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Three-in-one cathode host based on Nb;Og/graphene superlattice
heterostructures for high-performance Li-S batteries

Chenhui Wang?, Nobuyuki Sakai?, Yasuo Ebina?, Takayuki Kikuchi?, Monika R. Showdon®, Daiming
Tang?, Renzhi Ma?, and Takayoshi Sasaki®*

Lithium-sulfur batteries have high promise for applications in next-generation energy storage. However, further advances
have been hindered by various intractable challenges, particularly three notorious problems: the “shuttle effect”, sluggish
kinetics of lithium polysulfide conversion, and nonuniform nucleation of Li,S. In this study, a three-in-one cathode host based
on a superlattice of two-dimensional (2D) materials is designed to tackle these three issues. Alternately restacked Nb;Oq
nanosheets with Lewis acid surface and reduced graphene oxide (rGO) with high electrical conductivity give rise to a unique
superlattice structure without the self-restacking, thereby maximizing the synergistic effect that stems from the inherent
advantages of each component. The Nb;Og/rGO superlattice cathode host is characterized by its high affinity, excellent
catalytic activity, abundance of exposed active sites, and high electrical conductivity, effectively confining lithium
polysulfides and reducing the overpotentials for lithium polysulfide conversion and Li,S nucleation. As a result, high-
performance lithium-sulfur batteries were achieved with an initial capacity of 1529 mAh g* at 0.1 C and a slow capacity
decay of 0.064% per cycle at 1 C over 1000 cycles. This work provides a novel strategy of heteroassembling 2D nanosheets

as a cathode host, opening a promising avenue for advanced lithium-sulfur batteries.

Introduction

The evolution of smaller, smarter, swifter, and more secure
electronic devices urgently needs next-generation energy
storage systems with higher energy density and power density,
as well as longer life spans. Thus, the development of advanced
batteries beyond lithium-ion batteries, which have been one of
the most widely used energy storage systems in mobile
electronic devices for decades, has been stimulated to meet the
above requirements.?® Lithium-sulfur batteries with much
higher theoretical energy densities (S: 1675 mAh g* and Li: 3860
mAh g1) have been highly regarded as promising candidates for
next-generation energy storage technology.®® However, many
challenges need to be overcome before their use in practical
applications.'% 11 The challenges derived from positive half-cells
are intractable and complex, such as their low Coulombic
efficiency and rapid capacity fade caused by the “shuttle
effect”, high polarization resulting from the low electrical
conductivity of sulfur, large volume changes during
charge/discharge processes, sluggish conversion kinetics of
lithium polysulfides and nonuniform deposition of Li,S. Thus,
high-performance cathodes have been designed and fabricated
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for the development of lithium-sulfur batteries with the
prospect of their wide use in practical applications.12-14

In the early research period, carbon materials with various
morphologies, structures, and pore sizes were carefully
designed to relieve the “shuttle effect” by physically adsorbing
or retaining lithium polysulfides.’>?® However, physical
adsorption and reservoirs are limited by the weak interaction
between carbon materials and lithium polysulfides. Later, polar
materials capable of forming chemical bonds with lithium
polysulfides, such as metal oxides,’®22 metal nitrides,?> and
metal chalcogenides,?* 25 were developed to confine lithium
polysulfides. Moreover, the surface properties, electronic
structure, adsorption energy, and lattice defects of these
materials have been carefully controlled to accelerate the
conversion of lithium polysulfides, which can reduce the
electrochemical polarization of lithium-sulfur batteries. On the
basis of acid-base theory, various materials with Lewis acid
surface have been expected to be excellent catalysts for the
conversion reaction of lithium polysulfides, which are regarded
as Lewis bases with low electronegativity.25 27 A layered niobate
acid, HNb3Og, has been reported to show high catalytic activity
for the conversion reaction of lithium polysulfides.2®
Nevertheless, oxygen vacancies exert a negative influence on
catalytic activity. Therefore, other approaches are needed to
design cathode host materials for high-performance lithium-
sulfur batteries. It is also important to note that Li,S
electrodeposition constitutes 50% of the total capacity of
lithium-sulfur batteries, which is largely influenced by the
morphology and structure of host materials. Hence, a variety of
ingenious structures have been designed to improve the
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uniformity of the Li,S electrodeposition layer, which helps to
further reduce battery polarization and improve the utilization
of sulfur.2%: 30

