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a b s t r a c t

To mitigate the shuttle effect and enhance the electrical conductivity in lithium battery cathode, the
unique characteristics of supercritical CO2 solvent (SCeCO2) and the distinctive porous and layered
microstructure of reduced graphene oxide (rGO) are exploited in the fabrication of a high-performance
rGO/sulfur composite cathode. Exploiting SC-CO2 technology can realize highly efficient sulfur transfer
and precise microstructure regulation of S/C composite cathodes for LieS batteries. On exposure, due to
the sudden pressure release process, the SC-CO2 expands the interlayers of rGO rendering plenty of
storage space for small sulfur allotropes in carbon matrices which increases the active sulfur loading.
Being a remarkable hydrophobic solvent, the wetting properties of SC-CO2 are excellent, ensuring sulfur
dissolution and penetration deep into the voids and interlayers of rGO. This creates intimate contact of
sulfur with rGO interlayers, guaranteeing precise sulfur content, uniform sulfur distribution, and strong
interaction between sulfur and carbon leading to enhanced electrical conductivity and sulfur utilization
efficiency. Another important feature is that the S/C composites can be prepared at room temperature,
unlike other conventional techniques which require a higher temperature. Moreover, the product
mixture can be separated simply by de-pressuring SC-CO2. Herein, the rGO/sulfur composite cathode
prepared on a lab scale showed an initial discharge capacity of 1024 mAh/g at 0.1C rate with capacity
retention of 92.2% and coulombic efficiency of 99% even after 200 charge-discharge cycles. The devel-
oped cells showed excellent performance (929 mAh/g at 1 C rate) with an ultralow decay of 0.04% per
cycle even after 200 charge-discharge cycles. Through this work, we believe that the synergistic effect of
SC-CO2 technology and rGO as sulfur host will open up a promising future for the synthesis of efficient S/
C composite cathodes with ultra-high cycling stability.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Growing population, advancing economies, and changing life-
styles are all leading to one factor: ever-increasing energy demands
of the mankind. As energy usage increases, concerns about envi-
ronmental pollution associated with the use of fossil fuels are
becoming serious. To mitigate these issues and reduce our
Ltd. This is an open access article u
dependence on fossil fuels, alternative energy technologies based
on renewable sources like solar and wind energies need to be
developed and adopted. However, these energy sources are inter-
mittent and lack consistency [1].When it comes to storing electrical
energy, rechargeable batteries still stand at the top of the list
because of their cost-effectiveness and numerous other advantages.
Li-ion batteries have become prominent over the past two decades,
particularly for portable electronics, as they offer a much higher
energy density than other rechargeable systems. The current Li-ion
technology is driven by the insertion-compound anode and cath-
ode materials, which are in turn known for their limitations in
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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terms of charge-storage capacity and energy density. To overcome
the charge-storage limitations of the insertion-compound elec-
trode, materials that undergo conversion reactions while accom-
modating more ions and electrons are becoming a promising
option but are highly challenging. In this perspective, the LieS
batteries with high energy density are being intensively pursued.

Sulfur, one of the most abundant elements of the Earth's crust
benefiting from profitability and non-toxicity, is highly attractive
as a cathodic material. It has a high theoretical capacity of 1672
mAh/g, which is an order of magnitude superior to that of tran-
sition metal oxide cathodes. The conversion reaction of sulfur to
form lithium sulfide (Li2S) by reversibly incorporating two elec-
trons per sulfur atom results in high capacity [2e17]. Despite
these considerable advantages, there are still a few challenges to
be tackled in developing stable, reversible, and efficient sulfur
cathodes in LieS batteries. One of the major concerns is that the
conversion reaction is always accompanied by a large volume
change. Additionally, sulfur and lithium sulfide are both in-
sulators, which calls for the need for incorporating conductive
additives like carbon into the electrodes [1]. Moreover, the in-
termediate lithium polysulfides formed during the conversion
reaction are soluble in most of the liquid electrolytes used to date.
These soluble intermediate Li polysulfides diffuse through the
electrolyte to the Li anode and get reduced to form solid Li sulfide
precipitates, passivating the anode by irreversible precipitation.
This results in low active material utilization, low coulombic ef-
ficiency, and short cycle life for the sulfur cathode [1]. Although
the LieS batteries are believed to be one of the most promising
next-generation high-energy-density rechargeable battery
chemistries, the cycle life and efficiency need to be improved for
them to be employed in practical applications.

One of the major challenges in developing efficient cathode
materials is in finding suitable strategies to confine sulfur in carbon
hosts with the required microstructure. When designing sulfur
hosts for long-term stable operation and high energy density, an
ideal host does not just need to have abundant porosity and large
surface area, but also should possess high electronic conductivity.
This may allow large confinements of active material, support fast
electrochemical reaction kinetics and strongly interact with poly-
sulfides [18].

Porous carbons play key roles in LieS batteries due to their good
conductivity, abundant porosity, and good electrochemical stability
[19]. They possess good electrical conductivity, a large surface area,
and tunable surface chemistry [20]. The well-defined porosity and
functional groups can relieve the volume changes and meanwhile
provide a strong affinity for polysulfides, which can retard the
polysulfides shuttle and enable high stable cycling life [20,81].
Microporous carbon hosts can efficiently confine smaller sulfur
particles in their pores rendering excellent cycle stability and better
electrolyte compatibility, but they can only afford limited sulfur
content, hindering their practical application. Mesoporous and
macro porous carbon provides larger pore volumes to accommo-
date more sulfur rendering high areal sulfur loading and energy
density of the battery. But, the challenge with large-sized sulfur
particles confined in large pore channels is that they could restrict
the electronic conductivity and the sulfur utilization rate. This
limitation makes it necessary to take actions from the synthesis
aspect to continuously regulate and optimize the microstructure
and surface chemistry of carbon materials (such as pore size, sur-
face area, morphology, conductive functional groups, etc.) to
improve the dynamic properties and structural stability of the
carbon-sulfur composite cathodes, and finally its capacity, safety,
rate performance, cycle stability, and energy density [18]. During
the past years, a variety of carbon materials with different mor-
phologies and porous structures have been explored like hollow
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carbon spheres, porous activated carbons, carbon fibers, carbon
nanotubes, carbon monoliths, graphene, etc. [6,21e28,81].

