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Here, we propose the synthesis of a three-dimensional (3D) nanostructure comprising NiSe,-core@N-doped
graphitic carbon (NGC) shell nanocrystals securely implanted within a highly conductive and porous reduced
graphene oxide-carbon nanotube (rGO-CNT) framework (3D P-NiSe;@NGC/rGO-CNT), using spray pyrolysis
technique followed by selenization and utilized as multifunctional cathodic interlayers in lithium—sulfur (Li-S)
cells. The uniformly distributed arrays of macropores (¢ = 100 nm) were formed by thermal decomposition of
polystyrene nanobeads (¢ = 200 nm). The porous structure shortens the charge diffusion length, allowing rapid
charge transport and efficient electrolyte percolation besides accommodating unwanted volume perturbations.
The NGC shell surrounding the NiSe; nanocrystals acted as the primary conduction conduit for electron trans-
port, while the self-supporting rGO-CNT framework served as a secondary pathway for consecutive electron
transfer besides enhancing the structural robustness. Further, the polar NiSe; nanocrystals offered numerous
chemisorption sites for effectively capturing polysulfides, thus minimizing the shuttling effect and increasing
active material utilization. The Li-S cell exhibited improved rate performance (till 4.0C) and excellent cycling
stability (1000 cycles at 2.0C, average capacity decay rate of 0.04% per cycle). Even at severe cell parameters
(effective S content = 74%, S loading = 4.5 mg cm ™2, and electrolyte/sulfur = 5.7 pL mg "), the cells delivered a
stable rate performance and long-term cycling (400 cycles at 0.1C, average decay rate of 0.10% per cycle). We
believe the nanostructure design strategy that we developed for this study could spur the development of more
enduring and practical Li-S battery technology.

1. Introduction

The tremendous advances in nanostructured engineering for the
various cathode or anode materials employed in commercially available
lithium-ion batteries (LIBs) resulted in full utilization of their gravi-
metric or volumetric energy density [1-6]. However, for power grid or
electric vehicle applications, new energy storage systems with higher
energy density and durability are required. Among the various available
alternatives, lithium—sulfur battery (LSB) technology system offers the
advantages of high specific discharge capacity (1675 mA h g%,
extraordinary gravimetric (2600 Wh kg™), or volumetric (2800 Wh
L™Y) energy density [7-11], significant nominal discharge voltage
(~2.1 V vs. Li/Li"), natural abundance of sulfur, and low toxicity
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[12-17]. Despite the exceptional merits of Li-S, its commercial use has
been hindered by various technical drawbacks, such as poor electronic
conductivities of S (1073° S ecm ™) and its end product (LisS, 107135
em™ 1), formation and diffusion of intermediate polysulfide species
widely known as “shuttle effect” that lead to high active material loss,
inferior cycling performance associated with large volume variations
between S and Li,S, and instability of Li anode causing serious battery
issues [18-21]. These fundamental issues call for better cell designs and
innovative nanostructured engineering at the cathode, anode, electro-
lyte, and even at the separator level [22-27].

Among various strategies for addressing the issues mentioned above,
the use of functional separators has emerged as a promising approach.
Coating interlayers not only suppresses severe shuttle effect by
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restricting polysulfide diffusion towards the anode, but also ensures
their efficient electrocatalytic conversion, thus increasing active mate-
rial utilization and overall electrochemical performance [28-31]. The
functional interlayers that behave as “polysulfide sieves” allow physical
or chemical adsorption of intermediate lithium polysulfides (LiPS) and
comprise three components: a polar material that provides enormous
chemisorption sites for efficient polysulfide anchoring, a conductive
matrix that facilitates rapid charge transfer during the redox processes,
and finally, a porous framework that allows effective electrolyte
percolation and channelizes volume variations during the redox re-
actions thus stabilizing the sulfur electrochemistry [13,15]. Addition-
ally, Previously, various polar materials such as conductive porous
carbons [32-35], metal sulfides [36,37], metal oxides [38-40], metal
nitrides [10,25], metal phosphides [23,41], and many more [42-45]
were studied as cathodic interlayers to improve the LSB performance.

Among other metal compounds, transition metal selenides (TMSes)
have proved to be effective electrocatalytic materials for Li-S batteries
compared to sulfides or oxides due to their better polysulfide adsorption
capability, high conductivity, and significant polarity [46]. TMSes also
possess lithophilic as well as sulfiphilic sites. Lithophilic sites can
minimize Li dendrite formation or growth through a uniform Li*
deposition. In contrast, the sulfiphilic sites can effectively anchor LiPS
and thus prevent active material loss to a certain extent [47]. Due to the
unique crystal structure and low resistivity (~10~% Q cm) of NiSey, it has
become a favored material in electrocatalytic applications [48]. The
abundant and accessible active sites in NiSe, are believed to be useful as
robust polysulfide anchors, although their high conductivity could
shorten the nucleation path of Li5S.

To further enhance the overall conductivity, the NiSey nanocrystals
were well-embedded inside the 3D reduced graphene oxide and carbon
nanotubes (rGO-CNT) framework, apart from the surrounding N-doped
graphitic carbon (NGC) shell. The NGC shell acts as a primary electron
pathway to facilitate fast and continuous electron transfer. In contrast,
the self-supporting rGO-CNT framework serves as a secondary pathway
for the subsequent electron transfer during the electrochemical process.
Moreover, rtGO-CNT stabilizes the 3D porous matrix as CNTs perform
bridging between the rGO nanosheets and prevent them from falling
apart. The porosity inside the 3D conductive matrix was introduced
using polystyrene (PS) nanobeads-based suspension (¢ = 200 nm) as
porogen. The porous structure offers smooth diffusion of charged species
by shortening the effective charge diffusion length and lowering the
overall electrolyte volume consumption inside the cell, which helps to
reduce a key Li-S cell parameter (electrolyte/sulfur, E/S) to more real-
istic values. The highly porous structure is also better for confining more
polysulfide or sulfur-like species within the cathodic domain and
channeling the severe volume variations during the lithiation/delithia-
tion processes.

