
Chapter 2
Revealing Localized Electrochemical
Transition of Sulfur in Sub-nanometer
Confinement

2.1 Research Background

Current concerns of the pressing environmental pollution issues and limited fossil
energy resources have increased the R&D interest and investment in clean energy
technologies. LIBs, as commonly used clean energy storage devices, have trans-
formed portable electronic devices and electric transportation greatly, but have
limitations of high cost and relatively low specific energy [1]. Due to advantages
such as high capacity, extremely low cost, and nontoxicity, sulfur has received
considerable attention as a positive electrode material in Li–S batteries. Li–S bat-
teries can deliver a very high theoretical specific energy of 2567 Wh kg−1 or
2199 Wh L−1 and dramatically outperform current LIBs [1, 2]. However, the low
electronic/ionic conductivity of sulfur and the discharge products, large volume
change (*80%) of sulfur during the lithiation/delithiation processes, and the
shuttling of dissolved lithium polysulfides (Li2Sx, 3 ≤ x ≤8) between the sulfur
cathode and the lithium–metal anode during cycling severely impede the practical
applications of Li–S batteries [3, 4]. These problems not only lead to poor cycling
stability, inferior rate capability, and low Coulombic efficiency, but also cause the
deposition of insulating Li2S/Li2S2 on both electrodes, resulting in low sulfur uti-
lization and even triggering a series of safety problems [5–7].

Most current research has focused on solving the problems of polysulfide dis-
solution by reducing polysulfide solubility and/or adsorbing dissolved polysulfides
in the cathode. The use of polymer-based or ionic liquid-based electrolytes elimi-
nates the need for organic solvents in which polysulfides have high solubility
[8–11], however the increased electrolyte viscosity and resistivity are detrimental to
rate performance. Metal oxides, polymers, and silica can chemically or physically
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adsorb polysulfide anions [12–15], but their semiconducting or insulating nature
unavoidably slows down cathode reaction kinetics.

Porous carbon combines high adsorption capacity with good conductivity and is
regarded as the best cathode sorbent. Various carbon–sulfur composite electrodes,
such as carbon nanotubes/nanofibers [16–19], graphene [20, 21], mesoporous
carbon [2, 22, 23], microporous carbon, and hierarchical porous carbon [24, 25]
have been used in Li–S batteries. It is worth stressing, however, that these advances
are partially due to the use of a non-carbonate solvent-based electrolyte and the
additive LiNO3 salt, in which the solubility of polysulfides is reduced or the
polysulfide shuttle is passivated [26, 27]. Although the development of Li–S bat-
teries requires advances in both the cathode and the electrolyte, the advantage of
carbon materials that they can stabilize the sulfur cathode can be more clearly
highlighted using the carbonate electrolyte that generates the most aggressive
electrochemical environment attacking polysulfides. It has been found that the
carbonate solvent trapped in a gel polymer electrolyte is less aggressive due to the
physical shielding role of the polymer layer and allows the carbon–sulfur cathode to
reversibly operate for 90 cycles [28]. Much longer cycling life of sulfur in a mixed
carbonate electrolyte can be achieved by a micropore-confined cathode, which can
operate stably over 500 cycles [24]. Therefore it is suggested that microporous
carbon is the best candidate for Li–S cathodes using any solvent regarding merely
the stability. Nonetheless the final lithium sulfide discharge product can only be
formed at 1.0 V versus Li+/Li0 in this micropore-confined cathode [24]. The large
lithiation overpotential represents the slow cathode reaction kinetics that possibly
arises from retarded lithium ion migration in micropores. Unfortunately, little
attention has been paid to develop a kinetically favorable micropore-confined sulfur
cathode.

