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Polysulﬁde shuttle eﬀect, causing extremely low Coulombic eﬃciency and cycling stability, is one of the toughest challenges
hindering the development of practical lithium sulfur batteries (LSBs). Introducing catalytic nanostructures to stabilize the
otherwise soluble polysulﬁdes and promote their conversion to solids has been proved to be an eﬀective strategy in attacking
this problem, but the heavy mass of catalysts often results in a low speciﬁc energy of the whole electrode. Herein, by designing
and synthesizing a free-standing edge-oriented NiCo2S4/vertical graphene functionalized carbon nanoﬁber (NCS/EOG/CNF)
thin ﬁlm as a catalytic overlayer incorporated in the sulfur cathode, the polysulﬁde shuttle eﬀect is largely alleviated, revealed by
the enhanced electrochemical performance measurements and the catalytic function demonstration. Diﬀerent from other
reports, the NiCo2S4 nanosheets synthesized here have a 3-D edge-oriented structure with fully exposed edges and easily
accessible in-plane surfaces, thus providing a high density of active sites even with a small mass. The EOG/CNF scaﬀold further
renders the high conductivity in the catalytic structure. Combined, this novel structure, with high sulfur loading and high sulfur
fraction, leads to high-performance sulfur cathodes toward a practical LSB technology.

1. Introduction
In the Li-S battery (LSB) chemistry, cyclo-octasulfur (S8), the
most stable sulfur allotrope [1], undergoes a reduction
process through multiple long-chain lithium polysulﬁde
intermediates (Li2Sx, 3 < x ≤ 8, or LiPSs) into Li2S2 and Li2S.
With this two-electron-based reaction per sulfur atom: S8 +
16 Li+ + 16 e− ↔ 8 Li2S, the sulfur cathode can release a
theoretical speciﬁc capacity of 1675 mAh·g−1, several folds
higher than the transition-metal-oxide-based intercalation
cathode materials. LSB has been regarded as a near-future
technology that could deliver a speciﬁc energy of more than
350 Wh·kg−1, challenging the state of art of the Li-ion battery
(LIB) technology. Owing to its earth abundance (17th richest
element), low production cost (~$200 per metric ton), and
less toxicity, sulfur will also help reduce the battery cost and
contribute to sustainable and environmentally benign battery
technology development [2–4].
Developing a sulfur cathode technology, however, faces
challenges of high resistivities of solid sulfur and Li2S2/Li2S,

a huge volume change between sulfur and Li2S2/Li2S, and
their sluggish redox reaction kinetics. Perhaps, the most formidable problem is the shuttle phenomenon of the soluble
LiPSs and the subsequent adverse eﬀects that cause low sulfur
utilization, electrolyte depletion, lithium metal corrosion,
and internal shortcut, resulting in low Coulombic eﬃciency
and low cycling stability, among other issues [5–8].
Numerous methods have been investigated to address the
polysulﬁde shuttle eﬀect from diﬀerent aspects in terms of
sulfur host [9], binder [10], separator [11], and electrolyte
[12]. Among those electrode engineering strategies, physically blocking the free diﬀusion of polysulﬁdes by using a
mesoporous conductive carbon host [13–15] or encapsulating sulfur in a hollow carbon sphere [16–18] has been widely
reported. Chemically binding and stabilizing LiPSs on a polar
host surface is more eﬀective in reducing the shuttle eﬀect.
More strikingly, some binding surfaces act as catalysts, stabilizing the otherwise soluble LiPSs and accelerating the conversion between sulfur and Li2S2/Li2S by decreasing their
active energies. Doped carbon materials [19] and conductive
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polymers [20], metal oxides [21, 22] and sulﬁdes [23, 24], and
single transition metal atoms [25] have all been theoretically
and experimentally demonstrated with capability to stabilize
LiPSs and catalyze their conversions. Among these catalytic
candidates, metal sulﬁdes are particularly interesting. Their
versatile functionality in interacting with polysulﬁde,
enhancing Li ion transportation, and controlling Li2S precipitation gives them capability in curtailing the polysulﬁde
shuttling process [26].
Admittedly, metal sulﬁdes as a host material suﬀer from
their low conductivity and large mass density when comparing to noncatalytic carbons. Clearly, organizing these two
components together in a well-designed structure should
provide a better solution [24, 27, 28]. Since catalytic function
is a surface phenomenon, 2D sheet-like metal sulﬁdes should
be selected to minimize their mass loading, which if properly
arranged on a conductive carbon scaﬀold will give an ideal
host structure for the sulfur cathode. Although this conceptual design is straightforward, the studies along this approach
are still very limited because of the diﬃculty in structure
controlling.