Based on the above discussion, we introduced a rationally-
engineered cathodic interlayer comprising a 3D porous and conduc-
tive framework with well-embedded NGC shell nanocrystals in an
rGO-CNT framework (abbreviated as “3D P-NiSe;@NGC/rGO-CNT”) as
polysulfide sieves to improve LSB performance. We used a facile spray
pyrolysis method to construct the hierarchical 3D porous nanostructure
with highly conductive pathways (in the form of an NGC shell and
rGO-CNT framework) and robust structural integrity. The subsequent
selenization process formed well-embedded NiSe, nanocrystals that
promote the fast electrocatalytic conversion of LiPS. Correspondingly,
the Li-S cells featuring porous, conductive, electrocatalytic, and
adsorptive barrier in the form of 3D P-NiSe;@NGC/rGO-CNT micro-
spheres exhibited overall enhanced sulfur redox kinetics. For instance,
the Li-S cells paired with 3D P-NiSe;@NGC/rGO-CNT-coated separator
and regular S electrode (effective S content = 60.4%) displayed high-
rate capability (till 4.0C) and excellent cycling performance at low
(500cycles at 0.5C), as well as high C-rate (1000 cycles at 2.0C, 0.04%
decay rate per cycle). Even with more practical parameters (effective S
content = 74%, S-loading = 4.5 mg cm ™2, and E/S = 5.7 pL. mg ™), the
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Li-S cells exhibited excellent rate (till 0.3C) and cycling performance
(400 cycles at 0.1C). Therefore, we anticipate that the structural merits
presented in this work will pioneer new insights in pursuit of more du-
rable sulfur redox kinetics for a wide range of practical applications.

2. Results and discussion
2.1. Physical characterization of as-prepared powders

Scheme 1 shows the detailed synthesis involving the formation of 3D
porous and highly conductive microspheres comprising well-embedded
NiSes-core@N-doped graphitic carbon (NGC) shell nanocrystals inside
the reduced graphene oxide-carbon nanotube framework (abbreviated
as 3D P-NiSe;@NGC/rGO-CNT microspheres) via facile spray pyrolysis
(Scheme S1) followed by selenization under a reducing atmosphere (5%
Hy/Ar). Scheme la-® shows the aqueous droplets formed by an ultra-
sonic nebulizer comprising uniformly dispersed Ni-salt, PVP as carbon
source, PS nanobeads suspension (¢ = 200 nm), GO nanosheets, and
CNT. The droplets were allowed to pass through a vertically oriented
quartz tube preheated at 700 °C with flowing Ny as carrier gas. The
resulting drying process reduced the droplets to a more compact form. In
addition, the Ni-salt transformed to a metallic-Ni phase, while the PVP
decomposed to the C-matrix (Scheme 1a-®@). The complete thermal
breakdown of the PS nanobeads led to the formation of macropores
uniformly distributed throughout the microsphere (Scheme la-®).
Moreover, the C-matrix around Ni-nanocrystals consecutively trans-
formed to the more uniform NGC shell due to the catalytic effect of the
metallic-Ni, which forms a Ni-core@NGC shell. The NGC shell acted as
the primary transport pathway that guaranteed fast and uninterrupted
passage for electrons (Scheme 1b-®, @), which were consecutively
transported to the secondary pathways consisting of rGO-CNT frame-
work (Scheme 1b-®). The as-sprayed powders were then subjected to a
selenization process at 400 °C for 3 h at a ramp rate of 5 °C min~! under
a reducing atmosphere (5% Hy/Ar). The excess selenium powder was
used to form HySe gas. During the selenization, the metallic-Ni nano-
crystals converted to the NGC-coated NiSe, nanocrystals and embedded
inside the rGO-CNT conductive framework (Scheme 1la-®). Similarly,
3D porous microspheres comprising NiSe, nanocrystals well-wrapped
inside the PVP-derived NGC-skeleton (i.e., without an rGO-CNT
framework) were also prepared using an identical process (abbreviated
as 3D P-NiSe;@NGC) for comparison purpose. A non-porous or filled
sample (i.e., without PS nanobeads) that also does not contain any
conductive framework (i.e., rGO and CNT) was also prepared as a
standard (abbreviated as F-NiSe;@NGC, where ‘F’ indicates filled
structure).

The synthesis of the 3D P-NiSes@NGC/rGO-CNT microspheres was
validated through morphological and crystal structural characterization
techniques of the powders obtained after each synthesis step. Fig. 1
shows the physical characteristics of 3D porous microspheres
comprising well-embedded NGC shell nanocrystals in the rGO-CNT
framework (3D P-metallic-Ni@NGC/rGO-CNT) obtained after spray
pyrolysis. The FE-SEM micrographs in Fig. 1a and 1b suggest the for-
mation of non-aggregated spherical-shaped microspheres with a mean
diameter of approximately 1.3 um. Also, the presence of macropores
(average diameter of approximately 100 nm) all over the external sur-
face of the microspheres was apparent. The fractured FE-SEM image in
Fig. 1c also revealed a porous structure corresponding to macropores.
The macropores were formed due to the thermal decomposition of the
PS nanobeads (¢ = 200 nm) during spray pyrolysis. However, the
decrease in pore diameter from 200 to 100 nm was primarily due to
microsphere shrinkage during the pyrolysis. The TEM image in Fig. 1d,
which shows the formation of homogeneously dispersed 3D spherically-
shaped microspheres (average diameter = 1.3 um), is consistent with
those taken with the FE-SEM. The amplified TEM image in Fig. le
indicated the presence of ordered macropore arrays (highlighted by
arrows) surrounded by carbon walls (C-walls). A C-wall was primarily
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Scheme 1. (a) Schematic representation of the formation mechanism of 3D P-NiSe;@NGC/rGO-CNT microspheres via facile spray pyrolysis technique and sub-
sequent selenization and (b) efficient transport pathways for electrons by NGC shell and rGO-CNT framework during the electrochemical processes.

composed of an rGO-CNT framework (highlighted by arrows), as indi-
cated in Fig. 1f. Here, the rGO-CNT framework enhanced the structural
integrity and increased the electrical conductivity of the microspheres.
Entangled CNTs in the nanostructure ensured a smooth and continuous
flow of charge carriers in vertical and longitudinal directions. Moreover,
the high-resolution TEM (HR-TEM) image in Fig. 1g shows uniformly
dispersed metallic-Ni nanocrystals embedded inside a carbonaceous
framework. The average metallic-Ni nanoparticle size was approxi-
mately 6 nm. The PVP-derived carbon around Ni nanocrystals trans-
formed into the NGC shell (highlighted by arrows) due to the catalytic
effect of the metallic-Ni nanocrystals. Fig. 1g (right panel) also
confirmed the presence of CNT (highlighted by arrows), as well as

crystal lattice fringes with a separation of 0.20 nm, corresponding to the
(111) crystal plane of the metallic-Ni nanocrystals. Fig. 1h and 1i show
the selected area electron diffraction (SAED) and XRD patterns,
respectively, in which the clear diffraction rings were attributed only to
the metallic Ni and NGC framework. These results were consistent with
those inferred from the TEM images. The elemental dot mapping images
shown in Fig. 1j also suggest the presence of metallic-Ni@NGC nano-
crystals embedded inside the rGO-CNT-derived carbonaceous frame-
work. The N in the mapping images originated from the nitrogen-rich
units in the PVP polymer.

