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Stringed ‘‘tube on cube’’ nanohybrids as compact
cathode matrix for high-loading and
lean-electrolyte lithium–sulfur batteries†

Gaoran Li,‡a Wen Lei,‡b Dan Luo, a Yaping Deng,a Zhiping Deng,b Deli Wang, *b

Aiping Yu a and Zhongwei Chen *a

The rational design of cathode host materials is significant in

fulfilling high-efficiency sulfur electrochemistry as well as boosting

the energy density of lithium–sulfur (Li–S) batteries. Herein, we

develop a stringed ‘‘tube on cube’’ nanohybrid (CPZC) with a ternary

hierarchical architecture, which contains a fibrous carbon skeleton,

highly porous carbon cube filler, and abundant CNT tentacles as

an advanced matrix for sulfur electrodes. The as-developed CPZC

delivers excellent conductivity, abundant active interfaces, and

strong confinement to polysulfide, and thus is capable of signifi-

cantly expediting the sulfur redox kinetics and promoting battery

durability. The fabricated sulfur electrode achieves a superb rate

capability up to 10C, outstanding cyclability over 2000 cycles,

and more importantly, excellent performance under high a sulfur

loading and sparing electrolyte with a high energy density of

348.8 W h kg�1 and 327.6 W h L�1 at the system level, which reveals

its potential in promoting the practical application of Li–S batteries.

Introduction

Since conventional lithium-ion batteries (LIBs) are approaching
their theoretical limits, the development of battery chemistry
beyond the lithium-ion intercalation mechanism is necessary
to meet the ever-growing energy demand. Among the candidates,
lithium–sulfur (Li–S) batteries exhibit great promise to revolutio-
nize the energy storage field due to their high energy density,
which is theoretically quintuple that of conventional LIBs
(2500 vs. 500 W h kg�1).1–3 Besides, the cost effectiveness and

good environmental benignity of Li–S batteries further
strengthen their prospect for high-efficiency and sustainable
energy storage.4,5 However, the practical implementation of
Li–S batteries is still retarded by several obstacles including
the insulating nature of elemental sulfur and its lithiation
products, the dissolution and shuttling behaviors of the inter-
mediate polysulfides, and the large volume variation of active
materials during the battery cycling, which result in unsatisfac-
tory practical energy densities and poor operational durability.6

During the past few decades, numerous research efforts
have been dedicated to address these problems, which include
but are not limited to, multifarious cathode structures,
functional interlayers, electrolyte modifications, and anode
protections.7–9 Among them, the rational construction of the
sulfur cathode plays a particularly important role in fulfilling
high-efficiency sulfur electrochemistry and boosting the battery
performance. The rationale behind the design of sulfur electrodes
relies on several principles considering the unique characteristics
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Broader context
Lithium–sulfur (Li–S) batteries represent one of the most promising
battery chemistries beyond the currently dominating Li-ion technology
to support the ever-expanding electrical market. However, the practical
implementation of Li–S batteries is still impeded by several intractable
obstacles including the insulating nature of active sulfur, the shuttling
behaviour of intermediate polysulfides, and the volume variation during
battery operation. Thus, the rational design of cathode structure serves as
a crucial pathway toward practically viable Li–S batteries. Herein, we
report the target-oriented design of a hierarchical conductive fabric
(CPZC) as an advanced self-standing cathode matrix for enhanced Li–S
battery performance. This elaborate structure endows the as-developed
CPZC with excellent charge transfer, robust electrode integrity, and
strong sulfur confinement, thus enabling intriguingly fast and durable
sulfur electrochemistry even under a high sulfur loading and low
electrolyte. This work offers an instructive paradigm of rational
material engineering to address the aforementioned challenges and
promote the electrochemical performances of Li–S batteries.
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of Li–S electrochemistry: (i) the deficiency of both ionic and
electrical insulations for the active materials requires the establish-
ment of a pass-through system that allows rapid electron and ion
conduction within the cathode for sufficient sulfur redox reactions.
Additionally, it is worth noting that the conventional fabrication of
sulfur electrodes is generally based on particle-type materials and
slurry-casting technology, where the indispensable utilization of
non/poorly conductive polymer binder not only deteriorates the
charge transfer within the electrode, but also easily induces the
loss of conductive contact between the particles when sulfur
species dissolve in the electrolyte. This leads to sluggish reaction
kinetics as well as vulnerable electrode integrity.10 Accordingly, a
binder-free, highly interconnected, and uninterrupted conductive
matrix holds great promise to support good electrode robustness
and favorable long-range electrical conductivity.11,12 (ii) In addi-
tion, sulfur electrochemistry in the liquid configuration strongly
relies on the phase conversions between solid and liquid sulfur
species on the electrode surface. Accordingly, this calls for abun-
dant electrode/electrolyte interfaces for sufficient sulfur redox
reactions.13 (iii) Besides, the intrinsically high solubility and
mobility of the intermediate polysulfides in the electrolyte give
rise to severe sulfur loss and detrimental anodic reactions. Hence,
a well-designed electrode structure is also expected to effectively
confine the sulfur species within the cathode to inhibit the
shuttling effect and enhance the energy efficiency.14,15 (iv) Further-
more, the energy density of the Li–S battery system relies on the
synergism between the electrodes and electrolyte. An insufficient
sulfur loading and excessive usage of electrolyte severely compro-
mise the energy density at the system level and easily fail to meet
the demands of practical applications.16,17 Therefore, the sulfur
electrode is also required to be rationally designed and capable of
sustaining decent sulfur electrochemistry under a considerably
high sulfur loading and a minimal electrolyte dosage for a practical
viable energy density at the system level.

