2@S (Fig. S16a), N, 
P-rGO/h-MoO2@S showed significantly reduced polarization due to 
accelerated electron/ion transport. The Li+ diffusion coefficient value 

was estimated based on the following Randles–Ševčík equation: 

IP = 2.69 × 105n1.5AD0.5
Li Cυ0.5CLi  

where Ip is the peak current, n is the electron charge transfer number (n 
is 2 for the LSB), A is the electrode area, DLi is the diffusion coefficient of 
Li+, ν is the potential scan rate, CLi is the Li+ concentration of the 
electrolyte. The linear relationship between peak current and the square 
root of the scan rate of N,P-rGO/h-MoO2@S compared to rGO/MoO2@S 
was obtained, as shown in Fig. 4e and Fig. S16b. From the Rand-
les–Ševčík equation, the Li+ diffusion coefficient of N,P-rGO/h-MoO2@S 
was calculated as DC1

Li = 1.02 × 10− 7 cm s− 1 DC2
Li = 1.58 × 10− 7 cm s− 1, 

and DA1
Li = 5.67 × 10− 8 cm s− 1 respectively (rGO/MoO2@S: DC1

Li =

6.26 × 10− 8 cm s− 1, DC2
Li = 9.71 × 10− 8 cm s− 1, and DA1

Li = 4.56 × 10− 8 

cm s− 1). The diffusion coefficient increased dramatically at the rate- 
determining steps of the charge/discharge processes (charge: oxida-
tion of solid Li2S2/Li2S to liquid Li2S4, discharge: reduction of liquid 
Li2S4 to solid Li2S2/Li2S) with the most significant positive Gibbs free 
energy [54]. 

The electrocatalytic performances mentioned above demonstrated 
the exceptional redox mediating ability of MoO2 incorporated on N,P- 
doped rGO. Density functional theory (DFT) was further performed to 
determine the interactive chemistry of composites. As shown in Fig. 4g, 
models with heteroatom variation were used in DFT calculation to 
represent MoO2 on the codoped rGO surface. The theoretical adsorption 
energy (Eads) was calculated using the following equation: 

Eads =Esurface/Li2S6 −
(
Esurface +ELi2S6

)

where Esurface/Li2S6 is equal to the total energy of surface adsorbing Li2S6; 
and Esurface and ELi2S6 are the total energy of surface and Li2S6, respec-
tively. The Eads of LiPS on the MoO2 of N,P-rGO/MoO2 was calculated to 
be − 1.31 eV, superior to that of N-rGO/MoO2 (− 1.13 eV), P-rGO/MoO2 
(− 1.27 eV), rGO/MoO2 (− 0.95 eV) and MoO2 (− 1.20 eV) (Fig. S17). 
These computational results suggested that the polar substrate with 
heteroatom codoping could enhance LiPS capture efficiency compared 
to the non-doped rGO surface. Due to the lower ionization energy and 
higher electron-donating ability of phosphorus compared to nitrogen, 
the Eads of the phosphorus-doped surface is higher than that of the ni-
trogen doped surface [55]. Moreover, the overall Li2Sn adsorption ca-
pacity of N,P-rGO/MoO2 is illustrated in Fig. S18, indicating the 
excellent LiPS conversion kinetics of the whole reaction of N,P-rGO/-
MoO2. DFT calculation cannot indicate that the hollow sphere structure 
of N,P-rGO/h-MoO2 with quantitative oxygen vacancies (h-MoO2) has 
the enhanced adsorptive-electrocatalytic performance. Thus, POM 
derived N,P-rGO/h-MoO2 is expected to show superior performance in 
practical LSB. 