The as-sprayed 3D P-metallic-Ni@NGC/rGO-CNT microspheres
were subjected to a selenization process at 400 °C for 3 h under a
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Fig. 1. Physical characterizations of 3D P-metallic-Ni@NGC/rGO-CNT microspheres obtained after spray pyrolysis: (a, b) FE-SEM images, (c) Fractured FE-SEM
image, (d-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) Elemental dot mapping images.

reducing atmosphere (5% Ha/Ar). Fig. 2 shows the morphological and
phase changes in the 3D P-NiSe;@NGC/rGO-CNT microspheres ob-
tained after selenization. The FE-SEM micrograph in Fig. 2a strongly
indicates that the 3D spherical morphology was maintained with an
average microsphere diameter of about 1.2 ym. The porous structure
shown in Fig. 2b also remained intact as inferred from the absence of any
deformation, suggesting the structural robustness of the prepared
powders. Moreover, the cross-sectional image shown in Fig. 2c also
confirms the porous structure. The TEM images in Fig. 2d and 2e were
consistent with the FE-SEM results. However, the grain growth and

crystallization process of metallic Ni during the heat treatment resulted
in the formation of slightly larger nanocrystals. The high-magnification
TEM image in Fig. 2f also indicates the presence of NiSe; nanocrystals
encapsulated by the rGO-CNT framework (highlighted by arrows). The
average NiSe, nanocrystal size was approximately 50 nm. The HR-TEM
image in Fig. 2g clearly indicates the presence of NiSe; nanocrystals
well-grafted within the rGO-CNT framework. The clear lattice fringes
with a 0.26-nm separation corresponding to the (210) crystal plane of
NiSe, were also observed. The SAED pattern in Fig. 2h reveals diffrac-
tion rings corresponding to the NiSe; cubic phase and PVP-derived NGC
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Fig. 2. Physical characterizations of 3D P-NiSe;@NGC/rGO-CNT microspheres obtained after selenization at 400 °C for 3 h: (a, b) FE-SEM images, (c) Fractured FE-
SEM image, (d-f) TEM images, (g) HR-TEM image, (h) SAED pattern, (i) XRD pattern, and (j) Elemental dot mapping images.

framework. The XRD pattern in Fig. 2i suggests a few low-intensity
peaks corresponding to the orthorhombic phase of NiSe;. However,
the cubic phase appeared more dominant with well-distinguished sharp
and intense peaks. Besides, the average crystallite size was also calcu-
lated using the Scherrer equation by considering the highest intensity
peak and comes out to be 90 nm. The elemental dot mapping images in
Fig. 2j indicate the formation of phase-pure NiSe; with homogenous Ni,
Se, C, and N distribution throughout the microspheres. Overall, the
above results validate the formation of 3D porous and highly conductive
microspheres comprising NGC shell nanocrystals encapsulated by the

rGO-CNT framework.

Using XPS, we examined the chemical environment and bonding
states of various elements in 3D P-NiSe;@NGC/rGO-CNT microspheres.
The survey spectrum in Fig. S1 indicates the presence of photoelectron
signals corresponding to the Ni 2p, O 1s, N 1s, C 1s, and Se 3d orbital
states. The high-resolution Ni 2p XPS spectrum (Fig. 3a) shows well-
resolved peaks for Ni 2p3,» and Ni 2p;/, flanked by respective satellite
peaks (marked “Sat.”) [21,49,50]. Furthermore, the deconvolution
spectra revealed that the peak centered at 852.4 eV for Ni 2p3,2 and
869.7 eV for Ni 2p;,, was due to Ni®™ [51]. Likewise, the peak centered
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Fig. 3. XPS characterizations of 3D P-NiSeo@NGC/rGO-CNT microspheres obtained after selenization at 400 °C for 3 h: (a) Ni 2p XPS spectrum, (b) Se 3d XPS
spectrum, (c) C 1s XPS spectrum, (d) N 1s XPS spectrum, (e) N, adsorption—desorption isotherms, and (f) BJH desorption pore-size distribution.

at 854.6 eV for Ni 2p3/, and 872.4 eV for Ni 2p;/» was assigned to Ni>*
[52]. The Se 3d XPS spectrum in Fig. 3b exhibited closely-spaced
photoelectron peaks for Se 3ds,2 (binding energy = 53.9 eV) and Se
3ds/2 (binding energy = 55.3 eV), which could be assigned to the
interaction of Se with metallic-Ni in NiSep [53,54]. The peak at 58.1 eV
corresponded to the surface oxidation of the Se (Se-O bond) under at-
mospheric conditions, consistent with previous reports [55]. The
deconvoluted C 1s spectrum in Fig. 3c displays two well-resolved peaks
corresponding to the -C = C- (283.9 eV) and -C-N/C-C- (286.0 eV)
bonding species [56]. Moreover, the high intensity of the -C = C- peak
clearly indicates the existence of a carbonaceous framework (rGO-CNT)
in the prepared microspheres [57,58]. Additionally, the -C-N/C-C- peak
implies N-doping in the carbon framework, which enhanced the elec-
tronic conductivity of the microspheres due to the N-atom’s high elec-
tronegativity compared to the C-atom [59]. We analyzed the N 1s
deconvoluted spectrum to verify the above results (Fig. 3d). The spec-
trum exhibits three well-fitted peaks corresponding to the pyridinic N
(397.7 eV), pyrrolic N (399.6 eV), and oxidized N (405.3 eV), consistent
with N-doping in the carbonaceous framework [10,60]. We also