Based on the above analysis, it is not clear whether carbonate-based electrolyte
can be used in Li–S batteries and immobilization of sulfur in pores has shown quite
different cathode behavior depending on the pore size. The challenge of stable
high-rate capacity remains unmet due to either the weak adsorption potential of
mesopores or the blocking of porous networks after the sulfur filling.
Understanding the confinement effect for different pore size and the suitable situ-
ation for employing carbonate-based electrolyte is a crucial step towards achieving
high reversible capacity and long cycle life in Li–S batteries. In this work, we report
the use of a microporous-mesoporous carbon with graphitic structure as the sulfur
immobilizer for a high-rate stable Li–S cathode in a carbonate electrolyte. The
sulfur was confined in micropores and its stability was tested over 800 cycles in an
aggressive carbonate electrolyte. The high-rate capability of this cathode is excel-
lent allowing a fast charge/discharge operation. This high-rate performance is due
to the graphitic structure and mesoporous framework which facilitate the transport
of both electrons and ions.

24 2 Revealing Localized Electrochemical Transition of Sulfur …



2.2 Design, Fabrication, and Characterization
of Carbon–Sulfur Composite Cathode

2.2.1 Synthesis of Hierarchical Porous Carbon (HPC)

The HPC carbon matrix with microporous-mesoporous texture and graphitic
structure was synthesized by mixing phenolic resin solution (100 mL, 20 wt%) with
nickel hydroxide suspension. The nickel hydroxide was prepared in advance by
adding nickel nitrate (5 g) into sodium hydroxide (100 mL, 10 wt%) solution.
Subsequently, 25 g of 20 wt% ethanol solution of phenolic resin was added under
intense stirring. The hybrid system was evaporated for 24 h in a glass utensil at 90 °C
under ambient pressure to obtain the composite of inorganics and resin. The
composite was carbonized in a tubular furnace under argon atmosphere via heating
ramps of 10 °C min−1 from room temperature to 200 °C and keeping at 200 °C for
2 h, then heating to 600 °C and keeping at 600 °C for 4 h. After carbonization, the
inorganic species were etched with 3 M HCl solution and filtrated to wash the
samples. The final product was obtained by subsequent drying at 90 °C in a vacuum
oven for 24 h. The transmission electron microscopy (TEM) image in Fig. 2.1a
reveals the mesoporous texture of the carbon matrix. The graphitic nanoribbons in
the carbon matrix can be seen from the high-resolution TEM image in Fig. 2.1b.
Micropores are embedded in the amorphous area surrounding the graphitic regions
but are hardly visible owing to the small dimensions. The mesoporous texture favors
the fast migration of solvated lithium ions, and the graphitic nanoribbons facilitate
electron conduction [29].

Fig. 2.1 a Low-magnification and b high-resolution TEM images of the hierarchical porous
carbon
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2.2.2 Synthesis of Carbon–Sulfur Composite

In order to investigate the pore-dependent confinement mechanism, sulfur was
infused into different pore sizes, the detailed synthesis process is as follows: HPC
and sulfur powders at a mass ratio of 1:1 were ground together and heated at 155 °C
for 12 h in argon gas. At this stage, the sulfur is stored in macro/meso/micropores
of HPC and sample is labeled CS-Ad. The selective extraction of sulfur from
CS-Ad was carried out using carbon disulfide washing. The as-obtained CS-Ad
powder was immersed in 30 mL of carbon disulfide and stirred for 10 min at room
temperature. The carbon disulfide containing dissolved sulfur was quickly filtered,
and the sample was washed again with clean carbon disulfide. The remaining
sample, labeled CS-Ex with sulfur mainly confined in the micropores, was dried in
a vacuum oven at 50 °C for 8 h (Fig. 2.2).

2.2.3 Structure Characterization of the Carbon–Sulfur
Composite

The existence of sulfur in both CS-Ad and CS-Ex was confirmed by X-ray pho-
toelectron spectroscopy (XPS) (Fig. 2.3). The peaks located at 163.6 eV, 228.3 eV,

Carbon CS-Ad CS-Ex

155oC CS2

Fig. 2.2 Schematic of the preparation of CS-Ad and CS-Ex through the adsorption and extraction
strategy
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284.6 eV, and 532.2 eV are attributed to the S2p3/2, S2s, C1s, and O1s, which are
in agreement with the S2p3/2 and S2s peaks in pure sulfur and C1s/O1s peaks in the
HPC, indicating the successful immobilization of sulfur in the pores of HPC. The
distribution of sulfur was tracked using electron energy loss spectroscopy (EELS)
and EELS mapping methods (Fig. 2.4). In CS-Ex, only carbon (284 eV) and sulfur
(165 eV) signal peaks can be detected from the EELS, and sulfur is preferentially
confined in micropores, which are located around the mesopores highlighted by
dotted red lines (Fig. 2.4b and c). The contrasting difference between the microp-
ores and some mesopores suggests significant molecular-level confinement of sulfur
in micropores, with only a small amount retained in the mesopores.

