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H
ollow micro/nanostructures are of
great interest for a myriad of appli-
cations such as catalysis, adsorption,

chemical sensors, drug/gene delivery, and
energy storage/conversion systems, which
are endowed by their intriguing structural
features ranging from large surface area
and fully exposed active sites to kinetically
favorable mass transportation and tunable
surface permeability.1 In particular, hollow
nanocrystals integrating mesoscale hollow
structure, nanoscale quantum effects, and
atomic-scale periodic arrangement are gain-
ing tremendous attention for both funda-
mental studies and practical applications.2,3

Hollow graphene nanoshells (HGNs), which
manifest not only the inherent structural
benefits of hollow nanocrystals but also in-
trinsically extraordinary properties of nano-
grapheneunits suchas electrical conductivity,

surface functionality, mechanical/chemical
stability, and biocompatibility, are specifi-
cally fascinating for chemistry, material
science, and biotechnology.4,5 The unique
properties and potential applications of
hollow nanocrystals especially HGNs with
well-defined cavities and delicately de-
signed shells can be further explored if
there are feasible routes for their efficient
fabrication.
Great efforts have been dedicated to

effectively synthesize hollow nanocrystals.
The template-free or self-templatingbottom-
up approaches involving fantastic chem-
istry such as Kirkendall effects,3,6 local
Ostwald ripening,7 and galvanic replace-
ment2,8 have demonstrated their feasibility
and effectiveness to prepare high-quality
metal/metal oxide/metal chalcogenide hol-
low nanocrystals. However, this unique
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ABSTRACT Hollow nanostructures afford intriguing structural features ranging

from large surface area and fully exposed active sites to kinetically favorable mass

transportation and tunable surface permeability. The unique properties and

potential applications of graphene nanoshells with well-defined small cavities

and delicately designed graphene shells are strongly considered. Herein, a

mesoscale approach to fabricate graphene nanoshells with a single or few graphene

layers and quite small diameters through a catalytic self-limited assembly of

nanographene on in situ formed nanoparticles was proposed. The graphene

nanoshells with a diameter of ca. 10�30 nm and a pore volume of 1.98 cm3 g�1

were employed as hosts to accommodate the sulfur for high-rate lithium�sulfur batteries. A very high initial discharge capacity of 1520 mAh g�1,

corresponding to 91% sulfur utilization rate at 0.1 C, was achieved on a graphene nanoshell/sulfur composite with 62 wt % loading. A very high retention of

70% was maintained when the current density increased from 0.1 C to 2.0 C, and an ultraslow decay rate of 0.06% per cycle during 1000 cycles was

detected.
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physiochemical mechanism is limited to narrow syn-
thetic diagrams and hardly extended to HGN synthesis.
A template-involving top-down strategy is still the
most versatile and effective methodology to fabricate
hollow micro/nanostructures with a narrow size dis-
tribution, especially hollow carbon nanoshells. How-
ever, the atomic-/nano/microstructures of hollow
carbon nanoshells are directly determined by specific
templates, while the most commonly employed hard/
soft templates including colloidal particles,9 organic�
organic assemblies,10 and monodisperse multiphase
systems11,12 are always microsized and manifest no
catalytic capability to regularly manage the arrange-
ment of carbon atoms. Thus, controllable synthesis of
HGNs with an engineered hollow cavity, predeter-
mined layer number, small size, and highly crystalline
few-layer graphene shells is rarely achieved. The key
issue is the mesoscale bottom-up assembly of hier-
archical atomic carbon sources, nanoscale hollow crys-
tals, and sophisticated micro/macrostructures.
Lithium�sulfur batteries are nowadays undergoing

a tremendous number of investigations due to the
high theoretical energy density of 2600 Wh kg�1. In
addition, the cathode material sulfur is naturally abun-
dant, economically effective, and environmentally
friendly.13�16 However, lithium�sulfur batteries are
still suffer from poor cycling life and rate performance
due to the intrinsic insulate sulfur/lithium sulfides and
dissolution of intermediate polysulfide species for irre-
versible loss. Graphene17�20 and other nanostructured
carbon materials (e.g., carbon nanotubes (CNTs),21,22