In addition to the importance of investigating various carbon
materials, it is instructive to look at how various synthesis routes of
carbon/sulfur composites influence the cell performance since a
suitable sulfur encapsulation is a major key to improving the uti-
lization of the active material and limiting the loss of the active
material. To date, different strategies such as mechanical mixing,
heat treatment, solution-based synthesis, etc. Have been exploited
by the research community. This includes melt diffusion [29,30],
solution infiltration [31,82], chemical vapor deposition [32,83],
mechanical infusion such as ball milling [33], wet chemical pro-
cesses utilizing soluble sulfur-containing compound (sodium
thiosulfate, sodium sulfide, sodium polysulfide etc.) [8,34e37].
However, these methods involve the usage of toxic solvents like
CS2, benzene, toluene, etc., and demand high energy consumption.
Moreover, a precise sulfur content with its uniform distribution and
affinity with the carbon host cannot be guaranteed. In this regard,
the development of a more facile, sustainable and efficient strategy
is paramount for the synthesis of the high-performance sulfur
cathode in LieS batteries.

In this article, we report a simple, rapid, and green route
allowing highly efficient impregnation of sulfur into carbon matrix
using supercritical carbon dioxide (SCeCO2) medium to fabricate
Carbon-sulfur (S/C) composite cathode for LieS batteries.
Compared to the conventional synthesis techniques, the exploita-
tion of SC-CO2 with hybrid properties of “gas-like” (in terms of
volume filling) and “liquid-like” (in terms of density and dissolving
power), has received great attention in materials synthesis owing
to its unparalleled merits. SC-CO2 is a promising hydrophobic sol-
vent that has the comparable dissolving ability of non-polar sulfur
to that of the highly toxic carbon disulfide (CS2), guaranteeing that
sulfur can be effectively dissolved at the molecular level [38]. It
possesses low viscosity, high diffusivity, and zero surface tension
like gas as well as appreciable density and solvation power like a
liquid, and its dissolving power can be adjusted by changing
pressure and temperature [39]. While the liquid-like density and
solvation power of modified SC-CO2 allows for the dissolution of
sulfur, its gas-like diffusivity and viscosity facilitate diffusion and
permeation of dissolved sulfur into the depth of micropores and
mesopores more rapidly and efficiently as compared to the con-
ventional wet impregnation techniques employing toxic solvents.
On exposure, due to the sudden pressure release process, the SC-
CO2 expands the interlayers of rGO rendering plenty of storage
space for small sulfur allotropes in carbon matrices. This creates
direct contact of sulfur with rGO interlayers, guaranteeing precise
sulfur content, uniform sulfur distribution, and strong interaction
between sulfur and carbon leading to enhanced electrical con-
ductivity and sulfur utilization efficiency. Another important
feature is that the product can be separated simply by de-
pressuring of SC-CO2. In addition, SC-CO2 is non-toxic, non-flam-
mable, cost-effective, and recyclable, and the liquid waste problem
can also be minimized [40]. This strategy of utilizing SC-CO2 by
eliminating the toxic solvents for sulfur dissolution makes super-
critical technology a “green process”.

In this work, SC-CO2 technology, which has so far received little
attention in battery studies, is utilized in encapsulating sulfur into a
porous reduced graphene oxide host, and the feasibility of SC-CO2

media to formulate S/C composite is evaluated. Herein, the gra-
phene oxide is prepared by the modified Hummer's method
[41,42]. GO consists of graphene sheets decorated mostly with
epoxide and hydroxyl groups. But GO, like graphite oxide, is an
electrical insulator, due to the disruption of its sp2 bonding net-
works. Therefore, in this work, GO is reduced by heat treatment,
producing reduced graphene oxide, rGO [43]. Reduced graphene
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oxide possesses a special kind of layered, disorderedmicrostructure
providing more interlayer space, serving as a perfect host material
that can enable the facile intercalation of active sulfur particles
enabling faster reaction kinetics.

Employing the as-prepared rGO/sulfur composite cathode can
realize the highly efficient intercalation/anchoring of sulfur within
the rGO host and precise microstructure regulation of S/C com-
posite cathodes for LieS batteries. This ultimately helps diminish-
ing the shuttle effect of lithium polysulfides, thereby enhancing the
electrochemical stability in LieS batteries.

2. Materials and methods

2.1. Synthesis of graphene oxide using modified Hummer's method

Themost common chemical synthesis route for GO is Hummer's
method and modified Hummer's method [41,42]. In this work, we
have employed modified Hummer's method for the preparation of
GO. This modified method of synthesis involves both oxidation and
exfoliation of graphite sheets due to the thermal treatment of the
solution. In this stepwise synthesis procedure, 2 g graphite powder
(SGA-20, 99.9% carbon content) and 2 g NaNO3 (Sigma Aldrich, 99%)
were mixed in 60 ml of H2SO4 (Sigma Aldrich, 98%) in a 1000 ml
flask with gentle, continuous stirring. Later 6 g of potassium per-
manganate (Sigma Aldrich, 99%) was added stepwise to the sus-
pension. The rate of addition was carefully controlled to keep the
reaction temperature lower than 15 �C.