A wide variety of 2D materials has been reported. Their
intriguing properties have been revealed and various promising
applications have been proposed.313> 2D materials are
characterized by an extremely high aspect ratio, which provides
a high specific surface area and an abundance of 2D diffusion
channels for the adsorption and conversion of lithium
polysulfides, Li,S nucleation, and mass transfer to reduce the
polarization of lithium-sulfur batteries.36-38 In particular, single-
layer nanosheets obtained by chemical exfoliation can
approach a molecular scale thickness with the maximum
number of active sites, suggesting their promising application in
lithium-sulfur batteries.3®>* As single-layer metal oxide
nanosheets with the Lewis acid surface may contribute to
superior activity in regard to the conversion reaction of lithium
polysulfides, they are very promising building blocks for high-
performance cathodes in lithium-sulfur batteries. However, it is
crucial to overcome the easy restacking tendency of 2D
materials, as well as the low electrical conductivity of metal
oxides and sulfur. Recently heteroassembly of multiple 2D
nanosheets has attracted enormous attention because
resulting superlattice assemblies provide great opportunities to
realize new and advanced functionalities.*?*° Particularly, the
construction of composites based on single-layer metal oxide
nanosheets and other counterpart materials with high electrical
conductivity has been proven very effective towards superior
electrochemical energy storage and conversion.>%5%6 A
molecular-level assembly may fully highlight the properties of
each component to achieve synergistic effects,””-®3 however,
this strategy has not been applied to yield a highly efficient
multifunctional cathode host for lithium-sulfur batteries.

In this study, unilamellar Nb3Og nanosheets with polar Nb-O
bonds, the Lewis acid surface, and highly exposed active sites
are hybridized with reduced graphene oxide (rGO) nanosheets
with high electrical conductivity to design a three-in-one
cathode host for high-performance lithium-sulfur batteries. This
host achieves three functions: prevents the shuttle effect,
accelerates lithium polysulfide conversion, and promotes Li,S
nucleation. By the electrostatic flocculation process, negatively
charged Nb3Og nanosheets and positively charged PDDA-
modified rGO were alternately restacked to construct
Nb3Og/rGO superlattice heterostructures (S-Nb3Og/rGO).54
Compared with an aggregate of self-restacked individual
nanosheets and a composite of randomly restacked Nb3;Og and
rGO, the Nb3Og/rGO superlattice heterostructure showed the
highest affinity to lithium polysulfides, highest catalytic activity
for the lithium polysulfide conversion reaction, and excellent
Li,S deposition capacity, thereby leading to the best battery
performance. The superior performance of this superlattice
structure attests to the high potential of heteroassembling 2D
nanosheets for the development of lithium-sulfur batteries.

Results and discussion

The superlattice composite of alternately restacked monolayer
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Nb3Og nanosheets and rGO (S-Nb3Og/rGO) was fabricated by
the electrostatic charge-driven flocculation method (Scheme
1a), wherein the suspensions of negatively charged Nb3Og
nanosheets and positively charged PAAD-modified rGO were
dropwise added to water. Via electrostatic self-assembly, these
oppositely charged materials were alternately restacked to
produce the superlattice assembly.®> 66 For comparison, single
component aggregates of Nb3Og nanosheets and PDDA-
modified rGO were prepared by directly freeze-drying their
respective suspensions. A composite with randomly restacked
Nb3Og nanosheets and rGO (R-Nb3Og/rGO) was also prepared
by directly adding the suspensions of negatively charged Nb3Og
nanosheets and original rGO into a PDDA solution. These
control samples were employed to demonstrate the merits of
the prepared superlattice heterostructures as a three-in-one
cathode host for high-performance lithium-sulfur batteries. The
preparation processes for the samples are described in detail in
the experimental section of the Supporting Information.

