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ABSTRACT: In this work, we proposed a facile dissolution−crystallization strategy based on
density functional theory calculations to achieve rapid as well as uniform distribution of sulfur
on porous carbon. Sulfur-containing solution can completely penetrate porous material and in
preference remove into the pores under the influence of capillary force, and sulfur tends to
crystallize on the defective even non-defective carbon matrix rather than agglomerate. The S/
PC composites prepared by this method can still achieve uniform distribution of sulfur when
the sulfur content is as high as 85%. All operations can be completed within a few minutes
without any heating. Compared with common melt-diffusion and vapor-phase infusion, this
approach has lower energy consumption and is simple, safe, continuous, and rapid.

1. INTRODUCTION

Modern living standards create higher demands for power,
energy density, and cycling durability of the energy storage
system.1,2 Lithium−sulfur batteries are extensively studied as a
propitious energy storage system because of their high
theoretical specific capacity of 1675 mAh g−1 and energy
density of 2600 Wh kg−1,3−6 environmental friendliness,
abundant resources, and low price.7 However, the poor
conductivity of sulfur and its reduction products Li2S/Li2S2
is responsible for the low active material utilization and poor
rate capability. At the same time, the volume expansion of
sulfur and the shuttle effect caused by the dissolution of
polysulfide in the electrolyte lead to attenuation of battery
capacity.8 For that reason, sulfur is normally encapsulated in a
porous conductor matrix, such as graphene,9 carbon nano-
tubes,10 or porous carbon,11 that can facilitate electron
transport, buffer the volume expansion, and trap the
polysulfide.
Usually, melt-diffusion and vapor-phase infusion methods

are high-frequency approaches to confined sulfur in a carbon
material.12 At high temperatures, molten sulfur or gaseous
sulfur infiltrates into a hollow space under the action of the
capillary force and then solidifies and aggregates during the
cooling process. Both of them require a long heating time for
sulfur to melt, sublimate, and migrate. The lengthened heating
leads to reduced productivity and increased energy con-
sumption.13 In addition, molten sulfur only exhibits partial
moistening with a rough contact angle of 50° on the carbon
surface.14 The high diffusion resistance of molten sulfur always

creates uncontrollable sulfur coating on carbon materials.
Sometimes, the functionalized carbon surface is used to
enhance chemical binding of LiPSs. Unfortunately, it also
hinders the inward diffusion of sulfur.12 Therefore, it is still a
huge challenge for sulfur to infiltrate the entire surface of the
carbon material and deposit uniformly.
In this work, density functional theory (DFT) calculations

provided details about the interaction of S8 with models of
porous carbon. Herein, we propose a facile dissolution−
crystallization strategy under the guidance of DFT to achieve
rapid as well as uniform distribution of sulfur on porous
carbon. Since sulfur can be effortlessly dissolved in carbon
disulfide at ambient temperature and pressure, the amount of
the solution can be arranged to ensure that they completely
penetrate porous material and in preference remove into the
pores under the influence of capillary force. With the
volatilization of solvent, sulfur tends to precipitate on the
defective even on the non-defective carbon matrix rather than
agglomerating. As long as carbon has a considerable specific
surface area, sulfur can be dispersed uniformly until it reaches
the size of a nanometer. All operations can be completed
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within a few minutes without any heating. Compared with
melt-diffusion and vapor-phase infusion, this approach has
lower energy consumption and is simple, safe, continuous, and
rapid. Therefore, it is suitable for the composition of sulfur
with porous carbon, even for other porous material matrix and
especially for the material modified by heating during the sulfur
loading process.

2. COMPUTATIONAL METHODOLOGY
All the periodical DFT calculations were employed by the
Vienna Ab initio Simulation Package (VASP).15−18 The
Perdew−Burke−Ernzerhof exchange−correlation function,19

with projector-augmented wave scheme,20 was applied to
report the ion-electron exchange−correlation. The DFT-D3,21
including Becke−Johnson damping,22 was utilized to correct
the long-range dispersion. The energy cutoff for the plane-wave
expansion was set up to 450 eV. The Brillouin zone integration
was generated according to the Monkhorst−Pack method23

using a Gamma centered 2 × 2 × 1 k-point mesh. All structures
were relaxed until the energy changed to less than 1 × 10−5 eV,
with the forces on each atom being below 0.01 eV/Å.
On a short length scale, porous carbon can be considered as

a combination of an integral graphene layer and a graphene
layer with defects. To mimic the porous carbon materials, four
types of graphene-relevant surfaces are constructed. These
models simplify the non-uniformity graphite carbon layer by
locally considering ideal graphene and ideal graphene
containing single vacancy (SV), doublet vacancies (DV) and
triplet vacancies (TV).24 Sulfur is regarded as a stabilized form
of S8. A vacuum slab of 15 Å is added alongside the c axis to
diminish the interactions between adjacent cells arising from
the periodic effect. In this work, the interaction energy (Eint) is
calculated and defined as

