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Herein, amorphous vanadium oxide (a-VOx) nanoparticle-impregnated three-dimensional (3D) microspheres comprising highly con-
ductive and porous reduced graphene oxide (rGO) and nitrogen-doped carbon nanotubes (N-CNTs) framework (a-VOx@rGO-N-CNTs)
were designed as functional interlayers for lithium–sulfur batteries (LSBs). N-CNTs were successfully formed on the rGO sheet surfaces,
uniformly distributed between rGO and mesopores, via the catalytic effect of metallic Co–Fe. The rGO and N-CNTs framework not only
provided an additional pathway for electron transport but also improved structural durability of the electrode materials. Moreover, polar
a-VOx nanoparticles involved within the conduction pathway offered numerous chemisorption sites for anchoring polysulfides, thereby
improving the utilization of active materials. The cell employing a-VOx@rGO-N-CNTs-coated separator as a functional interlayer
exhibited excellent rate capabilities (473mAhg−1 at 1.5C) and cycling performance (800 cycles at 1.0C and an average decay rate of
0.09% per cycle) at high C-rate. This outstanding performance was mainly ascribed to the synergistic effects of rGO, N-CNTs framework,
and polar a-VOx nanoparticles. The design strategy proposed in this study offers insights into the development of porous and conductive
nanostructures for extensive energy storage applications including LSBs.

Keywords: functional interlayer; lithium–sulfur batteries; nitrogen-doped carbon nanotubes; reduced graphene oxide; spray
pyrolysis

1. Introduction

Currently, Li-ion batteries (LIBs) dominate the field of energy
storage and are widely used in an extensive range of portable
electronic devices and electric vehicles [1–6]. With the increas-
ing demand for power grids or energy storage systems, LIBs are
reaching their theoretical limits in terms of gravimetric and
volumetric energy densities, prompting the exploration of

alternative materials with higher energy/volume densities
[5, 7, 8]. In this regard, lithium–sulfur batteries (LSBs) have
been considered as next-generation energy storage devices
capable of replacing LIBs owing to their exceptionally high
energy densities (2600Whkg−1), high theoretical capacities
(1675mAhg−1), suitable average operating voltages (~2.1V
vs. Li/Li+), and the abundance of elemental S [5, 9–12]. Never-
theless, the applications of LSBs are hindered by some
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challenges including low electrical conductivities of elemental S
and discharge products, reducing active material utilization
[13–16]. Migration of lithium–polysulfides (LiPSs) toward
the Li anode leads to material loss due to the “shuttle effect,”
and additionally, volume expansion during the conversion of
LiPSs induces electrode polarization [17–20].

Related ongoing efforts involve the employment of func-
tional interlayers, which are a promising approach to address
the critical shortcomings of LSBs mentioned earlier. Functional
interlayers operate through electrocatalytic conversion to
adsorb LiPSs migrating toward the Li anode, thereby effectively
suppressing the shuttle effect and enhancing the active material
utilization [21–25]. Carbonaceous materials, such as carbon
nanotubes (CNTs) [26], carbon nanowires [27], graphene
oxide (GO) [28], and porous activated carbon [29], have
been employed as interlayers because of their excellent electri-
cal conductivities, mechanical strengths, and the presence of
macro- and meso-pores. However, despite providing physical
adsorption sites for polar LiPSs, nonpolar carbonaceous mate-
rials face limitations in effectively suppressing the shuttle effect
due to their inherently weak interactions with LiPSs [30–32].
To overcome the limitations of carbonaceous materials, polar
materials, including alloys [33], metal oxides [34], nitrides [5],
sulfides [35], and phosphides [36], and heteroelement (─N,
─O, ─P, and ─S) doping [37] have been utilized to chemically
anchor LiPSs [38, 39]. Therefore, combining carbonaceous
materials with metal compounds is necessary to achieve effi-
cient adsorption and conversion of LiPSs.

Graphene, a two-dimensional (2D) material, has gained
attention as a carbonaceous material owing to its outstanding
physical and electrical properties, effectively mitigating charge-
transfer resistance (Rct) during charge–discharge [28, 40–42].
Nevertheless, the chemical reduction of GO for energy-related
applications leads to the persistent issue of irreversible aggre-
gation of graphene layers due to van der Waals interactions
between them [43–46]. Various studies have been conducted to
address this irreversible aggregation [44, 47, 48]. Recently, the
preparation of graphene with a paper-ball-like morphology
and introduction of CNTs as spacers between graphene layers
have attracted attention for strengthening the resistances of
graphene layers against aggregation [49]. Among the various
synthesis methods, in particular, chemical vapor deposition
(CVD) method has mainly been adopted [50]. This process
employs transition metal nanocrystals present on the surface
of graphene as catalysts to facilitate the vertical growth of CNTs
between graphene layers. The resulting graphene composites
feature CNTs that interconnect graphene sheets, effectively
preventing restacking. These composites exhibit outstanding
mechanical and electrical properties and have been reported
to show enhanced electrochemical performance when utilized
as anode materials [51, 52].

Accordingly, in this study, a new strategy for the fabrication
of metal oxide-3D (three-dimensional) reduced GO (rGO) and
N-doped CNTs composite microspheres (metal oxide@rGO-
N-CNTs) is successfully reported, involving spray pyrolysis,
CVD, and a simple drop-and-dry process. Amorphous vana-
dium oxide (a-VOx)@rGO-N-CNTs are prepared as the first
target material. The redox potential of VOx is slightly higher

than those of LiPSs (~2.4V), contrary to the cases of other
metal oxides such as TiO2, Co3O4, and Cu2O. This is attributed
to the high reactivity of VOx toward LiPSs and enables efficient
anchoring of high-order Li2Sx (x ≥ 4). Furthermore, the amor-
phous phase, whose open framework affords multiple penetra-
tion pathways, enhances the ion mobilities and charge storage
capabilities of rGO-N-CNTs, thereby improving the conduc-
tivities of electrode materials. Moreover, a-VOx@rGO-N-
CNTs have been applied as functional interlayers in LSBs,
exhibiting stable cycling performances and excellent rate
capabilities.