The building blocks, namely, the single-layer Nb3Og nanosheets
and PDDA-modified rGO nanosheets, were first examined by
atomic force microscopy (AFM) after deposited on a silicon
substrate. As shown in Figure 1a, the Nb3Og nanosheets show a
thickness of ~1.3 nm and a lateral size of several micrometers,
confirming their single-layer nature.®”-8 The thickness of PDDA-
modified rGO was ~1.5 nm, while the typical lateral size was
several micrometers (Figure 1b). As shown by X-ray diffraction
(XRD) in Figure 1c, the restacked Nb3Og showed in-plane
diffraction peaks of 240, 080, 400, and 01_20 at 24.6°, 31.4°,
38.7°, and 48.1°, respectively, and the peak at 4.5° indicates an
interlayer spacing of 1.97 nm. The in-plane diffraction peaks of
Nb3Og also appeared in R-Nb3Og/rGO together with a basal peak
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Scheme 1. Schematic illustration showing a) the preparation of
a cathode based on superlattice Nb3Og/rGO and b) the
advantages of superlattice Nb3Og/rGO in lithium-sulfur battery
applications.
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Figure 1. AFM images and height profiles of a) single-layer
Nb3;Og nanosheets and b) PDDA-modified rGO nanosheets; c)
XRD patterns of restacked PDDA-modified rGO, restacked
Nb3Og, R-Nb30g/rGO and S-Nb30g/rGO; d) TEM images and e)
SAED pattern of S-Nb30g/rGO.

at 2.28 nm. S-Nb3Og/rGO also showed the same in-plane
diffraction peaks as Nb3Og, whereas a broad diffraction peak
centered at 6.2° indicates an interlayer spacing of 1.43 nm. This
peak may be ascribed to the (002) diffraction of the superlattice
structure of S-Nb3Og/rGO, which equals approximately half of
the total thickness of Nb3;Og (1.3 nm) and PDDA-modified rGO
(1.5 nm), suggesting that S-Nb3Og/rGO has a periodic
superlattice structure. This structure is formed due to the
opposite surface charges of the two different nanosheets,
effectively preventing the self-restacking into a single
nanosheet component. The microstructure of S-Nb30g/rGO was
examined by transmission electron microscopy (TEM). As
shown in Figure 1d, S-Nb3Og/rGO showed a very thin lamellar
structure with a lateral size on the micrometer scale. Lattice
fringes with spacings of 1.3 and 1.5 nm directly neighboring
each other were observed (inset of Figure 1d), agreeing well
with the thicknesses of the Nb3;Og nanosheets and PDDA-
modified rGO, respectively. Moreover, the in-plane diffraction
rings of the Nb3Og and rGO nanosheets identified by selected
area electron diffraction (SAED) verify the intimate restacking of
the Nb3Og nanosheets and rGO (Figure 1e). As shown in Figure
S1, the porosity of S-Nb3Og/rGO is apparent. The energy-
dispersive X-ray spectroscopy (EDS) elemental mapping results
indicate the homogenous distribution of C, O, and Nb, again
suggesting the intact assembly of Nb3Og nanosheets and rGO
into a superlattice structure (Figure S2).

S-Nb3Og/rGO was examined by thermogravimetric
differential analysis (TG-DTA) in an ambient
atmosphere. The thermal stability of the Nb3;Og nanosheets was
initially studied as a reference. As shown in Figure S3, the weight
loss below 200 °C may be ascribed to the removal of water, and
the endothermic event above 200 °C may correspond to the
decomposition of the accommodated TBA*. On the other hand,
the weight loss above 200 °C for the S-Nb30g/rGO recorded in

and
thermal
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Figure S4 is attributed to the combustion of rGO. Based on the
TG results, the mass ratio of rGO to Nb;Og in S-Nb30g/rGO is
estimated to be 0.256, which is a little larger than the
theoretical value based on the hypothetical area-matching
model (0.185). This small difference may be caused by the PDDA
in S-Nb30g/rGO. The detailed calculation is described in the
experimental section of the Supporting Information.