porous carbon,23�27 and their hybrids28,29) have been
demonstrated to be advanced host materials for sulfur
cathodes to circumvent the aforementioned issues.
However, integrating all the structural benefits such as
high specific surface area (SSA), good conductivity,
interconnected ion channels, confined nanospace, and
mechanical stability to improve the utilization of active
materials and immobilizemigratory polysulfides has still
not been fully demonstrated. The concept of HGNs
might be a promising strategy, which yet calls for new
synthetic methodology.
In general, graphene can be controllably deposited

on metal/metal oxides.20,30�33 The use of uniform
nanoparticles (NPs) as hard templates as well as work-
ing catalysts is expected to be an efficient and effective
way to obtain graphene nanospheres with well-
defined size. These tiny templates can be facilely
removed by etching for hollow graphene spheres with
high purity. The use of nanosizedmetal based catalysts
is a promising top-down route for HGN fabrication, but
the puremetal nanoparticleswithout ligand protection
are always preferred to sinter into large NPs at high
temperatures if there is no graphene predeposited on
the surface.
In this contribution, a mesoscale catalytic self-

limited assembly of hollow graphene spheres was

proposed. The in situ formed nickel-based NPs were
explored as both hard templates and working catalysts
for template deposition of graphene with anticipated
nanostructures. The pre-existing dodecyl sulfate (DS)
among the catalyst precursors serves as the carbon
source for the self-limited assembly. The good combi-
nation of catalytic deposition and precise replication of
graphene in a one-pot synthesis will shed new light on
controllable synthesis of hollow nanocrystals with a
tunable interior space, interconnected mesopores,
highly crystallized shell material, and a self-assembled
mesostructure. In our case, zero-dimensional (0D) HGNs
construct two-dimensional (2D) nanosheets and then
assemble into a three-dimensional (3D) mesostructure,
whichmanifests high capacity with good cyclability and
superior rate performance as a promising host material
for sulfur composite cathodes in lithium�sulfur battery
applications.

RESULTS AND DISCUSSION

The in situ catalytic self-limited assembly of HGNs is
schematically illustrated in Figure 1. DS-intercalated
R-Ni(OH)2 (R-Ni(OH)2-DS) precursors were first ob-
tained by a modified precipitation approach and then
dehydrated to formDS-capped nanosheets of NiONPs.
With temperature rising to 800 �C, the capping DSs
were pyrolyzed into small carbon molecules or carbon
segments, which dissolved in NiO phase and catalyti-
cally recombined on the surface of NP hard templates
to form highly graphitic structures. The NiO NPs were
simultaneously reduced or sulfurized into Ni/Ni3�xS2
NPs. The HGN nanostructure was eventually available
by acid etching templates. Since the aggregation of
NPs remains a major obstacle for their intriguing
applications, the DS herein displays two major func-
tionalities of (1) capping agents to efficiently prevent-
ing the R-Ni(OH)2 layers/NiO NPs from stacking/
aggregating and (2) serving as a carbon source by
carbonizing long-chain dodecyl and realizing the self-
limited assembly of single-/few-layer graphene shells.
Furthermore, such a facile and versatile method also
affords wide potential for various hollow nanocrystals
by mediating the host�guest chemistry between pre-
cursor molecule guests and catalytic NP hosts, the
topological structure of precursors, and local chemical
circumstance.
As scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) images indicated,
the R-Ni(OH)2-DS precursor exhibits a flower-like mor-
phology assembled by layered R-Ni(OH)2 nanosheets
with a thickness of 30�50 nm and high curvature
(Figure 2a). This is mainly attributed to the assistance
and intercalation of DS anions during precipitation.
The interlayer DS anions are confirmed by the appear-
ance of bands at 2920 and 2851 cm�1 in the Fourier
transform infrared (FTIR) spectrum of R-Ni(OH)2-DS
compared to pristine R-Ni(OH)2, which is ascribed to
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the asymmetric and symmetric�CH2 stretching vibra-
tions of alkyl chains of DS, respectively (Figure 2b),
while the relatively weak band at 2954 cm�1 cor-
responds to a stretching vibration of the terminal
�CH3 group of the hydrocarbon tail. A distinct reflec-
tion in the low-angle region (2θ < 25�) of X-ray diffrac-
tion (XRD) patterns indicates the regular arrangement
of (00l) planes and the layered structure of R-Ni(OH)2
(Figure 2c). With the introduction of DS chains into the
R-Ni(OH)2 interlayer, a series of Basal peaks remarkably
shifts to lower angles, suggesting that the long-chain
DSs intercalate into the interlayer galleries, while the
turbostratic 2D R-Ni(OH)2 laminates indicated by the
asymmetric nature of (101) and (110) planes are still
well preserved (Figure 2c,d). As a result, the d-spacing
of the (003) and (006) planes along the c-axis increases
from 0.86 nm to 2.76 nm and 0.43 nm to 0.66 nm,

