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Robust Lithium-Sulfur Batteries Enabled by Highly
Conductive WSe,-Based Superlattices with Tunable

Interlayer Space
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1. Introduction

Superlattices are rising stars on the horizon of energy storage and conversion,

bringing new functionalities; however, their complex synthesis limits their
large-scale production and application. Herein, a simple solution-based method
is reported to produce organic—inorganic superlattices and demonstrate that
the pyrolysis of the organic compound enables tuning their interlayer space.
This strategy is exemplified here by combining polyvinyl pyrrolidone (PVP) with
WSe, within PVP/WSe, superlattices. The annealing of such heterostructures
results in N-doped graphene/WSe, (NG/WSe;,) superlattices with a
continuously adjustable interlayer space in the range from 10.4 to 21 A. Such
NG/WSe, superlattices show a metallic electronic character with outstanding
electrical conductivities. Both experimental results and theoretical calculations
further demonstrate that these superlattices are excellent sulfur hosts at the
cathode of lithium—sulfur batteries (LSB), being able to effectively reduce the
lithium polysulfide shuttle effect by dual-adsorption sites and accelerating

the sluggish Li-S reaction kinetics. Consequently, S@ NG/WSe; electrodes

Since the discovery of graphene in 2004,
the 2D material family has grown rap-
idly.t2 A plethora of monolayered 2D
materials produced by exfoliating bulk
layered materials have demonstrated fasci-
nating physical and chemical properties.!*!
Besides, these monolayer nanosheets have
been combined and stacked together with
extraordinary control to form new 2D
heterostructures and superlattice mate-
rials.[*%! These artificial structures further
enrich the family of 2D materials with
new functionalities, providing unprec-
edented performances when applied to the
fields of light-emitting diodes, field-effect
transistors, quantum devices, as well as

enable LSBs characterized by high sulfur usages, superior rate performance,
and outstanding cycling stability, even at high sulfur loadings, lean electrolyte
conditions, and at the pouch cell level. Overall, this work not only establishes
a cost-effective strategy to produce artificial superlattice materials but also

pioneers their application in the field of LSBs.

energy storage and conversion, among
others.”l Since the possible combinations
are virtually unlimited, numerous new
2D superlattices with unique properties
and functionalities are yet to be designed,
engineered, and tested in different appli-
cation fields.
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Scheme 1. Schematic illustration of the synthetic procedure used to produce NG/WSe, superlattice.

Despite the advantages of 2D superlattice materials, their
large-scale synthesis is still challenging, which limits their
commercial application. Superlattice structures are generally
produced by low throughput methodologies, such as layer-by-
layer mechanical assembly or epitaxial growth by chemical
vapor deposition, which makes them incompatible with
material-intensive applications such as energy storage.®] Other
proposed methodologies, such as the flocculating self-assembly
of solution-dispersed nanosheets, still rely on the laborious
precursor exfoliation step that limits the process scale-up.>
Thus the development of alternative cost-effective methods for
the mass production of functional 2D superlattice materials is
essential for their commercial implementation.

In the electrochemistry field, superlattice materials offer the
unique advantages of tuneable interlayer spacing and improved
conductivity on the base of an adjustable electronic band struc-
ture.12 The former can provide fast 2D diffusion channels for
the transport of reactants,¥ and the latter allows optimizing
charge transport/injection and electrocatalytic activity.!1%* In
the field of energy storage, proper tailoring of the interlayer
spacing has great potential for the engineering of the next gen-
eration of hybrid ion supercapacitors and secondary batteries
based on Mg/K/Zn for instance.”l However, effective optimi-
zation of the material’'s functional properties requires a pre-
cise tuning of its structural and chemical properties that has
remained elusive. While superlattice materials with enlarged
interlayer spacing have been reported,P! a continuous and pre-
cise adjustment of the interlayer spacing to provide ion-selec-
tive 2D channels is yet to be accomplished.

Among other exciting applications, the unique characteris-
tics of superlattice materials have the potential to solve the cur-
rent limitations of lithium-—sulfur batteries (LSBs). Recently, the
Sasaki group reported Nb;Og/graphene superlattice as a three-
in-one cathode host to prevent the lithium polysulfide (LiPS)
shuttle effect, accelerate LiPS conversion, and promote Li,S
nucleation, delivering superior electrochemical performance.!”]
In terms of host material design, carbon materials and transi-
tional metal dichalcogenides have been extensively investigated
as cathode sulfur hosts to boost the performance of LSBs, but
a single component host cannot meet the strict requirements
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of LSBs.'*Y] While graphene and other carbon supports can
provide high specific surface area and electrical conductivity,
their nonpolar surfaces are unable to anchor the soluble LiPS
and catalyze their reaction.?%?!l On the other hand, dichalco-
genides provide polar surfaces to effectively anchor LiPS and
catalyze LiPS conversion,?>*l but are characterized by mod-
erate electrical conductivities, especially those characterized by
layered structures with weak van der Waals interlayer bonding
that shields electron transport between layers.[?®l Because gra-
phene and metal dichalcogenides show highly complementary
properties and limitations as sulfur hosts in LSB cathodes,
the development of graphene-transition metal dichalcogenide
superlattices that combine the complementary advantages of
the two materials would have great potential to improve LSB
performance. Nevertheless, surprisingly, such superlattice
materials have never been designed, engineered, optimized, or
tested within an LSB.

Herein, we report a simple two-step method for the cost-
effective production of highly conductive N-doped graphene/
WSe, (NG/WSe,) superlattices. First, a scalable solvothermal
method is employed to produce hybrid organic-inorganic
polymer-WSe, superlattices with intercalated polyvinyl pyrro-
lidone (PVP). After a subsequent calcination step, NG/WSe,
superlattices with an adjustable bandgap and WSe, layer
spacing are obtained. Both experimental results and theoretical
calculations are used to demonstrate that such composites can
accelerate the Li* transport during Li-S reaction, improve the
electrical conductivity, and optimize the Li-S redox catalysis
reaction. Moreover, dual LiPS adsorption sites at the superlat-
tice interface effectively inhibit the shuttle effect and boost the
cycling stability.