The catalytic activity of the samples to the lithium polysulfide
conversion reaction was examined by electrochemical tests
with a Li,S¢ symmetric battery. Cyclic voltammetry (CV) of the
blank symmetric batteries, which were assembled with blank
electrolyte without Li,Ss, was tested to extract the possible
influence of the electrochemical activity of host materials. As
shown in Figures S5-8, compared to the corresponding Li,Se
symmetric battery, the response current of the blank symmetric
batteries was very small, confirming the negligible effect of the
electrochemical activity of the host materials. As depicted in
Figure 2a, two redox peaks in the CV curve of rGO suggest a two-
step electrochemical reaction, which may be ascribed to the
conversion of Li,Se/Li>S, (-0.38 V/-0.12 V) and Li,Sg/Li,Sg (0.09
V/0.32 V).%° The Nb3Og nanosheets exhibited an abnormally low
response current, which may be due to the low electrical
conductivity and large ohmic resistance. The electrochemical
impedance spectroscopy (EIS) results support the extremely
high resistance of Nb3Og compared to other samples (Figure S9).
Only one apparent couple of redox peaks was recognized in R-
Nb30g/rGO and S-Nb30g/rGO, inferring that the Li,Sg/Li,S4 and
Li,Sg/Li,Se reactions overlap. This overlap may result from the
low electronic conductivity of NbzOg in R-Nb3Og/rGO and S-
Nb3O0g/rGO. The redox current densities of the composites (R-
Nb3O0g/rGO and S-Nb3;Og/rGO) were higher than the single
component (restacked rGO and restacked Nb3Og) samples,
validating the advantages of combining Nb3;Og nanosheets and
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Figure 2. a) CV curves of rGO, Nb3Og nanosheet, R-Nb30g/rGO
and S-Nb3Og/rGO in Li,Sg symmetric battery at a scan rate of 1
mV s1; b) current vs. time curve of rGO, Nb3;Og nanosheet, R-
Nb3Og/rGO and S-Nb30g/rGO in Li,Sg battery at a constant
potential of 2.05 V; and XPS curve fitting of the high-resolution
S 2p spectra of the c) R-Nb30g/rGO and d) S-Nb30g/rGO
electrodes after the potentiostatic process.
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rGO to improve the catalytic activity for converting lithium
polysulfides. On the one hand, the Lewis acid surface of NbsOg
and its high affinity to lithium polysulfides are beneficial for
enhancing the catalytic activity for the lithium polysulfide
conversion reaction. On the other hand, the high electrical
conductivity of rGO is helpful to reduce the ohmic resistance. As
a result, the composite materials (R-Nb3Og/rGO and S-
Nb30g/rGO) achieved higher electrical conductivity than Nb3;Og
and better catalytic activity than rGO, thus exhibiting much
higher activity for the lithium polysulfide conversion reaction.
Furthermore, the electrochemical activity of S-Nb3Og/rGO was
higher than R-Nb3;Og/rGO, providing strong evidence for the
effectiveness of constructing a superlattice structure to
maximize the advantages of two components and achieving an
ideal synergistic effect. The self-restacking of either Nb3Og or
rGO may occur in R-Nb3Og/rGO, resulting in low homogeneity
and offsetting the synergistic effect of the heteroassembled
Nb3Og and rGO. In contrast, the self-restacking problem is
efficiently hindered in S-Nb3Os/rGO, owing to the control for
the opposite surface charge. The intimate and maximum
contact of rGO and Nb3Og at the molecular scale leads to high
electrical conductivity and provides more exposed active sites
for the adsorption and conversion of lithium polysulfides.
Profiting from the superlattice heterostructure and the
maximum synergistic effect of Nb3;Og and rGO, the highest
catalytic activity for the lithium polysulfide conversion reaction
is achieved by S-Nb3Og/rGO. In addition, the superlattice
Nb3O0s/rGO heterostructure efficiently overcomes the “shuttle
effect”. The adsorption capacity of lithium polysulfides is shown
in Figures S10-11. The light color or low optical absorption of
the Li,Se solution after mixing with S-Nb3Og/rGO indicates its
larger adsorption capacity than that of R-Nb3Og/rGO. S-
Nb3;Og/rGO may efficiently overcome the “shuttle effect”
through bifunctional chemical bonding and physical
confinement, wherein lithium polysulfides are chemically
bonded to the exposed sites and physically confined in the
interlayer of the layered structure of alternately restacked
Nb3Og and rGO.