Herein, we report well-dispersed NiCo2S4 ultrathin
nanosheets as highly eﬃcient catalyst, which were in situ
grafted onto a vertical or edge-oriented graphene (EOG)
scaﬀold [29, 30] to form an organized hierarchical structure
used in sulfur cathodes. The EOG nanoﬂakes were grown
around crosslinked carbon nanoﬁbers (CNF), derived from
electrospun polyacrylonitrile (PAN) nanoﬁbers, producing
a highly conductive, ﬂexible, and freestanding EOG/CNF
thin membrane. EOG nanoﬂakes mediated the nucleation
and growth of NiCo2O4 (NCO) via the exposed active graphene edges [31], and NCO was subsequently sulfureted into
NiCo2S4 (NCS) maintaining the 3-D edge-oriented sheet-like
structure. To further minimize the mass loading of NCS in
the electrode, instead of using a thick NCS/EOG/CNF layer
as the sulfur host, a thin NCS/EOG/CNF catalytic layer was
overlaid on the sulfur-loaded CNF membrane as a combined
cathode to inhibit LiPSs shuttling. Here, we particularly avoid
using the terminology of “interlayer” [32–34] to emphasize
that this thin NCS/EOG/CNF catalytic overlayer is an integrated part of the cathode itself. This is because this conductive overlayer in the cathode, in addition to physically
blocking LiPSs from shuttling which is the main function
of a conventional interlayer [35], will chemically bind and
catalytically promote the conversion of LiPSs to Li2S2/Li2S
or S8 solids, which are the intrinsic function of the cathode
itself. With the multiple unique features combined, this sulfur cathode structure exhibited attractive electrochemical
performances of 1000 mAh·g−1 speciﬁc capacity at 0.3 C
and 800 mAh·g−1 at 1 C within 400 cycles for 2 mg·cm−2 of
sulfur loading and 850 mAh·g−1 speciﬁc capacity at 0.25 C
for 6 mg·cm−2 of sulfur loading. An areal capacity of
4.5 mAh·cm−2 was demonstrated at the 100th cycle under
0.3 C. By minimizing the “inactive” mass in the cathode,
our design, with 6 mg·cm−2 sulfur loading, gives a sulfur
fraction increase by 38.5% over a conventional design, translating to a signiﬁcant increase in the possible speciﬁc energy
based on the total cathode mass. Moreover, by virtue of the
adaptability of the reported synthetic method and the prom-
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inent catalytic activity of the resulted product, this hierarchical structure can be further implemented in constructing
other materials which are expected to deliver competitive
electrochemical performances.

2. Experimental Section
2.1. Synthesizing Carbon Nanoﬁber Films. The carbon nanoﬁber ﬁlm was fabricated by an electrospinning method. In a
typical process, 0.5 g of PAN (M w = 150000 g · mol−1 ) was
dissolved into 5 ml of dimethylformamide (DMF) and stirred
at 80°C for 6 h. The PAN solution (1 ml) was ejected from a
stainless-steel needle (inner diameter of 0.1 mm) attached
to a 3 ml plastic syringe, which was driven at a rate of
1 ml·h−1 by a syringe pump. The electrospun PAN nanoﬁber
ﬁlm was collected on an aluminum foil. The electrostatic ﬁeld
was maintained at 1 kV·cm−1 between the needle and the collector. For carbonization, the PAN nanoﬁber ﬁlm, after being
peeled oﬀ from the Al foil, was ﬁrst heated to 250°C at a rate
of 2°C·min−1 and maintained at this temperature for 2 h to
complete the preoxidation process. Then, the stabilized ﬁlm
was loaded into a tube furnace. With a temperature ramping
rate of 2°C·min−1, it was carbonized at 800°C for 2 h in nitrogen gas. The obtained freestanding carbon nanoﬁber ﬁlm is
designated as CNF. A thicker CNF, fabricated from 4 ml of
PAN solution, was also prepared to serve as a freestanding
cathode current collector and sulfur host for the sulfur
cathode.
2.2. Synthesizing EOG-Modiﬁed CNF Films (EOG/CNF).
EOG growth on CNF was implemented by a plasmaenhanced chemical vapor deposition (PECVD) technique.
Brieﬂy, the CNF ﬁlm was loaded onto a molybdenum holder
and placed into the plasma chamber which was pumped
down to 10−4 torr. 50 sccm of CH4 and 100 sccm of H2 were
introduced into the chamber to maintain the pressure at
30 torr. With the sample holder temperature reaching to
750°C, plasma was ignited with an input power of 1 kW.
The EOG growth process lasted for 5 min.