The selective immobilization of sulfur in pores with different sizes is evident
from the nitrogen adsorption isotherms in Fig. 2.5a and the pore size distributions
are shown in Fig. 2.5b. The molten sulfur was embedded in the voids of the carbon
matrix by capillary forces, where it solidified causing a significant loss of
pore volume (Fig. 2.5a). The pore volume of the carbon matrix is 0.44 cm3 g−1.

Fig. 2.4 a EELS spectrum of sulfur (165 eV) and carbon (284 eV) edges with an energy window
of 20 eV. b Zero-loss low-magnification image of the carbon of CS-Ex and c EELS elemental
mapping image of sulfur in the porous texture of CS-Ex

Fig. 2.5 a Liquid nitrogen adsorption–desorption isotherms and b pore size distribution of HPC,
CS-Ad and CS-Ex composites
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The CS-Ad sample has a pore volume less than 0.1 cm3 g−1 compared to the
0.24 cm3 g−1 of the CS-Ex sample. Meanwhile, the specific surface area of the
carbon matrix is 413 m2 g−1, while that for CS-Ad and CS-Ex are 8 and 43 m2 g−1,
respectively. The infiltration resulted in the disappearance of 6–16 nm mesopores in
the carbon matrix as shown in Fig. 2.5b. Additionally, the pore volume in the range
above 16 nm also decreased sharply due to the presence of sulfur. After CS2
extraction, sulfur was removed substantially from mesopores, as was clear from the
fact that the pore volume distribution was similar to that of the original carbon
matrix, but micropores were still occupied by sulfur in the extracted sample. It is
noted that no mesopores in the range between 2 and 6 nm were measured for the
carbon matrix based on liquid nitrogen cryosorption analysis. It is clear that CS2
extraction cannot remove sulfur from micropores (0.6–0.7 nm, with a peak value of
0.65 nm), but can effectively extract sulfur from the mesopores with partial sulfur
removal from 1 to 1.6 nm pores, named hereafter “super-micropores”. Sulfur in
super-micropores is in trace amounts. The sulfur residue after CS2 extraction is
likely to be surface adsorbed by the mesopores in the carbon scaffold. These results
are consistent with the XPS analysis.

X-ray diffraction (XRD) peaks, shown in Fig. 2.6a, reveal the rhombic-
monoclinic phase transition of sulfur solidified in CS-Ad from the melt, indicating
the crystalline nature of sulfur in mesopores. The well-resolved peaks corre-
sponding to monoclinic sulfur in CS-Ad disappeared completely after CS2
extraction, indicating the amorphous nature of sulfur confined by micropores in
CS-Ex [24, 30]. Raman spectroscopy confirms the crystalline nature of sulfur in
mesopores and the amorphous nature of sulfur in micropores (Fig. 2.6b).

Fig. 2.6 a XRD patterns of HPC, pure sulfur and sulfur confined in pores with different sizes,
showing the phase evolution of sulfur (rhombic-monoclinic-amorphous) corresponding to the
adsorption-extraction method, and b Raman spectra of pure sulfur, CS-Ad and CS-Ex
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2.2.4 Electrochemical Performance of the Carbon–Sulfur
Composite Cathode

