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This work reports the highly dense graphene/sulfur assembly
for compact Li-S batteries with high volumetric capacity,
while retaining the good structural stability and conductivity.
This dense assembly was prepared by a reduction-triggered
self-assembly of graphene oxide with simultaneously
deposition of sulfur followed by a unique evaporationinduced spatially volume shrinkage. Such a novel assembly
has an ultrahigh density, delivering an unprecedented high
volumetric capacity that is much higher than common
carbon/sulfur cathodes. In particular the unique spatial
confinement derived from the shrinkage of graphene/sulfur
assembly is favorable for the stabilization of sulfur cathodes.
High performance compact energy storage devices are of
increasing significance to satisfy the urgent demand for advanced
portable electronics.1-4 Therefore, great advances have been made to
fabricate electrode materials with high volumetric capacity and to
develop devices with a high volumetric energy density, which is
essential for next-generation batteries.5-7 Among many post-lithiumion technologies, lithium-sulfur (Li-S) batteries are of particular
importance on account of their high specific energy density (2600
Wh kg-1), low cost and environmental friendliness.8-10 Sulfur, which
is electrochemically active, has been demonstrated as a promising
cathode candidate (theoretical specific capacity: 1675 mAh g-1,
almost 10 times higher than that of LiFePO4) to substitute for
traditional cathode materials for the purpose of achieving a higher
energy density. Since a sulfur cathode is insulating and
electrochemically unstable, carbon-sulfur hybrids have been
deployed to overcome these obstacles.9 However, there is a huge gap
between the volumetric capacity of a state-of-the-art sulfur-carbon
cathode and the theoretical value of pure sulfur (3467 mAh cm-3),2, 11
thus hindering the development of highly compact Li-S batteries.
Generally, the use of carbon materials is essential to improve the
conductivity of the sulfur cathode, and the porous structure of carbon
can tackle the shuttle effect, leading to a better utilization of
sulfur.12-14 Nonetheless, porous carbons usually have a low density
(in most cases, 0.3~ 0.6 g cm-3) and the sulfur loading is always
restricted to low values to ensure satisfactory performance.15 These
factors result in the low density of carbon/sulfur cathodes unless the
nano-texture is appropriately tailored.14 Such a low density causes
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the low volumetric energy density of packed Li-S batteries, further
hindering the advance to compact applications. In other cases the use
of nano-sized sulfur with high electrochemical performance
sacrifices the volumetric capacity due to the low packing density.16
Therefore, exploring an effective solution to the low volumetric
capacity of the sulfur cathode is urgently required, and the key is to
construct novel carbon-sulfur assemblies, which combine both
excellent electrochemical performance and high density.
One solution is to use bulk sulfur for the cathode or to increase the
sulfur content up to 90 wt % in the C-S hybrid. But the obvious
drawback is that the cathode conductivity is poor because of the
dominant insulating sulfur, and this will eventually harm the
electrochemical efficiency. Another more practical solution is to use
a porous, yet very dense, carbon host, which guarantees a highly
packed nanostructure that also limits the shuttle effect and provides
fast ion and electron transport. Graphene is believed to be an ideal
building block for constructing various carbon nanostructures due to
its flexible sheet-like structure. Unfortunately such a graphene-based
assembly is usually very light.17-20 Significant breakthroughs in
assembling highly dense graphene materials were made only very
recently (1.33~ 1.58 g cm-3).6, 7 Our group and Li’s group have
reported the extraordinary volumetric capacitance of these novel
super-dense graphene-derived electrodes prepared by the assembly
of reduced graphene oxide (rGO).6, 7 Thus, we believe that these
novel super-dense graphene assemblies are promising platforms for
constructing high-density sulfur-based cathode materials with
superior volumetric capacity. However, sulfur intrusion into these
highly dense carbons by a traditional melt impregnation approach
(thermal or solution-based) is very challenging and inefficient due to
the restricted access to the tortuous small pores they contain. Based
on the success of our evaporation-induced drying (EID) strategy for
the synthesis of a highly dense graphene monolith, we have extended
EID to the synthesis of a highly dense graphene/sulfur monolith. The
idea was to prepare a graphene/sulfur hydrogel, which is
subsequently submitted to EID for strong volume contraction. Since
the sulfur is pre-loaded onto the graphene sheets, post-EID sulfur
intrusion is unnecessary.