∑= −E E E
i

iint system
(1)

Esystem is the total electronic energy for the whole optimized
complex, and the Ei is the energy of the isolated fragment,
including the S8 molecule and four types of graphene-relevant
surfaces.
Carbon with four different models, pristine graphene layer,

SV, DV, and TV on the graphene layer, is shown in Figure 1a−
d. As a result, two pentagons and one octagon defects take the
shape in reconstructed DV and two 5-membered rings and one

10-membered ring are formed in reconstructed TV. After
structure optimization, S8 was absorbed on the four slabs. The
interaction energies of these four configurations were −0.68,
−0.99, −0.63, and −0.62 eV, respectively. The adsorptions
between S8 and porous carbon are stronger than that between
the S8 dimer, which is the Eint value calculated to be −0.29 eV,
indicating that the S8 molecule tends to be adsorbed onto the
carbon porous surface rather than the agglomerate themselves.
Taking the mechanism of crystal nucleation and growth into

consideration, a carbon matrix is reasonable to be a
heterogeneous nucleus for sulfur crystallization. As long as
carbon has a considerable specific surface area, sulfur can be
dispersed uniformly on the carbon surface during the
crystallization process until it reaches the size of a nanometer.
It is worth noting that the defects in graphene only play a role
in the first dissociation event, and the interface interaction after
the model adsorbs sulfur needs to be calculated separately.

3. EXPERIMENTAL SECTION

3.1. Preparation of Mesoporous Carbon. Natural
tubular corn silk was selected to be the carbon source to
fabricate porous carbon. Dried corn silk was calcined and
activated by K2CO3 at 800 °C in a vacuum tube furnace. The
remnant was washed several times by deionized water to meet
the pH value 7, then dried, and ground.

3.2. Synthesis of S/PC Composites. Carbon disulfide (2
mL) was used to dissolve 0.233 g of sublimated sulfur, then 0.1
g of as-prepared porous carbon was added into the solution,
and continuously stirred until the carbon disulfide completely
volatilized naturally. The composite was washed by absolute
ethanol multiple times until the residual of carbon disulfide was
removed. In the end, the composite was kept in a vacuum oven
at 60 °C for 6 h. This sample was denoted as 70S/PC. Using
the same method, samples containing 75, 80, and 85% sulfur
were prepared respectively and be noted as 75S/PC, 80S/PC,
and 85S/PC. The schematic illustration of the preparation
process is shown in Figure 2.

3.3. Materials Characterization. The nitrogen physical
adsorption/desorption isotherms were measured by a volu-
metric adsorption system (V-Sorb 2800TP) at 373 K. The
phase structure was characterized by powder X-ray powder
diffraction (XRD, D8 ADVANCE, Bruker) at a scan rate of 6°
min−1 from 5° to 90°. Raman spectra were recorded on a laser
confocal micro-Raman spectroscope (LabRAM HR800) at a

Figure 1. Models of porous carbon: (a) ideal graphene; graphene with (b) SV; (c) DV; (d) TV; (e) the interaction energies (Eint) for different
systems in this study: S8 dimer, S8 molecule adsorbs on graphene (g-S8), S8 molecule adsorbs on graphene with SV (g-SV-S8), S8 molecule adsorbs
on graphene with DV (g-DV-S8), and S8 molecule adsorbs on graphene with TV (g-TV-S8). For each structure inset, the top picture is the top view
and the bottom is the side view.
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632.8 nm excitation in the range of 100−3500 cm−1.
Thermogravimetric analysis (TGA, Q500 TGA) was per-
formed at a heating rate of 10 °C min−1 from room
temperature to 800 °C in a nitrogen atmosphere. X-ray
photoelectron spectroscopy (XPS, PHI-5000) was carried out
with a monochromatic Al X-ray source (15 kV). The
morphology and microstructure of materials were investigated
by scanning electron microscopy (SEM, TESCAN, VEGA-
3SBH) with energy-dispersive X-ray spectrometry (EDS) and
high-resolution transmission electron microscopy (HRTEM,
Tecnai G2 F20 S-TWIN).
3.4. Electrochemical Tests. The as-prepared S/PC

composites were mixed with Super P and polyvinylidene
fluoride at a ratio of 70:20:10 (wt %) to form a slurry by using
N-methyl-2-pyrrolidone as the solvent and was pasted evenly
onto an aluminum foil. The areal active material loading in all