Fig. 5a showed the CV profiles of N,P-rGO/h-MoO2@S with N,P- 
rGO/MoO2@S, N-rGO/MoO2@S and rGO/MoO2@S cathode between 
1.7 and 2.8 V at a scan rate of 0.1 mV s− 1. Two distinct cathodic peaks 
are observed at 2.35 and 2.04 V, which corresponds to a solid to liquid 
transition at higher potential (from S8 to Li2S4) and a further reduction 
process, which corresponds to a solid transition from Li2S4 to Li2S2/Li2S 
at lower energies. Conversely, two distinct anodic peaks at 2.32 and 
2.41 V are attributed to converting insoluble high-chains LiPS and S8. 
The CV curve of rGO/MoO2@S showed significantly weaker current 
intensity and broad peaks, indicating relatively sluggish redox kinetics. 
For the N,P-rGO/MoO2@S cathode, there is a difference in the current 
response in the CV profiles despite the similar composition to the N,P- 
rGO/h-MoO2@S. This suggested that the hollow spherical structure of 
N,P-rGO/h-MoO2@S contributed to the improvement of sulfur utiliza-
tion while providing any additional capacity as a suitable host materials 
(Fig. S19). Therefore, the CV curve of N,P-rGO/h-MoO2@S showed a 
distinct shift in both redox peaks intensity, suggesting the notably 
reduced polarization and accelerating the LiPS redox conversion re-
actions due to the synergic effect of hollow structure of MoO2 NPs and N, 
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P-doped atoms. 
The rate capability of N,P-rGO/h-MoO2@S incorporating the hier-

archical structure and heteroatom doping substantially enhanced the 
LiPS conversion kinetics (Fig. 5b). The N,P-rGO/h-MoO2@S electrode 
achieved reversible specific capacity of 1274.0 mAh g− 1, 1043.5 mAh 
g− 1, 936.4 mAh g− 1, 824.6 mAh g− 1, 530.5 mAh g− 1, and 374.4 mAh 
g− 1 at 0.1, 0.2, 0.5, 1.0, 5.0, and 10.0C, respectively. In addition, the 
high discharge capacity of 1040.5 mAh g− 1 demonstrated the excellent 
reversibility and rapid reaction kinetics of N,P-rGO/h-MoO2@S despite 
the sudden reduction of the current rate to 0.1C. Furthermore, after 3.0C 
of N,P-rGO/h-MoO2@S as a spherical hollow structure, there was a 
significant difference in electrochemical performance between N,P- 
rGO/h-MoO2@S and N,P-rGO/MoO2@S satisfied electrolyte penetra-
tion into the internal structure of N,P-rGO@h-MoO2@S, providing 
improved kinetics and improved sulfur utilization of active materials. As 
a result, dual atom doping on rGO enhanced the overall rate perfor-
mances, while the deficient LiPS adsorption of N,P-rGO/MoO2@S was 
complemented by the hollow spherical structure of MoO2 NPs. These 

results are consistent with DFT calculation results showing the effect of 
heteroatoms. Fig. 5c showed that the charge and discharge profiles 
derived from galvanostatic charge/discharge curves at various current 
densities in N,P-rGO/h-MoO2@S had significantly less polarization. 
Even at very high rates at 10C, two distinct plateaus were still observed 
in discharge profiles, which were attributed to enhanced electron 
transport by N, P atoms and spherical hollow structure of MoO2 NPs. 

The cycling performance of N,P-rGO/h-MoO2@S was investigated at 
0.2C compared to N,P-rGO/MoO2@S, N-rGO/MoO2@S, and rGO/ 
MoO2@S (Fig. 5d). Due to its polar nature and lack of structure effect, 
rGO/MoO2@S had a low initial specific capacity (801. 9 mAh g− 1) and 
low coulombic efficiency (C.E.). In comparison, N,P-rGO/h-MoO2@S 
exhibited a high initial discharge capacity (1098.5 mAh g− 1), a high 
capacity-retention of 82.2% and a low capacity fading rate of 0.082% 
per cycle, which were superior to those of the N,P-rGO/MoO2@S (ca-
pacity retention = 73.8%; capacity fading rate = 0.13%), N-rGO/ 
MoO2@S (capacity retention = 61.3%; capacity fading rate = 0.19%), 
and rGO/MoO2@S (capacity retention = 46.0%; capacity fading rate =