In a previous study, we have demonstrated that H2S with an
ultrahigh sulfur content (94 wt %) is an excellent reducing agent for
GO and the resulting hybrid shows appealing performance as an
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electrode in Li-S batteries.21 However, its low density is
unsatisfactory because it provides neither a high volumetric capacity
nor strong confinement of polysulfides. The new strategy involves
the pre-deposition of sulfur on the surface of the graphene sheets
which allows us to obtain a highly dense but porous graphene-sulfur
hybrid structure if such hybrid sheets can be compactly assembled.
Here we report the increased volumetric capacity of a highly dense
rGO/sulfur assembly (HDGS) prepared by evaporation-induced
drying a hydrogel consisting of rGO/sulfur sheets. The rGO/sulfur
hydrogel is formed by a room temperature reduction-induced
assembly, which requires balanced amounts of rGO and sulfur.
HDGS is featured by the highly shrunken and nonporous texture,
which is critical for high volumetric performance.
H2S is irreplaceable in the preparation of HDGS since it serves
both as the reducing agent to trigger the self-assembly and as the
sulfur source, as illustrated in Fig 1a. Typically, H2S was used as the
reducing agent to realize the reduction of GO and the loading of
sulfur simultaneously, further accelerating the self-assembly of the
rGO/S sheets. During the drying, rGO sheets uniformly decorated
with sulfur spontaneously assembled into a cylindrical 3D monolith
and the dispersion became transparent indicating the removal of the
dispersed rGO/S sheets. It should be noted that totally different
products (a 3D assembly or a powder precipitate) are formed
depending on the reduction degree of the GO by the H2S. To obtain a
well-shaped 3D assembly, the reduction period needs to be
optimized because rGO sheets will spontaneously interconnect upon

b
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d

Fig 1. (a) Illustration of the formation of HDGS and
LDGS. (b) Optical photos of LDGS and HDGS. SEM
images of (c) LDGS and (d) HDGS.
transition from fully hydrophilic (before reduction) to partially
hydrophobic (after reduction). A shorter reaction cannot lead to a
sufficient reduction of GO, while a prolonged reaction will induce an
excessive hydrophobic nature (Fig S1, from the Raman spectra),
both of which make the assembly of a well-shaped 3D structure
difficult. This phenomenon is consistent with the reported selfassembly of graphene oxide owing to the removal of hydrophilic
oxygen groups.22-24 Therefore, an optimized reduction time of 60
min is used in this work. And the subtle control of the reaction time
induces totally different macroscopic and microstructural
morphology although the other parameters are almost the same. We
compared different drying processes of the same rGO/S hydrogel to
tune the density of the resulting assemblies. HDGS (apparent density:
1.53 g cm-3) was obtained only using EID, while a foam-like low
density rGO/S assembly (LDGS, apparent density: 0.06 g cm-3) was
prepared by a freeze-drying method (Fig 1b). It can be clearly
observed that the LDGS has a cylindrical shape, which inherits the
shape and volume of the original rGO/S hydrogel. But during EID
(vacuum drying at room temperature), the cylindrical hydrogel
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gradually shrank and finally turned into a very hard cylindrical
monolith. It should be noted that in the whole drying process, only
water evaporation accounted for the weight loss; there was no
substantial loss of rGO/S sheets, and this method does not damage
the intrinsic microstructure of the 3D hydrogel but introduces a high
density. This means that all the rGO/S sheets in the as-prepared
hydrogel are confined and packed into a much smaller volume,
leading to a dramatic density increase and a decrease of the pore size
for the HDGS. In the case of LDGS, fast freezing and sublimation of
the ice does not cause a collapse or shrinkage of the microstructure
of the hydrogel 25 so that the material obtained has a lower density
and is more porous than HDGS. Scanning electron microscopy
(SEM) images (Fig 1c and 1d) further demonstrates the totally
different microstructure between LDGS and HDGS. Macropores of
up to several microns can be observed in LDGS while no large pores
are identified in HDGS at low magnification. It can be clearly seen
that the interconnected rGO/sulfur sheets formed a tightly-knit
structure and are accommodated in a very limited space. Neither
micropores nor mesopores can be identified from the SEM or the Xray diffraction microtomography (XRD CT, Fig 1a) due to the small
pore size.26 X-ray diffraction (XRD) patterns further indicate the
effective reduction of GO from the disappearance of the low angle
peak at about 12o (Fig 2a). Long-range stacking of graphene layers
is not observed as evident from the lack of a strong diffraction peak
at around 26o (Fig 2a). Considering the significant volume shrinkage
in HDGS, it is likely that the rGO/sulfur sheets were highly wrinkled
so as to pack into tiny spaces without restacking face-to-face. Even
after the severe shrinkage of the rGO/sulfur hydrogel, sulfur cannot

be detected in the XRD patterns. This suggests the sulfur produced
through the in-situ oxidation of H2S by oxygen groups on pristine
GO sheets exists as ultrafine particles.27 To further evaluate the
microstructure of HDGS, electron microscopy (SEM, TEM) and N2-
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carbon free of sulfur loading,7 revealing that the compact structure is
favorable for electron transfer. From the computed image (XRD CT)
of the test slice shown in Fig 1a, neither porous structure nor sulfur
phase can be distinguished in this HDGS image due to the limited
object size, in agreement with the XRD and Raman results.