conducted elemental analysis (EA) to validate our XPS data (see sum-
mary in Table S1). The N content was estimated to be 1.2 wt%, thus
confirming the presence of an N-doped carbon matrix. The PVP poly-
mer’s N-rich organic units induced the N-doping in the nanostructure.
Fig. S2a shows the TG curve we obtained in an air atmosphere to
quantify the carbon content in 3D P-NiSe;@NGC/rGO-CNT micro-
spheres. The carbon content was estimated to be around ~ 15 wt% (see
supporting information) and fairly matched the EA results in Table S1.
Fig. S3 shows the Raman spectrum obtained to determine the crystalline
nature of the carbonaceous species in the microspheres. The spectrum
exhibits three well-resolved peaks at 509, 1340, and 1572 em™! corre-
sponding to the Ni-Se bond, D-, and G-bands, respectively, in the
nanostructure [53,61]. The relative intensity ratio of the D- and G-bands
(i.e., Ip/I) measures the crystalline nature of the carbonaceous species
in the prepared microspheres [62]. An Ip/Ig value of 1.0 indicates
crystalline carbonaceous products. No adsorption-desorption isotherms
were plotted to analyze the surface area and pore size distribution of 3D
P-NiSes@NGC/rGO-CNT microspheres. As shown in Fig. 3e, the sample
exhibited a high surface area of 91 m? g~! primarily due to the PS
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nanobeads-derived macropores uniformly distributed in the micro-
spheres. The pore size distribution curve in Fig. 3f also indicates a broad
peak at 65 nm, confirming the presence of macropores. The sharp peak
at 3.5 nm was due to the tensile strength effect of Ny adsorption, as
reported previously [56]. Macropores in the nanostructure provide
enough space to absorb the unwanted volume fluctuations besides
facilitating efficient electrolyte percolation along with the fast diffusion
of charged species.

The structural merits in 3D P-NiSe;@NGC/rGO-CNT microspheres
were further verified using a comparison sample synthesized using a
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spray solution that consisted of Ni-salt, PVP, and PS nanobeads in
deionized water (i.e., without rGO and CNT). The physical properties of
the as-sprayed sample are shown in Fig. S4. The FE-SEM micrographs in
Fig. S4a and S4b suggested the formation of 3D porous microspheres
(average diameter of ~ 1.0 pm) with uniformly distributed macropores
all over the microsphere surface. The presence of ordered arrays of
macropores (mean diameter of 80 nm) was apparent in the high-
magnification FE-SEM micrograph (Fig. S4b and S4c). However, the
size of pores decreased significantly from 200 nm to 80 nm due to
shrinkage of the microspheres during spray pyrolysis. The XRD pattern
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Fig. 4. Physical characterization of 3D P-NiSe,@NGC microspheres obtained after selenization at 400 °C for 3 h: (a-c) FE-SEM images, (d-f) TEM images, (g) HR-TEM

image, (h) SAED pattern, (i) XRD pattern, and (j) Elemental dot mapping images.
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in Fig. S4d indicated the existence of metallic Ni as the dominant phase
flanked by a few low-intensity peaks corresponding to the NiO phase. A
broad peak at 20 = 21.4° was due to the PVP-derived NGC skeleton. The
as-sprayed microspheres were further subjected to the selenization
process at 400 °C for 3 h under a reducing atmosphere (5% Hy/Ar) to
obtain 3D P-NiSe;@NGC microspheres. The morphological and phase
changes of the obtained microspheres after selenization are presented in
Fig. 4. The FE-SEM micrograph in Fig. 4a revealed that the 3D porous
nature of microspheres (with a mean diameter of ~ 1.0 um) remained
intact even after the selenization process. In addition, the high-
magnification FE-SEM images in Fig. 4b and 4c suggested that the PS
nanobeads-derived macropores arrays were also present. However,
closer examination revealed the uncontrolled growth and crystallization
of the metallic-Ni nanocrystals. This is primarily due to the absence of an
rGO-CNT framework that restricted grain growth during the seleniza-
tion process and thus minimized agglomeration. The TEM images in
Fig. 4d and 4e shows uniformly dispersed 3D porous microspheres with
well-rooted macropores throughout the nanostructure confirmed our

“* < &
Celgard
Separator
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FE-SEM results. The high-magnification TEM image in Fig. 4f also
revealed the presence of tightly packed NiSe, nanocrystals in the NGC
skeleton. The HR-TEM image in Fig. 4g shows an NGC shell and well-
resolved lattice fringes separated by 0.17 nm corresponding to the
(222) crystal plane of the NiSe,. The SAED pattern in Fig. 4h suggested
well-resolved diffraction rings corresponding to the NGC and NiSey
phases only. Likewise, the XRD pattern in Fig. 4i displays sharp, intense
peaks corresponding to the cubic phase and limited low-intensity
diffraction peaks attributed to the orthorhombic phase. The elemental
dot mapping images in Fig. 4j indicate the formation of NiSe, with a
uniform dispersion of elements such as Ni, Se, C, and N. The percentage
of carbon and nitrogen element in 3D P-NiSe,@NGC microspheres is
presented in Table S1, indicating the presence of nitrogen-doped
carbonaceous species in the form of NGC only. Furthermore, a low
Brunauer-Emmett-Teller surface area (Fig. S5a) of 18 m? g’1 confirmed
that the uncontrolled growth and crystallization of NiSes nanocrystals
during selenization filled a large portion of the available space in the
microspheres. The pore size distribution curve in Fig. S5b was consistent

Fig. 5. (a) Cross-sectional FE-SEM image
of 3D P-NiSe;@NGC/rGO-CNT-coated
separator, (b) Magnified view of the
coated separator, (c) FE-SEM image of
the pristine separator, (d) CV profiles of
Li-S cells featuring different coated
separator arrangements at 0.1 mV s
(e) Redox peak voltage comparison ob-
tained from CV graphs, (f) CV profile at
various voltage scan rates, (g-i) Peak
current versus square root of the voltage
scan rate plots for reduction and oxida-
tion peaks, (j) Lithium-ion diffusion co-
efficient (Df;) values comparison, (k)
Comparison of electrocatalytic activity of
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with the above results and again confirmed the existence of macropores.
Another control sample (named “F-NiSea@NGC”) consisting only of Ni-
salt and PVP (i.e., without rGO, CNT, and PS nanobeads) in deionized
water as spray solution was also prepared under identical conditions.
The various physical and morphological characteristics of the as-sprayed
and post-selenized samples are presented in Fig. S6 and Fig. S7,
respectively.