2. Results and Discussion

2D NG/W Se, superlattices were produced in two steps, as sche-
matized in Scheme 1. The first step involves the solvothermal
reaction of ammonium metatungstate (AMT) and selenium
powder in the presence of PVP. In the second step, the obtained
powder is annealed at 800 °C within an inert atmosphere.

© 2022 Wiley-VCH GmbH
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Figure 1. a—c) SEM images of r-WSe; (a), p-WSe; (b), and NG/WSe, (c). Inset histograms show the particle diameter distributions. d) HADDF-STEM
image of NG/WSe, superlattice and e) EDX element maps. f) HRTEM image of an NG/WSe, superlattice with FFT spectrum and enlarged image of
the yellow frame. g) XRD patterns of WSe,-800 and NG/WSe, samples. h) XRD patterns of p-WSe, annealed at different temperatures. j) (002) XRD
peak position and the corresponding interlayer space calculated from Bragg’s law. i) Raman spectra of N-carbon, WSe,-800, and NG/WSe, samples.

Figure 1a and Figure Sla, Supporting Information, display
scanning electron microscopy (SEM) and high-angle annular
dark-field scanning transmission electron microscopy (HADDF-
STEM) images of the product obtained when no PVP was added
to the reaction mixture. Without PVP, the obtained product,
named raw-WSe, (--WSe,), was composed of nanosheet-based
330 + 40 nm quasi-spherical particles. Energy-dispersive X-ray
spectroscopy (EDS) analysis of the -WSe, particles showed a W:Se
atomic ratio of 1:2.1 (Figure S1b, Supporting Information). The
small Se excess was related to residual Se from the synthesis pro-
cess, and it could be removed in the subsequent annealing step.
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When the solvothermal reaction was carried out in the pres-
ence of PVP, the obtained product was referred to as PVP-WSe,
(p-WSe,). The morphology of the p-WSe, particles was similar
to that of -WSe,, with an average particle size of 320 + 30 nm
(Figure 1b). EDS mapping analysis showed a uniform distribution
of C, N, O, W, and Se, with a W:Se atomic ratio of 1:2.3 (Figure S2a,
Supporting Information). Fourier transform infrared spectroscopy
analysis displayed the absorption fingerprints of the —C—N and
carbonyl groups of PVP at 1650 and 1286 cm™, respectively,?’]
demonstrating the formation of a hybrid PVP-WSe, organic-inor-
ganic composite (Figure S2b, Supporting Information).

© 2022 Wiley-VCH GmbH
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The thermogravimetric analysis (TGA) of p-WSe, showed a
weight profile similar to that of PVP (Figure S2¢c, Supporting
Information), confirming the presence of PVP molecules or
their derivatives within the p-WSe, composite. The minor
weight loss below 300 °C is associated with the removal of
water or small organic molecule (e.g., DMF) and residual Se.
The more drastic weight loss at 350450 °C is related to the
decomposition and carbonation of the PVP molecular chains.
The moderate mass loss at higher temperatures, in the range of
450-800 °C, is associated with a further graphitization process
that enhances crystallinity.?8]

In the second step, the p-WSe, was annealed at 800 °C
in an inert atmosphere to decompose interlaminar PVP
into N-doped graphitic carbon.’?’! As observed by SEM, the
annealed material, named NG/WSe,, displayed a similar
morphology to that of -WSe, and p-WSe,, with 320 + 30 nm
quasi-spherical particles made of nanosheets (Figure Ic).
HADDF-STEM micrographs and EDS elemental maps more
clearly displayed the nanosheet-based structure of the spher-
ical particles and their uniform W, Se, C, and N composi-
tion (Figure 1d,e, and Figure S3, Supporting Information).
High-resolution transmission electron microscope (HRTEM)
images displayed the NG/WSe, (002) interlayer spacing to
be 1.04 nm (Figure 1f), well above the 0.65 nm measured
from r-WSe, annealed at the same temperature (WSe,-800,
Scheme 1 and Figure S4a, Supporting Information) and
approximately equal to the sum of the layer spacings of
graphite carbon (0.34 nm) and WSe, (0.65 nm). The enlarged
HRTEM image of the NG/WSe, nanosheets and the related
FFT diffraction pattern displays an atomic W distribution
that is consistent with hexagonal WSe, belonging to the
p63/mmc space group, as it corresponds to the 2H phase
of WSe, (Figure 1f inset). While the large atomic number
difference between W and C did not allow observing the iso-
lated graphite layers within the WSe, layered structure, we
hypothesize that the enlarged interlayer space is related to the
presence of graphitic carbon in the WSe, interlayers.

The X-ray diffraction (XRD) pattern of WSe,-800 (Figure 1g)
showed stronger diffraction peaks at 13.6°, 31.4°, 37.8°, and
55.9° than the precursor -WSe, (Figure Slc, Supporting Infor-
mation), which were indexed with the (002), (100), (103), and
(110) planes of WSe, (JCPDS No. 038-1388).3% Most XRD peaks
of NG/WSe, coincided with those of WSe,-800, except for the
(002) family planes, which was significantly shifted from 13.6°
to 8.5°. This shift revealed an interlayer distance increase from
6.5 to 10.4 A, which matches well with the results obtained
by HRTEM (Figure 1f and Figure S4a, Supporting Informa-
tion). We further simulated the XRD pattern of an NG/WSe,
superlattice configuration (details can be found in the Sup-
porting Information). As shown in Figure S5, Supporting
Information, the two peaks at 8.5° and 17.0° in the experimental
XRD pattern of NG/WSe, (Figure 1g) match well with the simu-
lated (002) and (004) diffraction peaks of the superlattice.[10-3"
Interestingly, we investigated the 2H stacking and 3R stacking
configuration of transition metal dichalcogenides in the super-
lattice structure. The best fit was obtained considering the 2H
stacking. Thus, simulation results point towards the NG/WSe,
superlattice maintaining the inversion symmetry of the original
W Se, crystal.l3%
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On the other hand, the adjustment of the calcination tem-
perature enabled us to control the interlayer spacing in an
unprecedented wide range. According to XRD results, the
(002) diffraction peak located at 4.2°, 4.5°, 4.7°, 6.5°, 7.3°, 8.5°
as the calcination temperature increased from room tempera-
ture (RT) to 200, 350, 500, 650, and 800 °C, and thus the inter-
layer spacing of p-WSe, decreased from 21 to 19.4, 18.7, 13.6,
12, and 10.4 A, respectively (Figure 1h,j). In addition to the
strongest second-order diffraction peak (002) at 4.2°, p-WSe,
clearly showed a series of higher-order diffraction peaks, (004)
and (006), as labeled in Figure 1h and simulated in Figure S6,
Supporting Information (see details in the Supporting Informa-
tion). To the best of our knowledge, this is the widest contin-
uous adjustable range of interlayer spacing reported for a 2D
material, which opens the door to a wide range of applications
not only in the field of rechargeable batteries but also in other
fields like ionic sieves."]