3D graphene-based C/S materials have been demonstrated as
promising cathode materials for the Li-S battery.12 In this
communication, the high volumetric capacity for HDGS compared
with LDGS is highlighted due to the improved density of the carbonbased materials, demonstrating the potential of this approach for LiS batteries with an excellent volumetric energy density. Cyclic
voltammetry (CV) was used to elucidate the electrochemical process
of the HDGS in the voltage range of 1.5-3.0 V at a sweep rate of 0.1
mV s-1, as shown in Fig 3a. In the first cycle, the cathodic peaks
located at 2.30 and 2.05 V are attributed to the reduction of S to
high-order polysulfide followed by a subsequent reduction to
insoluble discharge products Li2S. Oxidation peaks can be identified
in the anodic scan and are typical of the transformation of lithium
sulfide to polysulfides and sulfur. The CV behavior is similar to

Gravimetric Capacity/mAh g

adsorption/desorption isotherms were used to analyze its texture and
pore structure. Higher magnification SEM images of HDGS reveal a
clear porous structure in the HDGS cross-section. TEM (Fig 2d-f)
observation further confirms that HDGS has a similar, albeit much
smaller, pore structure to LDGS. Elemental mapping of C, O and S
accompanied by dark-field images of HDGS show a well-matched
spatial distribution of the different elements, and such a uniform
distribution of sulfur is favorable for its application in a Li-S battery.
N2 adsorption behavior shows that LDGS has a type-III isotherm,
which is mostly attributed to the large mesopores and macropores
formed by the interconnected graphene sheets. No obvious
micropores can be identified, and a specific surface area of 49 m2 g-1
is estimated from Brunauer-Emmett-Teller (BET) calculations. The
adsorption amount of N2 adsorbed by HDGS at high pressures is
much less than that of LDGS due to the decrease in the amount of
macroporosity caused by the volume shrinkage. However the
amount adsorbed at low pressures did not increase as expected
mainly because of the uniform surface coverage of graphene by
sulfur that blocks the entrance of N2 to the small pores in the HDGS.
To clarify the distinct porous structure of HDGS and LDGS and
obtain further insight into how the graphene sheets accommodate
sulfur, both LDGS and HDGS were heated at 300 ºC for 6 h to
evaporate the attached S leaving the bare graphene skeleton without
any structure collapse. Compared with the isotherm of LDGS, it is
obvious that the isotherm of HDGS after the removal of S (HDG)
was transformed into a combination of type II and IV isotherms with
a dramatic increase of adsorption at low pressures and the
appearance of a wide and pronounced hysteresis loop, which is
always indicative of the “ink bottle-like” mesopores in HDG. These
ink bottle-like pores are defined as pores consisting of wide bodies
with narrow necks, which are similar to “Shiu mai” with graphene
skin and sulfur stuffing (Fig S2).28-30 It is quite interesting that such
a structure may improve the confinement of sulfur and polysulfides
but Li+ can move freely through the open neck. In order to better
understand the confinement effect of HDGS and LDGS, DSC
measurements were conducted in a N2 atmosphere (Fig 2b). The
peak temperature for the evaporation of sulfur from HDGS is much
higher (40 °C) than that for LDGS, indicating a stronger
confinement of sulfur by HDGS.31, 32 The isotherm of LDG after the
removal of S from LDGS has the same shape as the LDGS with a
slightly increased adsorption amount. This is attributed to the open
macroporous structure with very large pores, which does not change
even after loading with sulfur. The N2 adsorption behavior indicates
that the use of different drying process induced totally different
morphologies and microstructures of the 3D graphene assembly, and
HDGS has a peculiar pore structure that makes it suitable for the
sulfur cathode. The comparison of the pore volume and surface area
is illustrated in Table S1.