Fig. 5. (a) CV profiles (0.1 mV s− 1), (b) rate performance from 0.1 to 10.0C of LSB cells with N,P-rGO/h-MoO2@S in comparison with N,P-rGO/MoO2@S, N-rGO/ 
MoO2@S, and rGO/MoO2@S. (c) GCD profiles corresponding to different C-rate of N,P-rGO/h-MoO2@S, (d) cycling performance of N,P-rGO/h-MoO2@S at 0.2C in 
comparison with N,P-rGO/MoO2@S, N-rGO/MoO2@S, and rGO/MoO2@S, (e) long-term cycling stability of N,P-rGO/h-MoO2@S at 5.0 and 10.0C. (f) rate perfor-
mance of areal discharge capacity at 0.1, 0.2, 0.5, 1.0, and 2.0C with different high mass-loading electrodes, (g) the cycling stability at 0.2C with sulfur loading of 4.2 
mg cm− 2. 
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0.216%). The long-term stability of N,P-rGO/h-MoO2@S at high rates of 
5.0 and 10.0C was also investigated in Fig. 5e, under these conditions, it 
has a high C.E. up to 900 cycles with very ultra-low-capacity degrada-
tion. The rates are 0.043% (5.0C), and 0.029% (10.0C) respectively. The 
strong chemical interactions of N,P-rGO/h-MoO2 reduce the shuttle ef-
fect caused by excess LiPS while also acting as a physical barrier to 
reduce sulfur expansion during the lithiation/delithiation processes. It is 
noteworthy that the electrochemical performance of N,P-rGO/MoO2@S 
for LSB outperformed that of the previous materials (Table S2). 

To verify the feasibility of N,P-rGO/h-MoO2@S as a practical appli-
cation requiring high energy density, LSB electrodes with high sulfur 
loading compared to rGO@S were fabricated. As shown in Fig. 5f, the 
rate and cycling performances of N,P-rGO/h-MoO2@S were investigated 
with sulfur loadings of 3.1 and 4.2 mg cm− 2, with low electrolyte usage 
(E/S ratio = 10). The N,P-rGO/h-MoO2@S with a sulfur loading of 4.2 
mg cm− 2 achieved reversible partial capacities of 5.0, 3.8, 3.4, 3.2, and 
2.9 mAh cm− 2, at 0.1, 0.2, 0.5, 1.0 and 2.0C respectively. The electrode 
4.2 mg cm− 2 sulfur loading demonstrated 690 mAh g− 1 at 2.0C, indi-
cating improved electrolyte penetration by the self-assembled rod-sha-
ped nanoparticles and confirming the stable redox kinetics even at high 
sulfur concentrations. Moreover, N,P-rGO/h-MoO2@S maintained a 
high areal capacity of 3.3 mAh cm− 2 over 250 cycles with a with high- 
capacity retention of 79.7% and a relatively low-capacity fading rate of 
0.08% per cycle, while the rGO@S electrode suffered from severe ca-
pacity decay (0.22%) due to continuous dissolution of LiPS inducing 
shuttle effect (Fig. 5g). 

4. Conclusions 

In this work, we designed a POM derived hierarchically structured N, 
P-rGO/h-MoO2 composite, where MoO2 nanorods are incorporated as 
secondary hollow spherical particles deposited on a large surface of N,P- 
codoped rGO. The electrochemical results confirmed that the MoO2 
hollow spherical structure acts as a physical buffer layer entrapping the 
LiPS inside the void and as well as a chemical barrier preventing the 
shuttle effect by providing a polar surface. Moreover, the heteroatom 
codoped rGO provided abundant polar nature for the redox accelerator. 
As a result, N,P-rGO/h-MoO2 acted as an effective redox mediator, 
exhibiting a high initial specific capacity of 1274.9 mAh g− 1 at 0.1C and 
a high rate capability of 374.4 mAh g− 1 at 10.0C. Furthermore, the N,P- 
rGO/h-MoO2@S showed exceptional long-term stability at 5.0 and 
10.0C with capacity fading rates of 0.043 and 0.029% per cycle even 
after 900 cycles, respectively. Effectively, even with high sulfur loading 
of 4.2 mg cm− 2 and a low E/S ratio, the N,P-rGO/h-MoO2@S obtained a 
high initial partial discharge capacity of 5.0 mAh cm− 2 and stable cycle 
performance with a relatively low fading rate of 0.08% per cycle. These 
findings demonstrated the potential of POM as a multifunctional pre-
cursor in the formation of a redox mediator of LSB, as well as the utility 
of LSB as an advanced energy storage system. 
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