To understand the effect of pore size in affecting the performance, Li–S cells were
assembled with a metallic lithium foil anode and a CS-Ad or CS-Ex cathode.
A commercial carbonate electrolyte (LiPF6 in EC/DMC/EMC) was used directly
without any modification. Cyclic voltammetry (CV) profiles were recorded to
determine the lithiation potential of sulfur confined in pores with different sizes, as
given in Fig. 2.7. As seen, there are two peaks in the first reduction process of
CS-Ex (Fig. 2.7a). The small peak at 2.43 V (vs. Li+/Li0) corresponds to the
conversion from elemental sulfur (S8) to lithium polysulfide anions (Li2Sx,
4 ≤ x ≤8) [2, 24]. However, this peak is not observed in the second reduction cycle
(Fig. 2.7b). The small peak is most likely caused by the reduction of a trace of
sulfur in pores larger than 6 nm in CS-Ex, which is weakly adsorbed and easily
dissolved into the electrolyte. The tiny magnitude of this reaction with respect to the
strong reduction peak at 1.62 V (vs. Li+/Li0) suggests the considerable confinement
of sulfur in micropores. The cathodic peak at 1.62 V is in accordance with the deep

Fig. 2.7 a First cycle CV and b second cycle CV curves of CS-Ex and CS-Ad cathodes recorded
at 0.5 mV s−1 at room temperature. EIS Nyquist profiles of CS-Ex and CS-Ad cathodes recorded
from 10 kHz to 10 MHz at room temperature at cathode polarization potentials of c open circuit
potential (2.8 V vs. Li+/Li0) and d full discharge potential (1.5 V vs. Li+/Li0) after discharge but
before charge in the first cycle
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reduction of polysulfide ions to insoluble Li2S2/Li2S. In the CS-Ex cathode, the
conversion of polysulfides to lithium sulfide occurs at around 1.8 V. The low
potential reduction could be due to the extra electrode polarization required to
overcome the nanoconfinement barrier of strong adsorption energy. In stark con-
trast, the cathodic reaction of CS-Ad initiates at 2.4 V and reaches the peak current
at 1.74 V. Two slow plateaus are noticed with a transition point of about 2.2 V. The
upper branch (2.4–2.2 V) indicates the formation of polysulfide ions from sulfur
located in large pores. The lower oblique branch (2.2–1.74 V) originates from the
slow kinetics of lithium sulfide formation on the outer surface [31]. The probable
surface coverage by exterior lithium sulfide limits the full reduction of polysulfide
ions and hinders the approach of electrons and ions to sulfur confined in microp-
ores. The incomplete conversion of confined sulfur could be responsible for its
higher peak potential (1.74 V, compared to 1.62 V of CS-Ex), where the reaction is
actually terminated. As indicated in Fig. 2.7b, the second cycle of CS-Ad shows no
current response, and clearly confirms the terminated cathode activity by exterior
lithium sulfides. During the second cathodic reaction process, the major 1.62 V
peak of CS-Ex was shifted to a higher potential within 1.66–1.78 V. This potential
shifting is mainly attributed to the formation of complexes with lower adsorption
energy after the first anodic oxidation of lithium sulfides.

The varying cathode performance is related to the pore size dependence of
confinement, and is better understood by employing electrochemical impedance
spectroscopy (EIS). As seen in Fig. 2.7c, the open circuit (2.8 V vs. Li+/Li0) EIS
spectra of CS-Ad and CS-Ex both comprise a semicircle at high frequency and an
inclined tail in the low-frequency region. The interfacial charge-transfer resistance
recognizable from the semicircle is due to the redox formation of high-order
polysulfides and low-order lithium sulfides. The monolayer adsorption of sulfur in
micropores realizes a molecular-level intimate electronic contact with the carbon
scaffold [32], while the bulky loading of sulfur in mesopores restricts efficient
electron conduction with the carbon matrix. As a consequence, the CS-Ad cathode
displays nearly four times greater resistance than the CS-Ex cathode. The mass
transfer kinetics, mainly of lithium ions, inside the porous cathode can be compared
qualitatively with reference to the slope of the low-frequency tail. The CS2
extraction frees the occupied mesopores, and results in the facilitated ion transfer in
the CS-Ex cathode with an increased tail slope. The combination of intimate electric
connection and fast ionic transport as a result of selective confinement of sulfur in
micropores is promising for developing a stable cathode with high-rate capability.
EIS spectra recorded after discharge confirm the superior cathode kinetics of CS-Ex
to those of CS-Ad, which is reasonably attributed to the absence of surface lithium
sulfides due to the confined lithium sulfide formation in micropores (Fig. 2.7d).