2.2. Electrochemical performance of the prepared nanostructures

The rationally designed porous and highly conductive microspheres
were utilized as cathodic interlayers by coating the samples on a com-
mercial Celgard separator facing the conventional sulfur electrodes. The
cross-sectional FE-SEM image of the coated separator in Fig. 5a indicates
a coating thickness of ~ 10 um. Furthermore, a magnified FE-SEM image
in Fig. 5b shows a uniform coating of 3D P-NiSeo@NGC/rGO-CNT mi-
crospheres and super-P over the separator surface. In particular, the
coating was homogeneous and crack-free, as revealed from the digital
image of the coated separator in the inset of Fig. 5b. The FE-SEM
micrograph of the pristine Celgard separator in Fig. 5c indicates sub-
micron openings that could allow the diffusion of charged species and
electrolytes during an electrochemical process. The prepared multi-
functional interlayers, regular sulfur electrodes, and metallic-Li as anode
were utilized in CR2032-type coin cells to evaluate electrochemical
performance improvement. Based on the coated separator loading, the
effective sulfur content in the cathode region was approximately 60.4%.
The Li-S cells utilizing 3D P-NiSe;@NGC/rGO-CNT, 3D P-NiSe2@NGC,
and F-NiSe;@NGC microspheres as coated separators were subjected to
CV tests, as shown in Fig. 5d. During the initial cathodic scan at 0.1 mV
s71, all the cells exhibited a typical two-step sulfur reduction process.
The reduction peak denoted “R1” suggested the reduction of elemental
sulfur to a highly soluble, higher or middle-order LiPS (LiS,, 4 < x < 8).
In contrast, the reduction peak marked “R2” was associated with a
further reduction to an insoluble solid Li>So/LisS state [63]. During the
anodic scan, the peak marked as “O” indicated a single-step oxidation of
LisSo/LisS to elemental sulfur via LisSy [15]. For the F-NiSe,@NGC-
coated separator, the two well-distinguished broad oxidation peaks
suggested a two-stage oxidation process. Furthermore, the cell with a 3D
P-NiSea@NGC/rGO-CNT-coated separator exhibited sharp and intense
redox peaks, indicating improved redox kinetics and better active ma-
terial utilization. This observation became more apparent if one
considered the individual redox peak voltage values and their respective
polarization, as shown in Fig. Se. The cell with the 3D P-NiSeo@NGC/
rGO-CNT exhibited the lowest polarization potential (AV = 159 mV)
compared to the cells coated with 3D P-NiSe;@NGC (AV = 169 mV) and
F-NiSe2@NGC (AV = 448 mV) separators. The four initial CV cycles in
Fig. S8 indicated substantially-overlapping profiles suggesting highly
reversible and kinetically-favored redox processes inside the cells. To
prove the better redox kinetics inside the Li-S cell with a 3D P-
NiSe;@NGC/rGO-CNT-coated separator compared to those occurring in
the other cells, the CV curves at different voltage scan rates ranging from
0.1 - 0.4 mV s~ ! are measured and analyzed, as shown in Fig. 5f. The
shape of the CV curves strongly indicated that the redox processes
involved S and LizS only and exhibited typical redox signatures even at
high voltage scan rates. However, the current intensity increased with
more voltage hysteresis at high scan rates. Likewise, the CV curves for
the Li-S cells with 3D P-NiSe;@NGC and F-NiSe;@NGC-coated sepa-
rators in Fig. S9 showed similar redox characteristics. However, the
current intensity and voltage hysteresis differed in those systems, sug-
gesting that the extent of redox reactions was not identical. The diffusion
kinetics inside the cells was evaluated using the well-known Rand-
les-Sevcik equation [23]:

1, =2.69 x 10°n'A DY Cy;1°° @

where the variables carry the usual meanings. The Li-ion diffusion co-

Chemical Engineering Journal 473 (2023) 145391

efficient (Df;) was calculated for all Li-S cells using the slope from I
versus v*° curves for the three redox peaks (i.e., R1, R2, and O), as
shown in Fig. 5g-5i. The obtained Dj; values are summarized in Fig. 5j.
The highest Dj; values for all three peaks suggest improved reaction
kinetics inside the Li-S cell with the 3D P-NiSe;@NGC/rGO-CNT-coated
separator compared to the 3D P-NiSe;@NGC and F-NiSe;@NGC-coated
interlayers. This was primarily attributed to the robust nanostructure
engineering methodology that favored structural integrity and guaran-
teed the synergetic effects between various components. For instance,
the NGC coating surrounding the NiSe; nanocrystals acted as a primary
electron pathway for facilitating fast electron transfer to support a
smooth catalytic conversion of trapped polysulfide species. In contrast,
the self-supporting rGO-CNT framework (in which entangled CNTs
connected the graphene nanosheets and allowed longitudinal and ver-
tical electron transport) served as secondary pathways for consecutive
electron transfer during the electrochemical process (Scheme S2).
Additionally, the well-grafted NiSe, nanocrystals functioned as active
chemisorption sites for efficient anchoring and electrocatalytic conver-
sion of the trapped polysulfide species, thus ensuring high active ma-
terial utilization. The above results were further verified by examining
the symmetric cell configurations to determine the extent of the elec-
trocatalytic conversion effect of all the prepared nanostructures. The
initial CV curve within the voltage window of -1.5 to 1.5 V (Fig. 5k)
strongly indicated that the symmetric cell with 3D P-NiSe;@NGC/
rGO-CNT microspheres acting as both counter and working electrode
exhibits well-distinguished and symmetric peaks pair at —0.52 V and
0.51 V. The peak at —0.52 V corresponds to the decomposition of Li»Sg to
LisS, whereas the symmetric peak at 0.51 V represents the reverse
process, explaining effective electrocatalytic behavior towards LiPS. In
contrast, the 3D P-NiSes@NGC and F-NiSe;@NGC symmetric cells dis-
played weak electrocatalytic characteristics towards LiPS. Also, the five
consecutive CV cycles in Fig. 51 almost overlapped, indicating the
repeated catalytic conversion capability of the 3D P-NiSe;@NGC/
rGO-CNT microspheres. Overall, the above results demonstrated
enhanced electrochemical performance for the 3D P-NiSe;@NGC/
rGO-CNT microspheres compared to the 3D P-NiSe;@NGC and F-
NiSeos@NGC microspheres due to the robust structure, porous frame-
work, highly conductive skeleton, and polar chemisorption sites.
Based on the above results, we performed further electrochemical
characterizations to confirm the enhancement in redox processes
derived from structural merits. Fig. 6a reveals the initial galvanostatic
charge-discharge (GCD) voltage profile at 0.1C for different coated
separator arrangements. The profiles exhibited two discharge voltage
plateaus and a slopping charging profile revealing multistep sulfur redox
processes, which were well synchronized with the CV curves in Fig. 5d.
However, the length of redox voltage plateaus was also different for all
arrangements suggesting uneven redox kinetics inside the cells. Among
all the assembled Li-S cells, the cell with the 3D P-NiSe;@NGC/
rGO-CNT-coated separator displayed the longest redox voltage plateaus
length and lowest voltage polarization (denoted as “AE”) measured
between the second reduction and oxidation voltage plateau. The
calculated AE values are summarized in Fig. 6b. These calculated values
suggested that the 3D P-NiSe;@NGC/rGO-CNT-coated separator
exhibited lower polarization value (AE = 180 mV) than 3D P-
NiSes@NGC (AE = 222 mV) and F-NiSe;@NGC (AE = 311 mV).
Furthermore, two independent variables, Q1 and Q2, and their relative
ratio (i.e., Q2/Q1) were also measured. The Q1, measured as the
discharge capacity value (theoretical value = 419 mA h g~!) exhibited
by the first discharge plateau and sloppy region, is related to the amount
of LiPS formation and their diffusion towards the anode. Likewise, the
Q2 measured as the discharge capacity value (theoretical value = 1256
mA h g1) exhibited by the second discharge plateau and subsequent
sloppy region is associated with the efficient conversion of LiPS to LisS
[64]. Therefore, the Q2/Q1 ratio (theoretical value = 3) represents the
electrocatalytic conversion capability of the prepared nanostructure
[65]. Higher Q2/Q1 guarantees better catalytic conversion of the
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Fig. 6. (a) GCD voltage profiles of different coated separator arrangements at 0.1C, (b) AE and Q2/Q1comparison for different coated separator, (c) GCD profiles at
various C-rates for Li-S cell featuring 3D P-NiSe;@NGC/rGO-CNT-coated separator, (d) Rate capability tests from 0.1 to 4.0C, (e) Capacity utilization at various C-
rates, (f) Cycling performance at 0.5C, (g) Cycling performance at 2.0C, and (h) EIS comparison at different cycling number.