Thus, considering these rules, we elaborately develop a
stringed ‘‘tube on cube’’ carbonaceous hybrid (denoted as
CPZC) with a ternary hierarchical architecture consisting of a
fibrous skeleton, porous cubic fillers, and carbon nanotube
(CNT) tentacles rooted on the cubes as an advanced sulfur host
for enhanced Li–S battery performance. During its synthesis,
the polyacrylonitrile (PAN)-derived carbon impregnates the

ZIF-67-derived carbon cubes within the fibrous skeleton, while
the CNTs are grown via a sequential CVD process to further
interlink the fibers and form a self-standing and highly con-
ductive network. The as-developed hierarchical architecture
delivers a highly interconnected fibrous network for long-
range and fast electron conduction, high porosity for easy
electrolyte infiltration and rapid ion transfer, as well as high
surface area for sufficient interfacial reactions, thus allowing
efficient and fast sulfur redox reactions. Meanwhile, the high
porosity and intrinsic element doping in CPZC result in strong
physical and chemical confinements to polysulfides, which
contribute to the effective inhibition of shuttling behavior
and enhancement in battery durability. Consequently, the
as-developed CPZC realizes an excellent electrochemical per-
formance, i.e., high rate capability up to 10C and outstanding
cyclability with an ultra-low capacity fading rate of 0.016% per
cycle over an ultralong test of up to 2000 cycles. More impor-
tantly, these unique structural advantages enable excellent
battery electrochemistry under practical conditions, namely a
high sulfur loading of up to 13.5 mg cm�2 and lean electrolyte
usage as low as E/S = 3 mL g�1, with an attainable energy
density of 348.8 W h kg�1 and 327.6 W h L�1 at the system
level, which demonstrate intriguing potential for practical
applications.

Results and discussion

Fig. 1 illustrates the synthetic process of the CPZC fabric (see
details in the Experimental section, ESI†). The zeolitic imida-
zolate framework-67 (ZIF-67) nanocubes with a uniform size
were prepared first, as previously reported (Fig. S1, ESI†).18 The
XRD pattern of ZIF-67 confirms its crystallinity, which displays
the characteristic sharp peaks consistent with previous reports
(Fig. S2, ESI†).19 Subsequently, the obtained ZIF-67 nanocubes
were uniformly dispersed in PAN/DMF solution with a PAN to
ZIF-67 weight ratio of 2 : 1, which was then employed for
electrospinning to prepare the self-standing composite fabric
thin film. For comparison, the pure PAN fabric was also
prepared under the same conditions using the blank PAN/
DMF solution as the electrospinning precursor. The obtained

Fig. 1 Schematic illustration of the synthesis of the CPZC fabric.
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PAN@ZIF composite (PZ) film was purple color, in contrast to
the white pure PAN film, as shown in Fig. S3, ESI.† The SEM
results reveal a smooth surface for the pure PAN fiber, whereas
the obtained PZ composite fiber clearly exhibits cubic particles
impregnated within the PAN skeleton and a simultaneously
increased fiber diameter (Fig. S4, ESI†). The XRD pattern
confirms the successful impregnation of ZIF-67 in the PAN
matrix with sharp peaks indexed to the ZIF crystallite in the PZ
composite fiber (Fig. S5, ESI†). PZ composite fibers with
different PAN to ZIF ratios (10 : 1, 5 : 1, and 3 : 1) were also
prepared, as shown in Fig. S6, ESI.† The morphology variation
involving an increase in the quantity of cubes and widening of
the fiber diameter can be clearly observed with an increase in
the PAN to ZIF ratio. However, a higher ZIF dosage (42 : 1 for
PAN to ZIF ratio) failed to maintain the encapsulation structure,
thus 2 : 1 was employed as the optimized ratio. Afterwards, the
obtained PZ fiber was pyrolyzed under an argon atmosphere to
yield the carbonaceous composite fiber (denoted as CPZ). After
pyrolysis, the carbonized PAN (CP) fiber retained a smooth surface
and solid fibrous morphology (Fig. 2a–c). By contrast, the PZ
sample was transformed into a binary hierarchical architecture
hybridizing the fibrous skeleton and highly porous cubic filler
(Fig. 2d–f), where the ZIF-derived porous carbon cubes embedded
with abundant cobalt nanoparticles were uniformly stringed by
the PAN-derived fiber matrix. Accordingly, CPZ samples based on
different PAN to ZIF ratios were also prepared. The SEM and TEM
images show the good encapsulation structure in all the fabrics,
while a significant increase in the quantity of the cubic filler and
porosity of the composite fabric can be observed with an increase