The sulfur content in HDGS is estimated to be 32 wt % by
elemental analysis (combustion method, see Table S2), which is
slightly lower than in our previous work due to the shorter reaction
time.21 During drying, sulfur is closely attached to the graphene
sheets and no aggregation occurs during the volume shrinkage.
Raman spectra also showed no S vibration signal in the range of
100-500 cm-1, implying the ultrafine particle/crystal size of sulfur in
HDGS (Fig S1).5, 27 The degree of reduction of the GO is also
critical for the electrochemical performance since the restoration of
the sp2 network can effectively improve the electrode conductivity.
XPS analysis was conducted to probe the chemical state of each
element, and detailed peak analysis of C1s indicates reduction of GO
by H2S (Fig S3).33 The electrical conductivity of a HDGS monolith
was measured by a I-V curve using an electrochemical workstation
(Fig S4), and it is interesting that even after the incorporation of S,
the conductivity (about 30 S m-1) is of the same order of the similar
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Fig 3. (a) CV curves of the first 5 cycles for HDGS at a scan
rate of 0.1 mV s-1. (b) Charge-discharge profiles of HDGS and
LDGS at different rates. (c) Charge-discharge profile of LDGS
at 0.5 C. (d) Rate performance of HDGS and LDGS. (e) Cycle
performance of HDGS and LDGS.
related reports, demonstrating the effective incorporation of sulfur
and its possible use in a Li-S battery.34 The CV curves remained
stable after the first cycle, also suggesting a relatively stable cyclic
performance. Fig 3b shows the galvanostatic charge-discharge
curves of HDGS at different current densities of 0.5, 1.5, 4.0 and 8.0
C, and also shows the curve of LDGS at 0.5 C. To better highlight
the benefit of the highly dense structure of HDGS, we used the
volumetric capacity of the electrode materials as the main evaluation
parameter, and the packing densities of the prepared cathode are 1.07
and 0.38 g cm-3 for HDGS and LDGS, respectively. It should be
noted that even difference between the density of HDGS and LDGS
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decreased from 26 time to 3 times after the fabrication of electrode
pallet, the packing density of HDGS is still much higher than of
LDGS, suggesting the potential of our proposed strategy. From the
charge-discharge curves, it can be seen that the charge and discharge
plateaus correspond well to the CV results, and even at a current
density of 4.0 C, the shape and plateau did not change significantly,
revealing the good stability of HDGS at a high rate. A higher rate of
8.0 C is further used to examine the material’s ultrahigh chargedischarge behavior, and the curves show a more prominent
polarization than at lower rates, but a typical charge-discharge curve
with distinct plateaus is recovered when the current density is
switched back to 0.5 C after being subjected to the high rate of 8.0 C,
indicating a structural and electrochemical stability during the high
rate charge-discharge (Fig S5). Charge-discharge curves of LDGS at
0.5 C are also shown in Fig 3b, the plateaus are clearly observed
even with a much smaller volumetric capacity. A magnified curve in
Fig 3c further indicates the similar electrochemical plateaus of
LDGS even though its volumetric capacity is almost 3 times lower.
