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ABSTRACT: To meet the requirements of both high energy and power density
with cycle durability of modern EVs, we prepared a novel nanosulfur granular
assembled film coated on the three-dimensional graphene sponge (3D-GS)
composite as a high-performance active material for rechargeable lithium sulfur
batteries. Instead of conventional graphene powder, three-dimensional rGO
sponge (3D-rGO) is employed for the composite synthesis, resulting in a sulfur
film directly in contact with the underlying graphene layer. This significantly
improves the overall electrical conductivity, strategically addressing challenges of
conventional composites of low sulfur utilization and dissolution of polysulfides.
Additionally, the synthesis mechanism of 3D-GS is elucidated by XPS and DFT
analyses, where replacement of hydroxyl group of 3D-rGO sponge by sulfur (S8) is
found to be thermodynamically favorable. As expected, 3D-GS demonstrates
outstanding discharge capacity of 1080 mAh g−1 at a 0.1C rate, and 86.2% capacity
retention even after 500 cycles at a 1.0C rate.

KEYWORDS: lithium sulfur battery, nano sulfur granules assembled film, graphene sponge, three-dimensional graphene,
sulfur-graphene composite

■ INTRODUCTION

Recently, lithium-based rechargeable battery technologies have
become the focal point of research to fulfill the requirements of
electric vehicles (EVs), the most desired one being an extended
driving range of 300−400 mile per full charge.1,2 To meet these
requirements, however, a breakthrough in current lithium-based
rechargeable batteries is necessary.3,4 Currently the most
utilized and investigated lithium ion battery technology is
capable of generating energy density up to 387 Wh kg−1, which
is significantly lower than other rechargeable batteries such as
lithium sulfur and lithium air batteries.5−7 Among many
emerging battery technologies, rechargeable lithium sulfur
batteries are thought of as one of the most promising
candidates for addressing the needs of full-time EVs.8,9

Particularly, lithium sulfur batteries based on sulfur−carbon
composite electrodes utilizing carbon materials have been
studied extensively.8−10 The composite materials have been
developed by combining sulfur with a homogeneously
dispersed conductive carbon, reinforcing electrical conductivity,
and preventing the dissolution of lithium polysulfide into the
organic electrolyte.11−13 These enhancements of active sulfur−
carbon composites in turn significantly improve the material
utilization during the charge−discharge cycling process.14−16

Particularly, graphene-based sulfur−carbon composites pre-
pared by various chemical reaction routes have been shown to
demonstrate high C-rate capability,17−19 which is very
interesting for EV applications. Until now, the most reported
work related to the morphology of graphene based sulfur−

carbon composites has been limited to aggregated particles of
sulfur either dispersed in the graphene matrix or wrapped by
graphene sheets.18,20,21 Furthermore, a novel binder-free sulfur-
graphene composite has been reported, which consists of free-
standing porous and interconnected 3D network of graphene
foam, for lithium sulfur battery applications.5,20,22 Additionally,
an in-depth study with emphasis on revealing the reaction
mechanism during sulfur−carbon composite formation has
never been reported for further investigation on cathode
materials using 3D graphene sponge.
Herein, we introduce a film consisting of an assembly of tiny

sulfur nanogranules coated on the three-dimensional graphene
sponge, where the final composite morphology is a uniform
sulfur film laminated over the surface of graphene sheets.
Additionally, theoretical calculation of possible reaction model
of sulfur and graphene was conducted to prove the reaction
mechanism for the generation of sulfur nanofilm laminated on
the graphene sheets. The following advantages of the sulfur-
graphene composite as the active material for the solution of
lithium sulfur battery are as follows: (i) the direct connection
between sulfur film and the underlying graphene layer
significantly improves intrinsically low electrical conductivity
of sulfur; (ii) highly aligned three-dimensional graphene sponge
structure minimizes the dissolution of sulfur by chemical
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bonding during charge−discharge cycling; (iii) the unique
sulfur-graphene composite morphology leads to high power
due to excellent C rate capability in addition to high energy
capacity and its retention, which are particularly interesting for
high performance EV applications.