in the dosage of ZIF in the precursor (Fig. S7, ESI†). When applied
as a sulfur host, the highly porous carbon cube filler is expected
to offer effective nanoconfinement and uniform distribution for
active sulfur to ensure fast short-range electron conduction, while
the tight packing by the long length-diameter fibrous carbon
promises good long-range conductivity. Accordingly, the obtained
CPZ was subjected chemical vapor deposition (CVD) treatment to
construct accessible carbon nanotubes rooted on the CPZ sub-
strate. The obtained PAN@ZIF@CNT composite fabric (denoted
as CPZC) was endowed with a ternary hierarchical architecture
with a CP fibrous skeleton, porous hollow carbon cube fillers, and
CNT tentacles, as observed in Fig. 2g–i. The CNT amount in the
obtained CPZC composite fabric continued to increase with an
increase in the amount of ethylenediamine, as shown in Fig. S8,
ESI.† As the CNT content tended to saturation with a further
increase in the gas source, 3 mL ethylenediamine was adopted as
the optimized value for CNT construction (Fig. S9, ESI†). The
grown CNTs have a width of dozens of nanometers and length of
several micrometers with a bamboo-like morphology constructed
by highly graphitic walls (Fig. 2h and i and Fig. S10, ESI†).
More importantly, the CNTs intertwine in the junctions between
adjacent fibers, which contributes to the strengthened structural
integrity and facilitates electron conduction within the entire
matrix (Fig. S11, ESI†).

The structural characters of the as-developed carbonaceous
products were investigated via XRD measurements (Fig. 3a).
Different from the pure CP sample, which shows a typical XRD
pattern indexed to amorphous carbon, sharp peaks corres-
ponding to the metallic cobalt can be clearly observed for both

Fig. 2 Morphological characterization. SEM and TEM images of the obtained (a–c) CP, (d–f) CPZ, and (g–i) CPZC fibers.
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the CPZ and CPZC samples, confirming the existence of Co
nanoparticles in their carbon matrix. This result is also con-
sistent with the above morphology observations. Notably, CPZ
and CPZC show sharper peaks at around 251 than that in the CP
pattern, which corresponds to the (002) lattice plane of carbon
and implies higher graphitization in CPZ and CPZC contributed by
the catalytic actions of the metal cobalt nanoparticles.20,21 This
result is further supported by their Raman spectra, as shown in
Fig. 3b. Two peaks located at 1342 and 1578 cm�1 can be observed
in the Raman spectra of all these samples, which correspond to
the disorder-induced vibrational mode in the hybridized carbon
rings (D band) and the symmetry-allowed vibrational feature of
the sp2 carbon atom pairs (G band), respectively.22,23 The intensity
ratio of the D band to G band (ID/IG) is a well-acknowledged
indicator negatively correlating the degree of carbon graphiti-
zation.24 Accordingly, a decrease in the degree of disorder in the
sp2 carbon lattice can be observed going from CP to CPZ and
CPZC, which is attributed to the catalyzed graphitization by the
metal Co sites during the pyrolysis process, as mentioned above.
The improved graphitization is also confirmed by the high-
resolution TEM study, where abundant lattice fringes of graphi-
tized carbon can be clearly observed (Fig. S12, ESI†). The lowest
ID/IG ratio was obtained for the CPZC sample owing to the
additional contribution by the highly graphitized carbon walls in
the CNTs (Fig. S10, ESI†). These results consistently confirm the
high degree of graphitization of the as-developed CPZC, which has
the potential to offer favorable electron conduction. Due to the
synergetic combination of the interconnected fibrous skeleton,

highly graphitized carbon structure, and CNT intertwined fiber
junctions, CPZC exhibits the highest conductivity of 11.5 S cm�1

among the obtained samples (Fig. S13, ESI†), which holds great
promise for fast sulfur redox reactions.