The unconstrained dissolution of polysulfides in mesopores of the CS-Ad
cathode caused the absolute loss of capacity in the second cycle (Fig. 2.8a). In
contrast, the maximum discharge capacity of 1067 mAh gsulfur

−1 was obtained from
the CS-Ex cathode (Fig. 2.8b). Despite the reversible delithiation of the CS-Ex
cathode, the discharge capacity in the second cycle is still higher than the charge
capacity. Since the dissolution of polysulfide causes the active mass loss in the
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cathode, this phenomenon suggests the presence of residual sulfur in mesopores of
CS-Ex. As seen from Fig. 2.8c, however, the discharge–charge capacity remains
nearly identical after the first few cycles and retains a Coulombic efficiency close to
100%. This implies that the majority of the sulfur was removed from mesopores by
CS2 and only trace amounts remained that formed polysulfides during the very
initial cycles and dissolved. It is noticeable that no potential plateau exists in the
discharge–charge profiles recorded at different current densities. This is very likely
due to the use of carbonate electrolyte and the micropore confinement [24]. In
addition, the micropore confinement formed sub-nanometre sulfur clusters. This
extreme sizing effect might alter the normal physicochemical properties of sulfur
which is relevant to the anomalous lithiation–delithiation behavior. The cycling
stability of sulfur cathodes is shown in Fig. 2.8c. The capacity fade at the
initial cycles is most likely due to the dissolution of the sulfur residue in meso-
pores as described above. Most importantly, a high-rate capacity of around
200 mAh gsulfur

−1 under an ultrahigh current density of 3 A g−1 for nearly 800
cycles was observed (Fig. 2.8d). This operation corresponds to a calculated dis-
charge or recharge C rate of 1.8 C. It is evident that the micropores confer the stable
performance of the sulfur cathode over the greatest number of cycles reported [33],

Fig. 2.8 a The second cycle discharge–recharge profiles of CS-Ad, b the second cycle
charge-discharge profiles of a CS-Ex at different current densities, c cycle stability of the CS-Ex
cathode at high rates, and d cycling discharge capacity tested at 0.75 A g−1, 1.5 A g−1 and
3 A g−1 for 900 cycles
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particularly in this aggressive carbonate electrolyte, while the graphitic structure
and mesoporous texture contribute to the high-rate performance. We here empha-
size that the micropore confinement and the combination of graphitic structure and
mesoporous framework are critical to achieve such advanced performance. The
micropore confinement effect is twofold. First, the micropores restrict the highly
soluble polysulfides. Second, the polysulfides/lithium sulfide formed in micropores
retains intimate electric contact with the mesoporous and conducting carbon matrix,
and enhances reaction kinetics.

2.3 Mechanism Analysis of the Pore Size Dependence
of Confinement on Electrochemical Performance
in Li–S Batteries

Scanning electron microscopy (SEM) images of the CS-Ex cathode after discharge
demonstrate the porous structure due to the confined lithium sulfides in micropores
(Fig. 2.9a). However, the solid insulating lithium sulfide layer formed by the
reduction of dissolved polysulfides covers the CS-Ad cathode surface (Fig. 2.9b).
XPS analysis was used to study the surface composition of lithium sulfides confined
in micropores and deposited on the outer surface. The S2p3/2 spectra confirm the
formation of lithium sulfide after the first discharge (Fig. 2.9c and d). The negative
shifts of S2p3/2 binding energy are observed for both cathodes. However, the
lithium sulfides confined in micropores show a higher binding energy than the
surface lithium sulfides. This difference could possibly indicate the short bond
length of the lithium sulfide deposited in micropores compared to that on the outer
surface without confinement.

