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ABSTRACT OF THE DISSERTATION
Solid-State Li-S Electrochemical Reactions in Nanoscale Confinement
by
Chengyin Fu
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, June 2017
Dr. Juchen Guo, Chairperson
Rechargeable lithium–sulfur (Li–S) batteries continue to be one of the most
promising technologies for electrochemical energy storage due to its high theoretical
capacity. However, its applications have been hindered by the rapid capacity fading due
to the formation of soluble polysulfide intermediates. Despite numerous efforts to address
this issue, combatting sulfur loss remains one of the greatest challenges. In order to
dramatically improve the performance of these Li–S systems, we require a detailed
understanding of the interactions between lithium and sulfur in these complex,
heterogeneous electrochemical environments.
The overall goal of this research is to reveal the mechanism of the electrochemical
reaction between Li and sub-nano confined sulfur, which exhibits abnormal
electrochemical behavior and exceptional cycle stability, and develop novel types of
cathode materials in lithium-sulfur batteries by bond lithium polysulfides with host
materials to prevent the dissolution using chemical approaches. To investigate the
mechanisms of electrochemical reactions between Li and sulfur in nano- and sub-nanoconfinements, sulfur is physically infused into the conductive porous carbon matrices,
vi

including amorphous microporous carbon and single-walled carbon nanotubes with
different pore sizes. We propose that Li ions can only enter the sub-nano pores through
desolvation, therefore, the Li-S electrochemical reaction in the sub-nano pores is in solid
state. The reactions are also investigated in various ether- and carbonate-based
electrolytes to prove our hypothesis. To investigate the lithiation-delithiation of the
covalently bonded sulfur in organosulfur compound, the vulcanized polyisoprene (SPIP)
nanowires are synthesized. Electrochemical analysis demonstrates that the sulfur chains
in SPIP have distinct electrochemical signatures from those that are characteristic of bulk
elemental sulfur. The cyclic voltammetry and galvanostatic cycling data show a distinct
multistep charge transfer process and solid-state lithium−sulfur reaction behavior, and it
is clear that this new material provides a promising basis for the development of cathodes
for rechargeable batteries.
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Chapter 1

Introduction

1

1.1 Lithium-Sulfur Battery
Lithium-sulfur battery technology is one of the most promising rechargeable battery
technologies for many applications including electric vehicles and portable electronic
devices. A lithium-sulfur battery is based on the reversible electrochemical redox reaction
between the sulfur positive electrode (cathode) and the lithium negative electrode
(anode). The advantages of lithium-sulfur system include high Li storage capacity of the
sulfur cathode (1675 mAh g-1), high capacity of the metallic Li anode, and the low cost
and nontoxicity of the sulfur cathode.
Despite these advantages, a number of technical challenges need to be solved before
this technology can be commercialized. The first challenge is the high electrical
resistivity (1015 Ωm) of sulfur. Both sulfur and its lithiated products are electronic
insulators, and sulfur is not Li ion conductive either1. Therefore, The connection between
sulfur and the conductive host, such as carbon, metals, or conductive polymers, is
necessary.
The second and greatest challenge for Li-S batteries is a complex situation occurring
at the sulfur cathode during the discharge-charge process: Sulfur reacts with Li at the
cathode to produce lithium sulfide (Li2S) during discharge as shown in Figure 1-1. Since
sulfur typically exists in its most thermodynamically stable molecular structure of cycloS8 molecules, the Li–S electrochemical reaction generates a number of intermediate
products called lithium polysulfides (Li2Sn). The Li2Sn is generated in the discharge
(lithiation) from high order to low as (8 ≥ n ≥ 2). The higher order Li2Sn (n ≥ 3) is soluble
in the typical ether-based electrolytes used in Li-S batteries. During the charge process
2

(delithiation), the reversed reaction occurs at the cathode with the same Li2Sn
intermediate products from low order to high, which also dissolve in the electrolyte. As
the result, the battery loses active cathode material during charge-discharge process. The
dissolved Li2Sn can also diffuse through electrolyte to the Li anode and directly reacts to
Li anode to form insoluble lithium sulfide (Li2S) precipitate and lower order polysulfides
Li2Sm (m < n). The Li2Sm can diffuse back to the cathode and then is electrochemically
oxidized to Li2Sn again in the charging process. Therefore, a steady state can be reached
between the chemical reduction at the Li anode and the electrochemical oxidation at the
sulfur cathode. This mechanism is called “polysulfide shuttle reaction”. This shuttle
mechanism drastically reduces the coulombic efficiency of Li-S batteries. Furthermore, at
the end of each discharge process, a part of the dissolved lithium polysulfides in
electrolyte can be reduced to Li2S2 and/or Li2S, which deposit onto the surface of the
conductive host of the sulfur cathode. Over repeated discharging processes,
nonconductive agglomerates are gradually formed and causing the sulfur cathode
electrochemically inaccessible.2

3

Figure 1-1. Electrochemistry of sulfur showing an ideal charge–discharge profile. Inset:
polysulfide (PS) shuttle3.
Since the dissolution of lithium polysulfides is the key reason of these problems, one
may consider that using an electrolyte that does not dissolve polysulfides, such as the
carbonate-based electrolytes used in Li-ion batteries, could solve this problem. However,
it has been recognized and become conventional wisdom that the electrolyte capable of
dissolving lithium polysulfides is actually necessary for a functioning Li-S battery with
cyclo-S8 cathode.4 The reason is that: as aforementioned, both S8 and Li2S are inferior
electron conductors, so the discharge reaction would be terminated at a shallow state if an
insulating lithium sulfide shell covering the S8 particle prohibits the electron transport.
Therefore, exposing the fresh sulfur surface by dissolving the lithium polysulfides is

4

necessary for the success of in-depth discharge and reversible charge reaction. The
lithium polysulfide dissolution challenge in the current framework of Li anode and cycloS8 cathode is fundamentally self-contradictive. New Li-S chemistries out of the
conventional Li-S8 boundary are necessary to solve this problem.