The pore structures of the as-developed samples were inves-
tigated via N2 adsorption–desorption analysis (Fig. 3c and
Fig. S14, ESI†). The comparison of their isotherms displays a
significant enhancement in porosity from CP to CPZ (Fig. S14a
and c, ESI†), which is consistence with the morphology varia-
tion observed in Fig. 2. CPZ exhibits a much higher BET surface
area of 743.5 m2 g�1 and pore volume of 1.55 cm3 g�1 than
that of CP (34.2 m2 g�1 and 0.023 cm3 g�1, respectively).
Furthermore, a significant enhancement in both micro- and
meso-porous structure can be observed from CP to CPZ
(Fig. S14b and d, ESI†), which is attributed to the fact that
the decomposition of the ZIF-67 particles not only transforms
them into highly porous hollow carbon nanocubes, but also
induces pore formation in the PAN substrate through the
impact, corrosion, and activation by the decomposition products.25

Additionally, the interaction between the CNTs causes a slight loss in
porosity from CPZ to CPZC (665.6 m2 g�1 and 1.45 cm3 g�1,
respectively) but with an increase in the proportion of meso/
macro-pores, which is attributed to the intrinsic pore characteristics
of the CNTs (Fig. 3c and Fig. S14c and d, ESI†).26 The high porosity
of CPZC is expected to offer strong physical confinement to sulfur
species for inhibited shuttling behavior, while its high surface area
introduces abundant electrode/electrolyte interfaces easily accessible
to both electrons and ions for fast and efficient sulfur interfacial

Fig. 3 Structural characterization. (a) XRD patterns and (b) Raman spectra of the CP, CPZ, and CPZC fabrics. (c) N2 adsorption/desorption isotherm
curve and pore distribution (inset) of the CPZC composite fabric. High-resolution XPS spectra of (d) C1s, (e) N1s, and (f) Co2p for the CPZC composite
fabric.
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reactions. Moreover, its high pore volume is also promising to
enable a high-efficiency sulfur loading, electrolyte infiltration, and
good accommodation to the volume variation upon battery cycling.
Therefore, the as-developed CPZC delivers an intriguing porous
structure to favor fast and durable sulfur electrochemistry.

The surface chemistry of the as-developed CPZC was studied
via XPS. The survey spectrum confirms the existence of nitrogen
and cobalt in CPZC, which have characteristic peaks at around
400 and 780 eV, respectively (Fig. S15, ESI†). The high-resolution
C1s spectrum of CPZC shows four subpeaks, where the two
located at 285.7 and 287.2 eV are assigned to the CQN and
C–N bonds, respectively, which verify the heteroatom doping of N
in the carbon matrix (Fig. 3d).27,28 The N-doping originated from
the decomposition of both PAN and the organic ligands in the
ZIF-67 crystal, while the CNTs derived from ethylenediamine also
contribute to additional N sites, as evidenced by the element
mapping results (Fig. S16, ESI†). The N and Co contents in the
as-developed CPZC fabric are around 7.8 and 13.1 wt%,
respectively, according to the EDX and combustion analysis.
The chemical status of the dopant N was further revealed by the
high-resolution N2p spectra, as shown in Fig. 3e. The spectrum
can be differentiated into four subpeaks corresponding to pyri-
dinic N (398.2 eV), pyrrolic N (399.8 eV), graphitic N (400.9 eV),
and oxidic N (403.5 eV). In addition, the high-resolution Co2p
spectra of CPZC show peaks assigned to Co2p3/2 and Co2p1/2 at
778.1 and 793.6 eV, respectively. The deconvoluted spectra exhibit
metallic Co, oxidic Co and satellites, as depicted in Fig. 3f.20,29 The
XPS results manifest that the as-developed CPZC is enriched with
N doping and Co species. The doping chemistry is expected to
favor the sulfur redox reactions by endowing the carbon substrate
with a more polar surface, which can effectively immobilize
polysulfides via chemical adsorption to inhibit polysulfide shut-
tling and improve battery durability. The chemical interactions
between polysulfide and CPZC were verified by further XPS
analysis. As shown in Fig. S17a, ESI,† the S2p spectrum of pristine
Li2S6 shows typically two pairs of peaks at 161.3 and 162.8 eV,
which correspond to the terminal sulfur (ST) and bridging sulfur
(SB), respectively.30 After it is adsorbed by CPZC, a significant shift
can be observed for these peaks to a higher energy range, which
suggests a decrease in the electron cloud density in the sulfur
atoms as a result of the chemical bonding between Li and N to
form a ‘‘lithium bond’’ interaction.31,32 In addition, two pairs of
new peaks corresponding to the sulfite and sulfate species emerge
in the high binding energy range, which signify the interactions
between polysulfide and oxidic species in CPZC.33 Notably, a new
peak appears at a low binding energy of 160.4 eV, which corre-
sponds to the Co–S bonding and indicates the chemical inter-
actions between polysulfide and the Co sites. Besides, the Li1s
spectra also display a broadened peak and the emergence of a new
subpeak ascribed to the Li–N bonding, which is consistent with
the above results (Fig. S17b, ESI†).34 All these results collectively
verify the strong chemical interactions between CPZC and poly-
sulfide, which are expected to chemically strengthen the sulfur
immobilization in Li–S batteries.