trapped polysulfide species. The cell with a 3D P-NiSe;@NGC/
rGO-CNT-coated separator exhibited the highest Q2/Q1 (3.28)
compared to the 3D P-NiSeo@NGC (Q2/Q1 = 3.18) and F-NiSe;@NGC
(Q2/Q1 = 2.37). This suggested a better electrocatalytic activity of 3D P-
NiSea@NGC/rGO-CNT microspheres towards lithium polysulfide spe-
cies than the other two cells. However, the values were slightly higher
than the theoretical ones due to excess capacity (Q2) from the LiNO3
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reduction below 1.7 V during the initial cycle. Correspondingly, the cells
with 3D P-NiSes@NGC/rGO-CNT, 3D P-NiSe;@NGC, and F-
NiSeo@NGC-coated separators showed an initial discharge capacity of
1383 (82.5% of theoretical value), 1186 (70.8% of theoretical value),
and 1039 (60.0% of theoretical value) mA h g%, respectively. The
highest discharge capacity value for the 3D P-NiSe;@NGC/rGO-CNT-
coated separator was clear evidence of kinetically-favored reactions
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derived from the conductive, porous, and polar framework that even-
tually gave rise to high active-material utilization.

The GCD voltage profiles of Li-S cells utilizing different coating ar-
rangements at various C-rates ranging from 0.1 to 4.0C are presented in
Fig. 6¢c and Fig. S10. The cell with 3D P-NiSe;@NGC/rGO-CNT (Fig. 6¢)
and 3D P-NiSe;@NGC (Fig. S10a) coated separators exhibited well
distinguished charge-discharge voltage plateaus even at a high C-rate of
4.0C. However, the difference in voltage plateau lengths resulted in high
discharge capacity values for the 3D P-NiSe;@NGC/rGO-CNT-coated
separator cell at all C-rates, as shown in Fig. 6d. For instance, an initial
discharge capacity of 1383, 1062, 936, 848, 748, 640, 456, 295, and
185 mA h g’1 were obtained at 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, and
4.0C, respectively, for the 3D P-NiSeo@NGC/rGO-CNT-coated separator
cell compared to 1186, 887, 759, 656, 580, 492, 351, 246, and 156 mA
h g’l, respectively, at identical C-rates for the 3D P-NiSe;@NGC-coated
separator cell. In contrast, the cell with the F-NiSe;@NGC-coated
separator exhibited low discharge-capacity values of 1039, 808, 656,
518, 423, 338, 194, 69, and 25 mA h g71 at 0.1, 0.2, 0.3, 0.5, 0.7, 1.0,
2.0, 3.0, and 4.0C, respectively. When the current was reversed to 0.1C,
the recovered specific discharge capacity corresponding to the 3D P-
NiSe;@NGC/rGO-CNT coated separator (1000 mA h g~1) was higher
than those of 3D P-NiSe;@NGC (804 mA h g’l) and F-NiSe;@NGC (762
mA h g™1) coated separator interlayers, indicating high reversibility of
the redox processes. Furthermore, the capacity utilization values were
calculated at different C-rates for various coated separator arrangements
and summarized in Fig. 6e. Generally, capacity utilization is a direct
measurement of the amount of active material consumed during the
redox reaction. As predicted, the 3D P-NiSe;@NGC/rGO-CNT-coated
separator cell exhibited the highest capacity utilization values among all
the cells. The high active-material utilization is consistent with the CV
results, which predicted the lowest voltage hysteresis and superior
electrocatalytic conversion capability for the 3D P-NiSeo@NGC/
rGO-CNT microspheres.

The assembled cells were further assessed with cycling performance
at low (0.5C) and high (2.0C) C-rates. Fig. 6f shows the cycling perfor-
mance of the assembled cells with different coating separator arrange-
ments at 0.5C for 500 cycles. The cell with 3D P-NiSe;@NGC/rGO-CNT-
coated separator exhibited an initial discharge capacity of 953 mA h g~}
compared to the 3D P-NiSe;@NGC (989 mA h g’l), and F-NiSeo@NGC
(767 mA h g~!) coated separators. Although after 500 cycles, 55.2% of
the initial capacity was retained for the 3D P-NiSe,@NGC/rGO-CNT-
coated separator (526 mA h g’l). In contrast, the 3D P-NiSe;@NGC and
F-NiSe;@NGC-coated separator retained 37.8% (374 mA h g_l) and
47.1% (362 mA h g™ 1), respectively, of the initial capacity. In addition,
the average capacity decay rate per cycle is lowest for the 3D P-
NiSe;@NGC/rGO-CNT-coated separator (0.08%) compared to the 3D P-
NiSea@NGC (0.12%) and F-NiSe;@NGC (0.10%) coated separators. The
low-capacity decay rate for the F-NiSea@NGC-coated separator was due
to the availability of higher surface chemisorption sites compared to
those for the 3D P-NiSep,@NGC. Moreover, the high Coulombic effi-
ciency values throughout the cycling suggested highly reversible redox
processes inside the cell. The high-capacity retention values for 3D P-
NiSes@NGC/rGO-CNT microspheres confirmed the efficient LiPS
anchoring within the cathodic domain, thus minimizing active material
loss during prolonged cycling. Similar trends were observed for the
cycling performance of all the assembled cells at a high C-rate of 2.0C, as
shown in Fig. 6g. An initial discharge capacity of 507, 428, and 205 mA
h g‘1 was obtained for the 3D P-NiSe;@NGC/rGO-CNT, 3D P-
NiSes@NGC, and F-NiSe;@NGC-coated separators, respectively. How-
ever, after 1000 cycles, 54.8% of the initial capacity was retained for the
3D P-NiSe;@NGC/rGO-CNT-coated separator (278 mA h g’l) with an
average capacity decay rate of just 0.04% per cycle. In contrast, the 3D
P-NiSes@NGC and F-NiSeo@NGC-coated separators exhibited much
lower capacity values throughout the cycling. The prolonged cycling
stability is consistent with the conclusion that the observed nano-
structure advantages in 3D P-NiSe;@NGC/rGO-CNT microspheres
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facilitated an effective polysulfide species capture and suppressed active
material loss. The improved redox kinetics facilitated a smooth diffusion
of charged species during electrochemical processes and the effective
absorption of undesired volume fluctuations due to the highly conduc-
tive and porous framework.