2.3. Synthesizing NiCo2S4 Nanosheet-Modiﬁed EOG/CNF
Films (NCS/EOG/CNF). The obtained EOG/CNF ﬁlm was
pretreated in a concentrated nitric acid at 80°C for 6 h to
improve its hydrophilic property. After being washed in DI
water and dried in an oven, the ﬁlm was immersed into
20 ml solution comprised of 10 mM cobalt nitrate (Co(NO3)2·6H2O), 5 mM nickel nitrate (Ni(NO3)2·6H2O), and
2.5 mM urea in DI water and then sealed into an autoclave
and heated for 16 h. Several temperatures were tested to optimize the structure of NCO grown on the EOG/CNF (Figure S1
in Supporting Materials (SI)). After this hydrothermal process,
NCO nanosheets were grown on the EOG/CNF and the
sample is designated as NCO/EOG/CNF. This ﬁlm was
further treated in Na2S DI water solution (0.02 M) by
hydrothermal method at 160°C for 6 h. During this step,
NiCo2O4 was sulfureted into NiCo2S4 nanosheets and the
resulted thin-ﬁlm product is named as NCS/EOG/CNF.
2.4. Material Characterization. The morphology of the synthesized structures was characterized using a ﬁeld emission
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scanning electron microscopy (FE-SEM) (SUPRA35, Gemini)
and a transmission electron microscopy (TEM) (H-8100,
Hitachi). The crystalline features of the samples were studied via powder X-ray diﬀraction (XRD) (MiniFlex 6G,
Rigaku), measured with 2θ from 10° to 80° using Cu Kα
radiation. The surface chemical status and chemical bond
information of diﬀerent elements were investigated using
an X-ray photoelectron spectroscopy (XPS) (5000 VersaProbe, PHI). UV-Vis-IR absorption spectroscopy analysis
(Shimadzu UV-3600) was performed to evaluate the polysulﬁde adsorption capability of the prepared NCS/EOG/
CNF thin ﬁlm.
2.5. Electrochemical Measurement. Coin cells (CR2400) were
assembled for electrode characterization. A blank electrolyte
was prepared by dissolving an appropriate amount of lithium
triﬂuoromethanesulfonate (LiCF3SO3) (1 M) and lithium
nitrate (LiNO3) (0.1 M) in 1,2-dimethoxyethane (DME) and
1,3-dioxolane (DOL) solution (1 : 1 by volume). Sublimed
sulfur and lithium sulﬁde (Li2S) were proportionally added
into the blank electrolyte to form Li2S6 (1 M) catholyte. The
CNF ﬁlm (thickness ~30 μm), as cut into ~12 mm disks,
was used as the current collector, and 12–36 μl of Li2S6
solution catholyte was added into the CNF disks to obtain
2–6 mg·cm−2 sulfur loading. The NCS/EOG/CNF ﬁlm
(~7 μm) was then laid on the top of the CNF disk followed
by adding 10 μl of blank electrolyte. After placing the Celgard
2400 separator, another 10 μl of blank electrolyte was added,
followed by a lithium metal disk as the anode. The whole
stack was sealed into a coin cell and set for 6 h before the electrochemical measurements.
The cyclic voltammetry (CV) was measured at 0.1 mV·s−1
in a voltage range of 1.7–2.8 V. The electrochemical impedance spectroscopy (EIS) study was performed in 0.1–
100 kHz with an AC voltage amplitude of 5 mV. Both
measurements were conducted on an electrochemical workstation (Bio-Logic SP-150) with the sulfur cathode as the
working electrode and the lithium metal as both the anode
and the reference electrode. The battery galvanostatic
charge-discharge characterizations were carried out using a
battery tester (LANHE, CT2001A). For comparison, cells
without and with other overlayers were also assembled and
tested. These cells are called as CNF cell, EOG/CNF cell,
NCS/CNF cell, NCO/EOG/CNF cell, or NCS/EOG/CNF cell.

3. Results and Discussion
3.1. Structural and Morphological Features of NiCo2S4 on the
EOG/CNF Substrate. Figure 1(a) schematically illustrates the
NCS/EOG/CNF ﬁlm preparation process. The morphology
of the sample at each step is presented by its scanning electron microscopy (SEM) images (Figures 1(b)–1(e)). The
CNF ﬁlm derived from electrospun PAN nanoﬁbers was
employed as a scaﬀold, oﬀering ﬂexibility and conductivity
to the whole structure of NCS/EGO/CNF. Carbon nanoﬁbers
show an intertwined feature with a diameter from tens to
around 200 nm. Via PECVD deposition, EOG nanoﬂakes
were uniformly grown on the surface of an individual nanoﬁber. After treating the attained EOG/CNF in a concentrated
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nitric acid, oxygen functional groups were introduced onto
the edge (Figure S2) and other defective sites of graphene
nanoﬂakes, giving rise to an improved hydrophilic property
(Figure S3). These active sites, in the subsequent
hydrothermal synthesis process, promoted the absorption
of the reactive ions and the nucleation of NCO. The
morphological evolution of NCO on EOG was revealed by
using ex situ SEM to monitor the intermediates at diﬀerent
reaction stages, the edge-oriented feature of the nanoﬂakes
is maintained all through the growth process (Figure S4). In
contrast, without the acid treatment, only large NCO
nanoﬂakes were found on the surface of EOG/CNF
(Figure S5). As shown in Figure 1(d), the NCO-modiﬁed
CNF/EOG ﬁlm preserves its vertical nanoscale feature,
conﬁrming that EOG nanoﬂakes serve as a structure
mediator to control the oriented growth of NCO
nanosheets. A subsequent sulfurization process transforms
NCO nanosheets into NCS nanosheets while maintaining
their vertical orientation (the NCS/CNF ﬁlm was also
prepared for comparison, as shown in Figure S6). The
thickness of the whole NCS/EOG/CNF overlayer used here
is around 7 μm (Figure S7). It should be noted that although
NCS nanosheets can be grown onto CNF via a facile
hydrothermal process, their size and thickness are much
larger than the NCS obtained here by employing EOG as a
growth mediator. The presented NCS/EOG/CNF structure
can eﬃciently decrease the percentage of the catalyst and the
mass of the whole layer without compromising their
catalytic activity and polysulﬁde blocking ability.