the composite cathodes is approximately 1.0 mg cm−2. CR2025
coin cells were assembled in a glovebox with pre-prepared
aluminum foil as the positive electrode, a metallic lithium film
as the negative electrode, and 90 μL of 1.0 M LiTFSI and 0.1
M LiNO3 in DME/DOL = 1:1 (vol %) as the electrolyte. The
charging and discharging performances were recorded on a
battery test system (Xinwei, BTS 9000) with the voltage
ranging from 1.8 to 2.7 V. Cyclic voltammetry (CV)
measurement was conducted at a scan rate of 0.1 mV s−1 on
an electrochemical workstation (Princeton, PMC-2000).
Electrochemical impedance spectroscopy (EIS) was performed
on a cell before and after 100 cycles with the frequency ranging
from 0.01 Hz to 100 kHz on the electrochemical workstation.

4. RESULTS AND DISCUSSION

SEM investigated the microscopic morphologies of the
composites and portrayed the images in Figure 3. The
composites have the same morphology, which indicates that
the synthesis process does not change the structure of samples.
The EDS image (Figure 3b−b3) reflects that sulfur has been
uniformly loaded on the surface of the carbon pieces when the
sulfur content added is as high as 85%. From high-
magnification images, we can see that the porous carbon
maintains an obvious pleated structure. This structure provides
a high specific surface area to the carbon matrix, which can
effectively increase the dispersion of crystal sulfur and reduce
aggregation. Nanoscale sulfur particles are more likely to be
stored in pores, dispersions, and pleated regions, which match
with the results of DFT. Therefore, in order to ensure the
nanometer size of sulfur crystals, the content of sulfur should

Figure 2. Schematic illustration of the preparation process of the S/
PC composite.

Figure 3. SEM images and mapping of composites (a−c) 70S/PC; (a1−c1) 75S/PC; (a2−c2) 80S/PC; and (a3−c3) 85S/PC.
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not be too high when the specific surface area and cumulative
pore volume of the carbon particles are certain.
The deposition structure and contact between sulfur and

carbon were further proven by the HRTEM diagram (Figure
4). The translucent carbon nanosheet shows that the porous
carbon is very thin. Figure 4b shows a large number of
micropores on the carbon surface and the sulfur appears in or
nearby pores. It is tightly attached to the carbon skeleton
through a thin layer. Clear lattice lines appear on the surface of
carbon, indicating that the sulfur after crystallization has a
complete crystal structure. According to the SEAD picture
(Figure 4c), these lattice lines correspond to the (026) plane of
sulfur crystal. It confirms that sulfur has a preferred crystal
orientation on carbon.
The specific surface area and pore structure were

characterized by nitrogen adsorption/desorption isotherms.
Figure 5a shows a typical type I isotherm with a H4 reversible
hysteresis loop, suggesting the existence of a large amount of
micropores. When P/P0 is lower than 0.02, the adsorption
increases sharply, which is due to the micropore filling. The
micropores are shaped like slits, indicated by the adsorption

curve becoming nearly horizontal.25 A hysteresis loop at P/P0
above 0.5 reflects the presence of mesopores. It is calculated
that the specific surface area of PC can reach as high as 2390
m2 g−1, which is conducive to the dispersion of sulfur and
reduces aggregation. The total micropore volume is 0.88 cm3

g−1 by the T-plot method, corresponding to a theoretical
loading of 68 wt % sulfur. The pore-size distribution curve
(inner Figure 5a) reveals that micropores mainly distribute at
around 0.62 nm, which is beneficial to the absorption of sulfur
and LiPSs.26 After synthesis with 70 wt % sulfur, the change of
nitrogen adsorption/desorption isotherms indicates the
reduction of the amount of micropores. The BET surface
area of S/PC is reduced to 1752.69 m2/g, while the total
micropore volume dropped to 0.28 cm3 g−1. Calculated by the
density of sulfur, 59% of the sulfur enters the carbon pores.
In Figure 5b, XRD analyzed and portrayed the crystal-like

structure of the material. It could be seen that four composites
have analogous diffraction peaks at the same positions except
for the peak intensity. Generally, the peak of graphite at 26° is
the characteristic peak of (002) planes. However, the peak of
carbon used in composites in the XRD pattern is broadened

Figure 4. (a,b) HRTEM images of the 70S/PC composite and (c) SEAD pattern of 70S/PC.