■ RESULTS AND DISCUSSIONS
The schematic illustration of the synthesis process of sulfur-
rGO sponge composite (3D-GS) is presented in Figure 1a. The
sponge structure has been maintained throughout the solution-
based synthesis procedure, and the three-dimensionally
structured graphene sponge plays the role of electrically
conductive matrix by direct contacting with sulfur film for
improved material utilization.
We refer to the prepared materials as 3D-GO (graphite oxide

sponge), 3D-rGO (reduced graphene oxide sponge), and 3D-
GS (sulfur-rGO sponge) composite. In order to compare the
electrochemical properties, the mixture of sulfur with rGO by
ball-milling, and the sulfur-rGO composite was also prepared
and denoted as M-GS (sulfur-rGO mixture), and C-GS (sulfur-
rGO composite), respectively. In order to quantify the amount
of sulfur in the 3D-GS composite, the TG analysis has been
carried out and the result is shown in the Figure S1,
demonstrating approximately 74 wt % sulfur in the 3D-GS
composite. The morphological change from 3D-rGO to 3D-GS
after loading sulfur into the graphene sponge and related EDX

elemental mapping of sulfur (Figures S2 and S3) shows very
uniform distribution, and it is virtually identical to the carbon
distribution, indicating that sulfur nano granules are very well
dispersed throughout the surface of 3D-rGO.
The XRD patterns obtained with 3D-GS and 3D-rGO are

consistent with results from the literature.23 The further
discussion is presented in Figure S4 and Table S1.
TEM analysis has been conducted, where the average particle

size of graphene sheets (3D-rGO) is observed to be 1−2 μm as
shown in Figure 2a, and the fringes observed in high-resolution
TEM image (Figure 2b) is a clear indication that 3D-rGO has
been successfully graphitized through the thermal reduction.
However, the irregular dots observed are likely due to
remaining oxygen functional groups ascribed from an
incomplete reduction of rGO sheets. The sulfur nano granules
assembled film laminated on the surface of rGO sponge after
synthesis procedure is confirmed by no aggregated particles
observed under HRTEM as shown in Figure 2c, d. Further
analysis by STEM (Figure 2e) also shows that the sulfur film in
3D-GS is observed to exist as particle-free, continuously
laminate layer. However, sulfur particles with an average size
between 6−8 nm are observed in very limited areas, where the
graphene sheets are folded or aggregated as shown in the
STEM image of Figure 2f. To characterize the elemental
distribution in this limited area shown in the STEM image,
EDX mapping was carried out as shown in the Figure S6. On

Figure 1. Schematic synthesis procedure of 3D structured sulfur-rGO sponge (3D-GS) composite. (a) Unique nanogranules assembled 3D-GS
composite prepared by a facile low-temperature solution method using carbon disulfide (CS2) as solvent. (b) Optical observations at each stage of
3D-GS synthesis.
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the basis of very uniform distribution of sulfur that matches
exactly with carbon and oxygen maps, it is most likely that the
sulfur predominantly exists as tiny nanogranules that have
assembled filmlike morphology. This result is a strong
indication that the sulfur film is formed by a dense assembly
of tiny nanogranules. The previous observations of the
continuous sulfur film is most likely due to much smaller size
of sulfur nanogranules assembled and coated on the surface of
RGS, which may be difficult to be characterized by TEM. To
further build on the observations of nano granules of sulfur, the
film on the surface of rGO sponge, elemental mapping through
EDX has been carried out. As shown in Figure 2g−j, virtually
exact replicas of sulfur, and carbon maps obtained verifies that
the sulfur distribution extremely uniform. The observed oxygen
distribution is indicative of remaining oxygen functional groups
after sulfur deposition.