As another important process of lithium-sulfur batteries, the
solid nucleation process was examined by potentiostatic
techniques. The current vs. time curves of samples in the
potentiostatic process (Figure 2b) can be classified into two
groups. One group is for the composite materials, R-Nb30g/rGO
and S-Nb3Og/rGO. These composites showed three regions
where the current first decreased, then a peak appeared, and
finally leveled off to a constant current over time. The other
group is for the single-component materials, rGO and Nb3Og,
which only exhibited the first and third regions. The first region
of decreasing current in all samples is ascribed to the liquid-
liquid conversion process of soluble long-chain lithium
polysulfides to soluble short-chain polysulfides.”® In this
process, the reactant concentration of soluble long-chain
lithium polysulfides near the electrode surface decreases as the
reaction continues, resulting in a decreasing current over time.
The second peak region observed for R-Nb3Og/rGO and S-
Nb3Og/rGO is ascribed to the nucleation of solid Li,S or Li,S,,
wherein the current first increases with the nucleation reaction
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process and then decreases by its gradual suppression.’! The
coverage of deposited Li,S or Li,S, with low electrical
conductivity decreases the number of nucleation sites and
increases the electrochemical polarization, thereby suppressing
the nucleation reaction at a constant potential. The third region
that shows the current leveling off in all samples may be
ascribed to the conversion reaction of the soluble lithium
polysulfides in the diffusion control region. Thus, the two-region
process observed for rGO and NbsOg suggests that the solid
nucleation reaction does not take place on rGO and Nb3Og at
this constant potential, while the three-region process indicates
the occurrence of a solid nucleation reaction on R-Nb3Og/rGO
and S-Nb3;Og/rGO at the same constant potential.

After the potentiostatic process, the electrodes were
characterized to understand the effects. A peak at 435 cm™
ascribed to Li,S, appeared in the Raman spectra of R-Nb30s/rGO
and S-Nb3Og/rGO, thereby supporting this interpretation of the
occurrence of the solid nucleation reactions on R-Nb3;Og/rGO
and S-Nb3Og/rGO (Figure S12). The results suggest that the low
nucleation activity of pristine rGO and the high electrical
resistivity of Nb3Og lead to solid nucleation on rGO and Nb3Og
having a higher overpotential than on R-Nb3Og/rGO and S-
Nb3O0g/rGO. Additionally, the appearance of a nucleation peak
in shorter time on S-Nb30g/rGO (1778 s) than on R-Nb30g/rGO
(4672 s) indicates the faster nucleation rate on the former. The
deposition capacity of S-Nb3Og/rGO (447 C g?), which is
calculated from the peak area, is larger than that of R-
Nb30g/rGO (276 C g1), indicating more exposed nucleation sites
and a more uniform distribution of Li,S or Li,S; on S-Nb30g/rGO.
The uniform deposition of Li,S was verified by the
homogeneous distribution of S by EDS mapping for the S-
Nb3O0g/rGO electrode after the potentiostatic process (Figure
S13). Notably, the electrochemical impedance of S-Nb3Og/rGO
is still the smallest among the samples even after the mass
deposition of Li,S or Li,S, with low electrical conductivity (Figure
S14), again supporting the result that Li,S or Li,S, forms a
uniform coating due to the fast deposition kinetics and largely
exposed deposition sites on S-Nb3Og/rGO. The chemical state
and composition of sulfur on R-Nb30g/rGO and S-Nb3Og/rGO
after the potentiostatic process were examined by X-ray
photoelectron spectroscopy (XPS) to monitor the nucleation
performance. The S 2p XPS spectra of R-Nb3Og/rGO and S-
Nb30g/rGO (Figure 2c and d) show a similar profile composed of
four peaks at ~161.6 eV, ~163.4 eV, ~166.8 eV, and ~168.5 eV.
The peak at ~161.6 eV may be assigned to the terminal S (S%)
of lithium polysulfide and Li,S, while the peak at ~163.4 eV is
ascribed to the bridging S (Sg°) of lithium polysulfide.”? 73 The
high ratio of S;1/Sg° indicates the high content of short-chain
lithium polysulfides and Li,S. Thiosulfate (~166.8 eV) and
polythionate complexes (~168.5 eV) may be formed by the
reaction of lithium polysulfides with the carboxyl and hydroxyl
groups on rGO, which involve the conversion of lithium
polysulfides to thiosulfate and polythionate complex species.”
The composition of sulfur species is summarized in Table 1. The
St1/Sg0 ratio of S-Nb3Og/rGO (17%) is higher than that of R-
Nb3Og/rGO (11%), indicating a higher content of short-chain
lithium polysulfides and Li,S on S-Nb30g/rGO after the

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Compositions of sulfur species in R-Nb3Og/rGO and S-
Nb3Og/rGO electrodes after potentiostatic process revealed by
high resolution S2p XPS spectra.