2. Materials and Methods

Crumpled rGOmicrospheres were prepared by spray pyrolysis.
During spray pyrolysis, droplets were generated using a 1.7
MHz ultrasonic spray generator consisting of six vibrators.
Spray solution was fabricated by dissolving 0.02 M
Co(NO3)2·6H2O (98.0%, Junsei) and Fe(NO3)3·9H2O (98.5%,
Samchun chemical) in a 1:1 ratio, 1.0mgmL−1 GO, and
1.0 gmL−1 of 100 nm polystyrene (PS) nanobeads in 500mL
distilled water. GOwas synthesized from graphite flakes using a
modified Hummer’s method [53], and PS nanobeads were
prepared using emulsion polymerization, as described in our
previous study [54]. The droplets were transferred to a quartz
reactor, with a length of 1200mm and diameter of 50mm, and
the temperature of the reactor was maintained at 400°C using
air as the carrier gas at a flow rate of 20 Lmin−1. To form rGO-
N-CNTs, the sprayed precursor was subjected to CVD with
dicyandiamide (DCDA) in a tube furnace. The process
involved heating the sprayed precursor at 300°C for 3 h, fol-
lowed by subsequent heating at 750°C for 2 h at a rate of
5°C min−1 under a 10% H2/Ar atmosphere. Based on 1.0 g
rGO-N-CNTs powder, 1.5 g vanadyl acetylacetonate
(C10H14O5V, Samchun Chemical) was dissolved in high-purity
ethyl alcohol. The resulting solution was introduced into the
rGO-N-CNTs powder. Oxidation at 250°C for 3 h under an air
atmosphere transformed C10H14O5V@rGO-N-CNTs into a-
VOx@rGO-N-CNTs. Detailed information about the charac-
terizations and electrochemical measurements of the prepared
samples is provided in the Supporting Information.

3. Results and Discussion

Procedure for the synthesis of a-VOx@rGO-N-CNTs is
depicted in Scheme 1. Spray pyrolysis was specifically used to
produce microsphere composites of metal salts and polymers
in a uniformly dispersed state within the spray solution. Dro-
plets generated by the ultrasonic nebulizer contained evenly
dispersed GO nanosheets, cobalt and iron ions, and PS nano-
beads. As the droplets passed through the tubular reactormain-
tained at 400°C using the carrier gas, GO nanosheets converted
into crumpled rGOmicrospheres, whereas Co–Fe oxide nano-
crystals were homogeneously dispersed on the rGO surface,
and the PS nanobeads were surrounded by rGO nanosheets.
Thereafter, the sprayed precursor was post-treated with DCDA
under an inert atmosphere to synthesize rGO-N-CNTs. In the
initial step of this process, metallic Co–Fe alloys formed via the
reduction of Co–Fe oxide nanocrystals, while the PS nanobeads
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decomposed, resulting in uniform pores with a mean size of
100 nm inside the microspheres. In the subsequent step, metal-
lic Co–Fe facilitated N-CNT growth from the carbon nitride
gas generated by the decomposition of DCDA through its cat-
alytic effect. Moreover, N-CNTs grew inside the microspheres,
utilizing the pores derived from the decomposition of PS nano-
beads. The resulting rGO-N-CNTs microspheres with high
pore volumes served as templates for the infiltration of metal
salt solution. Vanadyl acetylacetonate, used as the vanadium
source, was dissolved in high-purity ethyl alcohol followed by
infiltration into rGO-N-CNTs using the drop-and-dry process.
Vanadium salt solution impregnated in the microspheres
transformed into a-VOx nanoparticles via oxidation at a low
temperature of 250°C. Finally, the obtained a-VOx@rGO-N-
CNTs were coated on a commercial Celgard separator, and the
resulting separator was applied as a functional interlayer for
an LSBs.

Morphological and crystal structure characteristics of the
sprayed precursor are shown in Figure S1. The sprayed precur-
sor demonstrates a crumpled ball morphology, consisting of
2D structured graphene sheets and spherical shape with a
smooth surface (Figure S1a,b), which is attributed to the unde-
composed PS nanobeads. X-ray diffraction (XRD) pattern of
the sprayed precursor (Figure S1c) is broad with no discernible
peaks, indicating that the Co–Fe oxide nanocrystals exist in
extremely small sizes, and PS nanobeads are in less degraded
states. Morphological characteristics of rGO-N-CNTs synthe-
sized via posttreatment of the sprayed precursor with DCDA
are depicted in Figure 1. Low-magnification scanning electron

microscopy (SEM) image shown in Figure 1a confirms the
uniform growth of CNTs on the crumpled rGO microsphere
surfaces via the catalytic effect of metallic Co–Fe. Transmission
electron microscopy (TEM) images (Figure 1b,c) reveal even
growths of CNTs inside the rGO microspheres owing to the
catalytic effect of metallic Co–Fe distributed throughout the
microspheres. Moreover, the porous structures of rGO-N-
CNTs are verified to be generated by the decomposition of
PS nanobeads, and these microspheres exhibit hierarchical
structures in which graphene layers are interconnected by N-
CNTs. High-resolution (HR)-TEM image (Figure 1d) demon-
strates clear lattice fringes separated by the interplanar spacings
of 0.20 and 0.21 nm corresponding to the (110) and (330)
crystal planes of Co3Fe7 and Co0.72Fe0.28 phase. Selected area
electron diffraction (SAED) pattern (Figure 1e) indicates the
existences of Co3Fe7 and Co0.72Fe0.28 phase. Elemental map-
ping image (Figure 1f) reveals homogeneous distribution of
Co–Fe in the carbon matrices of rGO and CNTs. Additionally,
the N signal is associated with N-CNTs grown by the decom-
position of DCDA. N-CNTs improve the electrical conductivi-
ties of the electrode materials and facilitate the anchoring of
LiPSs.