As obtained with the four-point probe method, the NG/WSe,
superlattices annealed at 800 °C displayed a high electrical con-
ductivity, up to 6.47 S cm™, which was two orders of magnitude
above that of WSe,-800 (Figure S7, Supporting Information). As
expected, the electrical conductivity significantly increased with
the calcination temperature. The high electrical conductivity of
the NG/WSe, samples is consistent with the graphitization of
the WSe, interlayer polymer and it is critical for the effective
use of the composite material as sulfur host in LSB cathodes.!"”!

Figure 1i shows the Raman spectra of NG/WSe, and WSe,-
800 samples. A peak at =250 cm™' was observed in the two
samples and it was attributed to the Elzg and A;, modes of
the WSe, 2H phase, which correspond to the axial and lateral
stretching, respectively.>*! The presence of interlayer product
slightly affects the axial and lateral stretching of the WSe, layer,
resulting in a minor shift of the peak, from 249 to 251 cm L5435
Meanwhile, NG/WSe, displayed two additional peaks at around
1358 and 1560 cm™ that were assigned to the D band (disor-
dered carbon) and G band (sp*hybridized graphitic carbon) of
carbon materials, respectively.>>3?! Compared with the graphitic
N-doped carbon obtained by calcination of PVP (N-carbon,
Figure S8, Supporting Information, see details in the experi-
mental section and the Supporting Information), the shift of
the G band in the Raman spectrum of NG/WSe, reflects that
the interlayer NG was significantly affected by the sandwiched
WSe, layer. The intensity ratio of the two peaks (Ip/Ig) in the
NG/WSe, spectrum was estimated at 1.08 (close to the value of
N-carbon, 1.05), indicating a defective carbon structure that we
associated with the formation of N-doped carbon."!

Notice that while the fingerprint of carbon was clearly
observed in the Raman spectrum of NG/WSe,, no carbon/
graphite-related XRD peaks were obtained, and no graphene
layer could be identified by extensive HRTEM characterization,
which is consistent with graphene layers intercalated within the
WSe, structure to form an NG/WSe, superlattice, as illustrated
in Figure 1i.

Overall, the above data demonstrate the formation of a high
electrical conductivity NG/WSe, superlattice with a tunable
WSe, interlayer distance by a simple (only 2 steps) and easily
scalable procedure that provided a high material yield of ~85%
(a detailed comparison can be found in Figure S9, Supporting
Information). These composites were obtained using PVP

© 2022 Wiley-VCH GmbH
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as a structure-directing agent. We speculate that in DMF sol-
vent PVP couples with the (001) surface of the nucleating
WSe,, inhibiting continuous growth in the [001] direction but
promoting a stable 2D growth of WSe, monolayer. As the reac-
tion progresses, PVP forms a coating layer on the surface of
WSe,. The other side of the PVP molecules bind to the WSe,
monolayer are used as heterogeneous nucleation sites for the
growth of an additional WSe, nanosheet. This layer-by-layer
growth results in the formation of -WSe,-PVP-WSe,-PVP-
superlattice nanosheets. The presence of the PVP molecular
layer effectively separates the WSe, stack, shifting the (002)
peak/spot in the XRD and electron diffraction patterns.[383°

A priori, the same procedure should allow obtaining hybrid
organic—inorganic composites that contain other organic mole-
cules/polymers that have some affinity for the surface of metal
dichalcogenide nanostructures. To test this hypothesis, PVP
was replaced by other organics/surfactants commonly used to
direct the synthesis of dichalcogenide nanoparticles, such as
cetyltrimethylammonium bromide (CTAB), pluronic (F127),
sodium dodecyl sulfate (SDS), and glucose (GLU). Figure S10,
Supporting Information, shows SEM images and XRD patterns
of the obtained materials. As observed by SEM, all the obtained
materials showed a nanosheet-based morphology, similar to
that of p-WSe,. Besides, XRD analysis showed the product
obtained from the solvothermal reaction to display the charac-

teristic XRD peaks of WSe, with a clear shift of the (002) inter-
layer spacing, confirming the successful intercalation of the
organic within the WSe, layered structure. However, this shift
of the (002) XRD peak disappeared after the calcination treat-
ment. Thus, none of these alternative organics could be stably
pyrolyzed into interlayer graphene at high temperatures to yield
the NG/WSe, superlattice material. We hypothesize that the
successful use of PVP is related to its robust molecular chain
structure and its high intercalation content, which guarantee
the graphitization transformation during the pyrolysis process
rather than its volatilization from the interlayer.

The electronic band structure and the associated density of
state (DOS) of NG, WSe, and NG/WSe, were determined using
density functional theory (DFT). As expected, NG exhibited a
typical conductor band structure and DOS, with the Fermi
level lying within a continuous band of states (Figure 2a). On
the other hand, WSe, displayed a semiconductor structure with
a bandgap of 1.68 eV (Figure 2b).! The combination of both
within the NG/WSe, superlattice showed no gap of states at
the Fermi level (Figure 2c), which is consistent with a metallic
character and the high electrical conductivity measured by the
four-probe method.