Furthermore, the interactions between CPZC and polysulfide
were also simulated and inspected through a visual adsorption

measurement. Initially, an Li2S6 solution was prepared by stoi-
chiometrically dissolving elemental sulfur and lithium sulfide
in dimethoxy ethane/1,3-dioxolane (DME/DOL) binary solvent.
Then, CP, CPZ, and CPZC were immersed into the solution as
polysulfide absorbers for 24 h. As shown in Fig. S18, ESI,† the
blank Li2S6 solution was light brown in color. However, after
adsorption by CPZC, the solution became almost colorless
and transparent, indicating its superb capability of adsorbing
polysulfide. This result is also confirmed by the UV-vis analysis.
The UV-vis spectrum of the blank Li2S6 solution shows two peaks
located at around 411 nm and 280 nm, which are assigned to
the S6

2� and S4
2� species, respectively.35,36 Comparatively, the

solution adsorbed by CPZC exhibits a much more drastic intensity
decrease for these peaks compared to that for CP and CPZC,
which indicates the significant decrease in polysulfide concen-
tration in solution and admirable polysulfide adsorption capability
of the as-developed CPZC. The superior polysulfide adsorption of
CPZC is attributed to two factors: (a) the strong chemical inter-
actions between polysulfide and CPZC serve as effective traps to
anchor the polysulfide species on its surface and (b) the high
porosity of CPZC provides favorable physical confinement to poly-
sulfide, while simultaneously, its high surface area exposes more
active sites for both physical and chemical adsorption.

Considering these structural and chemical superiorities,
CPZC was then applied as the sulfur host material to investigate
its practical improvement in battery performance. A sulfur-
CPZC composite (S@CPZC) was prepared via the conventional
melt-diffusion method (see details in the Experimental section,
ESI†), and used as the sulfur electrode directly for electro-
chemical characterization. Sulfur composite electrodes based
on CP and CPZ (denoted as S@CP and S@CPZ, respectively)
were also prepared for comparison. The XRD pattern verifies
the successful loading of sulfur in the composite, which shows
sharp peaks indexed to orthorhombic sulfur (PDF#08-0247,
Fig. S19, ESI†). The significantly weakened adsorption/
desorption behavior, as shown in the isotherm curve after
sulfur loading, indicates efficient sulfur occupation in the
CPZC pores (Fig. S20, ESI†). Moreover, the element mapping
also demonstrates the uniform sulfur distribution in the
obtained composite (Fig. S21, ESI†). These results manifest
the successful and uniform sulfur loading in the obtained
sulfur composite. The sulfur content in the composite was
determined to be 75.2 wt% by TGA analysis (Fig. S22, ESI†).
The conductivities of the sulfur composites were also investigated,
as shown in Fig. S13, ESI.† It should be noted that the conductivity
of the obtained sulfur composite depends on not only the intrinsic
electron conduction property of the host material, but also the
sulfur distribution status within its matrix. Benefiting from the
high porosity and large surface area of CPZC, sulfur can be well
dispersed on the conductive surface, thus contributing to the
highest composite conductivity as well as the smallest conduction
fading after sulfur loading compared with that of CP and CPZ. This
result further illustrates the great structural superiorities of the
as-developed CPZC as sulfur host material.

The electrochemical evaluation of the obtained sulfur electrodes
was initially performed by galvanostatic charge–discharge tests.
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Fig. 4a shows the typical voltage profiles of the different sulfur
electrodes at a rate of C/5 (1C = 1675 mA g�1). All the electrodes
exhibit the typical two-plateau discharge curves, which corre-
spond to the multi-step sulfur electro-reduction. The higher
discharge plateau located at around 2.3 V (vs. Li+/Li, hereinafter
inclusive) corresponds to the transformation from solid
elemental sulfur to high-ordered polysulfides (Li2Sn, 4 o n r 8),
which dissolve in the ether-based electrolyte. The further
reduction of polysulfides to form low-ordered and insoluble
Li2S2 and Li2S contributes to the lower discharge plateau at
around 2.1 V. The cell charging undergoes a reverse process by
showing two corresponding charge plateaus. The cyclic voltam-
metry (CV) curves are consistent with the voltage profiles, which
show two pairs of sulfur redox peaks within the studied potential
range (Fig. 4b). It is worth noting that the S@CPZC electrode
delivers a high initial specific capacity of 1286.9 mA h g�1, which
is 76.8% of its theoretical limit and much higher than that of
the S@CP (1015.3 mA h g�1) and S@CPZ (1175.7 mA h g�1)
electrodes, indicating enhanced sulfur utilization in the S@CPZC