The mixture was kept stirring for 2 h and was later diluted with
60 ml water placed above an ice bath. The solution was kept at
ambient temperature until it was cooled down completely. The
resulting mixture was then treated with H2O2 and the solution was
changed to bright yellow. The resulting mixture was then washed
by centrifugation with deionized water several times until it
formed a thick gel-like brown suspension and a clear distinction
between GO sedimentation and DI water was visible. In order to
remove the impurities, this thick brown suspension was dialyzed
for a few days. The GO after dialysis was freeze-dried overnight to
yield the GO powder. Later this freeze-dried pristine GO was
thermally reduced at 350 �C under a nitrogen atmosphere for
30 min to obtain reduced GO (rGO) for the SC-CO2 assisted sulfur-
containing composite formation.

2.2. Supercritical CO2-assisted synthesis of rGO/sulfur composites

In the synthesis of carbon/sulfur composite, the as-prepared
rGO and elemental sulfur powder were mixed in a mass ratio of
2:1 and transferred into the high-pressure supercritical reactor.
Subsequently, CO2 (99.9%) was pumped into the reactor and the
mixture was agitated at 350 RPM for 12 h. The temperature and
pressure during the whole process were maintained at 32 �C and
100 bars respectively. After the SCeCO2eassisted milling, the
reactor was gently depressurized by releasing out CO2. The as-
prepared rGO/sulfur composite powder was then collected from
the reactor, hereby denoted as RGO-S-SCC. Additionally, to under-
stand and compare the effects of post heat treatment of the com-
posite prepared with the aid of supercritical CO2 on the
electrochemical performance of the cells, a small portion of the as-
prepared samplewas taken apart and heated at 250 �C for 20min in
a tubular furnace under nitrogen atmosphere, hereby denoted as
RGO-S-SCC 250. For the comparative study, reference carbon/sulfur
composite was made by conventional melt diffusion synthesis
protocol. In this method, carbon black and sulfur are mixed well in
mass ratio of 2:1, followed by heat treatment at 155 �C (5 �C/min)
for 12 h under Ar atmosphere, in order to obtain S/C composite
(hereby denoted as S/C Melt Diffusion).
3

2.3. Materials characterization

X-ray diffraction (XRD) patterns were obtained using PW3040/
60 (Philips, Netherlands) X-ray diffractometer with a Cu-Ka radia-
tion source (l ¼ 1.5418 Å; 40 kV acceleration voltage; Ni filter used
as a beta-filter). The Raman spectra were recorded using a Raman
microscope (BIOLAB) with Nd-YAG 1064 laser excitation in the
range of 100e2000 cm-1. The surface area was determined by the
BrunauereEmmetteTeller (BET) method based on nitrogen
adsorption-desorption tests using Surfer advanced data processing
(ThermoFisher Scientific). The pore volume is obtained under the
assumption of the validity of the Gurvich rule. Thermogravimetric
analysis was performed on Labsys Evo (SETARAM) under a flowing
N2 atmosphere with a heating rate of 10 �C/min from room tem-
perature to 700 �C.

The morphology, microstructure and elemental distribution
were observed using scanning electron microscopy (SEM, FEI
Quanta 3D dual-beam equipment) and energy dispersive X-ray
spectrometry (EDX) (EDAX Apollo SSD detector coupled with
Genesis software). Lamellae of the samples were prepared by
focused ion beam technique (FIB) using a ThermoFisher Scientific
Scios 2 dual beam system. Two final polishing procedures were
applied in FIB sample preparation: 5 kV and 48 pA and 2 kV 27 pA to
minimize artefacts. TEM investigations, including selected area
electron diffraction (SAED), were performed in a Cs corrected
200 kV Themis microscope (ThermoFisher) attached with an en-
ergy dispersive spectroscopy (EDS) detector. The structure of the
composite was also characterized by HAADF analysis. X-ray
photoelectron spectroscopic (XPS) measurements were performed
using an Omicron EA 125 electron spectrometer in the “Fixed
Analyzer Transmission” mode with non-monochromatized Mg Ka
(1253.6 eV) radiationwith resolution around 1 eV. The energy scale
of the electron spectrometer was calibrated according to the ISO
15472 standard.

2.4. Electrode preparation and half-cell assembly

The composite cathodes were constructed by mixing the active
materials, conductive carbon black (Super C65, Imerys), and poly-
vinylidene fluoride (PVDF 99.9%, Solvay), in a weight ratio of
80:10:10. The mixture was then made into a slurry with N-methyl-
2-pyrrolidone (99.9%, Sigma-Aldrich) as the solvent and spread
onto copper foil using an automatic film applicator (BYK Gardner
GmbH). The coated electrode tape was initially dried in a hot box at
55 �C for 20 min followed by drying in a vacuum chamber at 60 �C
overnight. The mass loading of sulfur on each electrode was
approximate 2.6 mg/cm2. The dried cathode tape was punched into
14 mm discs using a disc cutter (Berg & Schmid GmbH). The
cathode discs were then placed in the glove box's antechamber
under evacuation mode overnight before making the cells.

Coin-type cells (CR2032) were assembled inside the argon-filled
glovebox with lithium-metal foil (99.9%, Sigma Aldrich) as the
counter electrode as well as the reference electrode, and Whatman
glass fiber as the separator. The electrolyte used was 1 M LiTFSi
(99.95%, Sigma Aldrich) in 1:1 vol ratio of 1,3-dioxolane (99%, Sigma
Aldrich) and 1,2-dimethoxy ethane (99.5%, Sigma Aldrich) as sol-
vents, using no further electrolyte additives. The cells were
assembled using MTI MSK 110 manual mode crimping machine.