respectively, the multiple reflection of which indicates
the different topological status of intercalated DS
anions.
The Ni/Ni3�xS2@C nanosheets were assembled by

uniformly distributedNPs via a facile one-step pyrolysis
of R-Ni(OH)2-DS precursors. The NPs range from sev-
eral to several hundred nanometers (Figure 3a). The
formation of larger particles with a size of 100�400 nm
is mainly induced by an inevitable Ostwald ripening
effect of NPs at temperatures as high as 800 �C.
However, most of the NPs are prevented from sintering
due to the capping DS anions for the efficient deposi-
tion of graphene (Figure 3b). These NPs are encapsu-
lated in a thin carbon wall and embedded in thin
nanoflakes. The carbon walls are mainly composed of
few-layer graphene shells as the adjacent graphitic
(002) plane of 0.34 nm indicated, while the individual

Figure 1. Schematic illustration of the in situ catalytic self-limited assembly of HGNs. A facile bifunctional template strategy to
fabricate HGNs with nanosized hollow voids and few-layer graphene shells: (a) modified precipitation of R-Ni(OH)2-DS; (b)
in situ calcination toward NiO@DS; (c) carbonization into Ni/Ni3�xS2@C; (d) HGNs after template removal.

Figure 2. Morphology and structure ofR-Ni(OH)2-DS precursors. (a) SEM image, (b) FTIR spectra, (c, d) XRDpatterns. The scale
bar in part a is 1 μm.
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NP is a single crystal of heazlewoodite Ni3�xS2 as the
quasi-hexagonal patterns of the fast Fourier transform
(FFT) image and the (110) plane with a d-spacing of
0.29 nm suggested simultaneously (Figure 3c). A 3D
flower-like mesostructure can be formed by removing
the templates. The flower-like nanoarchitecture is
assembled by highly curved thin flakes with a thick-
ness of ca. 20�30 nm, while 2D nanosheets are
composed of a single layer of 0D HGNs since most of
the HGNs have a diameter of 20�30 nm (Figure 3d). No
crack or hole can be observed on the outer shell of the
HGNs. HGNs inherit the hierarchical structure of pre-
cursors due to the in situ hard-template replication. The
size of the hollow interior is mostly around 10�30 nm
(Figure S1), the outer shell is of few-layer nanogra-
phene attached with some amorphous carbon, and
interconnected mesochannels are also well con-
structed (Figure 3e,f). Abundant defects and edges
on the outer graphene shells are not only observed
in the high-resolution TEM image but also indicated by