electrode. This is attributed to the high conductivity and large
surface area of CPZC, which offer abundant electrode/electrolyte
interfaces easily accessible to electrons and ions for thorough
sulfur redox reactions. Additionally, the S@CPZC electrode also
shows the smallest potential gap between the charge and dis-
charge plateaus among the three electrodes, while its CV curve
consistently delivers the sharpest peaks and smallest redox
potential gaps (Fig. S23, ESI†). These results strongly indicate the
facilitated sulfur redox reactions and fast kinetics for the CPZC-
based sulfur electrode. Fig. 4c shows the cycling performances of
the different sulfur electrodes. It can be clearly observed that
S@CPZC electrode delivers the highest capacity and best cycling
stability among the sulfur electrodes with a high capacity retention
of 82.4% (1059.8 mA h g�1) after 50 cycles at a rate of C/5 rate,
while the S@CPZ and S@CP electrodes retain only 72.7%
(848.7 mA h g�1) and 59.1% (600.15 mA h g�1) of their initial
capacities, respectively. Additionally, the cycling performances
of the S@CPZ electrodes with different PAN to ZIF ratios and
S@CPZC electrodes with different CNT contents were also

Fig. 4 Electrochemical characterization. (a) Voltage profiles at a rate of C/5, (b) CV curves at 0.1 mV s�1, (c) cycling performances at a rate of C/5, and
(d) rate performances of different sulfur electrodes based on CP, CPZ, and CPZC. (e) Long-term cycling performance of the S@CPZC electrode at a
rate of 1C.
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investigated, as shown in Fig. S24 and S25, ESI.† A clear evolution
of the enhanced cyclability for the corresponding sulfur electrodes
can be observed with an increase in the PAN to ZIF ratio and
the CNT content, which further confirms the great benefits of
these structures for durable sulfur electrochemistry. The superior
cyclability of the S@CPZC electrode is attributed to the strong
sulfur confinement via the combined physical and chemical
interactions between CPZC and polysulfide, as verified above,
which efficiently immobilize the active sulfur within the cathode
and suppress polysulfide shuttling, leading to stable battery cycling
behavior. Furthermore, post-cycling morphological characteriza-
tion was performed to investigate the structural stability of the
as-developed CPZC upon battery cycling. As shown in Fig. S26a,
ESI,† the S@CPZC electrode disassembled from a cycled cell well
maintained the fibrous architecture. After washing with THF and
CS2 to remove the sulfur species, a clearer hierarchical stringed
‘‘tube on cube’’ hybrid structure can be observed, as shown in
Fig. S26b and c, ESI,† which strongly illustrates the excellent
structural stability of CPZC upon battery cycling.

The rate capabilities of the obtained sulfur electrodes were
evaluated through multi-rate cycling, as shown in Fig. 4d. The
S@CPZC electrode retains an intriguingly high capacity of
622.6 mA h g�1 at a high current rate of up to 10C, which
recovers to 1032.3 mA h g�1 as the current is reduced back to a
rate of C/5, indicating its fast sulfur redox kinetics and highly
reversible electrochemistry. This result is consistent with the
smallest polarization in the voltage profiles and CV curves, as
previously discussed, as well as the smallest internal resistance
in the EIS spectra (Fig. S27, ESI†). In contrast, the S@CPZ and
S@CP electrodes show much poorer rate capabilities with low
capacities of 364.4 mA h g�1 and 145.9 mA h g�1, respectively,
at a rate of 10C. The superior reaction kinetics of the S@CPZC
electrode benefits from its high electrical conductivity and high
surface area with abundant electrode/electrolyte interfaces for
fast electron/ion transfer. Meanwhile, its strong adsorption
of polysulfides also establishes a high-concentration layer of
active sulfur species, which in turn favors fast sulfur redox
reactions. The improved reaction kinetics of the S@CPZC
electrode was further verified by CV measurements in a sym-
metrical coin cell configuration. As shown in Fig. S28, ESI,†
the symmetrical Li2S6–Li2S6 cell based on CPZC exhibits a much
higher current density than that with CP and CPZ, which
indicates its great capability of fulfilling fast and sufficient
electrochemical polysulfide reactions.37 Accordingly, the S@CPZC
electrode was subjected to a long-term galvanostatic cycling test,
as shown in Fig. 4e. The as-developed S@CPZC electrode achieved
outstanding cyclability with an ultralow capacity fading rate of
0.016% per cycle and a constantly high coulombic efficiency
exceeding 99% over the ultra-long 2000 cycles at a rate of 1C. It
should be noted that the cyclability and rate capability demon-
strated in this work is highly competitive among the recently
published literature based on fibrous sulfur electrodes (Table S1,
ESI†) and other host materials with various morphologies
(Table S2, ESI†), which further supports the great structural
superiorities of CPZC in boosting the sulfur reaction kinetics
and prolonging the battery lifespan.