Materials Syt Sg? Thiosulfate  Polythionate
(%17 [%]? (%] [%]
R-Nb3Og/rGO  2.24 20.3 13.2 64.2
S-Nb30g/rGO 3.89 228 11.2 62.0
a) Terminal S; ®) Bridging S.
potentiostatic process, which is consistent with the

performance of Li,S nucleation observed on S-Nb30g/rGO being
higher than that on R-Nb30g/rGO. The excellent Li,S nucleation
performance of S-Nb3Og/rGO may be related to the superlattice
heterostructure, which provides a fast mass transfer channel
and electron conductive path, high affinity to lithium
polysulfide, and many exposed adsorption and nucleation sites.
In this way, lithium polysulfides migrate effectively through the
two-dimensional channels created by the layered structure of
alternately restacked Nb3Og and rGO nanosheets, and the
lithium polysulfides are adsorbed on the exposed sites that are
uniformly distributed on Nb3Og, leading to the uniform
deposition of Li,S via fast electron transfer along the directly
neighboring rGO. In conclusion, S-NbzOg/rGO is a promising
three-in-one multifunctional cathode host material for high-
performance lithium-sulfur batteries (Scheme 1b), synergically
integrating the advantages of both materials to overcome the
“shuttle effect”, attain high catalytic activity for the lithium
polysulfide conversion reaction, and provide excellent Li,S
nucleation performance.

Sulfur cathode materials based on different host materials were
prepared by the thermal melting method.”> The S content of all
prepared sulfur cathode materials was ~70%, as estimated from
the TG results (Figure S15-18). The inclusion of sulfur was
confirmed from XRD data (Figure 3a). The diffraction peaks
ascribed to S appear were detected in all patterns, together
with the basal diffraction peaks of Nb3Os. Slight shrinkage in the
basal spacing was observed (Nb3Og: 1.93 nm vs. S@Nb3O0g: 1.74
nm and R-Nb3Og/rGO: 2.28 nm vs. S@R-Nb30g/rGO: 2.13 nm),
which may be due to the loss of interlayer water during the
preparation of sulfur electrode materials (Figures S16-17). In
contrast, the interlayer expansion of S-Nb30g/rGO from 1.43 nm
to 2.01 nm strongly suggests the insertion of S into the
interlayer gallery (Figure 3b). The superlattice structure
composed of alternately restacked rGO and Nb3Og nanosheets
may promote the diffusion of melted S into the 2D galleries,
contributing to the uniform distribution of S. Once the
intercalated S transforms to lithium polysulfides, the lithium
polysulfides will be efficiently confined in the interlayer space,
overcoming the “shuttle effect”. Raman spectra were recorded
to gain in-depth insight (Figure 3c-f). The peaks at 1345 and
1581 cm are identified as the D and G bands of rGO,
respectively.’® 77 The Raman spectra of S show two sharp peaks
at 220 cm™ (A;) and 473 cm™ (A; and E,) (Figure S19). The peaks
of S and rGO are identified in the Raman spectra of S@rGO
without a peak shift, suggesting no chemical interaction
between them in the thermal melting process (Figure 3c,
$19).78 79 The samples of S@Nb3Ogz and S@R-Nb3Og/rGO
showed a similar change as S@rGO (Figures 3d-e and S19), while

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. a) XRD patterns of S@rGO, S@Nb30g, S@R-Nb30g/rGO
and S@S-Nb3Og/rGO; b) Schematic illustration of S@R-
Nb3Og/rGO and S@S-Nb30g/rGO; Raman spectra of c) rGO and
S@rGO, d) Nb3Og and S@NbsOg, e) R-Nb30g/rGO and S@R-
Nb3Og/rGO, and f) S-Nb30g/rGO and S@S-Nb30g/rGO.

peaks ascribed to S disappeared with S@S-Nb3;Og/rGO,
providing additional evidence for the uniform distribution of
sulfur (Figures 3f and S19).