Raman spectra, which will be beneficial for ion transfer
in electrochemical applications and mass release in
biomedical usage (Figure S2). A strong sp2-hybridized
carbon attributed to the graphene can be detected by
the X-ray photoelectron spectroscopy (XPS) analysis
(Figure S3). Despite the high density of surface defects,
the conductivity of HGN reaches 695 S m�1, which is
comparable to highly crystallized CNTs.34

Phase evolution during the replication of the
HGN nanostructure is elaborated by XRD patterns
(Figure 3g). Both the Ni and Ni3�xS2 phase with good
crystallization can be observed in pyrolysis products,
which are derived from reduction and sulfuration of
NiO by hydrocarbons and sulfates in capping DSs,
respectively. By gradually removing the NP templates,
the reflections of Ni/Ni3�xS2 further weaken and dis-
appear, while the emerging band at around 26� in-
dicates the graphitic domain of hollow crystalline
shells. The N2 isothermal adsorption indicates the
mesoporous structure of Ni/Ni3�xS2@Cwith a relatively

Figure 3. Morphology and structure of HGNs. (a, b) TEMand corresponding energydispersive spectroscopy (EDS)mappingof
elemental Ni, C, and S (inset of a) and (c) high-resolution (HR-TEM) images of Ni/Ni3�xS2@C. The scale bars in a, b, and c are
1 μm, 20 nm, and 5 nm, respectively. (d) SEM, highmagnification of SEM (inset of d), (e) TEM, and (f) HR-TEM images of HGNs.
The scale bars in d, inset of d, e, and f are 1 μm, 100 nm, 20 nm, and 5 nm, respectively. (g) XRD patterns of Ni/Ni3�xS2@C,
Ni/Ni3�xS2@C with partially removed NPs (denoted as Ni/Ni3�xS2@HGN), HGN, and HGN-S. (h) N2 adsorption isotherms,
corresponding BET specific surface area, pore volume, and (i) pore-size distribution of Ni/Ni3�xS2@C, HGN, and HGN-S.
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broad pore size distribution of 4�20 nm, which is
attributed to the interspacing of NPs (Figure 3h,i).
The removal of NP templates renders as-obtained
HGNs with a great increase in both Brunauer�
Emmett�Teller (BET) SSA to 979 m2 g�1 and pore
volume to 1.98 mL g�1. Meanwhile, the great increase
in pore volume at the pore size range 10�30 nm can
also be assigned to the interior voids that used to be
occupied by NP templates. Thus, the rationally engi-
neered HGN nanostructure possesses outstanding ad-
vantages such as (1) a unique nanosized hollow interior
to accommodate active materials and volume expan-
sion, (2) interconnected few-layer graphene with good
electrical contact and transfer properties, and (3) short
diffusion length along the thin 2D nanosheets and 3D
nanoflower mesoarchitecture for rapid ion transport,
which is of paramount importance in promising elec-
trode materials in advanced energy storage systems.
To implement our proof-of-concept, HGNs are em-

ployed as host materials for sulfur composite cathodes
in lithium�sulfur batteries. The sulfur is infiltrated in
HGNs via a facile melt�diffuse method to obtain an
HGN-S composite with 62 wt % content of sulfur
(Figure S4a). The 3D flower-like morphology of HGNs
is well preserved with no bulky sulfur particles ob-
served (Figure S4b). Due to the high SSA of HGNs and
their affinity to sulfur, sulfur is favorably distributed in
the carbon nanosheets (Figure S4c). The strong con-
finement in the hollow interior of HGNs of sulfur is

further demonstrated byweakened signals of XRD pat-
terns and the Raman spectrum (Figures 3g and S5).
The hierarchical porous structure of carbon hosts is
partially occupied by sulfur guests, resulting in a de-
crease of the SSA to 336 m2 g�1 and pore volume to
0.68 cm3 g�1 (Figure 3h,i). Sulfur is tightly attached on
the hollow graphene shells (Figure S4d). However,
there are sufficient space and ion channels to accom-
modate greatly expanded discharge products of
lithium sulfides and intermediate polysulfides as well
as electrolytes, which is favorable for high sulfur utiliza-
tion and robust cycling.
The electrochemical properties of the HGN-S com-