Figure 5. (a) Nitrogen adsorption/desorption isotherms; inner diagram: pore size distributions of PC and 70S/PC; (b) XRD patterns of
composites; (c) TGA data of composites; (d) Raman spectrums for composites; and (e,f) XPS survey spectra and fitted photoelectron lines of the
C 1s and S 2p of 70S/PC composite.
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and shifted to a lower angle, indicating poor crystalline
characteristics due to increased structural defects and expanded
interlayer distances in the activation process.25 The character-
istic peaks centered around 23° correspond to the
orthorhombic sulfur (222) planes indexed to element 08-
0247 in JCPDS card. The absence of another diffraction peak
reveals that no new phases were formed by the dissolution−
crystallization method. With the increase of sulfur content, the
intensity of the sulfur diffraction peaks increases and that of the
carbon diffraction peaks decreases. The weak intensity of sulfur
in the 70S/PC curve reflects that sulfur is preferentially
deposited into the pores of carbon.27 The higher the sulfur
content, the more sulfur is deposited on the surface of the
carbon, resulting in an increase in the peak intensity of sulfur.
At the same time, due to the strong force between sulfur and
carbon,28 the intensity of the carbon peak gradually decreases.
To further verify that sulfur has been composited with a

carbon skeleton, Raman tests were carried out, and the results
are shown in Figure 5c. The two peaks around 1339.9 and
1589.1 cm−1 in the Raman spectra belong to the D, G
characteristic peaks of carbon materials. With the increase of
sulfur content, the intensity of sulfur diffraction peaks increases
and the carbon diffraction peaks decreases. The weak
characteristic peak of sulfur in 70s/PC reveals that sulfur is
successfully confined in the carbon pores. Since the value of
I(D)/I(G) can reflect the degree of graphitization,29 the value
of curve from bottom to top is 1.33, 1.11, 1.04, and 0.91,
respectively. The decrease of the value represents the reduction
of the defects on carbon materials, which attribute to the more
sulfur fill the carbon pores. The lesser magnitude of the carbon
peak can be explained by the stronger interaction between
sulfur and the oxygen group in the carbon materials.30

TGA is used to measure the amount of sulfur carried on the
carbon skeleton. In the TGA graph (Figure 5d), the weight
loss is close to the experimental arrangement, which shows that

the dissolution−crystallization method can accurately control
the amount of sulfur loading. The slight deviation may be
caused by the random distribution of mesopores on the carbon
material. Since sulfur is deposited in the pores rather than
simply mixed with carbon, the distribution of carbon pores
determines the mount of loading sulfur. Obviously, the lower
sulfur content of the composite has better thermal stability.
Nanopores can protect sulfur well from sublimation, which
proves that sulfur is preferentially crystallized in the pores.
Therefore, we can infer that the pores also have a strong
physical adsorption capacity for polysulfide, which is conducive
to the cycle stability of the battery. As the sulfur content
increases, the more sulfur is deposited on the surface of the
carbon particles, the easier it is to evaporate.
XPS analysis further revealed the chemical structure and

effects of introduction of sulfur, and the results are shown in
Figure 5e,f. The characteristic peaks of C and S confirms the
substance of composites, which is consistent with the XRD and
Raman result. The O characteristic peak is determined by the
oxygen groups in the biomass carbon material. The high-
resolution C 1s spectral profiles (Figure 5e) can be
deconvoluted into five peaks at 284.25, 285.75, 287.00,
288.20, and 290.73 eV,31 which presents the CC/C−C,
C−O, CO, O−CO, and π−π*, respectively. At the same
time, the S 2p spectrum (Figure 5f) can be divided into four
component peaks at 164.07, 165.25, 168.96, and 170.14 eV,
which are attributed to the 2p3/2 and 2p1/2 of S element and
the presence of S in R−SO3−R0.

30 Sulfate is considered to be
caused from the reaction of S with the oxygen group in carbon
materials; thus, sulfate reveals uniform distribution of sulfur
and strong interaction between the carbon matrix and sulfur,
which is supported by Raman testing.
We judge the reaction platform of the carbon−sulfur

composite through the dQ/dV curve (Figure 6a). At about
2.30 and 2.11 V, the typical and characteristic reduction peaks