We employed electrochemical impedance spectroscopy (EIS) to
better understand the enhancement in the electrochemical performance
and redox kinetics within the prepared nanostructures. Fig. 6h shows the
Nyquist plots obtained at different cycle numbers during cycling at a C-
rate of 2.0C in the charge state. The equivalent circuit fitting of the
Nyquist plots for Li-S cells utilizing various coated separators is shown
in Fig. S11. The EIS for fresh cells exhibited a depressed semicircle in the
high-frequency region. The first intercept of the semicircle on the x-axis
corresponds to the solution or electrolyte resistance (Re). In contrast, the
second intercept represents the charge-transfer resistance (R) followed
by an inclined line in the low-frequency region associated with Li*-ion
diffusion [66]. The cell with a 3D P-NiSe;@NGC/rGO-CNT-coated
separator exhibited the lowest Rt (—~33 Q) compared to the 3D P-
NiSe;@NGC (~36 Q) and F-NiSe;@NGC (~53 Q) cells. Even during
cycling (after the 50th and 200th cycle), the R values remained lowest
for the 3D P-NiSe;@NGC/rGO-CNT-coated separator cell mainly due to
better electrolyte penetration resulting in smooth diffusion of charged
species. For instance, at the end of the 200th cycle, the 3D P-
NiSeos@NGC/rGO-CNT-coated separator still exhibited low R¢; (~10 Q)
compared to 3D P-NiSe;@NGC (~19 Q) and F-NiSe;@NGC (~26 Q).
The lower R values strongly indicated favorable redox kinetics that
promoted faster electrocatalytic conversion of polysulfides during the
electrochemical processes. The electrochemical performance of the Li-S
cell involving the pristine separator is presented in Fig. S12, along with
the corresponding discussion.

The 3D P-NiSe;@NGC/rGO-CNT-coated separator as a multifunc-
tional cathodic interlayer was further evaluated with more practical cell
parameters, i.e., extremely high effective S-content (73 and 74%), high
active material loading (3.7 and 4.5 mg cm_z), and lean E/S ratio (7.0
and 5.7 uL. mg™1). The obtained electrochemical results are presented in
Fig. 7. The Li-S cell with a high-loading S-electrode (3.7 mg cm™2)
displayed considerable rate capability performance (Fig. 7a). The cell
exhibited a discharge capacity of 802, 646, 600, 461, and 393 mA h g’1
at a C-rate of 0.1, 0.15, 0.2. 0.25, and 0.3C, respectively. When the
current was reversed, the cell recovered the initial capacity values at
0.1C. The GCD voltage profiles in Fig. 7b indicated that the typical
voltage plateaus involving two-step sulfur redox reactions remained
intact. The cells were further subjected to the cycling performance at
0.1C, as shown in Fig. 7c. For active material loading and E/S values of
3.7 mg cm ™2 and 7.0 pL. mg~?, respectively, the cell exhibited an initial
discharge capacity of 755 mA h g~! which steadily increased to 880 mA
h g™ for the first few cycles mainly due to an activation process, which
is commonly observed in high loading electrodes [15]. After 400
continuous cycles, a discharge capacity of 562 mA h g~! (74% retention)
was still obtained with an average capacity decay rate of just 0.06%.
Similar trends were observed when the sulfur loading and E/S values
changed to 4.5 mg cm™2 and 5.7 pL mg~!, respectively. The cell
exhibited a discharge capacity of 416 mA h g! after 400 continuous
cycles, indicating an average capacity decay rate of 0.10%. The above
electrochemical results suggested that the cell parameters were rela-
tively more feasible and indicated extremely stable sulfur redox pro-
cesses primarily due to the robust nanostructures of the 3D P-
NiSeo@NGC/rGO-CNT microspheres. Fig. 7d and Table S2 summarize
the electrochemical performance obtained in previous works based on
various practical parameters and compare them with the present work.
As observed in Fig. 7d, the cell performance was superior or comparable
to that observed in the previous studies, especially considering the high
effective S-content and low E/S ratio. This again proved that the struc-
tural advantages in 3D P-NiSe;@NGC/rGO-CNT microspheres
enhanced the efficient immobilization of active material in the cathodic
region and promoted an efficient electrocatalytic conversion. Our results
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Fig. 7. (a) Rate capability results of Li-S featuring high-loading electrodes and 3D P-NiSe;@NGC/rGO-CNT-coated separator, (b) Respective GCD voltage profiles at
various C-rates ranging from 0.1 to 0.3C, (c) Cycling performance with different cell parameters at 0.1C, (d) Comparison of the electrochemical performance obtained
in this work to the previous reports, and (e) Digital image of a light-emitting diode (5 V, 10 mW) powered by two cells utilized after cycling-performance tests at 0.1C.

thus demonstrated that the rational engineering strategy presented in
this study could be adopted for more practical applications of LSBs even
under severe battery parameters. To verify the above results, we
measured the performance of the cycled cells (Fig. 7c) as a power source
for a light-emitting diode (10 mW, 5 V). As Fig. 7e shows, the series cell
combination provided uninterrupted power to the load for 0.5 h and
thus established the viability of cycled cells for practical applications.