X-ray photoelectron spectroscopy (XPS) analysis was used to
experimentally corroborate the Fermi level position and study
the chemical state of the different elements. As observed in
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XPS spectra from WSe,-800 and NG/WSe, samples.
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Figure S1la, Supporting Information, the Fermi level of the
NG/WSe, superlattice at ambient temperature is located within
a band of states, delimiting the occupied and unoccupied states,
consistent with DFT calculations. The high-resolution Se 3d
XPS spectrum of WSe,-800 and the NG/WSe, composite dis-
played one doublet associated with Se?~ anions within a WSe,
chemical environment (Figure 2e).24 This Se 3d doublet was
located at 55.64 eV (Se 3ds),) and 54.79 eV (3ds),) for WSe,-800,
but it was slightly shifted (=0.15 eV) to lower binding energies
in NG/WSe,. The high-resolution W 4f XPS spectra of WSe,-
800 and NG/W Se, were also fitted with one doublet, associated
with W* within a WSe, environment (Figure 2f).21 The W 4f
XPS spectrum of NG/WSe, was also red-shifted =0.15 eV with
respect to that of WSe,-800. We hypothesize that the coincident
redshift of the binding energies of both anions and cations
within WSe,was related to a transfer of charge between NG and
WSe, layers.

DFT calculations of the 3D charge density difference at the
NG/WSe, heterojunction were employed to analyze the charge
transfer between NG and WSe, layers. Calculations demon-
strated a reduction of the electron density in the NG layer, as
shown by the blue areas in Figure 2d, and an accumulation of
the electron density in the WSe, layer, as represented by the
yellow areas. The accumulation of negative charge in the WSe,
layer facilitates the extraction of electrons from the W and Se
levels, as observed by XPS analysis. Thus, experimental and
computational evidence demonstrate that the charge transfer
occurs at the atomic interface between the two materials, with
the negative charge being transferred from the NG layer to the
WSe, layer. A Bader analysis quantified the charge transfer in
0.038 electrons per supercell. This differential accumulation of
charge is associated with a built-in electric field that can pro-
mote the adsorption of LiPS, which is crucial for inhibiting
the shuttle effect and improving the cycle performance of
LSBs [214142:43]

The LiPS-adsorption ability of NG/WSe, was experimen-
tally compared with that of WSe,-800 and graphene (G) by
immersing 20 mg of each material in 5 mM Li,S, solutions
overnight and observing their color change. As observed from
the optical images in Figure 3a, the original 5 mM Li,S, solu-
tion had an orange color. In the presence of graphene, the
color of the solution remained unchanged, as expected from
the very low LiPS adsorption ability of the nonpolar graphene
surface. The solution containing WSe,-800 became more
pallid, consistent with the WSe, ability to chemisorb LiPS. But
the solution containing NG/WSe, was completely decolored,
demonstrating the much stronger affinity of this material
towards Li,S, adsorption. This stronger affinity could be in part
related to the built-in electric field between NG and WSe,. The
adsorption ability could be quantified by analyzing the super-
natant using UV-vis spectroscopy (Figure 3b). Li,S, presents
a strong absorption band in the range of 400-500 nm.*3] The
absorbance in this region strongly decreased in the presence of
WSe, and especially NG/WSe,, indicating that most of the Li,S,
in the solution had been captured by the adsorber.

The NG/WSe, chemical states after the Li,S, adsorption test
were analyzed by XPS. From the comparison of the N 1s spectra
of the superlattices before and after Li,S, adsorption (Figure 3c),
a shift of the pyridinic-N band from 399.89 eV to 399.74 eV

Adv. Funct. Mater. 2022, 2201322

2201322 (6 of 13)

www.afm-journal.de

and of the graphite-N band from 401.04 eV to 400.89 eV, was
observed." This shift of the N 1s electronic states toward lower
binding energies is related to a decrease of the chemical envi-
ronment electronegativity that we associate with the interaction
of N with Li-ions. Besides, a small N 1s band at 39774 eV was
observed in the XPS spectrum of the material after Li,S, adsorp-
tion. This additional band was attributed to the N-Li bond
formation during the adsorption process. The strong influ-
ence of the Li,S, adsorption process on the N 1s XPS spectra
is related to the anchoring of the Lewis acid Li atoms of LiPS
on Lewis base nitrogen sites through dipole-dipole interac-
tions.2%®l On the other hand, after the Li,S, adsorption test,
the high-resolution W 4f XPS spectrum shifted in the opposite
direction than N 1s, that is, towards higher binding energies
(Figure 3d). This shift is related to an increase of the chemical
environment electronegativity, which is associated with the
interaction of W in the WSe, lattice with S atoms in LiPS.

DFT calculations were used to further investigate the adsorp-
tion of LiPS at WSe, and NG/W Se, sites. According to previous
reports, in 2D transition metal dichalcogenides, LiPS preferen-
tially adsorb at edge-exposed metal sites sandwiched between
two chalcogen layers.["224l Thus, we focused on the calculation
of the binding energy (Eb) and adsorption configuration of dif-
ferent LiPS molecules adsorbed on the edge sites of WSe, and
NG/WSe,. Figure S12, Supporting Information, displays the
optimized geometric configuration of WSe,-LiPS species with
five different lithiation levels (Li,Sg, Li,Se, Li,Ss Li,S,, Li,S).
The WSe,-Li,S, adsorption configuration employed W-S bonds
to immobilize the soluble Li,S, species with an Eb of —1.15 eV
(Figure 3e), which is higher (in absolute value) than the Eb
reported for graphene (< —1 V). This higher absolute
value of Eb correlates well with the experimental data on Li,S,
adsorption discussed above. A much higher absolute value of
Eb was obtained for the NG/WSe,-Li,S, adsorption, —9.75 eV.
This very high absolute value of Eb is related to the adsorption
of LiPS at two sites, as shown in the optimized geometric
configuration displayed in Figure 3f. This optimized configu-
ration consisted of a Li,S, anchored by Li-N and W-S bonds
on the NG-WSe, surface. Besides, DFT calculations showed
the W-S bond within the NG/WSe,-Li,S, system to be shorter
than within WSe,-Li,S,, while the distance of the Li-S bond
within the LiPS increases when Li,S, is adsorbed on NG/WSe,
instead of WSe, (Figure 3g). The optimized configurations and
Eb of NG/WSe,-LiPS at other lithiation stages are illustrated in
Figure S13, Supporting Information and Figure 3f, respectively.
Overall, the DFT results demonstrated that the NG-WSe, super-
lattice can employ dual-adsorption sites in sublattice layers to
deliver robust LiPS chemisorption, which is consistent with
experimental results from the XPS analysis and adsorption test.
The combination of DFT calculations and experimental data
demonstrate that NG/WSe, contains very effective lithiophilic/
sulfurophilic adsorption sites able to trap polysulfides, which
should allow minimizing the shuttle effect and enable a uni-
form deposition of the sulfur-based reaction products.