posite cathode are evaluated in coin cells. Two-step
reduction of elemental sulfur into high-order polysul-
fides and subsequent lithium sulfides as well as its
counterpart oxidation are illustrated by cyclic voltam-
metry (CV) profiles, indicating the stable and reversible
redox reactions (Figure S6a). With a current den-
sity of 1.0 C (1.0 C = 1675 mA g�1), a high initial
discharge capacity of 1098 mAh g�1 is achieved,
corresponding to 66% utilization of sulfur (Figure 4a).
After 1000 cycles, the capacity gradually decreased to
419 mAh g�1 with an average decay rate of 0.06% per
cycle, combined with a stabilized Coulombic efficiency
as high as 95%with no lithium nitrate addition. Cycling
performance at different current ratesmanifests similar
capacity retention (Figure S7). Both stability and effi-
ciency are significantly better than other reported

Figure 4. Electrochemical performance of HGN-S. (a) Cycling performance at current density of 1 C and schematic illustration
of HGN-S during discharge and charge (inset), (b) galvanostatic charge�discharge profiles at different current densities, and
(c) rate performance.
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graphene-based sulfur cathodes.18�20 This superiority
is ascribed to (1) the unique nanosized hollow interior
to relieve structural stress during volume expansion/
contraction and (2) nanoscale confined active material
with good electron/ion accessibility for long-term cy-
cling. In contrast, carbon black (CB) as solid spheres
with similar size and amorphous carbon texture is
employed for comparison, unsurprisingly exhibiting
much lower capacity and stability (Figure 4a). The
further promotion of stability and efficiency can be
demonstrated by applying effective electrolyte or
separator systems.25,35�37 Besides, recent advances
in chemically doped carbon for lithium�sulfur bat-
teries also provide another direction to stabilize
the carbon/sulfur interfaces and result in better per-
formance.27,34 More importantly, due to the dominant
advantage on mass transportation afforded by an
interconnected hollow structure, outstanding rate
performance of 1520, 1058, and 859 mAh g�1 at
current densities of 0.1, 2.0, and 5.0 C is manifested, re-
spectively (Figure 4b,c). Even at a high rate of 5.0 C
(8.4 A g�1), the two-step galvanostatic discharge pro-
files are still maintained while the decrease of utiliza-
tion at high rate is mainly attributed to the blockage
by deep lithiation to lithium sulfides, as this process
is kinetically inert. This favorable high rate performance

is supported by low charge-transfer resistance, as
electrochemical impedance spectroscopy (EIS) indi-
cated (Figure S6b). Even considering the mass of
conductive agents and the binder, the capacities based
on the whole electrode are still comparable to state-
of-the-art lithium�sulfur batteries. Yet the high per-
formance with a high-areal sulfur loading amount
should be further exploited to improve the energy
density of the whole cell (Table S1).
The structural stability is also crucial for stable

cycling. Even after 1000 cycles, HGN-S in the cycled
electrodes still manifests a flower-like mesostructure
assembled by 2D carbon nanosheets, in which hollow
graphene nanoshells are sustained compactly (Figure
5a,b). TEM images indicate that no obvious crack can
be observed and the graphene nanoshells still possess
both an intact hollow void and few-layer graphene
walls (Figure 5c,d). It can be inferred that reserved
interior space can not only sequester soluble species
but also accommodate a huge volume fluctuation,
which synergistically contribute to a stable electroche-
mical performance.
The mesoscale catalytic self-limited assembly is

quite efficient and effective for HGN formation, which
was attributed to (1) the in situ generated nickel-
containing hard templates having good contact with