We suggest a possible mechanism to understand the physical origin of the
superior stability of micropore-confined sulfur even in the carbonate electrolyte. As
generally accepted, the sulfur reduction is a solid (S)-liquid (polysulfide ions)-solid
(Li2S2/Li2S) process, and the mesopores stabilize sulfur through the adsorption of
dissolved polysulfide ions (Fig. 2.10, left). The solvent-restricted environment and
the solvent shell distortion of electrolyte ions in pores close to or less than 1 nm have
recently been reported [34]. Here, we consider that micropores below 1 nm cause the
desolvation of the electrolyte ions, and probably will prevent or at least slow the
dissolution of polysulfide as the solvent concentration is very low or likely to be
close to zero in these micropores (Fig. 2.10, right). This suggests a quasi-solid-state
reaction of the sulfur under solvent-deficient conditions. Furthermore, the micropore
confinement will also distort the solvation shells of polysulfide anions even if they
are solvated and reduce the mobility of solvated polysulfide anions. Consequently
the reduction of sulfur still produces polysulfides as intermediates, but the poly-
sulfides remain in the pores instead of being dissolved. This inside micropore
lithiation of sulfur gives rise to the micropore-confined lithium sulfides, and is the
reason for the ultra-long cycling life with nearly 100% Coulombic efficiency.
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Fig. 2.9 SEM images of a CS-Ex and b CS-Ad cathodes after the first discharge, and XPS S2p3/2
profiles of c CS-Ex and d CS-Ad cathodes compared to the raw cathodes before discharge
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Fig. 2.10 Illustration of the different reaction process of sulfur confined in mesopores and
micropores. Reprinted with permission from Ref. [35]. Copyright 2013, Royal Society of
Chemistry
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We propose three modes of confinement of sulfur occur in these systems
(Fig. 2.11a): (I) the micropore filling (<1 nm), (II) the meso/macropore surface
coverage (>6 nm), and (III) the meso/macropore filling (>6 nm). CS-Ex exhibits
I + II, while CS-Ad is regarded as showing I + II + III. Sulfur in super-micropores
is neglected here due to its occurrence only in trace amounts which can be elec-
trochemically removed. According to Fig. 2.11b, the nearly reversible reaction is
observed for sulfur confined in sub-nanometre micropores (red line), while the
sulfur located in meso/macropores caused the absolute loss of reversibility due to
formation of an insulating layer on the electrode surface [36] (blue line). Sulfur
adsorbed on the surfaces of meso/macropores also lacks reversibility (green line).
Cyclic voltammetry can determine the amount of each sulfur species participating
in the reactions. The ratio of anodic peak area to cathodic peak area, representative
of the population of effectively confined polysulfides that can react reversibly, is
defined here as the “confinement factor” to evaluate the capability of each condition
to constrain polysulfides. It is obvious that a filling system comprising solely of
micropores (I) gives a near-perfect confinement level (96.9%) compared to the other
confinement systems (I + II, I + II + III) (Fig. 2.11c).
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Fig. 2.11 a Scheme showing three different confinement systems, b CV curves of sulfur cathodes
with three different confinement systems, c confinement factors for the three typical confinement
systems (color figure online)
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2.4 Conclusion

In this chapter, we have demonstrated the immobilization of sulfur in micropores of
a mesoporous carbon framework with graphitic structure and the confined elec-
trochemical transition of sulfur-polysulfides-lithium sulfides that promises durable
sulfur cathodes for Li–S batteries. The beneficial integration of the micropores for
sulfur lithiation, mesopores for ion transport, and graphitic structures for electron
conduction substantially improves the performance in terms of the high-rate
capacity and stability. It is remarkable that stable high-rate performance was
attained in a mixed carbonate electrolyte that easily dissolves polysulfides. The
main conclusions are as follows:

(1) Sulfur was selectively immobilized into the micropores of hierarchical porous
carbon by a melt adsorption-solvent extraction process.

(2) Micropores in the hierarchical porous carbon have strong adsorption potential
to confine sulfur, which acts as solvent-restricted reactors for sulfur lithiation.

(3) The localized electrochemical transition of “solid–solid” reaction instead of
“sulfur-polysulfides-lithium sulfides” reaction was proposed through the des-
olvation effect in sub-nanometre pores.