Sulfur was loaded within the porous structure of the host
materials by a melting method (see details in the experimental
section), to obtain S@NG/WSe,, S@WSe,-800, and S@G.
After S loading, the specific surface area of NG/WSe, decreased
from 59.6 to 0.86 m? g! (Figure S14a, Supporting Information).
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XRD patterns of the S-loaded host clearly showed the diffrac-
tion peaks associated with the cubic sulfur phase (JCPDS No.
08-0247, Figure S14b, Supporting Information), together with
the (002) peak of NG/WSe,. TGA allowed quantifying the sulfur
content within S@NG/WSe, in a 73.8 wt% (Figure Sl4c, Sup-
porting Information). Besides, SEM and EDX elemental maps
showed a uniform distribution of sulfur within S@NG/W Se,.
Similar results were obtained from the reference samples, S@
WSe,-800 and S@G, which contained 73.2-73.4 wt% of S, as
displayed in Figure S15, Supporting Information.

The sulfur cathodes were assembled into coin cells to eval-
uate their electrochemical performance. Figure 4a displays
the galvanostatic charge/discharge curves of the three elec-
trodes, S@NG/WSe;, S@WSe,-800, and S@G, at a 0.1 C cur-
rent rate. All the tested electrodes showed one charging and
two discharging plateaus, associated with the relatively com-
plex sulfur redox reaction. The two discharge plateaus reflect
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the 4-electron reduction of sulfur to soluble long-chain LiPS
(Sg + 4Li* + 4e~ — 2Li,S,) and the subsequent 12-electron reac-
tion to insoluble lithium sulfide (2Li,S, + 12Li* + 12e” — 8L4i,S).
The anodic plateau obtained during the charging process is
attributed to a reverse multi-step sulfur oxidation process in
which short-chain sulfides are converted to LiPS and eventually
to sulfur.® The S@NG/WSe, electrode showed a significantly
higher discharge capacity (up to 1513 mAh g} than S@W Se,-
800 (1239 mAh g') and S@G (995 mAh g7) electrodes. This
capacity was contributed mainly by sulfur, since the sulfur-free
NG/WSe, electrode showed a very low capacity to store
lithium ions within the voltage range 1.7-2.8 V, as displayed in
Figure S16, Supporting Information.

The voltage gap between the oxidation platform and the
second reduction platform at 50% discharge capacity, AE, is
considered as the polarization potential in the Li-S reaction,
which is a measure of the LiPS transformation kinetics.’] The
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Figure 4. a) Charge/discharge curves of different electrodes at 0.1 C current rate. b) AE and Q2/Q1 values obtained from charge/discharge curves.
c) Potentiostatic discharge profile of Li,S nucleation at 2.05 V on different electrodes with Li,Sg catholyte. d) CV profiles of lithium—sulfur coin cells
with different electrodes. (e) Peak voltages and onset potentials obtained from CV curves of different electrodes. f) CV curves of the S@NG/WSe,
electrode at various scan rates. Inset shows the CV peak current density (A g™') for peaks |, Il, and |1l versus the square root of the scan rate (V s7).
The oxidation peak current is selected as the highest current point in CV curves. g) Energy profiles of Li ion migration in the interlayer of NG/WSe,.
h) lllustration of stages of Li ion diffusing in the interlayer of NG/WSe,. i) Li-ion diffusion coefficient value at CV peaks |, II, and IlI.

polarization potential obtained with the S@NG/WSe, electrode
(AE = 141 mV) was significantly lower than that obtained with
S@WSe,800 (AE =169 mV) and S@G (AE = 202 mV). Besides,
the overpotentials obtained with the S@NG/WSe, electrode,
associated with the phase transition between soluble Li,S, and
insoluble Li,S,/Li,S,*! were much lower than those obtained
with the S@WSe,-800 and S@G electrodes (Figure S17,
Supporting Information).

The ratio of the capacities of the first (Q1) and second (Q2)
discharge plateaus can be used as an additional quantitative
measure of the catalytic activity of the host materials toward
the LiPS conversion reaction.?) As the first discharge plateau
involves 4 electrons and the second one involves 12 electrons,
the theoretical Q2/Q1 ratio is 3. However, in practice, this ratio
is significantly reduced because of an incomplete sulfur reduc-
tion to a combination of Li,S and Li,S, instead of pure Li,S.
This incomplete reduction is the result of the slow reaction
kinetics of the liquid to solid transition. Besides, the Q2/Q1
ratio is also reduced because part of the soluble LiPS is lost
during the second plateau (Q2). Therefore, the Q2/Q1 ratio pro-
vides a measure of the degree of completion of the reduction
reaction, associated with the host catalytic ability, and the inhi-
bition of the shuttle effect. Figure 4b displays the Q2/Q1 ratios
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of the three host materials. The S@NG/WSe, electrode showed
the highest Q2/ Q1 ratio at 2.81, close to the theoretical value
and well above that of S@WSe,-800 (2.59) and S@G (2.28).
The final reaction step, the conversion of Li,S, to Li,S
(4Li,S, + 8Li* + 8e~ — 8Li,S) accounts for 50% of the capacity
associated with the Li-S reaction. This step is at the same time
the one with the more sluggish reaction kinetics and thus the
most demanding for the catalytic material. Thus, Li,S nuclea-
tion tests were used to quantitatively evaluate the impact of
host materials in this transformation process.”®! As can be seen
from the potentiostatic discharge curves in Figure 4c, the NG/
WSe,-based electrode obtained by loading NG/WSe, on carbon
paper (CP/NG/WSe,) showed the sharpest nucleation peak
and the fastest Li,S nucleation response when compared with
CP/WSe,-800 and CP/G electrodes. According to Faraday’s
Law, by integrating the area of the current-time curve a nucle-
ation capacity of 211.4 mAh g! was obtained for the CP/NG/
WSe,, well above that CP/WSe,-800 (192.7 mAh g™!) and CP/G
(118.7 mAh g7). The cathode surface morphology after the
nucleation test was studied by SEM (Figure S18, Supporting
Information). The SEM image of CP/NG/WSe, electrode
obtained from the disassembled cell showed a more uniform
and denser Li,S layer than the CP/WSe,-800 electrode, which
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further demonstrated that NG/WSe, could significantly boost
the Li,S nucleation process.