Morphological characteristics of a-VOx@rGO-N-CNTs,
which were prepared from rGO-N-CNTs via the drop-and-
dry process using a vanadium salt solution, are shown in
Figure 2. Low-magnification SEM images (Figure 2a) demon-
strate that the surfaces of a-VOx@rGO-N-CNTs are smoother
compared to those of rGO-N-CNTs (low-magnification SEM
images shown in Figure 1a), which implies uniform
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SCHEME 1: Schematic representation of formation mechanism of a-VOx@rGO-N-CNTs microspheres.
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FIGURE 1: Morphologies, SAED, and elemental mapping images of rGO-N-CNTs microspheres obtained after heat-treatment of sprayed
precursor assisted by DCDA: (a) FE-SEM image, (b, c) TEM images, (d) HR-TEM image, (e) SAED pattern, and (f ) elemental mapping
images. SAED, selected area electron diffraction; TEM, transmission electron microscopy.
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FIGURE 2: Morphologies, SAED, and elemental mapping images of a-VOx@rGO-N-CNTs microspheres obtained after drop-and-dry process
of vanadium solution and oxidation at 250°C: (a) FE-SEM image, (b, c) TEM images, (d) HR-TEM image, (e) SAED pattern, and
(f ) elemental mapping images. SAED, selected area electron diffraction; TEM, transmission electron microscopy.
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impregnation of a-VOx nanocrystals throughout the micro-
sphere surfaces. TEM images (Figure 2b,c) indicate that
rGO-N-CNTs are sufficiently filled with a-VOx nanoparticles.
Moreover, the characteristics of rGO-N-CNTs are appropri-
ately retained even after oxidation, and these microspheres
serve as stable templates for the infiltration of vanadium
salt solution. HR-TEM image (Figure 2d) reveals lattice
fringes separated by 0.20 and 0.21 nm corresponding to the
(110) and (330) crystal planes of Co3Fe7 and Co0.72Fe0.28
phase. Absence of the lattice fringe related to VOx is ascribed
to the amorphous phase resulting from oxidation conducted at
a low temperature of 250°C. SAED pattern (Figure 2e) demon-
strates the presence of Co3Fe7 and Co0.72Fe0.28 phase. Corre-
sponding elemental mapping images (Figure 2f) confirm the
existence of Co–Fe in the carbon matrix along with N-CNTs.
Furthermore, the V signal clearly implies that the a-VOx nano-
particles are homogeneously dispersed in the C matrix.

XRD patterns of rGO-N-CNTs and a-VOx@rGO-N-CNTs
are depicted in Figure S2. In the XRD pattern of a-VOx@rGO-
N-CNTs, the absence of peaks related to VOx comfirm the
presence of amorphous VOx nanoparticles. Additionally, the
XRD patterns of both samples exhibit diffraction peaks associ-
ated with Co0.72Fe0.28 and Co3Fe7 phase, which act as catalysts
for CNT growth. Chemical states of the several elements in a-
VOx@rGO-N-CNTs were evaluated by X-ray photoelectron
spectroscopy (XPS) (Figure 3). HR V 2p spectrum of a-
VOx@rGO-N-CNTs (Figure 3a) demonstrates V 2p3/2 and V
2p1/2 orbital peaks related to V4+/V5+ oxidation states at the
binding energies of 516.3/517.0 and 523.5/524.3 eV, respec-
tively [55, 56]. The V5+ oxidation state is attributed to the
oxidation of vanadium components near the surface in contact
with air [56, 57].

In the O 1s spectrum (Figure 3b), the three distinct peaks at
529.7, 531.1, and 532.9 eV corresponding to V─O, C═O, C─O,
and O─H bonds are clearly observed [58]. Co 2p spectrum
(Figure 3c) was deconvoluted into Co 2p3/2 and Co 2p1/2 orbital
peaks at the binding energies of 780.6 eV and 796.3 eV, respec-
tively. The Co 2p3/2 (778.6 eV) and Co 2p1/2 (794.9 eV) peaks
are located at binding energies that are in accordance with
those of the related peaks of metallic cobalt [59]. Additional
Co 2p3/2 and Co 2p1/2 peaks are noticed at 780.4/796.2 and
782.2/797.4 eV, respectively, corresponding to Co3+ and Co2+,
along with four satellite peaks [60–62]. Fe 2p spectrum
(Figure 3d) exhibits several doublet peaks at 707.9/722.4,
710.5/724.0, and 712.4/726.4 eV, attributed to metallic Fe,
Fe2+, and Fe3+, respectively [59, 63]. Satellite peaks are detected
at ~717.1 and 731.3 eV. Deconvoluted N 1s spectrum
(Figure 3e) demonstrates three peaks at 398.2, 399.8, and
403.1 eV corresponding to pyridinic N, pyrrolic N, and gra-
phitic N, verifying the existence of N-doped carbon framework
[64]. C 1s spectrum (Figure 3f) was deconvoluted into four
peaks at 284.3 eV, 285.1 eV, 285.8 eV, and 286.8 eV related to
C═C, C─N, C─O, and C═O, respectively [65, 66]. Presence of
the peak of C─N bond at 285.1 eV implies the existence of N-
CNTs, which improve the electrical conductivities and chemi-
cal activities of the electrode materials [22].