Figure 5. Morphology of cycled HGN-S electrodes: (a) SEM, (b) high-resolution SEM of selected area in (a), (c) TEM, and
(d) high-magnification TEM images of HGN-S electrodes after 1000 cycles.
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carbon sources; compared with the routine top-down
method with silica and polymer colloid templates, the
DS carbon precursors were premixed with the nickel-
containing hard templates at an atomic scale through a
facile host�guest chemistry, which guarantees the
supply of carbon sources and simultaneously realizes
the self-limited replication of single-/few-layer gra-
phene; (2) the in situ generated nickel-containing hard
templates also served as catalysts for self-assembly of
carbon atoms into graphene with high efficiency due
to the favorable affinity of nickel to carbon seeds; (3)
most of the in situ generated templates had a uniform
size at a scale of ca. 20 nm, which is much smaller than
the routine colloid templates for hollow sphere forma-
tion, with a size of 50�1000 nm; (4) the catalytic
formation of graphene can also be expected to be
available on other transitional metal-containing NPs
(e.g., cobalt, iron, copper) according to the recent
advances in the general rules of chemical deposition
of graphene on metal-containing NPs;32 (5) the hard
templates reported herein can be easily removed
through facile acid leaching, and HGNs with a purity
of over 99% were available (Figure S8).
The nanostructured carbon materials are efficient

and effective candidates to improve the sulfur utiliza-
tion and restrain the polysulfide shuttle for lithium�
sulfur batteries.15,16 The use of hollow spheres also
takes advantage of higher sulfur content while still
retaining the benefits of a porous carbon that inhibits
polysulfide dissolution.38 For instance, microporous
carbon spheres with a diameter of 200�300 nm and
a specific surface area of 843.5 m2 g�1 were employed
to entrap 42 wt % sulfur, which delivered a high initial
discharge capacity of 1180 mAh g�1 at a current
density of 400 mA g�1.39 Archer and co-workers found
the porous hollow carbon spheres with a diameter of
300�350 nm and a pore volume of 0.82 g cm�3 can
accommodate 70% sulfur, which renders an initial
discharge rate of 1071 mAh g�1 at a rate of 0.5 C.40

Other spheres, such as double-shelled hollow carbon
spheres,41 poroushollowcarbon spheres,38,42�44 porous
graphitic carbon,45 hierarchically micro/mesoporous
carbon spheres,23,25 soft-templated carbonaceous
nanospheres,46 polymer (polyvinylpyrrolidone)-encap-
sulated hollow sulfur nanospheres,47 and sulfur�TiO2

yolk�shell nanoarchitectures48 with a size of 150�
500 nm were also explored as a host for sulfur. Pea-
pod-like mesoporous carbon was synthesized and
used as the matrix to fabricate a carbon/sulfur
composite.49 These obtained composites have demon-
strated outstanding features for lithium�sulfur bat-
teries, and the sulfur utilization ratio can be further
improved if small spheres are employed. Recently,
500�2000 nm, durable carbon-coated Li2S core�
shell spheres with a high initial discharge capacity
of 972 mAh g�1 Li2S (1394 mAh g�1 S) at the 0.2 C
rate were also proposed.50 Herein, the HGNs with an

average size of 20 nm are good scaffolds to entrap and
sequester sulfur in their interiors for lithium�sulfur
batteries. Compared with CNTs,21,22 graphene,17�20

porous carbon,24,26 or their hybrids28,29 as frameworks
with open structures, this use of HGNs offers (1) a large
amount of small-size sulfur sequestered by the cap-
sules, which guarantees a high utilization of 91%
(corresponding to 1520 mAh g�1) at 0.1 C, (2) free
space for sulfur expansion during discharge even with
a high sulfur loading of 62%, (3) slowing of the
dissolution of lithium polysulfide and parasitic shuttle
via close spherical space, (4) excellent electron path-
ways among the insulate sulfur/Li2S2/Li2S, graphene,
and conductive agent, and (5) intercrossed ion chan-
nels for rapid diffusion of ions, which affords 70%
retention when the current rate increases from 0.1 C
to 2.0 C. Therefore, the large amount of sulfur confined
by small spheres with continuous 3D graphene frame-
works can be utilized in high ratio, while the rate
performance and cycling performance can be well
maintained.