Electrochemical impedance spectroscopy (EIS) measurements
were carried out in a two-electrode cell in the frequency range from
100 kHz to 100mHz using Bio-Logic (VSP-300) impedance analyzer
at 10 mV sinus amplitude. Following EIS, the galvanostatic charge
and discharge cycling of these cells was performed in a potential
range of 1.5 V to 3 V (vs. Liþ/Li). All the tests were conducted at
room temperature.
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3. Results and discussions

3.1. Importance of freeze-drying technique in the preparation of
dried GO powder

Freeze-drying, also known as lyophilization is one of the most
attractivemethods of “drying” for the reason that water can be used
as the “porogen” to prepare uniform porous structured materials.
The freeze-drying technique is the most simple and convenient
way to fabricate the oriented and uniform pored structure [44]. The
basic principle of lyophilization is that when the GO suspension is
subjected to a very low temperature (approximately �50 �C in our
case) its water content freezes to ice. This leads to an expansion of
the whole volume and the particles which are initially in the close
vicinity would depart from each other. The “liquid bridge” trans-
forms into a “solid bridge” and the relative position of particles will
be fixed. These particles cannot approach each other and the low
interfacial tension between solid water and the particles can pre-
vent their agglomeration in the progress of drying, i.e., sublimation
of the solidified water.

Ham et al. [44] studied the freeze-drying induced changes in the
structure, morphology, and chemical composition of GO and
observed that the freeze-dried GO had a porous structure, main-
taining the pored morphology even after high-temperature
annealing. The freeze-dried samples were composed of a single
folded nanosheet or a few nanosheets stacked and folded [44].

Fig S1 (a) shows the picture of GO freeze-dried at �50 �C. Before
any further experiments, SEM analysis was done to confirm the
porous structure of GO. The images of freeze-dried GO and the SEM
are shown in the supplementary data Figs. S1(a) and S1(b)
respectively. This feature is later supported by BET N2-sorption
analyses.

3.2. Physico-chemical characterization of the rGO backbones and
the S/rGO composites

The specific area and the pore size distribution of rGO and RGO-
S-SCC are characterized by nitrogen adsorption/desorption. The
resulting isotherms are shown in Fig.1(aeb) The isotherms are of IV
types with an H3 hysteresis loop, characteristic of slit-like pores.
The calculated surface area of pristine rGO is 373.4 m2/g and the
surface area of this rGO after mixing with sulfur, with the aid of
supercritical CO2 solvent, is considerably reduced to 55.7 m2/g. This
indicates that SC-CO2 with its gas-like diffusivity and viscosity fa-
cilitates diffusion and permeation of dissolved sulfur into the depth
of micropores and mesopores very efficiently, reducing the surface
area of the host rGO to a considerable extent. In this preliminary
analysis, we can see the beneficial role of the supercritical CO2
medium in enabling efficient intercalation of the active sulfur
particles into the porous rGO.

Fig. 2 shows the morphology and structure of the rGO/sulfur
composite cathode analyzed under HR-SEM. Fig. 2(aec) indicates
the lamellar structure of pristine reduced graphene oxide and the
microstructural changes induced by the infusion of sulfur into this
rGO with the aid of SC-CO2 is evident in Fig. 2(def). It can be seen
that fragmentation of composite particles has occurred upon SC-
CO2 assisted infusion process resulting in platelet-like morphology.
The homogenous spatial distribution of carbon and sulfur in the
composite can be seen from the elemental maps as shown in
Fig. 2(geh).

To study the internal microstructure and composition of the as-
prepared rGO/sulfur composites with enhanced resolution and to
determine the interplanar distances of rGO before and after the SC-
CO2 treatment, high-resolution TEM (HR-TEM), energy dispersive
spectroscopy and selected area electron diffraction (SAED) analysis
4

were performed and the results are shown in Fig. 3(aef). The
sample preparation for TEM was done by focussed ion beam
technique (FIB). The recorded EDS spectrum (not shown) of RGO-S-
SCC clearly shows the presence of major elements carbon and
sulfur. The interplanar distance (d) for the samples is determined by
SAED analysis. The d value for basal planes is 0.388 nm both in the
pristine rGO and in the sulfur encapsulated RGO-S-SCC. The result
indicates that sulfur incorporates in form of nanoparticles (as
illustrated in the graphical abstract) rather than intercalated atoms
between the sheets, leaving the structure of the GO intact. In the
high-resolution HAADF-STEM image (Fig. S4) the brighter contrast
is produced by the heavier elements (In this case sulfur compared
to carbon). The images reveal the presence of atomic or cluster of
sulfur nanoparticles in the pores of rGO. This shows how the rGO
can serve as a good host to encapsulate sulfur and sulfur-lithium
clusters during charge-discharge reactions [85].

The sulfur content of the RGO-S-SCC and RGO-S-SCC 250 com-
posites is determined through TG-DSC analysis. As shown in
Fig. 4(a), the composite shows a sulfur loading of 67.61%.

According to the analysis, there are mainly three mass loss steps
on the TG curve, the first one, with roughly half a percent of mass
loss, could be the evaporation of a small amount of physically
bound water. The next, largest mass loss between 125 �C and
440.6 �C accompanied by a small and broad endotherm is due to the
evaporation of the sulfur content from the rGO/S composite, while
the last mass loss is the result of the slow thermal oxidation of the
remaining carbon.

The phase structures of rGO, pure S powder, and RGO-S-SCC
samples are analyzed by XRD. As ‘can be seen in Fig. 4(b), the
original, pure sulfur powder shows sharp diffraction peaks corre-
sponding to the crystalline S8 structure and the pristine rGO shows
broad diffraction peaks corresponding to its amorphous nature. But
it can be observed that for the composite of rGO and sulfur, after the
SC-CO2 treatment no diffraction peaks corresponding to sulfur are
visible, resulting in a similar pattern to that of pristine rGO. This is
because, during the SC-CO2 encapsulation of sulfur inside the pores
or rGO, the highly crystalline sulfur becomes amorphous leaving no
diffraction peaks [45]. These results are further substantiated by
Raman spectroscopic analysis. According to Fig. 4(c), the pristine
sulfur shows a series of Raman peaks owing to the vibration of SeS
bonds in the crystalline S8 class [45]. The spectra for both rGO, and
RGO-S-SCC are similar. Essentially no peaks corresponding to sulfur
are observed for RGO-S-SCC which is an indication that the sulfur is
no longer possessing crystalline nature since it has transformed
into an amorphous state. These results are good indicators to
demonstrate how the synthesis of carbon/sulfur composite with
the assistance of SC-CO2 helps in the effective trapping and ho-
mogenous distribution of sulfur nano particles inside the carbon
matrix.