Finally, the electrochemical performance of the prepared
electrodes in lithium-sulfur batteries was studied. All CV curves
showed a similar shape (Figure 4a), suggesting all samples have
a similar reaction mechanism. As the potential was swept in the
negative direction, two reduction peaks appeared, which may
be ascribed to the reduction of Sg to soluble lithium polysulfides
(LiSn, 2 < n < 8) at ~2.35 V and then to insoluble lithium sulfide
(Li,S, Li,S;) at ~2.05 V. The subsequent potential scan in the
positive direction showed two oxidation peaks, corresponding
to the reverse reactions. Among all samples, the highest peak
current was observed with S@S-Nb3;0g/rGO, indicating its fast
reaction kinetics of Sg to soluble lithium polysulfides and further
to insoluble lithium sulfide; this result agrees with the
electrochemical results of the Li,Sg¢ symmetric and Li,Sg
batteries (Figure 2a and b). The lowest charge transfer
resistance in S@S-Nb3;0g/rGO further verifies the fast reaction
kinetics of S@S-Nb3;03/rGO (Figure 4b). The diffusion rates of Li*
in the samples were evaluated by CV at different scan rates.2°
The peak current (/p) increased with an increasing scan rate
(Figures S20-27). A linear relationship between /p and the
square root of the scan rate (v!/2) indicates the diffusion-
controlled reaction, wherein the slope is an indicator of the
diffusion rate. The current (/p) of the four redox peaks of each
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Figure 4. a) CV curves at 0.1 mV s, b) EIS curves, c)
galvanostatic charge/discharge curves at 0.1 C, d) rate
performance, and e) cycling performance at 1 C of the S@rGO,
S@Nb30g, S@R-Nb305/rGO and S@S-Nb30g/rGO Li-S batteries.
Table 2. Slopes of the linear fitting of /p vs. v/2 from the CV
curves of the samples.

Materials Kpa1 Kpa2 Kpe1 Koc2
[A(Vst) [A(VsY) [A(Vs) [A(VsY)
1/2]a) 1/2]b) 1/2]c) 1/2]d)

rGO 0.205 0.186 0.120 0.174

Nb3Og 0.192 0.171 0.141 0.113

R-Nb3Og/rGO 0.406 0.346 0.226 0.292

S-Nb30g/rGO 0.443 0.418 0.234 0.356

a) Slope of the linear fitting of the first anodic peak current (/pa1)
vs. the square root of the scan rate (v/2); ) Slope of the linear
fitting of the second anodic peak current (/p5;) vs. the square
root of the scan rate (v/2); ©) Slope of the linear fitting of the first
cathodic peak current (/p¢1) vs. the square root of the scan rate
(v/2); and 9 Slope of the linear fitting of the second cathodic
peak current (/pe2) vs. the square root of the scan rate (v/2).

sample were linearly fitted against v1/2, and the slopes obtained
are listed in Table 2. The slopes of the cathode based on the
single-component host materials (S@rGO and S@NbsOg) are
much smaller than those of the composite host materials (S@R-
Nb3Og/rGO and S@S-Nb3Og/rGO), indicating the slow Li*
diffusion rate in the single-component materials during the
whole redox process. This result may suggest that the restacked
structures from the single-component materials block the Li*
transport path. The slopes of S@S-Nb3Og/rGO are larger than
those of S@R-Nb30g/rGO, again verifying the effectiveness of
the superlattice structure, which provides a free 2D Li*transport
path. This structure leads to the high-rate charge/discharge
performance of lithium-sulfur batteries.