(4) A “confinement factor” was defined for the capability to constrain polysulfides.
It is obvious that a filling system comprising solely of micropores gives a
near-perfect confinement level (96.9%) compared to the meso/macropore
confinement systems (4.6%). The micropores restrict the highly soluble poly-
sulfides and improve the sulfur utilization, and the cathode is able to operate
reversibly over 800 cycles with marginal capacity loss at a rate of 3 A g−1.

References

1. Bruce PG, Freunberger SA, Hardwick LJ, Tarascon J-M (2012) Li–O2 and Li–S batteries with
high energy storage. Nat Mater 11(1):19–29

2. Ji XL, Lee KT, Nazar LF (2009) A highly ordered nanostructured carbon–sulphur cathode for
lithium–sulphur batteries. Nat Mater 8(6):500–506

3. Manthiram A, Fu Y, Su Y-S (2012) Challenges and prospects of lithium–sulfur batteries. Acc
Chem Res 46(5):1125–1134

4. Evers S, Nazar LF (2013) New approaches for high energy density lithium–sulfur battery
cathodes. Acc Chem Res 46(5):1135–1143

5. Yang Y, Zheng G, Cui Y (2013) Nanostructured sulfur cathodes. Chem Soc Rev 42(7):3018–
3032

6. Zhang C, Wu HB, Yuan C, Guo Z, Lou XW (2012) Confining sulfur in double-shelled hollow
carbon spheres for lithium–sulfur batteries. Angew Chem Int Ed 51(38):9592–9595

7. Chung S-H, Manthiram A (2014) Carbonized eggshell membrane as a natural polysulfide
reservoir for highly reversible Li–S batteries. Adv Mater 26(9):1360–1365

8. Shim J, Striebel KA, Cairns EJ (2002) The lithium/sulfur rechargeable cell—effects of
electrode composition and solvent on cell performance. J Electrochem Soc 149(10):A1321–
A1325

2.4 Conclusion 35



9. Marmorstein D et al (2000) Electrochemical performance of lithium/sulfur cells with three
different polymer electrolytes. J Power Sources 89(2):219–226

10. Ryu HS et al (2006) Discharge behavior of lithium/sulfur cell with TEGDME based
electrolyte at low temperature. J Power Sources 163(1):201–206

11. Shin JH, Cairns EJ (2008) N-Methyl-(n-butyl)pyrrolidinium bis(trifluoromethanesulfonyl)
imide-LiTFSI-poly(ethylene glycol) dimethyl ether mixture as a Li/S cell electrolyte. J Power
Sources 177(2):537–545

12. Choi YJ et al (2007) Electrochemical properties of sulfur electrode containing nano Al2O3 for
lithium/sulfur cell. Phys Scripta T129:62–65

13. Song MS et al (2004) Effects of nanosized adsorbing material on electrochemical properties of
sulfur cathodes for Li/S secondary batteries. J Electrochem Soc 151(6):A791–A795

14. Wang JL, Yang J, Xie JY, Xu NX (2002) A novel conductive polymer-sulfur composite
cathode material for rechargeable lithium batteries. Adv Mater 14(13–14):963–965

15. Yang Y et al (2011) Improving the performance of lithium–sulfur batteries by conductive
polymer coating. ACS Nano 5(11):9187–9193

16. Ji LW et al (2011) Porous carbon nanofiber-sulfur composite electrodes for lithium/sulfur
cells. Energy Environ Sci 4(12):5053–5059

17. Zheng GY, Yang Y, Cha JJ, Hong SS, Cui Y (2011) Hollow carbon nanofiber-encapsulated
sulfur cathodes for high specific capacity rechargeable lithium batteries. Nano Lett 11
(10):4462–4467

18. Elazari R, Salitra G, Garsuch A, Panchenko A, Aurbach D (2011) Sulfur-impregnated
activated carbon fiber cloth as a binder-free cathode for rechargeable Li–S batteries. Adv
Mater 23(47):5641–5644

19. Guo JC, Xu YH, Wang CS (2011) Sulfur-impregnated disordered carbon nanotubes cathode
for lithium–sulfur batteries. Nano Lett 11(10):4288–4294