XPS analysis was done in order to identify the surface compo-
sition and chemical states of the RGO-S-SCC composite and the rGO
used in this work in comparison with conventional carbon black
(which might be commonly used in LieS battery cathodes). The
results are summarized in Table 1, the C 1s spectra of the samples
are presented in Fig. 5A while the S 2p spectrum of the RGO-S-SCC
composite is shown in Fig. 5B.

Looking at the data reported in Table 1, the carbon black
sample consists of essentially pure carbon with minimal traces of
oxygen moieties. The corresponding C 1s spectrum (Fig. 5A, curve
(a) possesses the slightly asymmetric peak shape characteristic of
graphitic carbon with its maximum around 284.4 eV binding en-
ergy, in good agreement with literature data [48]. The tiny O 1s
peak is located at 532.7 eV binding energy, which suggests the
presence of OH-like functional groups on the carbon backbone
[46]. As expected, the rGO used in this study contains a relatively
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high amount of functional groups, which enhances the asymmetry
of the C 1s envelope towards high binding energies (Fig. 5A, curve
(b)). In addition to the graphitic carbon line shape, two smaller
contributions can be identified. The stronger one at 286.0 eV is
due to carbon singly-bound to oxygen like in CeOH groups or
CeOeC-like arrangements such as in epoxide groups or lactones.
The weaker high binding energy component at 288.3 eV can be
assigned to more highly oxidized carbon species such as carboxylic
or anhydride functionalities or carbon atoms bound to more than
one oxygen atom in lactones [46,47]. The amount of C atoms
singly-bound to O is around 13% of the total C content while the
strongly oxidized C atoms account for 5%, indicating the high
functional group content of the material. The O 1s spectrum of the
rGO sample is in tentative agreement with the C 1s spectrum,
indicating presence of oxygen species in a range of different
bonding environments. The tiny Na and Mn content probably
arises from the remnants of chemicals used for GO synthesis.
According to Table 1 and Fig. 5A (curve (c)), sulfur loading resulted
in relatively minor changes in the carbonaceous part of the com-
posite: only a minor loss of the oxygen-containing functionalities
can be observed.
Fig. 2. SEM images of (aec) rGO (def) RGO-S-SCC in different magnificat
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Information on the chemical structure of the encapsulated sul-
fur within the rGO is shown in Table 1 and Fig. 5B. The main
contribution of the S 2p spectrum arises from a 2p3/2-2p1/2 spin-
orbit doublet with its leading peak at 163.5 eV, which is charac-
teristic for elemental sulfur [48], confirming the predominance of
SeS bonds in the composite. The other well-defined S 2p peak is
significantly broader and is located at 167.8 eV binding energy
corresponding to oxidized sulfur, although literature data overlap
in this binding energy range for many oxidized sulfur forms,
involving sulfonyl (SO2), sulfonate (SO3) or sulfate (SO4) function-
alities [48].

In summary, the characterization of the RGO-S-SCC composite
confirmed the successful sulfur loading of rGO by the supercritical
CO2 treatment. Thermogravimetry confirmed that the desired
amount of sulfur was driven into the rGO. SEM/EDS studies indi-
cated a relatively homogeneous large scale sulfur distribution along
with a few large agglomerates, while XPS data suggested formation
of larger sulfur particles and/or encapsulation by carbon. XRD as
well as Raman spectroscopy revealed the formation of amorphous
sulfur deposits while XPS indicated the predominance of elemental
sulfur in the system along with a low amount of oxidized species.
ions, and (geh) Elemental maps of carbon and sulfur in RGO-S-SCC.



Fig. 3. HR-TEM images of (aeb) rGO, (ced) RGO-S-SCC in different magnifications, (eef) SAED patterns of rGO and RGO-S-SCC respectively.
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3.3. Electrochemical performance evaluation of the prepared half-
cells

Fig. 6 shows the comparative electrochemical impedance
spectra (complex-plane impedance plots) of the as-prepared CR
2032-coin cell with Li metal anode, 1 M Lithium bis (tri-
fluoromethanesulfonyl) imide (LiTFSi) in 1,2-dimethoxyethane
(DME) and 1,3-dioxalane (DOL) (1:1 vol ratio) electrolyte and
cathodes prepared by the conventional melt-diffusion technique
(S/C Composite) and SC-CO2 treatment (RGO-S-SCC and RGO-S-SCC
250). The electrochemical impedance measurements have been
carried out in the frequency range of 100 kHz-100mHz, with 10mV
sinusoid voltage perturbation at open circuit potential. The
impedance spectra are validated using the linearized Kramers-
Kronig (KeK) test [52] to verify that the linearity, causality, stabil-
ity, and finiteness of the data are maintained. Only data with
relative residuals below 1.5% are used for further calculations.
Because the impedance spectra of batteries can sometimes be very
complex, distribution of relaxation times (DRT) analysis method is a
possible approach to interpret complex EIS data.
Fig. 4. (a) TG curves, (b) XRD patterns and (c) Raman
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Additionally, EIS is often evaluated by complex nonlinear least-
squares (CNLS) fitting method, which is computed by a system
model called an electrical equivalent circuit, where each parameter
of the circuit is identical with a physical characteristic of the system
under investigation. However, the choice of an electrical circuit
requires prior knowledge of the impedance of each element. DRT
analysis is used to transform the impedance data from the fre-
quency domain (f) to the time domain (t), thus obtaining the dis-
tribution function of the time constants involved in the system
from the frequency-dependent impedance data. DRT can be
considered as a tool to help finding a suitable model and its initial
parameters that should be used to fit impedance data. To calculate
the DRT spectrum by inverting the data, it is required to solve the
Fredholm integral equation, which is an ill-posed problem.
Different approaches exist to obtain solution to an ill-posed prob-
lem such as Fourier transformation [49], Bayesian approach
[50e52], Ridge and Lasso [53] methods etc. But one of the best
techniques is the Tikhonov regularization [54e56]. In present study
the Tikhonov regularization method was used on the Kramers-
Kronig transformable region of the spectrum with l ¼ 0.001
spectra of pure sulfur, pure rGO, and RGO-S-SCC.