Transmission electron microscopy (TEM) images
(Figures 1(f)–1(h) and Figure S8) further reveal the
microstructural features of these samples. The graphene
thin nanoﬂakes, vertically grown on the nanoﬁber are
clearly shown in Figure 1(f) and S8a. A high-resolution
TEM image in Figure S8b conﬁrms the lattice spacing of
around 0.37 nm, in accordance with the (002) crystalline
plane of graphite [36]. Due to the atomic mass diﬀerence of
elements, the contrast changes in TEM images after NCO
and NCS modiﬁcation are revealed in Figures 1(g) and
1(h). Importantly, the vertical proﬁle of nanoﬂakes is
retained, visually proving the eﬀectiveness of the structural
regulation function of these EOG (Figure S8c, d). X-ray
diﬀraction (XRD) patterns of diﬀerent samples are
presented in Figure 1(i). In comparison with the CNF ﬁlm,
whose characteristic peak locates at 2θ ~24° which belongs
to the (002) crystalline plane of carbon, this graphite peak
in other samples shifts to higher 2θ at around 26° with a
sharper shape, indicating their improved graphitization
degree due to the EOG deposition [37]. In addition, the
other diﬀraction peak of graphite recorded at ~44° also
emerges in the EOG samples and can be assigned to the
graphite (101) crystalline plane. The appearance of peaks at
2θ ~16°, 31°, 38°, 50°, and 55° in the XRD pattern of
NCS/EOG/CNF are in line with the (111), (311), (400),
(511), and (440) diﬀraction patterns of the cubic phase
NCS [38], which is converted from cubic-structured NCO
after the sulfurization hydrothermal process [39]. To
investigate the surface chemical status of the samples, X-ray
photoelectron spectroscopy (XPS) was carried out and the
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Figure 1: (a) Schematic illustration of NCS/VOG/CNF ﬁlm preparation. SEM images of (b) CNF, (c) EOG/CNF, (d) NCO/EOG/CNF, and
(e) NCS/EOG/CNF. TEM images of (f) CNF/EOG, (g) NCO/EOG/CNF, and (h) NCS/EOG/CNF. (i) XRD patterns of diﬀerent samples.
High-resolution XPS spectrum of (j) Ni 2p and (k) Co 2p peaks from the NCS/EOG/CNF sample.

results of their survey scan spectra are given in Figure S9,
which indicates the presence of Ni, Co, and S elements in
the NCS/EOG/CNF sample. The Ni 2p and Co 2p tight
spectra were ﬁtted with two spin-orbit doublets and two
shakeup satellites by using a Gaussian ﬁtting method.
For Ni 2p (Figure 1(j)), the peaks located at 853.1 eV in
Ni 2p3/2 and 871.3 eV in Ni 2P1/2 along with two
satellites can be assigned to Ni2+, while others centered
at 856.1 and 873.9 eV are attributed to Ni3+. Accordingly,
with regard to the Co 2p, the characteristic peaks of

Co3+ and Co2+ are emerged at 778.2/794.0 eV and
781.4/797.3 eV, respectively. The shakeup satellite peaks
at 785.0 and 803.1 eV further conﬁrm the coexistence of
Co2+ and Co3+ statuses (Figure 1(k)). In addition, the
ﬁtting result of S 2p signal shown in Figure S10 gives
more information of the existence of Co-S and Ni-S
binding. Hence, these results demonstrate that the surface
chemical components of the NCS/EOG/CNF ﬁlm include
Co2+/Co3+, Ni2+/Ni3+, and S2−, which is consistent with
other reported NCS materials [32, 40].
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3.2. The NCS/EOG/CNF Overlayer as a Polysulﬁde Absorbent
and Polysulﬁde Conversion Accelerator. To verify the catalytic
function of the NCS/EOG/CNF layer in promoting the sulfur
electrode performance, LSB cells assembled with diﬀerent
overlayers in the cathode were ﬁrst studied using the cyclic
voltammetry (CV) technique (Figure 2(a)). All the cells show
two reductive peaks emerging at 2.30 and 2.05 V, contributed
to the stepwise reduction of sulfur species to smaller polysulﬁde molecule and insoluble Li2S [41]. Correspondingly, two
oxidation peaks located at 2.32 and 2.40 V are originated
from the reverse reactions of Li2S converted back to S8 [42].