Overall, the above data demonstrate that the NG/WSe,-based
electrode can effectively reduce the Li-S redox reaction over-
potential, minimize the LiPS shuttle effect and promote the
nucleation reaction of Li,S.

Figure 4d shows the cyclic voltammetry (CV) curves obtained
from S@NG/WSe,, S@WSe,-800, and S@G electrodes. All
curves display two cathodic peaks (peaks I and II) and one
anodic peak (peak III), which is consistent with the meas-
ured charge/discharge plateaus. Also consistent with the
above results, among the three tested electrodes, S@NG/W Se,
showed the highest peak current densities and the most posi-
tive/negative potential of the cathode/anode peaks (Figure 4e).
The S@NG/WSe, electrode also displayed the highest/lowest
reduction/oxidation onset potentials at a current density of
10 uA cm™? (Figure S19, Supporting Information).”** Thus, CV
curves further evidenced NG/W Se, to be the most effective elec-
trocatalyst to promote the kinetics of polysulfide redox reaction.

Besides electron transport/transfer properties and catalytic
activity, the reactant diffusivity is an additional key parameter
determining the dynamics of an electrochemical reaction.’
In the particular case of LSBs, the low electrical conductivity of
Sg, polysulfides, and Li,S demands for very effective and rapid
diffusion of Li* within the sulfur host.’l DFT calculations
were used to determine the Li-ion diffusion pathways and dif-
fusion barriers in the interlayer space of WSe, and NG/WSe,
(Figure 4gh, and Figure S20, Supporting Information). Both
materials present effective channels for Li* diffusion with a low
energy barrier. However, the presence of NG within the WSe,
interlayer in NG/WSe, allowed reducing the energy barrier for
Li* diffusion from 0.188 to 0.163 eV, thus pointing towards a
faster Li-ion diffusion capability and stronger interfacial ions
transfer dynamics.54>%)

The Li* ion diffusivity was experimentally determined by
measuring CV curves at different scan rates (0.1 to 0.4 mV s7}).
As observed in Figure 4f and Figure S21, Supporting Infor-
mation, for all the electrodes, when increasing the scan rate,
the reduction (oxidation) peaks shifted towards lower (higher)
potentials, the peak current density increased and the polari-
zation voltage (voltage gap between peak I and peak III) aug-
mented. Among the different electrodes, S@NG/WSe, showed
the highest current densities and the lowest polarization voltage
at all scanning rates, indicating the fastest LiPS conversion
kinetics. Besides, a linear relationship was observed between
the peak current and the square root of the scanning rate for
the three peaks, which denotes diffusion-controlled reduction
and oxidation reactions (inset of Figure 4f). Thus, the Randles-
Sevcik equation was applied to calculate the Li* diffusion coef-
ficient in the process:[435°]

I, =(2.69%10°)n'*AD,,.>°C,,,v°*° 0

where I, is the peak current (A), n is the number of charge
transfer, A is the geometric electrode area (cm?), Dy, is the Lit
diffusion coefficient, Cy;, is the concentration of Li* in the elec-
trolyte (mol cm™), and v is the scan rate (V s7}). Being n, A,
and Cyy, constants, a steeper I,/1" slope indicates a faster Li*
diffusion. The S@NG/W Se, electrode was characterized by the
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steepest slopes, involving the highest Li* diffusivities during
the Li-S redox reaction.?”! Quantitatively, the Dy;, calculated
from peaks I, II, and IIT were 1.3, 2.3, and 8.7 x 107 cm? s77,
respectively (Figure 4i). The Li* diffusion rate is influenced by
the electrode structure, that is, the density and effectiveness
of the Li* transport channels, the electrolyte viscosity, which
depends on the amount of dissolved LiPS, and the rate of for-
mation/dissolution of the Li,S/Li,S, layer.””! The high Li* dif
fusion rate of the S@NG/WSe, electrode is related to the large
interlayer spacing promoting a rapid transport of Li ions within
the host material and a promoted adsorption and catalytic con-
version of LiPS that decrease the LiPS electrolyte concentration
and accelerates the kinetics of Li,S/Li,S, formation/dissolution.
This improved Li* diffusivity should be reflected in a superior
rate capability.

Rate performance tests were carried out in the current den-
sity range of 0.1 C to 5 C (Figure 5a). The S@NG/WSe, elec-
trode showed the highest discharge capacities at all current
rates, with an initial discharge capacity of 15975 mAh g at
0.1 C that indicates a high utilization of sulfur in the cathode.
When the current was increased to 5 C, the S@NG/W Se, elec-
trode still maintained a high average capacity of 569.5 mAh g7},
well above that of S@WSe,-800 (1975 mAh g) and S@G
(9.2 mAh g7)). Besides, S@NG/WSe, recovered an average
capacity of 1131 mAh g! when the current rate was returned
to 0.2 C. Figure 5b displays the galvanostatic charge/discharge
curves under different current rates. All discharge curves show
two discharge plateaus, even at 5 C. In contrast, the S@W Se,-
800 cell showed a high increase of the polarization voltage
and a reduced capacity in the charge/discharge profiles when
increasing the current rate, and the S@G electrode was almost
unable to release capacity at 5 C (Figure S22, Supporting
Information).

Figure 5d displays 500 continuous cycles of the three different
electrodes at 1 C. During cycling, the S@G electrode suffered a
drastic capacity decay because of its lack of effective catalytic-
adsorption sites, retaining just 34.4% (173 mAh g™) of its initial
capacity after 500 cycles. In contrast, the S@W Se,-800 electrode
provided a larger initial capacity, 839 mAh g}, and it was able
to retain 54.0% of it (453.3 mAh g™) after 500 cycles. But best
results were obtained with the S@NG/WSe, electrode, which
provided an initial discharge capacity at 1 C of 923 mAh g7},
and it retained 81.3% of its capacity (750.4 mAh g7!) after
500 cycles, which corresponds to a much lower capacity decay
rate of just 0.037% per cycle.