Fig. 5. (A): C1s XPS spectra of (a): Carbon Black, (b): rGO, (c): RGO-S-SCC. (B): S 2p spectrum of RGO-S-SCC.
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regularization parameter in all case and the obtained DRT spectra
are shown in Fig. 7.

It can be seen from the DRT spectra that all the system con-
cerned in present work contains at least four different time con-
stants (t). The time constants are associated with different charge
transfer processes (in the high - and middle-frequency region) or
diffusion impedance (at low frequency region). The applied model
describes the system with a series resistance (RS) which describes
the electrolyte resistance which can be observed in the high-
frequency part of the impedance spectra. According to the DRT
analysis the system contains the interface resistance P1 between
lithium metal anode and electrolyte, the charge transfer P2 be-
tween cathode and electrolyte, the contact resistance P3 between
cathode and current collector and the solid-state diffusion Pdiff ;Q in
the cathode active material. The diffusion element in this model is
the so-called de Levie (ZdeLevie) element or transmission line
element. The reason for the application of this element in the
modeling process is that the surface of the applied materials is not
completely flat rather a rough surface.

Zde Levie ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RionZS

p
coth

ffiffiffiffiffiffiffiffiffi
Rion
ZS

s

Table 1
XPS data on surface composition and chemical states of carbon black, reduced graphene

Carbon Black rGO

BE assignment amount (at%) BE Assignment relative
contributions

C
1s

284.4 graphitic C 99.5 284.4
286.0
288.3

graphitic C (82%)
CeOH/CeOeC (13%)
carboxyls (5%)

O
1s

532.7 CeOH 0.5 531.0
533.3
535.9

CeOeC (41%) carboxy
lactone or ether grou
moisture (11%)

S
2p3/2

e e e 164.0
168.8

elemental S
SO3, SO4

Na
1s

e e e 1071.8 ionic Na

Mn
2p3/2

e e e 641.7 Mn2þ:MnO, Mn(OH)2
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The element ZS can be expressed as Zs ¼ QSð1j � uÞg where Qs is
a constant phase element and g is the exponent of the constant
phase element Qs based on ref [57].

The total impedance equations contain:

Ztot ¼RS þ ZRQ1 þ ZRQ2 þ ZRQ3 þ ZdeLevie

The complex nonlinear least-squares fitting of the model with
Levenberg-Marquard algorithm was carried out in a self-written
code in Python 3 with standard scientific packages (NumPy, SciPy,
Pandas, Lmfit and Matplotlib). The results are shown in Fig. 8(a)
with the schematic diagram of the fitted model.

The c2 value of the fitting was below 10-8 in all case. Table 2
contains the results from the CNLS fitting of the impedance
spectra. As clear from Table 2, the obtained resistances of the rGO/S
composites are significantly smaller (with 1 and 2 orders of
magnitude) in comparison with the S/C composite prepared by
melt diffusion technique using the carbon black matrix. Further-
more, in previously reported work on the supercritical CO2 assisted
synthesis [38,45], the activated S/C composite cathodes showed
resistances ranging from 270 Ohm to 1330 Ohm, which are much
higher values of resistances compared to the ones obtained in this
oxide and sulfur-reduced graphene oxide composite.

RGO-S-SCC

amount (at%) BE Assignment, relative
contributions

amount (at%)

85.6 284.4
285.8
288.3

graphitic C (86%)
CeOH/CeOeC (10%)
carboxyls (4%)

76.4

lic,
ps (48%)

13.0 531.1
533.2
536.0

CeOeC, SeO (46%)
carboxylic, lactone or
ether groups (47%),
moisture (7%)

14.0

0.4 163.5
167.8

elemental S (92%)
SO2, SO3, SO4 (8%)

8.8

0.6 1071.6 ionic Na 0.8

0.4 e e e



Fig. 6. Complex-plane impedance plots of the S/C composite, rGO/S nonheated (RGO-
S-SCC) and rGO/S heated (RGO-S-SCC 250) composite samples in the frequency range
of 100 kHz-100 mHz.
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work. The higher resistance values of activated S/C composites can
be due to the weaker interaction of the sulfur with the carbon
matrix. In contrast to this, for the as prepared composite cathodes,
RGO-S-SCC and RGO-S-SCC 250, significantly lower impedances
can be explained as follows. Since SC-CO2 has low interfacial ten-
sion and high diffusivity, the surface tension interface between
carbonmatrices and SC-CO2 is very low. This enables better wetting
of pores of rGO, resulting in more near contact of the highly
dispersed/dissolved sulfur particles impregnated within rGO.

The charge-discharge profiles of the as-prepared cells are shown
in Fig. 9(a) and (b) where all the charge and discharge curves
display well-defined voltage plateaus. The cells with RGO-S-SCC
and RGO-S-SCC 250 cathodes were cycled in a potential range of
1.5 Ve3 V. To havemuchmore comprehensible information on how
the cells perform under extreme conditions, they are subjected to
200 charge-discharge cycles and at different current densities. At
0.1C rate, the fabricated RGO-S-SCC cell shows an initial discharge
capacity of 1024 mAh/g. The cell shows very good capacity reten-
tion of 92.28% delivering a discharge capacity of 945 mAh/g after
Fig. 7. DRT spectra obtained with l ¼ 0.001 regularization parameter in the case of
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200 charge-discharge cycles. The developed RGO-S-SCC cells
showed excellent performance with a fairly low decay of 0.04% per
cycle even after 200 charge-discharge cycles.