Raman spectra of a-VOx@rGO-N-CNTs and rGO-N-
CNTs (Figure 4a) commonly exhibit D-bands near

1354 cm−1 and G-bands near 1595 cm−1, respectively. D- and
G-bands are characteristic bands of carbonaceousmaterials, for
example, disordered and graphitic carbonmaterials. The inten-
sity ratios of D- to G-bands (ID/IG) for a-VOx@rGO-N-CNTs
and rGO-N-CNTs are 1.02 and 1.07, respectively. Proximities
of the ID/IG values for the two samples to 1.0 are attributed to
the influences of the defects induced by N-CNT growth. Ther-
mogravimetric (TG) curves of a-VOx@rGO-N-CNTs and
rGO-N-CNTs are shown in Figure 4b. To determine the con-
tents of carbon and a-VOx in a-VOx@rGO-N-CNTs, XRD
pattern of the sample obtained after the oxidation of rGO-N-
CNTs at 800°C was analyzed (Figure S3). Considering the
oxidized product CoFe2O4-Co3O4, the carbon content of
rGO-N-CNTs is calculated as 66.4wt%. Finally, taking the
amount of impregnated vanadyl acetylacetonate into account,
the contents of a-VOx and carbon in a-VOx@rGO-N-CNTs are
evaluated as 31.9 and 45.2wt%, respectively. Specific surface
areas and pore structures of a-VOx@rGO-N-CNTs and rGO-
N-CNTs were evaluated using Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) methods. N2

adsorption–desorption isotherms (Figure S4) demonstrate a
combination of type IV and H3 hysteresis loops, indicating
the formation of a hierarchical mesoporous structure. BET
surface areas of a-VOx@rGO-N-CNTs and rGO-N-CNTs are
19.2 and 253.4m2 g−1, respectively, and the corresponding pore
volumes are 0.15 and 0.56 cm3 g−1. Different tendencies of the
specific surface areas and pore volumes of the two samples
reveal that the vanadium salt solution is sufficiently absorbed
by the interior pores of rGO-N-CNTs, and subsequently, a-
VOx nanoparticles are produced after the oxidation of resulting
rGO-N-CNTs.

The physical properties and microstructure analysis of the
synthesized a-VOx@rGO-N-CNTs-coated separator are pre-
sented in Figure S5. A digital image of the separator before
being punched into a circular disk (Figure S5a) demonstrates
a uniform coating without visible cracks. Additionally, Figure
S5b shows the mechanical integrity and flexibility of the sepa-
rator, showing its ability to withstand folding and bending
stresses. The cross-sectional FE-SEM image of the pristine Cel-
gard separator (Figure S5c) reveals a thickness of ~26.8 µm.
Furthermore, the image of the separator coated with a-
VOx@rGO-N-CNTs (Figure S5d) clearly shows that the coat-
ing is evenly applied over the Celgard separator, with a thick-
ness of about 14.3µm.

Electrochemical behaviors of Li-S cells featuring a-
VOx@rGO-N-CNTs and rGO-N-CNTs-coated separators as
functional interlayers are depicted in Figure 5. The initial CV
curve acquired at a scan rate of 0.05mVs–1 (Figure 5a) exhibits
typical redox reaction characteristics involving elemental S
only. For instance, in the CV curves of the cells comprising
a-VOx@rGO-N-CNTs- and rGO-N-CNTs-coated separators,
two distinct cathodic peaks are observed at 2.28/2.00 and 2.26/
2.00V, respectively. These peaks correspond to the successive
reduction of elemental S to soluble high- and middle-order
polysulfides (Li2Sx; 4 ≤ x ≤ 8) as intermediates, followed by
conversion of these intermediates to low-order polysulfides
(Li2Sx; 1 ≤ x ≤ 3) [34, 36, 67]. Corresponding anodic sweep
demonstrates two closely spaced peaks at 2.36/2.41 and
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2.38/2.44V for a-VOx@rGO-N-CNTs- and rGO-N-CNTs-
coated separators, respectively. This implies effective transfor-
mation of low-order polysulfides to high-order polysulfides
and subsequently to elemental S [67–69]. Furthermore, the
exactly overlapping CV profiles during the initial five cycles

(Figure S6) indicate highly reversible redox processes in the
cells. Additionally, the relatively higher current intensities of
the cell employing the a-VOx@rGO-N-CNTs-coated separator
as the functional interlayer (Figure 5a) suggests fast redox
kinetics. The Li-S cell utilizing the a-VOx@rGO-N-CNTs-

525 520 515
Binding energy (eV)

In
te

ns
ity

 (a
.u

.) V5+ V4+

V2p3/2

V2p1/2

V4+
V5+

ðaÞ

534 532 530 528
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

V O

O H

C O

C O

ðbÞ

810 800 790 780 770
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

Co3+
Co2+

Sat.
Co

metalCo
metal

Co3+

Co2+

Sat.

Co 2p3/2

Co 2p1/2

ðcÞ

740 730 720 710 700
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)
Fe2+Fe3+

Sat.

Fe
metal

Fe
metal

Fe2+
Fe3+

Sat.