Compared with the cell without an extra overlayer, the peaks
of EOG/CNF, NCO/EOG/CNF, and NCS/EOG/CNF cells
have a more deﬁned shape and higher peak current densities.
In addition, the peak diﬀerences (ΔEp ) between the corresponding oxidation and reduction reactions are also slightly
reduced (e.g., ΔEp between peak two and peak three of
NCS/EOG/CNF cell decreases to 360 mV in comparison with
368 mV of EOG/CNF cell). These observations suggest that
the catalytic overlayers, particularly NCS/EOG/CNF, can
provide better reactive reversibility to polysulﬁde conversions [43]. In order to conﬁrm the stability of the NCS within
the scanning potential window, NCS/EOG/CNF cell with
blank electrolyte was also measured using the CV technique
under the same testing conditions. As shown in Figure S11,
no redox peaks appeared in the potential range of 1.6–
2.8 V, demonstrating that all the peaks originated from
LiPSs conversion processes and the stability of NCS in the
operative voltage window of LSB.
To evaluate the chemical binding ability of diﬀerent
materials to the soluble LiPSs, Li2S6 absorption by the pure
CNF and the CNF with an EOG/CNF, NCO/EOG/CNF, or
NCS/EOG/CNF overlayer was measured in 20 mM Li2S6
electrolyte. After soaking them in the same amount of electrolyte for about 1 hour, the strongest absorption of the
NCS/EOG/CNF overlayer to Li2S6 can be visually observed
via the electrolyte color change (Figure 2(b), inset). This is
further quantiﬁed by the UV-Vis absorption spectroscopy
of the electrolyte after soaking. As shown in Figure 2(b), the
UV absorptance of the Li2S6 solution is greatly reduced after
being soaked by the NCS/EOG/CNF layer, indicating that the
Li2S6 concentration is much diminished due to the strong
absorption by NCS. NCO/EOG/CNF and EOG/CNF layers
also enhance polysulﬁde absorption, although at weakened
extents. The chemical status of NCS after Li2S6 absorption
experiment was further analyzed by XPS technique with the
high-resolution spectrum of Ni 2p, Co 2p, and S 2p presented
in Figure 2(c) and S12. In comparison with those of the pristine NCS overlayer, the Ni 2p3/2 and Co 2p3/2 peaks of the
treated NCS shift to much lower binding energy, implying
the occurrence of electron transfer from Li2S6 to the Ni and
Co elements [44, 45]. In order to prove that this functionalized overlayer not only physically absorbs the polysulﬁde
species but also actively participates their redox reactions,
symmetric cells based on NCS/EOG/CNF or EOG/CNF electrodes were assembled with Li2S6 electrolyte and tested by
using the CV technique within a potential window of −1.0
to 1.0 V. As exhibited in Figure S13, the redox peak current
of Li2S6 in the NCS/EOG/CNF cell under the scan rate of
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10 mV·s−1 is much larger than that in the EOG/CNF cell.
Furthermore, with the scan rate increasing to 100 mV·s−1,
the CV curves of NCS/EOG/CNF cell show a more deﬁned
shape with smaller peak potential diﬀerence in comparison
with those of EOG/CNF cell, indicating that the NCS part
greatly facilitates the polysulﬁde reactions.
Electrochemical impendence spectroscopy (EIS) was
applied to probe the function of a catalytic overlayer in the
LSB cells. The EIS spectra of fresh cells were presented in
Figure 2(d). All the spectra are comprised of two semicircles
and an inclined line [46, 47], which can be modeled by the
equivalent circuit in Figure 2(d), where R1 represents the
combined internal ohmic resistance of the electrolyte, separator, and electrode interfaces, R2 represents the parallel resistance of an insulative SEI layer, R3 represents the charge
transfer resistance of LiPS conversions, CPE is a constant
phase element, and W o is the Warburg impedance. In the
spectra, the ﬁrst semicircle in the high-frequency range can
be interpreted as the response from the insulative SEI layer.
The other semicircle in the medium-frequency range can be
modeled by the charge transfer process or the reduction reaction kinetics in the sulfur cathode. The linear part at low frequencies represents the ion diﬀusion within the cathode. As
conﬁrmed in Figure 2(e) which compares the ﬁtted three
resistive parameters, the four cells exhibit the very similar
R1 but the NCS/EOG/CNF cell has the smallest SEI resistance
R2 and charge transfer resistance R3 . The smallest R3 signiﬁes
the strongest catalytic function of the NCS/EOG/CNF overlayer in the cathode and the smaller R2 suggests that this
overlayer also somehow reduced the thickness of the formed
SEI layer, which is conducive to the cell rate performance.