The RGO-S-SCC 250 sample was studied only to understand
whether there is any significant influence for the heat treatment of
the composite on the electrochemical performance. But it was
observed that, there wasn't any significant differences, but showed
almost similar electrochemical behaviour to RGO-S-SCC. RGO-S-
SCC 250 cell shows an initial discharge capacity of 978 mAh/g
cycling at 0.1C rate. The discharge capacity after 200 charge-
discharge cycles is 909 mAh/g corresponding to a capacity reten-
tion of 92.94%.

The cycling stability and the coulombic efficiency of the RGO-S-
SCC and RGO-S-SCC 250 cells at 0.1C rate for 200 cycles are shown
in Fig. 9(ced). Coulombic efficiency which is the ratio of the
discharge capacity over the charge capacity of the cells is main-
tained at approximately 99.5% even after prolonged cycling. This
high Coulombic efficiency is a scalar indicator for the good elec-
trochemical reversibility of the battery electrode function. The rate
performance of the cell subjected to lower and higher current rates
is shown in Fig. 9(e).

Table 3 compares data on the rate performances of the cells
reported previously based on SC-CO2 assisted synthesis of S/C
composite, with the current work. It can be clearly seen that the
stability and rate performance is outstanding in the case of cells
fromRGO-S-SCC electrode. In our case, the discharge capacity of the
cells is enhanced by approximately 52e59% at 1C rate and 69e80%
at 2C rate in comparison with the other works. The cells could
maintain cycling stability with very little capacity degradation even
after 200 charge-discharge cycles.

Fig. 9(f) shows a comparison plot on the long-term charge-
discharge cycling profile (at 0.1C rate) of the S/C composite cathode
prepared by the conventional melt diffusion with carbon black
(denoted as S/C Melt Diff in the figure) with that of the RGO-S-SCC
composite cathode with rGO as the sulfur host. From the figure, it is
clear that the polarization effects in S/C Melt diff are much higher
than the RGO-S-SCC, which is in agreement with the impedance
spectrum analysis (Fig. 6), where S/C Melt diff showedmuch higher
resistance. Most importantly, the reversible capacity of the RGO-S-
SCC cells is significantly higher in comparison with S/C Melt Diff.
Such boosted electrochemical performance of the investigated cells
with respect to the reversible capacity, long-term cycling stability,
and high coulombic efficiency can be explained as follows. As
mentioned previously, XPS analysis of rGO revealed the strong
presence of polar functional groups (epoxy, carboxylic groups, etc.).
a) S/C composite (melt diffusion), b) RGO-S-SCC and RGO-S-SCC 250 electrodes.



Fig. 8. Complex-plane impedance spectra of the RGO-S-SCC and RGO-S-SCC 250 with the CNLS fitting results and the illustration of all identified mechanisms and corresponding
physical interpretation in half-cells including: The electrolyte resistance (Rs), the interface resistance P1 between lithium metal anode and electrolyte, the charge transfer P2 be-
tween cathode and electrolyte, the contact resistance P3 between cathode and current collector, and the solid state diffusion Pdiff,Q in the cathode active material.
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The presence of these oxygen-containing functional groups in rGO
acts as sulfur immobilizers that can anchor sulfur atoms within the
conducting carbon matrix [58e60]. So, even during prolonged
charging and discharging, due to this strong interaction of rGO and
sulfur, the lithium polysulfide discharge products will be confined
within the cathode itself without getting dissociated in the elec-
trolyte and diffusing towards the Li metal anode. This helps curtail
the polysulfide shuttling back and forth between the electrodes.
This in turn benefits frommaximum active material utilization and
the least active material loss, resulting in highly reversible and
stable cells with ultra-low-capacity degradation over prolonged
cycling.

This phenomenon is evident from the difference in the charge-
discharge voltage profiles of S/C Melt Diff and RGO-S-SCC (cf.
Fig. 9(f)). Related to the S/C Melt diff sample, the voltage plateau
corresponding to the formation of the higher-order lithium poly-
sulfides (marked 1 and 2 related to the discharge and charge curves,
respectively) is visible, however, this is missing for the RGO-S-SCC
electrode in the voltage profile. The nature of the charge discharge
plots largely depends on the microstructure (porosity, heteroatom
content etc.) of the carbon host and the adsorption capability of the
carbon host for the sulfur and Li - polysulfides formed during the
charge-discharge reaction. The influence of microstructure of car-
bon and its adsorption capability on the electrochemical perfor-
mance is reported previously [84]. Here, the obtained discharge
plateau of RGO-S-SCC is the distinctive characteristic of the
microporous reduced graphene oxide matrix to which the sulfur is
embedded. The rGO, with the presence of polar functional groups
serves as strong adsorbing host to the Li-polysulfides and restricts/
eliminates the discharge potential hysteresis (which is indicated by
Table 2
CNLS fitting of the impedance spectra.

CNLS fitting results with standard errors of the estimated parameters

Parameter S/C composite (Melt diffusion)

Rs [Ohm] 19.77 ± 0.46
R1 [Ohm] 182.41 ± 4.98
Q1 [F] 3.21�10-5 ± 4.2�10-6
n1 0.72
R2 [Ohm] 152.61 ± 5.51
Q2 [F] 2.79�10-5 ± 3.6�10-6
n2 0.9
R3 [Ohm] 500 ± 3.71
Q3 [F] 1.42�10-3 ± 3.5�10-4
n3 0.7
Rion [Ohm] 83.31 ± 8.25
Qs [F] 4.51�10-4 ± 2.5�10-5
g 0.8
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higher voltage plateau) formed during the electrochemical reac-
tion. Hence, only lower voltage plateau is observed.