2.3. Post-cycling characterizations of the cycled Li-S cells

Finally, the cells with different coated separators were disassembled
after cycling at 2.0C, and their respective sulfur electrodes and coated
separators were carefully removed and analyzed. The FE-SEM micro-
graphs of the cycled 3D P-NiSe;@NGC/rGO-CNT-coated separator in
Fig. 8a and 8b show that the spherical and porous morphology of the
nanostructure remained intact primarily due to the self-supporting
rGO-CNT framework that maintained the structural robustness even
after prolonged cycling (1000cycles). Also, no sign of polysulfide
agglomeration over the spherical surface was observed, indicating an
effective electrocatalytic conversion of trapped LiPS species. These ob-
servations agreed well with the FE-SEM image in Fig. 8g of the cycled
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sulfur electrode paired with the 3D P-NiSe;@NGC/rGO-CNT-coated
separator, which exhibited particle-type morphology with no sedimen-
tation of any foreign species. This observation was also apparent from
the digital image of the separator that showed a transparent color
(Fig. 8a inset). In contrast, the FE-SEM micrographs of the 3D P-
NiSeos@NGC (Fig. 8c and 8d) coated separator suggested polysulfide
agglomeration over the microsphere surface with a slightly ruptured
morphology due to the microsphere’s lower structural integrity or
robustness. The slightly yellowish color of the separator (Fig. 8c inset)
further confirmed the FE-SEM results. Finally, the FE-SEM micrographs
of the cycled F-NiSe;@NGC (Fig. 8e and 8f) coated separator indicated
high deposits of LiPS along with the complete destruction of the
spherical morphology. The pale-yellow color of the separator (inset)
further verifies the same. Additionally, the FE-SEM images of the cycled
sulfur electrode paired with 3D P-NiSe,@NGC (Fig. 8h) and F-
NiSeo@NGC (Fig. 8i) coated separators displayed significant polysulfide
accumulation, indicating that the structure was not stable enough to
endure prolonged cycling effects. The post-cycling results again support
the conclusion that the structural integrity in the 3D P-NiSe,@NGC/
rGO-CNT microsphere enhanced high active-material utilization and
reduced parasitic polysulfide migration effect towards the Li-anode. The
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Fig. 8. Post-cycling characterizations of the Li-S cells utilizing various coated separators: (a, b) FE-SEM micrographs of the 3D P-NiSeo@NGC/rGO-CNT, (c, d) 3D P-
NiSe2@NGC, (e, f) F-NiSe,@NGC coated separators after cycling at 2.0C, (g) FE-SEM micrographs of the cycled S-electrode paired with 3D P-NiSe,@NGC/rGO-CNT,
(h) 3D P-NiSe;@NGC, and (i) F-NiSeo,@NGC coated separators, (j) Digital images of the polysulfide adsorption tests at different interval, (k) S 2p XPS spectra of the
powders collected from the cycled coated separators, and (1) Schematic illustration of the polysulfide anchoring mechanism over the surface of coated separators.

digital images of the visual demonstration of polysulfide adsorption tests
in Fig. 8j also verified the abovementioned results. The accompanying
color change of the polysulfide solution from pale yellow to substantially
clear (after T = 1 h) for the 3D P-NiSe;@NGC/rGO-CNT sample implied
an effective trapping of polysulfide species by the polar NiSes nano-
crystals. Fig. 8k shows the XPS spectrum of the powders collected from
the cycled coated separator and analyzed for the S 2p photoelectron
signal. The S 2p spectrum for elemental sulfur was also obtained for
comparison. The S 2p signal for the cycled 3D P-NiSe;@NGC/rGO-CNT
sample exhibited three prominent well-fitted peaks at 166.9, 168.1, and
170.4 eV corresponding to the thiosulfate (-S,037), polythionate
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complexes, and the sulfate (-S037) groups, respectively [25]. A thio-
sulfate peak usually indicated an interaction between the polysulfide
species and NiSey nanocrystals that allowed an efficient anchoring of
higher-order soluble LiPS and their electrocatalytic conversion to lower-
order insoluble polysulfides. Likewise, the appearance of a peak corre-
sponding to the polythionate complexes explained the reaction between
elemental sulfur and nucleophilic species such as HS~ or SO%~, which
probably suppressed the polysulfide crossover. The decomposition of
LiTFSI salt during the redox processes was considered a prime source of
Li,SOy, species that resulted in a peak ascribed to the sulfate (-SO%’)
species. In contrast, the thiosulfate peak intensity was exceptionally low
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for the cycled 3D P-NiSe;@NGC and F-NiSe;@NGC samples, suggesting
poor electrocatalytic conversion over extended cycling. These results
again confirmed the considerable capability of the 3D P-NiSe;@NGC/
rGO-CNT microspheres to suppress polysulfide diffusion and alleviate
active material loss, thus enhancing their overall electrochemical per-
formance. A schematic presentation involving the working mechanism
of the multifunctional cathodic interlayer is illustrated in Fig. 8l.

Overall, the pairing of a rationally designed nanostructure
comprising a highly conductive, porous, and structurally stable frame-
work as a cathodic interlayer resulted in an overall improvement in the
cell performance purely due to the high utilization of active material and
kinetically favored redox kinetics.

3. Conclusions

In summary, we proposed and utilized a rationally engineered 3D
nanostructure (P-NiSe;@NGC/rGO-CNT microspheres) as a multifunc-
tional cathodic interlayer to improve the overall Li-S performance. The
spray-pyrolysis-assisted microspheres comprised highly conductive
rGO-CNT framework that supported fast charge transfer (in the form of
primary and secondary transport pathways for electrons), PS nanobeads-
derived macropores that ensured smooth diffusion of charged species by
lowering the effective diffusion length, and well-embedded NiSe;-cor-
e@NGC shell nanocrystals that behaved as active chemisorption sites for
the efficient trapping and electrocatalytic conversion of polysulfide
species. The interlayer served as “polysulfide sieves” for efficiently
suppressing the polysulfide crossover and improving the sulfur redox
kinetics. Accordingly, the Li-S with the regular sulfur electrode and 3D
P-NiSe;@NGC/rGO-CNT-coated separator interlayer exhibited signifi-
cantly high rate capability (till 4.0C) and stable cycling performance
(1000 cycles at 2.0C with an average capacity decay rate of just 0.04%
per cycle). Even with more severe cell parameters (sulfur content =
74%, sulfur-loading = 4.5 mg cm ™2, and E/S = 5.7 uL mg 1), the cell
displayed high cycling stability (400 cycles at 0.1C with an average
capacity decay rate of just 0.10% per cycle) and feasible rate perfor-
mance (till 0.3C). Thus, the structural and electrochemical advantages of
the systems designed and fabricated in this study provide valuable in-
sights into the design and synthesis of structurally stable nanostructures,
especially for metal-sulfur battery applications.
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