To further probe the catalytic eﬀect of NCS nanosheets
on the redox kinetics of soluble polysulﬁdes, CVs under different scan rates of 0.1–0.5 V·s−1 were acquired for cells with
and without the NCS/EOG/CNF overlayer (Figure 2(f) and
Figure S14). The current density of redox peaks was plotted
against the square root of scan rates and revealed a linear
relationship between them (Figure 2(g)), suggesting that the
redox reaction rates are determined by the ion diﬀusion
process. Their relationship can be interpreted by the
following Randles-Sevcik equation [48]:
I p = 2:69 × 105 n1:5 D0:5 Cυ0:5

ð1Þ

where I p is the peak current density, n is the charge transfer
number, D is the ion diﬀusion coeﬃcient of Li+, C is the
concentration of the polysulﬁde, and ν is the scan rate.
Since the LSBs are tested using the same conﬁguration and
the same amount of electrolyte, the n and C values in each
reaction can be considered as constant and the slope can be
used to represent the diﬀusivity of Li ions (DLi+ ). In the
LSB scenario, DLi+ includes the diﬀusion of Li+ in the
solution to the cathode surface and the quasisolidstate/solid-state diﬀusion in the LiPS formed on the sulfur
surface. From the slops of the plots in Figure 2(g), the ratio
of diﬀusion coeﬃcients for every redox peak between the
cell with the NCS/EOG/CNF overlayer and the cell without
an overlayer in the cathode is summarized in Figure S15.
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after being soaked with diﬀerent layers (inset is the photograph showing the solution color diﬀerence after soaking). (c) High-resolution
XPS spectrum of Ni 2p of NCS after Li2S6 absorption. (d) EIS Nyquist plots of fresh cells with diﬀerent overlayers incorporated in the
cathode (sulfur loading: 2 mg·cm−2; inset: the equivalent circuit for modeling). (e) The derived three resistance values in the equivalent
circuit of (d). (f) CV curves recorded on the NCS/EOG/CNF cell under diﬀerent scan rates. (g) The plots of peak current density versus
square root of the scan rate for the redox reactions. (h) Schematic illustration of the function of NCS/EOG/CNF catalytic overlayer in
accelerating LiPSs conversion processes.
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For every redox peak, the cell with the NCS/EOG/CNF
overlayer shows a much higher value than that without an
overlayer, revealing the crucial roles of the NCS/EOG/CNF
overlayer in catalytically expediting the reaction kinetics.
With the strong interaction between LiPSs and the
catalytic sites in the catalytic layer, the activation energy
can be largely decreased during the redox reactions,
leading to fast LiPSs conversion processes [3, 9] and thus
accelerated Li+ ﬂux to the electrode. It also has been noted
that the catalytic sites could also enhance even Li+ ﬂux
which will result in uniform deposition of S8 or Li2S2/Li2S
nanoparticles [49], further facilitating the redox reactions
by the shortened diﬀusion distance in these nanoparticles.
The impressive electrocatalytic performance of a thin
NCS/EOG/CNF overlayer in the cathode can be attributed
to two major merits of the unique structure design, as schematically illustrated in Figure 2(h): (1) EOG/CNF provides
a highly conductive scaﬀold (the resistance of the EOG/CNF
ﬁlm decreases to 2.8 Ω from the value of 20.3 Ω recorded on
the CNF ﬁlm) and serves as a structural template with plenty
of surface areas for NCO and NCS to grow onto, which not
only guarantees the high electron transport ability but also
templatizes the metal oxide/sulﬁde thin sheet growth with
vertical orientation. This structure provides high-density
and easily accessible active sites and thus dramatically
reduces the needed mass of NCS. (2) Transition metal sulﬁdes (TMSs) with highly catalytic activity towards polysulﬁde conversion have been demonstrated previously; the soft
acid-soft base interaction between TM cations and S2−/S22−
anions results in a high density of valence electrons in TM
atoms, which makes these TMSs eﬃcient binding sites for
polysulﬁdes [50]. In addition, it has been proved by using
density functional theory calculation that the energy barriers
for Li2S decomposition on the TMS surface can be signiﬁcantly reduced owing to the strong interaction between lithium cations and sulfur anions in TMSs [26]. And this
oriented structure reported here can make the edge sites of
NCS nanosheets expose to the electrolyte, which may contain
more defects and thus are expected to be more active in
absorbing the polysulﬁde species, fully taking advantage of
their catalytic capability.