Interestingly, we investigated the effect of other carbona-
ceous materials as intercalators on the electrochemical per-
formance of the formed superlattice. Figure S23, Supporting
Information, shows the results obtained using the GLU-WSe,
superlattice (not annealed) as the sulfur host material. Indeed,
the S@GLU-WSe, electrode was also characterized by a supe-
rior rate performance and cycle stability which can be in part
related to the small amount of residual Se present in the unan-
nealed material.l°®>%)

Figure 5c and Figure S24, Supporting Information, show the
impedance changes of S@NG/WSe,;, S@WSe,-800, and S@G
electrodes before and after cycling at 1 C, and the equivalent cir-
cuits used to fit the data (inset in Figure 5c). The Nyquist plots
of the electrochemical impedance spectroscopy (EIS) result
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Figure 5. a) Rate performances of S@NG/WSe,, S@WSe;,-800, and S@G electrodes. b) Charging/discharging curves of the S@NG/WSe, electrode at
current rates from 0.1to 5 C. ¢) Nyquist plot of the EIS results obtained from an S@NG/WSe; electrode before and after 100 cycles at 1 C. The Nyquist
curves are fitted considering the equivalent circuits shown as inset, where Rs, Rp, Rct, and W stand for the resistances of the electrolyte, the insoluble
Li,S,/Li,S precipitation layer, the interface charge-transport, and the semi-infinite Warburg diffusion, respectively; and CPE stands for the corresponding
capacitances. d) Capacity retention of different electrodes at 1 C over 500 cycles. e) Optical images of membranes and SEM image of lithium foil
recovered from cycled coin cells containing an S@NG/WSe;, electrode (top) and an S@G electrode (down). The inset images show the map of the
sulfur signal detected by EDX. f) Cycling stability of an S@NG/WSe, electrode with a high sulfur loading (5.2 mg cm) and a lower electrolyte usage
(1.6 and 7.8 mL g 'sy) at 0.5 C over 350 cycles. g) Charge/discharge curves of S@NG/WSe, electrodes with a 5.2 mg cm~2 sulfur loading at various
current rates. h) Cycling performances at 0.25 C of a pouch cell based on an S@NG/WSe;, cathode. i) Optical photograph of a “2021” panel contained
58 red LEDs powered by a pouch cell based on an S@NG/WSe, electrode.

obtained from the fresh batteries show a semicircle at the high-
frequency range related to the charge-transfer resistance (Rct),
and a sloping straight line at lower frequencies related to the
lithium ions diffusion.®*®! The S@NG/WSe, fresh electrode
showed the lowest Rct (46.6 Q) compared with S@WSe,-800
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(69.2 Q) and S@G (779 Q), which confirms the enhanced charge
transferability of the superlattice cathode. After 100 cycles and
keeping the cells in the charged state for the EIS test, all Rct
values were significantly reduced due to the activation of the
process.[22#] Besides, the fitting of the Nyquist plots required a
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new element to account for the additional semicircle appearing
in the high-frequency range. This new feature is related to the
impedance of the passivating layer in the cathode and anode
created during the cycling (Rp in the equivalent circuit) and that
was generated from the electrolyte decomposition,#¢3 Li,S
corrosion in the anode surface caused by LiPS diffusion from
cathode to anode,®® and residues of unoxidized Li,S/Li,S, in
the cathode during the fast charge/discharge process.[*#%%] After
cycling, the S@NG/WSe, electrode was characterized by the
smallest resistances (Rct = 6.9 Q and Rp = 19.5 Q), well below
that of cycled S@WSe,-800 (Rct = 25.9 Q and Rp = 40.4 Q)
and S@G (Rct =75.2 Q and Rp = 44.8 Q). The small Rp values
obtained with S/NG/WSe, suggest that NG/WSe, effectively
inhibited the shuttle effect and promoted faster conversion
kinetics of Li,S, which effectively reduces the Li,S corrosion
in the anode and the residue of unoxidized Li,S/Li,S, in the
cathode. The comparison of the slopes measured in the low-
frequency range (Figure S24 d), confirmed the faster diffusion
of Li* within the S@NG/WSe, electrode, which displayed the
highest slopes both before and after cycling.

After 100 cycles, coin cells were disassembled to quantita-
tively assess the amount of LiPS diffusing to the anode material
and the structural stability of the host material. After 100 cycles,
the membranes of the NG/WSe, and S/NG cells showed a sharp
color contrast (Figure 5e). The yellowish color of the membrane
extracted from the S@NG/WSe, cell indicates a low LiPS dif-
fusion and thus an effective capture of polysulfide species. In
contrast, the dark brown color of the membrane obtained from
the S@G cell indicated significant contamination with LiPS
species not properly anchored to the cell cathode. Besides, the
lithium anode of the cycled S@G coin cell displayed serious
corrosion, multiple cracks, and notable contamination with
sulfur (Figure 5e). In contrast, the lithium anode of the cycled
S@NG/WSe, coin cell displayed a smooth and compact Li sur-
face and low intensity of the EDS sulfur signal (Figure 5e), sug-
gesting a negligible amount of LiPS reaching the anode.20#
At the other side of the cell, despite the incorporation of con-
ductive/binder additives and the grinding processes used for
the slurry preparation, the nanosheet structure of NG/WSe, is
still recognizable in the SEM image of the cycled S@NG/WSe,
cathode (Figure S25, Supporting Information), indicating good
mechanical stability of the superlattice during the lithiation/
delithiation cycles.

The commercial application of high energy density LSBs
requires maximizing the sulfur areal load and reducing the
electrolyte volume. In this direction, we prepared S@NG/
WSe, electrodes with a 5.2 mg cm™ sulfur load and tested
them within cells containing just 11.6 mL glsq,, of electrolyte.
When cycled at a 0.5 C current rate, these cathodes achieved
an initial discharge capacity of 885.3 mAh g, which is equiva-
lent to an areal capacity of 4.6 mAh cm™ (Figure 5f), well above
that of commercial lithium-ion batteries (4 mAh cm™). After
350 cycles, the discharge capacity remained at 656.0 mAh g7,
which corresponds to a 74.1% capacity retention. Figure S26a,
Supporting Information, displays the change of charge/
discharge curves during the cycling process, exhibiting a
steady decay process with the same charge/discharge plateaus.
Figure 5g and Figure S26b, Supporting Information, display
the rate performance of the high sulfur loading electrodes.