Fe 2p3/2

Fe 2p1/2

ðdÞ

408 404 400 396
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

Pyridinic N

Pyrrolic N

Graphitic N

ðeÞ

295 290 285 280
Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

C O

C O

C C
C N

ðfÞ
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coated separator exhibits a lower polarization potential (ΔV=
0.20V) as compared to that of the cell containing the rGO-N-
CNTs-coated separator (ΔV= 0.35V) (Figure 5b). These obser-
vations predict higher specific discharge capacities for the cell
featuring the a-VOx@rGO-N-CNTs-coated separator relative to
those for the cell comprising the rGO-N-CNTs-coated separator.
To verify the CV results, initial charge–discharge potential pro-
files were obtained at 0.1C (Figure 5b). The corresponding pla-
teaus confirm that the electrochemical reactions are in
appropriate agreement with the acquired peak positions in the
CV curves. Cells with the a-VOx@rGO-N-CNTs-coated separa-
tors demonstrated extended charge–discharge plateaus, indicat-
ing higher discharge capacities of these cells owing to their better
redox reactions. Correspondingly, the Li-S cells consisting of a-
VOx@rGO-N-CNTs- and rGO-N-CNTs-coated separators
delivered initial discharge capacities of 1084 and 798mAhg–1,
respectively, at 0.1C. Rapid redox reaction of the cell containing
the a-VOx@rGO-N-CNTs-coated separator as compared to that
of the cell comprising the rGO-N-CNTs-coated separator can be
ascribed to the synergistic effect of the highly conductive meso-
porous framework comprising adequately entangled rGO and
N-CNTs and the presence of multiple chemisorption sites in the
forms of polar components (namely, a-VOx and metallic Co–Fe
alloy). Moreover, heteroatom-doped CNTs serve as additional
polarity sites, enhancing the overall LiPSs anchoring ability of the
nanostructure.

Cycling performances of the Li-S cells utilizing different
separators were also evaluated at 0.5C, as shown in Figure 5c
and Figure S7c. Cell with the a-VOx@rGO-N-CNTs-coated sep-
arator exhibits an initial discharge capacity of 731mAh g–1

(43.6% of the theoretical value) at 0.5C, whereas the cell with
the rGO-N-CNTs-coated separator demonstrates a lower initial
discharge capacity of 711mAhg–1. At the end of the 400th cycle,
the cells employing a-VOx@rGO-N-CNTs- and rGO-N-CNTs-
coated separators retain 63.7% (466mA h g–1) and 49.6%
(353mAhg–1) of their initial capacities, respectively. Addition-
ally, the average discharge capacity loss per cycle for the cell
utilizing the a-VOx@rGO-N-CNTs-coated separator is 0.09%
compared to 0.13% for the cell comprising the rGO-N-CNTs-
coated separator. To optimize the a-VOx content, a solution
containing 3.0 g vanadyl acetylacetonate was impregnated into
rGO-N-CNTs and then oxidized to synthesize excessive-a-
VOx@rGO-N-CNTs (denoted as Ex-a-VOx@rGO-N-CNTs).
As shown in Figure S7a,b, Ex-a-VOx@rGO-N-CNTs exhibit a
severely aggregated morphology. The cell with the Ex-a-
VOx@rGO-N-CNTs-coated separator showed an initial dis-
charge capacity of 635mAhg–1 at 0.5C (Figure S7c). However,
after 400 cycles, the discharge capacity of 323mAhg–1 (average
decay rate of 0.15% per cycle), indicating that excessive amounts
of a-VOx can reduce long-term stability. This suggests that the
excessive a-VOx leads to material agglomeration during cycling,
and the reduced specific surface area does not effectivelymitigate
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volume expansion. Consequently, this configuration is not suit-
able for long-term cycling.

The stable cycling performance of the cell featuring rGO-
N-CNTs-coated separator is attributed to the presence of
metallic Co–Fe alloy and higher specific surface areas of
rGO-N-CNTs, slightly facilitating both chemical and physical
adsorptions of intermediate polysulfides; however, to a lower
extent. This reduces the active material utilization due to unfa-
vorable redox reactions and leads to relatively inferior dis-
charge capacity retention during long-term cycling. This is
evidenced by the charge–discharge potential profiles acquired
at various cycle intervals for the cells consisting of different
coated separators, as depicted in Figure S8a,c. To thoroughly
evaluate the capacity and performance enhancement effect of
the modified separator, cycling tests were performed using a
Li-S cell with a pristine separator that was not coated with any
material (Figure S9). The Li-S cell using pristine separators
exhibited poor capacity retention and overall cycling perfor-
mance compared to those with modified separators. This defi-
ciency is due to the lack of active sites required to adsorb LiPSs,
leading to the loss of active material and subsequent capacity
degradation. In contrast, the modified separators provide these
active sites, resulting in improved performance and stability, as
demonstrated in Figure 5c. The cell employing the a-
VOx@rGO-N-CNTs-coated separator actively anchored solu-
ble LiPSs due to the presence of extra polar components,
increasing the utilization of active materials and improving
the discharge capacity. Furthermore, the a-VOx@rGO-N-
CNTs-coated separator demonstrates an average energy effi-
ciency of 73.1%, indicating the high reversibility of redox reac-
tions, whereas the energy efficiency for the cell with the rGO-
N-CNTs-coated separator was 69.7%. In addition, as shown in
Figure S8a,c, the voltage efficiency of the cell employing the a-
VOx@rGO-N-CNTs-coated separator was measured as 87.7%,
reflecting reduced polarization during cycling, in contrast to
82.6% for the cell with the rGO-N-CNTs-coated separator.
This highlights the enhanced electrochemical processes
between Li2S and elemental S promoted by a-VOx during pro-
longed cycling. Cycling performance trends are similar even at
a high current density of 1.0C, as observed in Figure S10. After
the activation steps, the initial discharge capacities of the cells
utilizing the a-VOx@rGO-N-CNTs- and rGO-N-CNTs-coated
separators were measured as 567 and 585mAh g–1, respec-
tively. However, after 800 cycles, the cell featuring the a-
VOx@rGO-N-CNTs-coated separator exhibits a lower capacity
decay (0.09%, 160mAhg–1) as compared to that of the cell
comprising the rGO-N-CNTs-coated separator (0.11%, 79
mAhg–1), indicating superior activematerial utilization during
cycling in the case of the cell with the a-VOx@rGO-N-CNTs-
coated separator. This is supported by the charge–discharge
potential profiles, as shown in Figure S8b,d. Therefore, the
improved cycling performances of the cell with the
a-VOx@rGO-N-CNTs-coated separator at both low and high
C-rates again demonstrate the structural advantages of
a-VOx@rGO-N-CNTs. Furthermore, to verify the operational
efficiencies of the functional interlayers, the cycling perfor-
mances of the cells containing high sulfur loading electrodes
(2.05mg cm–2) and low electrolyte/sulfur ratios (15μLmg–1)