3.3. Li-S Battery Performance of the NCS/EOG/CNF
Overlayer. With the best catalytic function exhibited by the
NCS/EOG/CNF overlayer, it is not a surprise that the
NCS/EOG/CNF cell delivered the highest performance
among the several cell conﬁgurations. Figure 3(a) presents
the potential proﬁles of these cells at the second chargedischarge cycle at 0.1 C. The plateaus presented in these
curves are associated with the polysulﬁde redox reaction
peaks in the CV curves (Figure 2(a)). Obviously, cells with
a catalytic overlayer show more broaden plateaus and smaller
polarization. For the EOG/CNF cell, the improvement is
mostly ascribed to the high conductivity of the EOG/CNF
ﬁlm, which facilitates electron transport and physically
blocks the diﬀusion of polysulﬁde to the anode side. The
active EOG nanoﬂake edges [51] also catalytically promote
the redox process of the sulfur electrode. After growth of
NCO or NCS nanosheets along EOG nanoﬂakes, the surface
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as well as the edge-determined catalytic functions of oxides
and sulﬁdes, with more active sites and better catalytic ability,
further eﬃciently catalyze the polysulﬁde redox processes
[21]. As a result, the Coulombic eﬃciency reaches 99.7%,
97.2%, and 99.5% for the NCS/EOG/CNF, NCO/EOG/CNF,
and EOG/CNF cell, respectively, while it is only 94.2% for the
CNF cell without a cathode overlayer. It should be noted
here, although metal oxides have polar surfaces to absorb
and enhance the redox kinetics of polysulﬁde species, realize
the controllable deposition of Li2S, and improve the electrochemical performance of Li-S batteries (Figure 3(a)) [3],
their counterparts, metal sulﬁdes, usually exhibit better electrical conductivity because of the more covalent nature
imparted by soft basic S2−/S22− ions instead of the hard basic
O2− ion and higher binding energy toward polysulﬁde [50],
resulting in better battery performances consequently. The
NCS/EOG/CNF cell after the second fully discharged process was disassembled, and the morphology of the electrode
and NCS/EOG/CNF overlayer was further studied by SEM
technique. As shown in Figure S16, the carbon nanoﬁbers
in CNF maintain their original shape with some
nanoparticles attached on their surfaces which are the
reserved Li2S reduction product. For the NCS/EOG/CNF
overlayer, the vertical orientation of these nanosheets can
still be clearly observed, demonstrating their stability
during battery cycling.
Figure 3(b) compares the capacity and the Coulombic
eﬃciency of the four cells (sulfur loading of 2 mg·cm−2) in
the ﬁrst 100 cycles at diﬀerent current densities. Without
the assistance of a catalytic overlayer in the cathode, the cell
capacity only reaches ~750 mAh·g−1 at 0.1 C and drops signiﬁcantly as the current density ramps up. At the 100th cycle,
its capacity is only 495 mAh·g−1 with a Coulombic eﬃciency
of 91.3% at 0.3 C. In contrast, under the same testing condition, the EOG/CNF cell has a capacity of 957 mAh·g−1 with
98.2% eﬃciency, the NCO/EOG/CNF cell has a capacity of
1046 mAh·g−1 with 98.3% eﬃciency, and the NCS/EOG/CNF
cell has a capacity of 1072 mAh·g−1 with 98.5% eﬃciency at
the 100th cycle. The NCS/CNF cell with 2 mg·cm−2 of sulfur
loading was also cycled at 0.3 C; in spite of the increased
usage amount of the NCS catalyst in the NCS/CNF ﬁlm,
its speciﬁc capacity (~950 mAh·g−1, Figure S17) is still
lower than that of the NCS/EOG/CNF cell, further
demonstrating the eﬀectiveness of the vertical structure in
the NCS/EOG/CNF ﬁlm in promoting the Li-S battery
performances. As it is known, the internal shortcut due to
LiPSs shuttling between the cathode and the anode is largely
responsible for the low Coulombic eﬃciency of LSB [52, 53].
Incorporation of a thin catalytic overlayer in the cathode
dramatically improves the LiPSs conversion kinetics and
thus reduces their shuttling, and hence, cells show above
98% Coulombic eﬃciency, representing a huge leap from
the ~91% recorded on the cell without an overlayer in the
cathode. Even with a reduced electrolyte/sulfur (E/S) ratio of
10, the NCS-derived cell with 2 mg·cm−2 of sulfur loading
can still deliver around 900 mAh·g−1 of speciﬁc capacity at
0.3 C, with Coulombic eﬃciency ~98% (Figure S18). The
voltage proﬁle evolution of the NCS/EOG/CNF cell at
diﬀerent cycle numbers is extracted and summarized in
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Figure 3: (a) The voltage proﬁles in the 2nd charge-discharge cycle and (b) cycling performance at the rate of 0.1 C–0.3 C of LSBs with
diﬀerent overlayers incorporated in the cathode. (c) Charge-discharge voltage proﬁles in diﬀerent cycles for the NCS/EOG/CNF cell. (d)
Long-term cycling performance of the NCS/EOG/CNF cell at 1 C. (e) Charge-discharge curves in the 2nd cycle and (f, g) cycling
performance of NCS/EOG/CNF cells with diﬀerent sulfur loadings of 2, 4, and 6 mg·cm−2.