CONCLUSIONS

HGNs with a quite small diameter, single/few gra-
phitic layers, and 3D hierarchical flower-like morphol-
ogy were fabricated through amesoscale catalytic self-
limited assembly strategy. The in situ formed nickel-
based NPs served as both hard templates and working
catalysts for hard-template deposition of graphene
with well-defined 3D nanostructures. The HGNs with
a diameter of 10�30 nm, an SSA as high as 979m2 g�1,
and a pore volume of 1.98 cm3 g�1 were employed as
host to accommodate sulfur for high-rate lithium�
sulfur batteries. Such small graphene spheres offer
outstanding advantages of good confinement of small
sulfur particles, high surface area to entrap polysul-
fides, intercrossed ion channels, and interlinked
electron pathways. Therefore, the HGN-S cathode de-
livered high discharge capacities of 1520, 1058, and
737 mAh g�1, which were also achieved at different
current densities of 0.1, 2.0, and 5.0 C, respectively.
A high initial discharge capacity of 1098mAh g�1 and a
discharge capacity of 419mAh g�1 were obtained after
1000 cycles at a current density of 1.0 C. The decay rate
was 0.06% per cycle, which is significantly lower than
the value of other lithium�sulfur batteries based on
graphene in lithium nitrate free electrolytes. To the
best of our knowledge, the HGNs reported herein are
the first example of hollow nanocrystals to deliver an
extended lifetime of 1000 cycles and high rate perfor-
mance. The good combination of bottom-up strategy
of metal-based NP catalyst formation and top-down
route of graphene deposition in a one-pot synthesis
will shednew light not only on controllable synthesis of
hollow nanocrystals with a tunable interior space,
interconnected mesopores, highly crystallized shell
material, and a self-assembled mesostructure, but also
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on their unique properties of graphene nanoshells
with small sizes and their promising applications
for lithium�sulfur batteries, supercapacitors, solar

cells, nanocomposites, desalination, oil absorption,
heavy metal removal, drug delivery, and controlled
release.

EXPERIMENTAL SECTION
Synthesis of Precursor r-Ni(OH)2-DS Powders. R-Ni(OH)2-DSs were

synthesized by a facile precipitation of an aqueous solution of
nickel chloride and sodium dodecyl sulfate (SDS) through
hexamethylenetetramine (HMT) hydrolysis. In a typical synthe-
sis process, 0.10 M NiCl2 3 6H2O, 0.30 M HMT, and 0.20 M SDS
solution were mixed in a 100 mL three-neck bottle. The mixed
solution was heated at 95 �C for 24.0 h under mild stirring. A
suspension containing a green precipitate was isolated after the
reaction, washed with distilled water to remove excess surfac-
tant, and finally dried at room temperature.

Synthesis of HGNs. The R-Ni(OH)2-DS powders were heated at
a rate of 5 �Cmin�1 to 200 �C under an Ar atmosphere and kept
at that temperature for 2.0 h, then to 800 �C for another 3.0 h.
The sample with partially removed NPs was prepared by treat-
ing the carbonized product of 100mgwith 37wt%HCl solution
of 100 mL under room temperature for a relatively short period
of 1.0 h. To obtain high-purity HGNs, the carbonized product of
100 mg was combined with a 37 wt % HCl solution of 100 mL
under a high temperature of 70 �C for a long period of 12.0 h.
The resulting HGNs were filtered, washed with distilled water,
and dried at 80 �C. A 9.5wt% carbon yield defined as the ratio of
HGN weight and carbon precursor weight was obtained.