As a promising alternative energy storage technology to the
currently dominant Li-ion batteries, the development of Li–S
batteries is required to focus more on the practical perfor-
mance at the system level rather than specific evaluation solely
on the sulfur electrode. Despite the encouraging progress made
in the past few decades, most of the good performances are
achieved under a low areal sulfur loading (o1.5 mg cm�2) and
high electrolyte content (E/S 4 10 mL g�1, E/S represents the
electrolyte to sulfur ratio).38 On the one hand, cathodes with
a low sulfur loading can hardly achieve competitive areal
capacities with the state-of-art Li-ion batteries, while the abuse
of electrolyte further compromises the energy density of Li–S
batteries both gravimetrically and volumetrically at the system
level. On the other hand, the above-mentioned problems
of sulfur electrochemistry become more intractable under a
considerably increased sulfur loading and sparing electrolyte
usage.39,40 Therefore, a rationally designed cathode structure is
desirable to support decent sulfur electrochemistry under these
conditions to give a viable energy density for Li–S batteries.
Accordingly, the as-developed S@CPZC electrode was further
employed to pursue a high sulfur loading and low electrolyte
content to explore its potential for practical use. Thicker
electrodes were prepared for an increased sulfur loading to
maintain the sulfur content at around 75 wt% in the compo-
sites (Fig. S29, ESI†). As shown in Fig. 5a, the S@CPZC electro-
des exhibit a continuous increase in areal capacity with the
enhancement in areal sulfur loading. A reversible areal capacity
of 4.66 mA h cm�2 was achieved at a sulfur loading of
5.1 mg cm�2, which outperforms that of the commercial Li-ion
battery (typically 3.0–4.0 mA h cm�2) and implies its good promise
in yielding a competitively high energy density.41,42 As the sulfur
loading was further increased to 9.2 mg cm�2, an even higher
areal capacity of up to 8.2 mA h cm�2 was achieved despite the
slight deterioration in cycling stability to a certain extent. It should
be noted that although a high areal capacity can be obtained upon
increasing the sulfur loading, the specific capacity continues to
fade with this variation. This signifies the limited sulfur utiliza-
tion resulting from the impeded electron and ion transfer within
the thick electrode (Fig. S30, ESI†). Besides, deteriorated cycling
stability was also observed particularly for the electrodes with an
ultra-high sulfur loading (Z9.2 mg cm�2), which is ascribed to
the considerably concentrated polysulfides and their aggravated
shuttling behaviour, which lead to not only high viscosity of the
electrolyte and poor ion transfer, but also serious corrosion on the
lithium surface. In addition to the sulfur loading, the electrolyte
dosage was also optimized to achieve a high energy density at the
system level. It can be observed that the voltage profiles of
the S@CPZC electrode (sulfur loading: 5.1 mg cm�2) displayed
reduced capacities and aggravated polarization with a decrease in
the E/S ratio from 12 to 3 mL g�1, which implies the deterioration
of sulfur utilization and sulfur redox kinetics (Fig. 5b and
Fig. S31a, ESI†). The decrease in electrolyte induces insufficient
wetting of the electrode surface, and thus fails to offer adequate
electrolyte/electrode interfaces for thorough sulfur conversion
reactions. In addition, the lack of electrolyte also gives rise to a
high polysulfide concentration and electrolyte viscosity upon the
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sulfur electrochemical reactions, leading to severely impeded
ion transportation and increased electrochemical impedance
(Fig. S31b, ESI†). Nevertheless, a clear two-plateau discharge profile
was still achieved even at an extremely low E/S ratio of 3 (Fig. 5b),
which indicates the great structural superiority of CPZC in main-
taining good sulfur electrochemistry under a low electrolyte content.