For three-dimensional Raman mapping of 3D-GS, an island
of graphene sheet surrounded by the voids of graphene sponge
has been carefully selected as shown in the Figure 3a, where
white to blue color gradient corresponds to high to low
concentration of sulfur, respectively. The Raman spectra
obtained across the map and into the depth of 3D-GS are
presented in Figure S7, clearly illustrating the existence of voids
surrounding a continuous sulfur film laminated on the rGO
sheet. The Raman spectrum obtained from 4 levels of 3D-GS
with each level being 1 μm in thickness (total depth of 4 μm)
and consisting of 25 in-plane measurements clearly indicates
the existence of sulfur (Figure 3b). Figure 3c, d show typical
Raman spectra of 3D-GS composite showing peaks that
correspond to D, G and 2D-band peaks of graphene and
sulfur, respectively.24,25 In particular, relatively high intensity of
the D-band peak is ascribed to the defects of graphene layer
(ID/IG = 1.32), which supports previously observed irregular

Figure 2.Morphological and elemental analysis by TEM and EDX of 3D-rGO and 3D-GS. (a) Typical wrinkled morphology of graphene sheets and
(b) fingerprint fringes observed by HRTEM with 3D-rGO. (c, d) High-resolution of TEM image of 3D-GS. (e−g) High-resolution STEM image of
3D-GS and (h−j) its elemental mapping result.
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continuous graphitized carbon configuration in the high
resolution TEM image.

The S 2p doublet peaks of M-GS, C-GS and 3D-GS
presented in Figure 4a very closely matches with the previously

Figure 3. (a) Three- and two-dimensional Raman maps of 3D-GS composite obtained by (b) image processing of four levels of Raman
measurements with each level being 1 μm in thickness (for the total depth of 4 μm) and consisting of 25 in-plane measurements. (c, d) Typical
Raman spectra of graphene and sulfur obtained with 3D-GS composite.

Figure 4. XPS analysis of S 2p, C 1s, and O 1s of M-GS, C-GS, and 3D-GS composites; (a) S 2p XPS spectra of M-GS, C-GS, and 3D-GS
confirming the existence of elemental sulfur. (b) XPS results of C 1s of M-GS, C-GS, and 3D-GS. (c) Characteristic peaks of oxygen bonded carbon
identified in O 1s are C−O, CO, and C−O−H, which correspond to the reported binding energies of 530.9, 532.2, and 533.6 eV, respectively.
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reported work, respectively.20,26 Figure 4b displays the XPS
results of C 1s of C-GS, M-GS, and 3D-GS, and the area ratio
of these samples are presented in Table S3. Each XPS peak
shows different characteristic peaks, corresponding to the
reference binding energy.27,28 The XPS result of O 1s further
elucidates the type of oxygen functional groups that are
consumed during the formation of 3D-GS. Each oxygen
functional group is possibly bonded with carbon displayed in
Figure 4c, and the area ratio is presented in Table S4.29,30 The
comparable area ratios of C−O, CO and C−OH bonds of
M-GS and C-GS indicate that the contents of oxygen functional
groups are similar. However, 3D-GS shows relatively lower C−
O and C−OH contents than other sulfur-rGO materials,
particularly the C−OH group, which shows lower content than
that of 3D-rGO, which is a strong indication that the sulfur has
reacted mostly with C−OH during the synthesis which is
observed to be still remaining in 3D-rGO above. From this
result, it is verified that the dominant interaction between the
sulfur and rGO sheets is derived from the substitution reaction
between OH and sulfur.

On the basis of the above physical characterization results,
the reaction mechanism of the formation of 3D-GS is
hypothesized as follows. The rGO constructed from GO-
water suspension by an abrupt freezing suppresses agglomer-
ation of graphene sheets in rGO, resulting in a highly aligned
three-dimensional sponge structure. It is noted that the sudden
freezing is reported to be effective for creating aligned/ordered
porous structure and flattened planes of graphene oxide sheets
as the frozen water inside the matrix of GO-water suspension
helps to maintain the structure by using unidirectional freezing
technique.31−33 The 3D graphene sponge structure then
effectively exposes much larger area of graphene surfaces
compared to conventional rGO flakes or powders that
agglomerate much readily, significantly losing its active surface
area. This means that the degree of exposure of the oxygen
functional groups such as epoxy, hydroxyl, and carboxyl found
in the above XPS analysis of 3D graphene sponge is much
larger as well, allowing a higher rate of interaction with sulfur
(S8). This prolific interaction between sulfur and oxygen groups
leads to the generation of a nano sulfur granules assembled film