Since higher-order, i.e., long-chain lithium polysulfides are quite
soluble in the organic electrolyte their presence can be detrimental
to the long-term cycling performance of the LieS batteries due to
diffusion phenomena. The fast degradation and breakdown of the
higher-order lithium polysulfides into lower-order (short-chain)
polysulfides may result in more stable cycling behaviour by sup-
pressing polysulfide migration. The rGO host in our case besides its
molecular anchoring by its polar domains can provide a catalytic
effect to rapidly decompose long-chain polysulfides. It is obvious
from the voltage profile data presented in Fig. 9(f)., that rGO-based
sulfur-containing nanocomposite cathode provides an alternative
mechanism for the sulfur/ polysulfide / lithium sulfide trans-
formation [61e63].

In addition to this chemical confinement effect, the SC-CO2
treatment enables the physical confinement of sulfur into the
depths of the micropores of the rGO. Thereby, simultaneous
chemical and physical confinement of the polysulfide species can
occur in our rGO based nanocomposite cathode during the elec-
trochemical cycling. The above results demonstrate the synergistic
effects of utilizing i) supercritical CO2 technology and ii) rGO carbon
host by the design of C/S nanocomposites for LieS rechargeable
batteries. This allows the design and synthesis of LieS cathode
which is capable of physical confinement of the Li-polysulfides by
creating porous electrodes with high tortuosity and porosity and
also the chemical confinement of Li-polysulfides is feasible due to
the polar functional groups on the carbonaceous sulfur host. This, in
turn, helps to prepare highly efficient carbon/sulfur nanocomposite
cathodematerials for LieS batteries with outstanding performance.
RGO-S-SCC 250 RGO-S-SCC

1.27 ± 0.44 1.21 ± 0.40
56.06 ± 0.77 60.61 ± 0.35
1.87�10-5 ± 0.3�10-6 1.08�10-5 ± 1.1�10-6
0.8 0.9
0.22 ± 0.06 9.35 ± 0.27
4.01�10-6 ± 3.2�10-7 5.84�10-5 ± 9.2�10-6
0.9 0.9
4.42 ± 0.41 9.30 ± 0.06
3.50�10-3 ± 2.6�10-4 5.56�10-5 ± 3.2�10-6
0.9 0.8
1.37 ± 0.40 4.97 ± 0.58
5.68�10-3 ± 0.1�10-4 2.03�10-2 ± 0.6�10-6
0.7 0.7



Fig. 9. (a) Charge -discharge voltage profiles of RGO-S-SCC @ 0.1C rate; (b) Charge -discharge voltage profiles of RGO-S-SCC 250 @ 0.1C rate; (c) Long term cycling performance of
RGO-S-SCC @ 0.1C; (d) Long term cycling performance of RGO-S-SCC 250 @ 0.1C rate; (e) rate performance plot of the RGO-S-SCC electrode; (f) Comparison plot of voltage profiles
for composite cathodes prepared by S/C melt Diff and RGO-S-SCC.
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4. Conclusion

In this study, a facile, low cost, environmentally benign and
room temperature SC-CO2 synthesis technique has been exploited
to fabricate a high-performance C/S composite cathode for LieS
batteries. Herein, we utilized the prominent properties of reduced
Table 3
Comparative study on the rate performance of RGO-S-SCC electrode with previously rep

Specific Discharge Capacity at different Current Rates

0.1C 0.2C 1C

ref [45] 844 733 446
ref [38] 882 697 381
Present study* 1024 991 929
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graphene oxide (rGO) as the sulfur host to fabricate rGO/sulfur
composite (RGO-S-SCC and RGO-S-SCC 250) cathode for LieS bat-
teries. Taking into account the remarkable features such as hydro-
phobicity, high infiltrability, diffusivity, and solvability,
SCeCO2eassisted synthesis helped in achieving efficient and ho-
mogenous physical confinement of sulfur in rGO matrix. Due to the
orted works on supercritical CO2 assisted synthesis of S/C.

Capacity degradation (%)/Number of cycles

2C 0.1C

156 676 19/150
242 762 13/100
780 945 9/200



L.S. Shankar, D. Zalka, T. Szab�o et al. Materials Today Chemistry 26 (2022) 101240
sudden pressure release process, the SC-CO2 expands the in-
terlayers of rGO creating much additional space for dissolved sulfur
to be encapsulated ensuring strong interaction between the sulfur
and carbon matrices. Concurrently, the presence of functional
groups in the rGO enables the immobilization of sulfur, resulting in
the chemical confinement of soluble lithium polysulfides within
the cathode. Owing to these integrated characteristics, the devel-
oped cells with RGO-S-SCC cathode, Li metal anode, and 1 M LiTFSi
in DME and DOL (1:1 vol ratio) electrolyte showed outstanding
electrochemical performance with respect to specific capacity,
Coulombic efficiency, and stable cycle life even at higher current
rates for prolonged cycling. The cell showed excellent capacity
retention of 92.2% delivering an initial discharge capacity of 1024
mAh/g and a discharge capacity of 945 mAh/g after 200 charge-
discharge cycles at 0.1C rate. The developed cells showed high-
rate performance with an ultralow decay of 0.03% per cycle even
after 200 charge-discharge cycles. Moreover, the highly sustained
Coulombic efficiency (around 99.5%) is a scalar indicator of the
good electrochemical reversibility of the battery electrode function.
It can be deduced from the results that this less investigated, facile
and sustainable approach of SC-CO2 assisted synthesis provides
new insight into the rational design and controllable synthesis of
carbon/sulfur composite cathodes for LieS batteries. More opti-
mization and fine tuning of the experimental conditions (pressure,
treatment time etc.) of SC-CO2 infusion and the structural modifi-
cations of rGO has to be done in order to have an in-depth under-
standing for further development of LieS cathode systems with
enhanced electrochemical performance.
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