Fabrication of HGN-S Cathodes. The sulfur powder with a purity
of >99.9% was purchased from Alfa Aesar without further
purification. A coheating procedure was employed to accom-
modate the sulfur into the hollow space of the HGNs. Typically,
sulfur powder was mixed with the HGNs with a mass ratio of
7:3 in an agate mortar and strongly ground for 10 min. The as-
obtained HGN-S mixtures were heated to 155 �C in a sealed
quartz bottle. With a 4.0 h heating, the sulfur successfully
immersed into the inner space of the spheres under vacuum
and HGN-S composite cathodes were obtained.

Electrochemical Evaluation. To assemble a lithium�sulfur cell
with an HGN-S cathode, the electrode was constructed with
HGN-S composites, CNT conductive additives, and poly-
(vinylidene fluoride) (PVDF) binder in N-methyl-2-pyrrolidone
at a mass ratio of HGN-S:CNT:PVDF = 85:10:5. The slurry was
homogeneously mixed by a magnetic stirrer for ca. 24.0 h.
Doctor blade coating was employed to coat the slurry onto a
20 μmaluminum current collector, and a vacuum drying at 60 �C
was subsequently carried out for 6.0 h. An areal loading of
1.1mg cm�2was obtained. Disks of 13mmwere punched as the
working cathodes for the lithium�sulfur cells. The CB-S cathode
as a comparison was fabricated by only changing the carbon/
sulfur composite from HGN-S to CB-S, which was prepared by
mixing and heating SuperP and sulfur at the same condition.

Standard 2025 coin-type cells with two-electrode cell con-
figuration were employed. Dimethyl ether and 1,3-dioxolane
with a volume ratio of 1:1 dissolved in 1.0 mol L�1 lithium
bis(trifluoromethanesulfonyl)imide was selected as electrolyte,
1.0 mm thick Li metal foil was used as the anode, and Celgard
2400 polypropylene membranes acted as the separator. The
lithium�sulfur cells were assembled in an argon-filled glove-
box. Both the CV and EIS measurements were performed on a
Solartron 1470E electrochemical workstation. CV measure-
ments were performed at a scan rate of 0.1 mV s�1. EIS
measurements were conducted in the frequency range of
10�2�105 Hz. The cyclic performance was collected with a
Neware multichannel battery cycler with a voltage window of
1.8�2.8 V.

Structure Characterizations. The structure of the electrodes of
interest was identified by an X-ray powder diffractometer (XRD,
D8-Advance, Bruker, Germany). The morphology of HGNs and
HGN-S composites were characterized by a transmission elec-
tron microscope (JEM 2010, JEOL Ltd., Tokyo, Japan) at 120.0 kV
and a field scanning electronmicroscope (JSM 7401F, JEOL Ltd.,

Tokyo, Japan) at 3.0 kV. The Raman spectra of the HGNs and
HGN-S cathode were recorded using a Horiba Jobin Yvon
LabRAM HR800 Raman spectrometer with He�Ne laser excita-
tion at 633 nm. The sulfur ratio in the HGN-S composites was
determined by thermogravimetry analysis (TGA) using a TGA/
DSC1 STARe system in a N2 atmosphere with a temperature
ramp rate of 20 �C min�1. An Autosorb-IQ2-MP-C adsorption
analyzer was employed to record the N2 adsorption�desorp-
tion isotherms of the HGN-S composites at �196 �C. Before N2

sorption isothermmeasurements, the samplewas degassed at a
very low temperature of 50 �C until a manifold pressure of
2.0mmHgwas achieved to avoid sulfur sublimation. The surface
area was determined by the BET method in the P/P0 range
0.05�0.30, and the pore size distribution plot was calculated by
the quenched solid density functional theory using the adsorp-
tion branch. The pore geometry was determined as having a slit
pore of <2 nm, a cylindrical pore of 2�5 nm, and a spherical
pore of >5 nm. The FT-IR spectrumwas collected using a Nicolet
6700 spectrometer. The four-probe method was performed to
determine the powder conductivity of the HGNs, which were
compressed into a dense disk with a diameter of 13.0mmunder
a pressure of 8.0 MPa.
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