20. Cao YL et al (2011) Sandwich-type functionalized graphene sheet-sulfur nanocomposite for
rechargeable lithium batteries. Phys Chem Chem Phys 13(17):7660–7665

21. Wang HL et al (2011) Graphene-wrapped sulfur particles as a rechargeable lithium-sulfur
battery cathode material with high capacity and cycling stability. Nano Lett 11(7):2644–2647

22. Schuster J et al (2012) Spherical ordered mesoporous carbon nanoparticles with high porosity
for lithium–sulfur batteries. Angew Chem Int Ed 51(15):3591–3595

23. Wang J et al (2008) Sulfur-mesoporous carbon composites in conjunction with a novel ionic
liquid electrolyte for lithium rechargeable batteries. Carbon 46(2):229–235

24. Zhang B, Qin X, Li GR, Gao XP (2010) Enhancement of long stability of sulfur cathode by
encapsulating sulfur into micropores of carbon spheres. Energy Environ Sci 3(10):1531–1537

25. Lai C, Gao XP, Zhang B, Yan TY, Zhou Z (2009) Synthesis and electrochemical performance
of sulfur/highly porous carbon composites. J Phys Chem C 113(11):4712–4716

26. Gao J, Lowe MA, Kiya Y, Abruna HD (2011) Effects of liquid electrolytes on the charge–
discharge performance of rechargeable lithium/sulfur batteries: electrochemical and in-situ
X-ray absorption spectroscopic studies. J Phys Chem C 115(50):25132–25137

27. Aurbach D et al (2009) On the surface chemical aspects of very high energy density,
rechargeable li–sulfur batteries. J Electrochem Soc 156(8):A694–A702

28. Hassoun J, Scrosati B (2010) A high-performance polymer tin sulfur lithium ion battery.
Angew Chem Int Ed 49(13):2371–2374

29. Wang DW, Li F, Liu M, Lu GQ, Cheng HM (2008) 3D aperiodic hierarchical porous
graphitic carbon material for high-rate electrochemical capacitive energy storage. Angew
Chem Int Ed 47(2):373–376

30. Xin S et al (2012) Smaller sulfur molecules promise better lithium–sulfur batteries. J Am
Chem Soc 134(45):18510–18513

31. Cheon SE et al (2003) Rechargeable lithium sulfur battery-II. Rate capability and cycle
characteristics. J Electrochem Soc 150(6):A800–A805

32. Shinkarev VV, Fenelonov V, Kuvshinov GG (2003) Sulfur distribution on the surface of
mesoporous nanofibrous carbon. Carbon 41(2):295–302

36 2 Revealing Localized Electrochemical Transition of Sulfur …



33. Wang D-W et al (2012) A microporous-mesoporous carbon with graphitic structure for a
high-rate stable sulfur cathode in carbonate solvent-based Li–S batteries. Phys Chem Chem
Phys 14(24):8703–8710

34. Chmiola J et al (2006) Anomalous increase in carbon capacitance at pore sizes less than 1
nanometer. Science 313(5794):1760–1763

35. Wang D-W et al (2013) Carbon–sulfur composites for Li–S batteries: status and prospects.
J Mater Chem A 1(33):9382–9394

36. Cheon SE et al (2003) Rechargeable lithium sulfur battery-II. Rate capability and cycle
characteristics. J Electrochem Soc 150(6):A800–A805

References 37



http://www.springer.com/978-981-10-3405-3


	2 Revealing Localized Electrochemical Transition of Sulfur in Sub-nanometer Confinement
	2.1 Research Background
	2.2 Design, Fabrication, and Characterization of Carbon–Sulfur Composite Cathode
	2.2.1 Synthesis of Hierarchical Porous Carbon (HPC)
	2.2.2 Synthesis of Carbon–Sulfur Composite
	2.2.3 Structure Characterization of the Carbon–Sulfur Composite
	2.2.4 Electrochemical Performance of the Carbon–Sulfur Composite Cathode

	2.3 Mechanism Analysis of the Pore Size Dependence of Confinement on Electrochemical Performance in Li–S Batteries
	2.4 Conclusion
	References