were also assessed at a C-rate of 0.3C (Figure 5d). The relatively
lower capacity of the a-VOx@rGO-N-CNTs-coated separator
up to 200 cycles can be attributed to the reduced porosity
caused by the impregnation of a-VOx, which increases the
diffusion length for charged species under these challenging
conditions. However, by the 500th cycle, the Li-S cells utilizing
the a-VOx@rGO-N-CNTs-coated separator exhibit a discharge
capacity of 274mAhg–1, while the cell with the rGO-N-CNTs-
coated separator shows a discharge capacity of 57mAh g–1.
The corresponding average discharge capacity retentions of
45.7% and 8.0%, respectively. Similarly, the voltage and energy
efficiency of the cell employing the a-VOx@rGO-N-CNTs-
coated separator were measured as 86.2% and 72.5%, respec-
tively, demonstrating enhanced performance compared to
84.1% and 69.8% for the cell with the rGO-N-CNTs-coated
separator. These results firmly validate the applicability of the
a-VOx@rGO-N-CNTs-coated separator paired with high sul-
fur content and ultra-low electrolyte volume for feasible
applications.

Rate capability tests of the Li-S cells were also conducted at
several C-rates ranging from 0.1 to 1.5C (Figure 5e and Figure
S7d). The cell using a-VOx@rGO-N-CNTs-coated separator
achieved discharge capacities of 952, 851, 779, 697, 613, 567,
528, and 473mAhg–1 at 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 1.2, and 1.5
C, respectively, at the fifth cycle of each C-rate. Comparatively,
the cell employing rGO-N-CNTs-coated separator demonstrated
discharge capacities of 917, 810, 737, 634, 481, 391, 325, and 227
mAhg–1 at identical C-rates. Moreover, the average energy effi-
ciency of the a-VOx@rGO-N-CNTs-coated separator was con-
sistently higher across all C-rates compared to that of the rGO-N-
CNTs-coated separator, further demonstrating its improved
operational efficiency. Detailed energy efficiency values for each
C-rate are provided in Table S1, offering a comprehensive com-
parison of the separators’ performance during the rate capability
tests. Additionally, Ex-a-VOx@rGO-N-CNTs-coated separator
exhibited discharge capacities of 789, 665, 592, 515, 459, 422,
384, and 328mAhg–1 at the same C-rates. Notably, the two cells
with a-VOx@rGO-N-CNTs—and rGO-N-CNTs-coated separa-
tors exhibit similar discharge capacities at low current densities,
primarily due to the high specific surface areas of rGO-N-CNTs
that enable physical adsorption of LiPSs. However, the absence of
a-VOx as an additional polar material in rGO-N-CNTs causes
inefficient trapping of the sulfur species thus resulting in LiPSs
migration toward the anode. This leads to sustained active mate-
rial loss and hence low discharge capacities, especially at high C-
rates. In contrast, at high current densities (1.0C and above), the
cell with Ex-a-VOx@rGO-N-CNTs-coated separator shows
improved performance compared to the cell with rGO-N-
CNTs-coated separator, demonstrating the beneficial role of the
excess a-VOx in capturing LiPSs and improving sulfur utilization.
Despite this improvement at higher C-rates, Ex-a-VOx@rGO-N-
CNTs-coated separator does not perform as well overall as the
different coated separator. Furthermore, when the C-rate
recovers from 1.5 to 0.1C, both a-VOx@rGO-N-CNTs- and
rGO-N-CNTs-coated separators demonstrate reversible dis-
charge capacities of 855mAhg–1, whereas the cell with Ex-a-
VOx@rGO-N-CNTs-coated separator shows a lower capacity
(681mAhg–1). This suggests that excess a-VOx may hinder
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reversibility at low C-rates due to potential aggregation and
supersaturation of the active sites, as well as increased pathways
for charged species migration, leading to lower Coulombic effi-
ciency and reduced specific capacity. The dramatic disparity in
rate capability results of the two cells with a-VOx@rGO-N-
CNTs- and rGO-N-CNTs-coated separators is due to the pres-
ence of a-VOx nanocrystals impregnated in the conductive
matrix which effectively capture LiPSs species and mitigate the
diffusion of these species toward the Li anode, thus improving
sulfur utilization. Additionally, the highly entangledN-CNTs and
rGO matrix promotes fast redox processes through the rapid
migration of charged species. As shown in Table S2, the Li-S
cell utilizing a-VOx@rGO-N-CNTs-coated separator exhibited
comparable or superior electrochemical properties compared to
previously reported interlayer materials. Charge–discharge
potential profiles of the cells with the a-VOx@rGO-N-CNTs-
(Figure S11a) and rGO-N-CNTs-coated separators (Figure
S11b) acquired at various C-rates confirm the above results.
Moreover, elemental S utilization bar charts were created for
both cells at all C-rates, as shown in Figure S12. These bar charts
clearly reveal that the cell employing the a-VOx@rGO-N-CNTs-
coated separator delivers higher capacity utilization, suggesting
enhanced sulfur participation, supported bymore kinetically effi-
cient redox processes.