Figure 3(c). With the current density increasing from 0.1 C to
0.3 C, the plateaus of the redox reactions keep being stable,
suggesting the good conductivity and catalytic activity of the
overlayer-incorporated cathode.
With diminished LiPSs shuttling and the related eﬀects,
the NCS/EOG/CNF catalytic overlayer signiﬁcantly improves
the performance stability of LSB cells. As shown in
Figure 3(d), an NCS/EOG/CNF cell with a sulfur load of
2 mg·cm−2 was cycled at 1 C for 400 cycles (the ﬁrst ten cycles
were recorded at 0.1 C for stabilizing purposes). Although the
capacity drops from 1100 to 750 mAh·g−1 when the chargedischarge rate is suddenly switched from 0.1 C to 1 C, it slowly
recovers to 930 mAh·g−1 upon cycling. At the 400th cycle, the

cell retains a capacity of 740 mAh·g−1 at 1 C, which is in
the top tier of performance in comparison with other
metal oxide- and sulﬁde catalyst-based LSBs [21]. As
shown in Figure S19, the NCS/EOG/CNF-functionalized
cell showed impressive rate capability and could deliver
480 mAh·g−1 at a very high rate of 3 C. Their Coulombic
eﬃciency was generally above 98% except when the rate
was suddenly changed.
We also prepared cathodes with diﬀerent sulfur loadings
and their performances are presented in Figures 3(e)–3(g).
The speciﬁc capacity of each cell at the 2nd cycle
(Figure 3(e)) is around 1150, 989, and 800 mAh·g−1 for sulfur
loading of 2, 4, and 6 mg·cm−2, respectively. In comparison
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with that of the NCS/EOG/CNF cells with low sulfur loadings, the voltage proﬁle of the cell with 6 mg·cm−2 of sulfur
loading shows shortened and distorted charge and discharge
plateaus. This phenomenon is considered to be caused by the
aggregation of the nonconductive sulfur and Li2S species
which can retard the electrochemical kinetics of electrode
reactions (such as poor electron and ion transportation processes) and exacerbate the polysulﬁde shuttling process. In
addition, due to the high sulfur loading, the required high
areal charge-discharge current density will also cause high
polarization in the cathode during cycling. By cycling these
cells for 100 cycles, all of them demonstrate stable capacity
retention, with Coulombic eﬃciency maintaining above
98%. For the areal capacity, the cell with 6 mg·cm−2 sulfur
loading can reach to 4.5 mAh·cm−2 at the 100th cycle at
0.3 C. Figure S20 compares the areal capacity achieved in
this work with those reporting Li-S electrode/interlayer
studies [44, 54–59].
Besides the sulfur mass loading, the sulfur fraction in the
cathode is another important criterion to evaluate the speciﬁc
energy of the total cathode, including the current collector. In
the conventional sulfur cathode design that uses a sulfur
paste coated on a typical 15 μm thick Al foil current collector,
even if we assume a high sulfur fraction (70% in the paste)
and high sulfur mass loading (6 mg·cm−2), both being rare
cases ever reported in the literature, when the mass of the
Al foil (4.05 mg·cm−2) is included, the sulfur fraction
becomes only 47.5% in the whole cathode. In our freestanding cathode structure design, the total mass density of CNF
and NCS/EOG/CNF layers is 3.12 mg·cm−2, so the sulfur
fraction in the whole cathode reaches 65.8% for 6 mg·cm−2
sulfur loading. This gives a sulfur fraction increase by
38.5% over the conventional design. Correspondingly, the
speciﬁc energy based on the total cathode mass will be
translated into 38.5% increase. It is noted that the introduction of the overlayer can also contribute to build a uniform current distribution across the electrode, helping
restricting the growth of lithium dendrites upon long-term
cycling operation [60].

4. Conclusions
In this work, few-layer NCS nanosheets were successfully
grown on a vertical graphene-modiﬁed CNF ﬁlm, which
was incorporated into the sulfur cathode design for LSBs.
With its edge-oriented structure and fully exposed and easily
accessed surface area, the catalytic activity of NCS towards
polysulﬁde absorption/conversion can be fully exerted even
with a small loading. In addition, the ﬂexible EOG/CNF
substrate can also signiﬁcantly enhance the electron conductivity of the overlayer and physically shield the polysulﬁdes from diﬀusing to the anode side. As a result, LSBs
with a thin NCS/EOG/CNF overlayer give much better
battery performances in terms of speciﬁc capacity, over
potential, rate ability, and cycling stability than the one
without an overlayer design. It is expected that such a
novel structure design and the corresponding synthesis
strategy could also be applied in constructing other catalytic material-based nanostructures for broad applications,
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such as fuel cells, electrochemical hydrogen production,
and electrochemical CO2 reduction.
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