Figure 5. (a) Proposed models of graphene layer which consist of epoxy, hydroxyl and carboxyl groups (−OH, −COOH, and −C−O−C). (b−e)
Calculated binding energies of each oxygen functional group. 3D-GS composite most likely forms by replacement of hydroxyl and carboxyl groups by
sulfur (S8).
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laminated on the surface of underlying graphene sheets. In
contrast, using powdered graphene would lead to the formation
of big size of sulfur particles either dispersed in the graphene
matrix or wrapped by graphene layers due to the lack of
interaction with oxygen groups, as frequently reported in the
literature.18,21,22 Therefore, the hypothesis for the synthesis of
3D-GS can be summarized as follows: (i) 3D graphene sponge
better exposes OH functional groups. (ii) Prolific sulfur
interaction with OH group occurs. (iii) Nano granules
assembled sulfur film is generated on the graphene surface, as
opposed to sulfur particle growth due to the lack of interaction
with exposed oxygen groups as in conventional sulfur-graphene
composites. In order to support the aforementioned hypothesis
of the sulfur film formation on graphene sheets of rGO, DFT
modeling calculation has been conducted. The possible model
of graphene layer including oxygen functional groups based on
literatures30,34 is presented in Figure 5a, consisting of epoxy,
carboxyl and hydroxyl on its surface. Figure 5b−e shows the
fully relaxed structures of O, OOH, OH and S8 adsorbed on the
(2√3 × 2√3) graphene surface. On the basis of these models,
the binding energies (ΔEBE) have been calculated to elucidate
the homogeneous layer formation of S8 on the surface graphene
sheets of 3D-rGO sheets as defined by follows eq 1

Δ = − −E E E EBE ads/G G ads. (1)

where Eads/G, EG, and Eads are total energies of graphene surface
with adsorbates (e.g., O*, OH*, OOH*, and S8*), the
graphene, and isolated adsorbates in vacuum, respectively.
The S8 and oxygenates functional groups could be absorbed
competitively on the surface of graphene during the synthesis.
The binding energy is ordered in the sequence of O* > S8 >
OH* > OOH* on graphene. The strongest bond with O
corroborates the XPS results for which the specific CO
functional group remains in relatively higher quantity even after
3D-GS synthesis. Furthermore, the binding energy of S8, which
is relatively stronger than OH and OOH, but weaker than O,
most likely leads to the replacement of OH and OOH bonds
on the graphene surface. Based on previously published results
in the literature on rGO, OH, and OOH primarily resides in
the in-plane and edges of graphene sheets, respectively.30,34

This means that the sulfur film formation on graphene sheets
observed by SEM and TEM is driven by the replacement of the
OH groups by sulfur during the synthesis, consistent with
significantly reduced OH content of 3D-GS found in the XPS
analysis.
Having created a unique sulfur film morphology and