To examine the redox kinetics and Li-ion diffusion inside
the Li-S cells with the a-VOx@rGO-N-CNTs- and rGO-N-
CNTs-coated separators, diffusion coefficient (DLiþ) was
determined via CV at various scan rates ranging from 0.1 to
0.5mV s–1 (Figure 6a,c). CV curves obtained at various scan
rates demonstrate typical Li-S redox peaks, indicating an elec-
trochemical redox reaction between elemental S and Li2S.
Moreover, the CV curve of the cell with the a-VOx@rGO-N-
CNTs-coated separator exhibits higher current intensity redox
peaks at all scan rates as compared to that of the cell with the
rGO-N-CNTs-coated separator, thus implying strengthened
redox kinetics along with rapid Li-ion diffusion. To further
quantify the DLiþ values, the Randles–Sevcik equation was
applied in the following manner [22]:

Ip ¼ 2:69 × 105n1:5AD0:5
LiþCLiv0:5; ð1Þ

where Ip represents the redox current intensity, n is the
number of electrons involved in the redox reaction (n¼ 2),
A denotes the surface area of the electrode (cm2), CLi is the
concentration of Li-ions (mol L–1), and v represents the volt-
age scan rate (V s–1). Redox peak current (Ip) vs. voltage scan
rate (v0:5) curves acquired for the Li-S cell utilizing the a-
VOx@rGO-N-CNTs- and rGO-N-CNTs-coated separators
are depicted in Figure 6b,d, respectively, and corresponding
DLiþ values for all the tested Li-S cells are provided in
Table S3.

As observed, the cell paired with a-VOx@rGO-N-CNTs-
coated separator exhibits an ~1.8 times higher diffusion coeffi-
cient value (5.13× 10–8 cm2 s–1) compared to cell featuring
rGO-N-CNTs-coated separator (2.75× 10–8 cm2 s–1). This
indicates that the nanostructure comprising N-CNTs and
rGO as a conductive matrix ensures rapid electron transfer
during the electrochemical reaction, thereby improving the

redox kinetics. Moreover, electrochemical impedance spectros-
copy (EIS) profiles were used to further validate the reaction
kinetics at the electrode–separator–electrolyte interface in the
assembled Li-S cells before (Figure 6e) and after (Figure 6f)
cycling. Additionally, the semicircles in the Nyquist plots were
represented by the equivalent circuit model, which involved a
combination of several parameters in both series and parallel
configurations (Figure S13). Table S4 presents all EIS parame-
ters for the Li-S cells with different coated separators before and
after cycling. Impedance was evaluated for all the Li-S cells in
fully charged states before cycling at an open-circuit voltage
and at the end of the 400th cycle at 0.5C. Li-S cells featuring
different coated separators exhibitmoderate solution resistance
(Rs) values in a similar range (Figure 6e), implying similar
interface environment between the electrode and electrolyte
inside the cells. Furthermore, the cell utilizing the a-
VOx@rGO-N-CNTs-coated separator demonstrates a lower
charge-transfer resistance (Rct) of 23.0Ω as compared to that
of the cell with the rGO-N-CNTs-coated separator (42.7Ω),
followed by a slanted line related to the Li-ion diffusion. Addi-
tionally, after the 400th cycle (Figure 6f), the cell containing the
a-VOx@rGO-N-CNTs-coated separator exhibits a lower Rct
(21.0Ω) than that of the cell with the rGO-N-CNTs-coated
separator (36.6Ω), suggesting efficient diffusion of charged
species through the electrolyte. Notably, low Rct of the cell
with the a-VOx@rGO-N-CNTs-coated separator led to a favor-
able redox process, thereby promoting efficient electrocatalytic
conversion of LiPSs to elemental S and better electrochemical
performance. Contrarily, the cell utilizing the rGO-N-CNTs-
coated separator demonstrates weaker inhibition of polysulfide
diffusion as compared to the case of the cell with the a-
VOx@rGO-N-CNTs-coated separator, clearly evidenced by
the appearance of a distinct second semicircle in the Nyquist
plot. These results prove that a-VOx@rGO-N-CNTs as a func-
tional interlayer not only improves the redox kinetics by facili-
tating charge transfer even after cycling, but also immobilizes
LiPSs and ensures their catalytic conversion to elemental S,
thus enhancing active material utilization.