Adv. Funct. Mater. 2022, 2201322

2201322 (11 0f13)

The S@NG/WSe, electrode containing 5.2 mg cm2 of sulfur
showed a high initial capacity of 1188 mAh g™ at a current rate
of 0.1 C. Even at a high current rate of 2 C, a stable discharge
capacity of 607 mAh g™' was achieved. Besides, the capacity
recovered well when the current rate was reduced back to 0.2 C.
The charge/discharge curves at all different current rates
clearly show one charging plateau and two discharge plateaus
(Figure 5g), demonstrating that even at high sulfur loadings,
the NG/WSe, host is able to effectively reduce polarization and
achieve a very notable sulfur transformation.

S@NG/WSe, cathodes were also tested within cells con-
taining even lower volumes of electrolyte (78 mL g lsq,) to
increase the overall LSB energy density. In these lean electro-
lyte conditions, the high electrolyte viscosity usually reduces
the Li-ion mobility and thus increases the polarization
voltage (Figure S26¢, Supporting Information). Nevertheless,
the S@NG/WSe, electrode tested with just 78 mL g lg
electrolyte endured 350 cycles with notable stability, showing
capacity retention of 65.4%. In addition, the more rigorous
electrolyte usage condition, 4.8 mL g, was also tested,
and the results showed that the lean-electrolyte cell could
also run steadily (Figure S26d, Supporting Information). For
comparison, the key LSB performance parameters of several
state-of-the-art sulfur hosts are listed in Table S1, Supporting
Information. Among the numerous sulfur hosts developed as
cathode materials in LSBs, NG/WSe, exhibits an outstanding
capacity and stability.

Finally, to demonstrate the potential for practical use of S@
NG/WSe, cathodes, we scaled them up to the production of
pouch cells (see fabrication details and schematic diagram in the
supporting information, Figure S27a, Supporting Information).
The initial capacity of the pouch cell based on an S@NG/W Se,
cathode at 0.25 C was =800 mAh g, and it retained 93.5% of
its capacity after 70 cycles (Figure Sh and Figure S27b, Sup-
porting Information). As a demonstration of its power, the
pouch cell was able to light a “2021” panel composed of 58 red
LED bulbs (Figure 5i; Video S1, Supporting Information). High-
sulfur loading and lean electrolyte test were also conducted at
the pouch cell level. As displayed in Figure S28, Supporting
Information, the S@NG/WSe, cathode maintained a stable
capacity under 4.3 mg cm™ sulfur loading and 5.8 mL gl
electrolyte usage, illustrating the potential for practical applica-
tion of sulfur cathodes based on NG/WSe, superlattice hosts.

3. Conclusion

In summary, we reported the scalable synthesis of a superla-
ttice material (NG/WSe,) by a simple two-step method and
its application as sulfur host in LSBs. The synthesis method
involved a first solvothermal process that resulted in hybrid
organic-inorganic polymer-WSe, superlattices. A subsequent
thermal treatment pyrolyzed the polymer to yield NG/WSe,
superlattices. The temperature of the calcination step allowed a
continuous adjustment of the WSe, interlayer space, from 10.4
to 21 A. Compared with WSe,, NG/WSe, superlattices showed
a metallic character with no gap of states at the Fermi level, a
highly enhanced conductivity (over 100 times), and much faster
ion diffusion. NG/WSe, superlattices also provided accelerated
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reaction kinetics of LiPS conversion, with lower overpotentials
and higher Li,S nucleation capacity. Moreover, both experi-
mental results and theoretical calculations proved that NG/
WSe, superlattices greatly improve the affinity to LiPS at the
heterostructure interface by the formation of Li—N and W—S
bonds, which effectively inhibits the soluble LiPS shuttle effect.
As a result, S@NG/WSe, electrodes allowed a high sulfur uti-
lization, a superior rate performance (569.5 mAh g at 5 C),
and improved cycling stability with 81.3% capacity retention
after 500 cycles. Even at high sulfur loading, lean electrolyte
conditions, and in up-scaled 0.1 Ah capacity pouch cells, robust
Li-S performances were demonstrated. All these results dem-
onstrate the excellent qualities of heterostructured superlat-
tices as sulfur hosts in LSB cathodes. Thus, this work not only
established a simple, cost-effective, and scalable procedure to
produce these materials but also pioneered their use and dem-
onstrated their great potential in the LSB technological field.

4. Experimental Section

Preparing r-WSe,, WSe,-800, p-WSe, and NG/WSe,: p-WSe,
nanosheets were prepared by a one-pot solvothermal method. NG/
WSe, nanosheets were obtained by the calcination of p-WSe, within
a controlled atmosphere. Typically, 158 mg of selenium powder and
80 mg of sodium borohydride (NaBH,) were dissolved in 15 mL
N, N-dimethylformamide (DMF), and the mixture was continuously stirred
for about 30 min until a dark brown solution (Solution A) was obtained.
Solution B was obtained by dissolving 248 mg of AMT and 350 mg PVP in
15 mL DMF with 15 min of stirring. Subsequently, Solution B was poured
into Solution A and the mixture was stirred for 5 min. Then, the resultant
solution was transferred into an autoclave, which was sealed, and heated
at 240 °C for 24 h. After cooling down naturally, the black product was
washed with DMF, ethanol, and deionized water several times to remove
the precursor residues. The obtained produce was then freeze-dried for
24 h to obtain p-WSe, nanosheets. For calcination, the obtained black
powder was sealed in a small quartz tube filled with Ar gas, and heated
for 2 h at 800 °C with a 5 °C min™' heating rate to obtain =290 mg NG/
WSe, nanosheets with a yield of 84.8% (calculated based on the quantity
of W and Se precursor used). Other calcined products were prepared by
the same process but varying the calcination temperatures and they were
named p-WSe,-X (X = calcination temperature). The r-WSe, and WSe,-
800 nanosheets were obtained by the same process but without adding
PVP. N-carbon was prepared by annealing PVP powder under 800 °C with
Ar gas protection with a 5 °C min™" heating rate.

Preparing of XX-WSe, and XX-WSe,-800 Nanosheets (XX = CTAB, SDS,
F127, GLU): XX-WSe, and XX-WSe,-800 samples were obtained by the
same methods of p-WSe, and NG/WSe, nanosheets preparation, but
employing another organic/polymer to replace PVP.
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