elucidated its synthesis mechanism, the morphological

Figure 6. High power lithium sulfur battery performance obtained with 3D-GS composite. (a) Initial charge−discharge profiles of 3D-GS. (b) dQ/
dV curve based on the initial charge−discharge profile. (c) Cycle durability test and the corresponding Coulombic efficiency obtained at 0.1C rate.
(d) and (e) Cycle durability of 3D-GS composite at various high C rates ranging from 0.5 to 5.
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advantage of 3D-GS as high performance active material for
lithium sulfur battery is demonstrated. Figure 6a, c shows the
charge−discharge profile and cyclability of 3D-GS obtained by
electrochemical evaluations of the lithium sulfur cell,
respectively. Plot of differential capacity (dQ/dV) vs potential
(V) reproduced from the first discharge−charge profile is
presented in Figure 6b. Two pairs of peaks are observed on the
dQ/dV vs V plot at 2.23 and 2.36 V (vs Li/Li+) during charge,
and 2.23 and 2.12 V (vs Li/Li+) during discharge, respectively.
These peaks correspond to the two step reaction, and are
typical characteristics of the formation of high-ordered (Li2Sn, 4
≤ n ≤ 8), and low-ordered (Li2Sn, n < 4) lithium polysulfides,
respectively.35 As expected, outstanding initial discharge
capacity of 1080 mAh g−1 (0.91 mAh/cm2) is obtained with
3D-GS at a 0.1C rate (sulfur mass loading: 0.72−0.74 mg/cm2,
0.12 mA/cm2), based on the theoretical capacity of sulfur (1672
mAh g−1 S), and the capacity of 763 mAh g−1 (with 71%
retention even after 100 cycles has been achieved. The
Coulombic efficiencies of the initial and 100th cycles are 99.4
and 99.3%, respectively. In comparison, the electrochemical
properties of reference materials M-GS and C-GS are presented
in Figure S12, where their initial performance are similar to that
of 3D-GS, demonstrating 944 and 1126 mAh g−1, (0.78 and
0.92 mAg/cm2) respectively; however, the capacity retention
are significantly lower resulting in 44.7% and 54% only after 50
cycles, respectively. Based on these results, much superior
capacity retention of 3D-GS is attributed to the direct
connectivity between a homogeneous sulfur film and the
graphene sponge, which are absent in a simple sulfur-graphene
mixture (M-GS) and sulfur loaded on graphene powder (C-
GS). The rate capability of 3D-GS presented in Figure 6e
shows the initial capacities of 1015 and 899 mAh g−1, and the
capacity retentions of 50.7 and 86.2% (515 and 775 mAh g−1)
after 500 cycles obtained at 0.5 and 1.0 C-rate (0.62 and 1.24
mA/cm2), respectively. The rate capability performance at 2.0
and 5.0 C-rate (2.47 and 6.2 mA/cm2) is also shown in Figure
6d demonstrating 828 and 599 mAh g−1 at 50th cycle with
good cycle stability, respectively. The initial capacity decreases
with increasing current density due to the polarization-
concentration resistance and IR drop of the cell. It is noted
that the charge−discharge time of 1.0C rate is twice faster than
0.5C rate during the cell test, which means that the retention
time of soluble high-ordered lithium polysulfide (intermediate
species) in organic electrolyte at higher C rates is much shorter
than lower C rates, leading to higher utilization of sulfur as
cycle advances. Despite intrinsically negative properties of
sulfur in organic electrolytes, the cyclability of the battery with
3D-GS using higher current densities ranging from 1−5C rate is
more stable than 0.1 and 0.5C rate based on the reduced
reaction time for the 2 step plateau reaction of solid phase →
liquid phase → solid phase (S8 → Li2S(n−1), (4 ≤ n ≤ 8) →
Li2Sn, (n ≤ 2) during the charge−discharge process.

■ CONCLUSIONS
In summary, a homogeneous and uniformly distributed nano
granules assembled sulfur-rGO sponge (3D-GS) film compo-
site for lithium sulfur batteries has been successfully synthesized
by using carbon disulfide (CS2) solution method and its
electrochemical performance in a lithium−sulfur battery has
been investigated. On the bsis of XPS and DFT calculation
results, the synthesized sulfur layer, which is deposited on the
surface of graphene sheets in rGO sponge, has nano granules
assembled, laminated morphology. The reaction mechanism of

sulfur film formation on rGO sheets is based on the dominant
driving force of sulfur nucleation by consuming specific oxygen
functional groups such as −OH and −OOH of rGO. 3D-GS
composite exhibits excellent performance with high specific
capacity of 1080 mAh g−1 at the initial discharge capacity and
stable cycle durability even after 100 cycles at 0.1C rate.
Furthermore, the initial discharge capacity and capacity
retention after 500 cycles at 1.0C rate of 899 mAh g−1 and
86.2% have been obtained, respectively. The high initial
capacity and cycle durability of 3D-GS is attributed to facile
kinetics of the charge-transfer reaction that likely have
originated from highly conductive electron paths formed by
perfectly connected sulfur film on rGO sheets. On that basis of
the enhanced cycle performance, it was concluded that the 3D-
GS (sulfur-rGO film) composite is a promising cathode
material for rechargeable lithium sulfur batteries and this
simple methodology using graphene sponge is highly applicable
to new designs for materials science.
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