To further assess the effect of the catalytic conversion in
restricting the diffusion of LiPSs, symmetric cells and visual
examination tests were also conducted. Symmetric cells were
constructed using the a-VOx@rGO-N-CNTs and rGO-N-
CNTs electrodes as the counter and working electrodes and
were filled with 20 µL of 0.33M Li2S6 polysulfide solution. In
Figure 7a, the initial CV curve obtained from a symmetric cell
containing the a-VOx@rGO-N-CNTs electrodes shows a redox
peak with an elevated current intensity owing to the effective
electrocatalytic conversions of LiPSs due to the existence of a-
VOx nanocrystals. Similar current intensities observed for the
cell with the rGO-N-CNTs electrodes mainly arise from the
effective physical trapping of LiPSs, facilitated by the extensive
specific surface area of rGO-N-CNTs. Additionally, the metal-
lic Co–Fe alloy in the host structure demonstrates electrocata-
lytic activity and offers a way of chemical immobilization.
Moreover, overlapping CV curves of the cells with the a-
VOx@rGO-N-CNTs (Figure 7b) and rGO-N-CNTs electrodes
(Figure 7c) confirm the above results, indicating consistent
electrocatalytic properties of these cells during cycling. These
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results were further validated by visual polysulfide capture tests,
as shown in Figure 7d. Following the introductions of a-
VOx@rGO-N-CNTs and rGO-N-CNTs powders into the poly-
sulfide solution, digital photographs were captured at various
time intervals. The a-VOx@rGO-N-CNTs powders exhibit a
continuous color shift, transitioning from initial faded yellow
(T= 0) to nearly transparent after 1 h (T= 1), contrary to the
rGO-N-CNTs powders. This suggests efficient polysulfide cap-
ture in the cases of a-VOx@rGO-N-CNTs powders, ascribed to
the existence of impregnated a-VOx particles as well as metallic
Co–Fe alloy in the interconnected N-CNTs and rGO struc-
tures, which act as polar entities to chemically anchor LiPSs.
A schematic diagram showing the synthesized a-VOx@rGO-
N-CNTs powder as a functional interlayer is depicted in
Figure 7e. The introduction of the coated separators not only
overcomes the low electrical conductivity of the sulfur cathode
but also ensures improved cell properties through the immobi-
lization of LiPSs. The introduction of a functional interlayer, as

indicated, ensures improved cell properties by trapping LiPSs
toward the Li anode.

The improved trapping and faster electrocatalytic conver-
sion of LiPSs by a-VOx@rGO-N-CNTs-coated separator, com-
pared to the pristine separator, were further demonstrated by
FE-SEM analysis of the separator’s morphology after disassem-
bling the cell following 100 cycles at 0.5C (Figure S14). Figure
S14a,c presents FE-SEM images of a-VOx@rGO-N-CNTs-
coated separator and the pristine separator before cycling,
respectively. The images show that a-VOx@rGO-N-CNTs are
uniformly coated over the entire separator (Figure S14a), while
the pristine separator displays nanometer-sized open pores that
allow Li-ion diffusion (Figure S14c). The FE-SEM image of a-
VOx@rGO-N-CNTs-coated separator after cycling, shown in
Figure S14b, demonstrates that the spherical morphology is
retained, indicating the robustness of the nanostructure. Addi-
tionally, the absence of polysulfide deposits suggests that the
polysulfide species were effectively converted by a-VOx
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nanoparticles and Co–Fe alloy. In contrast, the pristine separator
(Figure S14d) shows significant polysulfide deposits due to the
lack of material to trap LiPSs. This results in poor sulfur utiliza-
tion and a significant degradation of electrochemical properties.

4. Conclusions

In this study, a-VOx@rGO-N-CNTs were proposed as func-
tional interlayers for LSBs for the first time. Hierarchical frame-
work composed of rGO andN-CNTs with high specific surface
areas was not only advantageous for the physical absorption of
LiPSs but was also effective in suppressing volume changes in

the activematerial. Additionally, the uniformly grownN-CNTs
afforded highly conductive pathways, promoting chargemobil-
ity and rapid redox reactions. Finally, the introduction of a-
VOx nanoparticles into rGO-N-CNTsmaximized the synergis-
tic effect of rGO and the N-CNT framework that efficiently
regulated the diffusion of LiPSs and elevated active material
utilization by facilitating the conversion of LiPSs to elemental
S. Assembled Li-S cell utilizing the a-VOx@rGO-N-CNT-
coated separator demonstrates outstanding rate capability
and stable cycling performance (an average discharge capacity
loss of only 0.09% per cycle at 0.5C after 400 cycles). Conse-
quently, the design strategy proposed in this work provides
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valuable insights into the development of porous and conduc-
tive nanostructures for a wide range of energy storage applica-
tions including LSBs, while identifying the need for further
advancements to achieve ultra-high sulfur loading mass
(>5mg cm–2) and ultra-low E/S ratios (<5μLmg–1) for practi-
cal applications. This work establishes a foundation for future
research dedicated to optimizing interlayer performance under
these conditions, thereby facilitating progress toward the com-
mercial implementation of LSB.
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reported interlayer materials. Figure S11. Respective
charge–discharge potential profiles at various current density
for (a) a-VOx@rGO-N-CNTs and (b) rGO-N-CNTs. Figure
S12. Capacity utilization bar charts of the Li-S cells with a-
VOx@rGO-N-CNTs and rGO-N-CNTs-coated separators at
different current density. Table S3. Lithium-ion diffusion coeffi-
cient (DLiþ) for the Li-S cells utilizing different coated separators.
Figure S13. Equivalent circuit fitting model for Li-S cells: (a)
before cycling and (b) after cycling. Table S4. EIS parameters
for the Li-S cells employing different coated separators before
cycle, and after 400th cycle at 0.5C. Figure S14. The FE-SEM
images of a-VOx@rGO-N-CNTs-coated separator and pristine
separator after cycling at 0.5C rate: (a, c) before cycle and (b, d)
after 100th cycle.
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