Figure 6. (a) dQ/dV curve of the 70S/PC composite; (b) cycle voltammetry curves of composites; Nyquist plots of composites (c) fresh cell; (d)
after the 100th electrochemical cycle; (e) comparison of electronic conductivity before and after electrochemical cycle; and (f) relationship
between Zre and ω−0.5 at low frequencies before and after electrochemical cycle.
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occur. This indicates the reduction of elemental sulfur to long-
chain LiPSs and the continual reduction to short chain.32 The
process of Li2S2/Li2S being oxidized to LiPSs and finally to
sulfur corresponds to the peaks of oxidation that occur at about
2.28 and 2.35 V.33 In the CV (Figure 6b) curves of composites,
four samples have a similar shape. The potential at which the
redox reaction occurs corresponds to the position of dQ/dV.
The slight difference in reaction potential may be due to the
poor conductivity of sulfur. The delay in electron transfer leads
to the occurrence of cell polarization.
The reaction kinetics of the composites were verified by EIS,

and the electronic conductivity and lithium ion diffusion
coefficient (DLi

+) were evaluated by fitting a Nyquist plot with
an equivalent circuit.34,35 The Nyquist curves of cells before
and after discharge are depicted in Figure 6c,d. The equivalent
circuit features the electrolyte solution resistance (Rs), the
charge transfer resistance (Rct) between the interface of the
electrolyte and electrode, and the Warburg diffusion
impedance of lithium ions in the positive electrode.36 After
calculating the relationship between Zre and frequency, the Rct
and thickness of electrode materials, the values of electronic
conductivity, and Li+ diffusion coefficient are compared in
Figure 6e,f. The fitting results show that with the increase of
sulfur content, the Rct values in fresh cells rise and the
electronic conductivity of the composite drops. The electronic
conductivity decreases caused by the poor conductivity of
sulfur, which just confirms the increase of sulfur content in the
composite. After 100 cycles, the Rct of the composite material
dropped together, causing the electronic conductivity to rise,
but the trend did not change. The decrease of Rct may be due
to the fact that the discharge is advantageous to the
redistribution of sulfur on the carbon matrix.37 In contrast,
the lithium ion diffusion coefficient of the composite decreases
after the discharge cycle, which may be due to the increase of

viscosity and Li+-transfer resistance that is caused by the
dissolution of LiPSs in the electrolyte.32

The electrochemical performance of the composite material
is measured by the discharge−charge measurement between
1.8 and 2.7 V. Figure 7a,b shows the charge/discharge curve of
the first cycle at the C-rates of 0.1 and 0.2 C (1 C = 1675 mA h
g−1). For the electrode, there are two typical voltage plateaus at
2.3 and 2.1 V consistent with the position of the dQ/dV curve,
which indicates a two-step transition from S to LiPSs and
Li2S2/Li2S. The length of the discharge platform reflects the
capacity of the battery. From the figure, the capacity does not
increase but decreases with the rise of sulfur content. The
initial discharge capacity at 0.1 C is 980 mA h g−1 of 70S/PC,
876 mA h g−1 of 75S/PC, 859 mA h g−1 of 80S/PC, 782 mA h
g−1 of 85S/PC, and 0.2 C is 809 mA h g−1, 769 mA h g−1, 743
mA h g−1, and 671 mA h g−1, respectively. More sulfur affects
the transport of electrons and Li+, making the electrochemical
performance of the battery worse, which can also be confirmed
on the rate performance (Figure 7c). The capacity retention of
the composites after 100 cycles is 76, 67, 67, and 62%,
respectively. The capacity retention rate decreases with the rise
of the sulfur content. The reason is that the amount of LiPSs
dissolved in the electrolyte increases, and the shuttle effect
causes the capacity attenuation. All electrochemical perform-
ances show a regular correlation. The composites with high
sulfur content exert relatively low sulfur utilization due to the
small conductivity. Sulfur particles slow down the electron
transfer and hinder the Li+ transport. At the same time, the
dissolution of LiPSs increases the shuttle effect and causes
capacity degradation.

5. CONCLUSIONS
In summary, the S/PC composites were successfully
synthesized through a simple dissolution-crystallized strategy

Figure 7. (a) First charge/discharge diagram of composites at 0.1 C; (b) first charge/discharge diagram of composites at 0.2 C; (c) rate
performance of composites; and (d) cycling performance of composites at 0.1 C.
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based on the theoretical calculation of sulfur crystallization on
porous carbon. With the volatilization of solvent, sulfur was
preferentially precipitated in the pores under the capillary force
and homogeneously distributed on the carbon surface in
nanometer-sized particles. All operations can be completed
within a few minutes and without any heating. The
electrochemical performance shows a regular trend. With the
increase of the sulfur content, the specific capacity, rate
performance, and capacity retention decrease, which is
attributed to the poor conductivity. Sulfur particles slow
down electron transfer and hinder the Li+ transport. At the
same time, the dissolution of LiPSs increases the shuttle effect
and causes capacity degradation. This work not only offers a
facile method to composite sulfur with porous carbon but also
provides an idea for the economic and efficient production of
lithium−sulfur batteries.
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