The rate capability of HDGS is also measured by the coin cell
configuration shown in Fig 3d. HDGS can deliver a volumetric
capacity of 233 mAh cm-3 at 0.5 C, and after charge-discharge under
different rates with 10 cycles for each rate, a capacity of 169 mAh
cm-3 can be retained (capacity retention of 73%) at 4.0 C and 149
mAh cm-3 (capacity retention of 64%) at 8.0 C, illustrating an
excellent rate performance. Moreover, HDGS recovered its capacity
to around 164 mAh cm-3 with regenerated charge-discharge plateaus
when the current density was restored to 0.5 C, implying the
structure of the sulfur electrode remains stable after being subjected
to intense charge-discharge. Compared with LDGS, HDGS has even
a slightly better rate performance despite its totally different
volumetric capacity. The high rate performance is attributed to the
tightly interconnected rGO/sulfur sheets, which provide faster
electron transfer channels due to their intimate contact. The
abundance of micro- and meso-pores is also favorable for ion
transport during the charge-discharge process.35 More importantly,
except for the good rate performance, the compact structure can
provide an excellent shield for sulfur that hinders the dissolution of
polysulfides, resulting in improved cycle stability. The cycle
performance was evaluated to confirm the benefits of this structure
and a capacity retention of around 45% is achieved after 300 cycles
at a rate of 0.8 C with a capacity fade of 0.18% per cycle, which is
better than for LDGS with a rapid capacity fade upon cycling
(retention of 25% after 300 cycles with a capacity fade of 0.23% per
cycle). The different cycle stability is due to the totally different
microstructure. The open and large pore structure of LDGS allows
barrier-free transport of ions at the cost of a lack of effective spatial
confinement for the polysulfides, while the tightly interconnected
graphene sheets and the abundant ink-bottle-like mesopores provide
ideal accommodation for sulfur and the polysulfides. The Coulombic
efficiency of HDGS is higher than that of LDGS after the first cycle,
especially for a prolonged cycling, indicating a better confinement
due to the better structural stability (Fig. S6). Electrochemical
impedance spectroscopy (EIS) measurements of HDGS and LDGS
are shown in Fig. S7. The internal resistance of HDGS electrode is
about 3.5 ohm, which is lower than that of LDGS electrode,
indicating a higher conductivity. The charge-transfer resistance Rct
of HDGS and LDGS are estimated to be around 24 ohm and 58 ohm
respectively. The much smaller Rct also indicates the faster charge
transfer process in electrochemical reaction, resulting in a better rate
performance. It is notable that despite the different rate and cyclic
performances of HDGS and LDGS, totally different volumetric
capacities of almost 4 times are estimated while their gravimetric
capacities are almost the same. Such a distinguished high volumetric
capacity for HDGS is ascribed to its fine microstructure. Compared
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with Zhang’s study,14 our strategy focuses on the design of materials
structure rather than improving the sulfur content for achieving a
high volumetric performance. Even with a relatively low sulfur
content (32 %), the HDGS still delivers a comparable volumetric
capacity to the CNT/sulfur composite with a higher sulfur content of
54 %,14 indicating the potential of our proposed strategy. But frankly
speaking, there is still long distance between the volumetric
capacities of HDGS and CNT/sulfur with 90% sulfur proposed by
Zhang.14 Thus a higher sulfur content is necessary to further improve
the volumetric capacity of our materials. It can be predicted that our
strategy is versatile to achieve a high volumetric capacity only with a
moderate sulfur content due to the well-designed dense structure,
which guarantees the conductivity and utilization of sulfur. Some
efforts to improve the sulfur content in HDGS is being made, and the
binder and current collector-free slice of HDGS is also being
investigating as a model electrode for future applications.
In summary, a 3D graphene/sulfur assembly with high density and
an almost nonporous structure was fabricated by combining
reduction-triggered assembly and evaporation-induced drying. We
have demonstrated a very high volumetric capacity of this highly
dense cathode that is of obvious potential for applications in compact
Li-S batteries. The presence of the sulfur in the unique ink-bottle
shaped pores in HDGS is good for the confinement of both the sulfur
and polysulfides formed, resulting in both good rate capability and
cycle performance. In stark contrast, we show that without a highly
dense structure, the volumetric capacity can be 3 times lower
regardless of having the same rGO/sulfur sheets as building blocks.
This further indicates that our evaporation-induced drying is an
effective way for the construction of sulfur-based cathode materials
to achieve a high volumetric energy density in Li-S batteries,
although the sulfur content needs to improve in our case. It is
expected that such a unique dense structure may be beneficial for the
improvement of the volumetric energy density of many other energy
storage devices.
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