6 | J. Name., 2012, 00, 1-3

The electrochemical performance of the materials as the
electrodes of lithium-sulfur batteries was also examined by
galvanostatic charge/discharge tests. The contribution of host
materials to the capacity of lithium-sulfur batteries was
negligible (Figure S28). Figure 4c shows two obvious discharge
plateaus and one charge plateau in the charge/discharge curves
at 0.1 C. During the discharge process, the plateau at ~2.3 V
corresponds to the reduction of Sg to soluble long-chain lithium
polysulfides, while the plateau at ~2.1 V corresponds to the
further conversion to the solid of short-chain lithium sulfide,
which is in agreement with the two reduction peaks in the CV
results.®! The reverse reaction occurs when charging with only
one obvious plateau, indicating the larger overpotential for the
nucleation of Li,S. The smallest voltage difference was observed
between the charge and discharge plateaus of S@S-Nb;0g/rGO,
which is especially notable during the latter stage of the
charge/discharge process and indicates that S@S-Nb30g/rGO
has the smallest battery polarization. This result is due to the
acceleration of the reaction kinetics of lithium polysulfide
conversion and Li,S nucleation, contributing to the high
utilization of sulfur. The highest discharge capacity of S@S-
Nb3Og/rGO at a plateau of ~2.3 V results from its good
confinement to soluble lithium polysulfides and high catalytic
activity for the lithium polysulfide conversion reaction, thereby
verifying the validity of this host material design. Furthermore,
the largest capacity observed with S@S-Nb3;0g/rGO at the ~2.1
V plateau is derived from the excellent nucleation performance
of insoluble Li,S,/Li,S. The lithium-sulfur battery with S@S-
Nb30g/rGO showed the highest initial discharge capacity of
1529 mAh g among all the electrodes, demonstrating the
superiority of the superlattice heterostructure to reduce the
battery polarization and improve sulfur utilization. The rate
performance of lithium-sulfur batteries was evaluated from 0.1
C to 10 C (Figure 4d). The lithium-sulfur battery with S@S-
Nb3O0g/rGO delivered discharge capacities of 1529, 975, 867,
793, 726, 647, and 528 mAh g1 at0.1C,0.2C,0.5C,1C,2C, 5
C, and 10 C, respectively, which are much higher than those with
the other electrodes. The lithium-sulfur batteries with S@rGO,
S@Nb30g, and S@R-Nb30g/rGO only showed capacities of 115,
62, and 245 mAh g at 5 C, respectively. The performance of
lithium-sulfur batteries with S@S-Nb30z/rGO is also significant
when compared to other recently reported 2D materials,
particularly those operated at high rates, which is the key to
practical applications (Table S1). The lithium-sulfur battery with
S@S-Nb30g/rGO showed excellent cycling performance (Figure
4e), exhibiting a discharge capacity of ¥~500 mAh g after 1000
cycles and a capacity decay of 0.064% per cycle. This high
stability may be ascribed to the validity of the chemical and
physical bifunctional confinement of the superlattice
heterostructure of S-Nb3Og/rGO for overcoming the “shuttle
effect”.

Conclusions

We demonstrated the superiority of the superlattice
Nb3Og/rGO heterostructure as a three-in-one cathode host
material for lithium-sulfur batteries. The lithium-sulfur battery

This journal is © The Royal Society of Chemistry 20xx
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assembled with the designed Nb3;Og/rGO superlattice
heterostructure exhibited an initial specific capacity as high as
1529 mAh g at 0.1 C and excellent cycling stability with a
capacity decay of 0.064% per cycle over 1000 cycles, even at a
high rate of 1 C. On the basis of the structural analysis and
electrochemical tests, we conclude that the remarkable battery
performance could be attributed to the superlattice Nb3;Og/rGO
heterostructure. The alternate restacking of Nb3Og nanosheets
with the Lewis acid surface and rGO with high electrical
conductivity provides molecular homogeneity and realizes the
physicochemical confinement of lithium polysulfides, high
exposure of active sites, superior catalytic activity for the
lithium polysulfide conversion and nucleation of Li,S, and
interconnected frameworks and channels for fast transfer of
electrons and ions. These results indicate the importance of
elaborate structural design to the exceptional synergistic effect
of composite electrode materials in achieving multiple
functions that enhance sulfur utilization. This work also
indicates the promising application of composite electrodes
based on 2D materials in lithium-sulfur batteries, which will
open up numerous opportunities for the development of next-
generation electrochemical energy storage.
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