Based on these results, the optimized sulfur loading of
5.1 mg cm�2 and E/S ratio of 6 mL g�1 were employed to
investigate the rate capability and cycling stability of the
S@CPZC electrode under a high loading and low electrolyte
configuration. As show in Fig. 5c, a decent areal capacity of
2.8 mA h cm�2 was retained for the S@CPZC electrode at a high
current rate of up to 3C, which recovered to 4.4 mA h cm�2

when the current rate was adjusted back to C/5, indicating the
fast and reliable sulfur electrochemistry even under these more
practical conditions. Fig. 5d shows the voltage profiles of the
S@CPZC electrode at different current rates. The potential gaps
between the charge and discharge curves are observed to
expand with an increase in current rate. Nevertheless, a distinct
two-plateau charge–discharge profile was still obtained at high
rate of 3C, which further confirms the superiority of the CPZC
matrix in fulfilling fast sulfur redox reaction kinetics. In addition,
long-term galvanostatic cycling was also performed for the
S@CPZC electrode under these conditions. The results show the
excellent cycling stability of the S@CPZC electrode with a high
capacity retention of 3.9 mA h cm�2 even after 300 cycles, which
indicates its admirable capability of inhibiting polysulfide shut-
tling and promoting durable sulfur electrochemistry under prac-
tical conditions (Fig. 5e). Furthermore, an extreme attempt using

the S@CPZC electrode with an ultra-high sulfur loading of
13.5 mg cm�2 and sparing electrolyte of 4.5 mL g�1 was performed
to challenge the attainably high energy density. An expanded
voltage window and lower current rate were applied to draw more
energy. As shown in Fig. 5f, the as-developed S@CPZC electrode
fulfils an ultra-high areal capacity of 14.2 mA h cm�2 with a typical
two-plateau discharge curve, indicating the great superiority of
CPZC in maintaining decent sulfur electrochemistry even under
these harsh conditions. However, considerable electrochemical
polarization in the voltage profile and limited capacity retention
during the cycling were observed, which indicate obstructed sulfur
redox reactions to a certain extent (Fig. S32, ESI†). More impor-
tantly, high gravimetric and volumetric energy densities (348.8 W h
kg�1 and 327.6 W h L�1, respectively) at the system level (covering
the mass/volume of the cathode, electrolyte, and anode) were
achieved for the S@CPZC-based Li–S battery, which is highly
promising to outperform the conventional Li-ion batteries
gravimetrically (around 170 W h kg�1), and also highly competitive
among the recently reported Li–S configurations based on high-
loading fibrous electrodes (Fig. S33 and Table S3, ESI†). All these
results manifest the great potential of the as-developed CPZC in
pursuing high-energy-density and long-life Li–S batteries for future
energy storage applications.

Conclusions

In conclusion, we developed a stringed ‘‘cube on tube’’ nano-
hybrid as an advanced sulfur host for high-performance Li–S

Fig. 5 High-loading and lean-electrolyte performances of the S@CPZC electrodes. (a) Cycling performances of the S@CPZC electrodes with an
increased sulfur loading at a rate of C/5. (b) Voltage profiles of the S@CPZC electrodes with different E/S ratios at a rate of C/5. (c) Rate performance, (d) multi-rate
voltage profiles, and (e) long-term cycling performance at a rate of C/5 for the S@CPZC electrodes under a sulfur loading of 5.1 mg cm�2 and E/S ratio of 6.
(f) Voltage profile of the S@CPZC electrode under an extremely high sulfur loading of 13.5 mg cm�2 and low E/S ratio of 4.5 at a rate of C/20.
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batteries. In this elaborate hierarchical architecture, the ZIF-67-
dervied carbon cube fillers are highly porous with abundant N
and Co sites, which offer a good combination of strong physical
and chemical confinements to sulfur species for reduced sulfur
loss and suppressed polysulfide shuttling. Meanwhile, the
fibrous carbon skeleton strings the carbon cube fillers together
to provide improved electrical contacts and excellent long-
range conductivity within the whole matrix, thus enabling
fast sulfur redox kinetics even under a high sulfur loading.
In addition, the CNTs rooted on the carbon cube fillers not only
provide additional N sites for chemical polysulfide adsorption,
but also intertwine at the junctions between the adjacent fibers
to strengthen the structural integrity as well as facilitate electron
conduction within the entire matrix. These structural superiorities
of the as-developed CPZC endow the corresponding sulfur electro-
des with high sulfur utilization, fast reaction kinetics, and excellent
cyclability even at a high sulfur loading and sparing electrolyte,
revealing its great potential in the development of high-energy-
density Li–S batteries for future practical applications. This work
offers instructive material engineering for rational structural
construction and improved Li–S chemistry, which can also be
promisingly extended to various energy storage and conversion
systems including lithium-ion batteries, supercapacitors, and
electrochemical catalysis.
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