1.2 State of the Art
1.2.1 Polysulfides Sequestration Strategies
The most common strategy to sequestrate lithium polysulfides is to use a
conductive porous medium as the sulfur host. Because of good electrical conductivity and
their low weight, porous carbon materials are the most rational choice, although their
porous structure and low tap density may not be ideal to maximize the volumetric energy
density. Many porous carbon structures including mesoporous carbons,5-10 carbon
nanotubes,11-14 and graphene/graphene oxide sheets15-19 have been investigated. Despite
the different carbon materials, the concept remains the same: These porous carbon
materials provide a tortuous diffusion pathway for the dissolved lithium polysulfide so
the leaching process is slowed. However, it can also be anticipated that the porous
carbons only slow down the leaching process, but do not completely stop it. In addition to
the limited performance improvement, two observations in the literature indicate the
shortcoming of this “porous carbon” strategy: First, improved cycle stability and
coulombic efficiency of the sulfur cathode with porous carbon host is typically achieved
using high current density. This can be interpreted as that the time scale of the
electrochemical reaction between Li and S8 has to be accelerated to be competitive to the
5

time scale of the polysulfide leaching process. Actually, the existence of a threshold
current density (the lowest current density to avoid polysulfide shuttle mechanism) was
already mathematically and experimentally demonstrated almost a decade ago.20
However, it is impractical to constantly operate batteries under high current. Especially
for the Li-S battery, the self-discharge is inevitable. The second observation is that the
electrochemical performance of the sulfur cathode can be improved by using electrolyte
containing high-viscosity ionic liquids. The reason is that the diffusion of the lithium
polysulfides slows down in more viscous electrolytes. Therefore, the sulfur cathode
materials based on these reported porous carbon host structures are not the enabling
strategy for practical lithium-sulfur batteries.
The “catholyte” concept is another interesting strategy: Instead of trying to avoid
dissolution of lithium polysulfides into the electrolyte, a high concentration of lithium
polysulfides is intentionally dissolved in the electrolyte.21,22 This serves as both
electrolyte and cathode, and the conventional cathode in catholyte Li-S batteries only
serves as the current collector. By optimizing the composite of the lithium polysulfides
(number of n in Li2Sn) and the concentration, cycle stability could be improved. However,
such an electrochemical cell was a black box, since the true processes of the dynamically
complex reactions in the cell are largely unknown. It involves continuous direct reactions
of polysulfides with Li anode and electrochemical redox of polysulfides. Therefore, the
catholyte lithium-sulfur battery is an engineering approach to optimize a compromised
system, without solving the fundamental problem.

6

A number of unconventional approaches in the literature deserve a closer look.
Guo and coworkers synthesized a sulfur-carbon composite by infusing sulfur into hollow
disordered carbon tubes using high-temperature sulfur vapor instead of conventional
liquid phase sulfur loading at 155 °C.23 The resultant composites demonstrated excellent
cycle stability and coulombic efficiency, especially from the sulfur-carbon composites
prepared at high temperatures (300 °C and 500 °C). More importantly, the GDC curves
of the high-temperature composites indicated different reaction mechanism from the
conventional Li-S8 reaction, as shown in Figure 1-2a. The author’s hypothesis was that
the sulfur could exist as smaller allotropes trapped in the disordered carbon induced by
the high-temperature sulfur vapor reaction. Therefore, soluble high-order lithium
polysulfides could be eliminated from the lithium-sulfur reaction, which led to the
improved performance and the unconventional discharge-charge voltage profiles. In
another study, Gao and coworkers investigated a sulfur-carbon composite in which sulfur
was incorporated in a microporous carbon structure.24 The distinct difference of this
porous carbon structure from the commonly used porous carbons is its much smaller pore
size of approximately 0.7 nm and the narrow pore size distribution. Their results showed
improved performance, and also indicated that sulfur confined in the sub-nano pores
showed different behavior when reacting to Li (Figure 1-2b). Finally, a study by Xin et al.
investigated a similar sulfur-carbon composite utilizing a microporous carbon with pore
size of 0.5 nm.25 This study demonstrated very similar lithium-sulfur electrochemical
reaction behavior with the previous work by Gao et al. (Figure 1-2c), which again
suggests that confining sulfur in sub-nano-scale pores is the key factor for the improved
7

performance. Xin and coworkers also hypothesized the mechanism as the existence of
smaller sulfur allotropes (S2-4) in the micropores. Although there is no unambiguous
evidence of the existence of small sulfur allotropes in the microporous carbon composites,
sub-nano confinement of lithium sulfide species is a very promising strategy that
demands in-depth investigation to reveal its mechanism and to fully utilize its potential.

a

b

c

d

Figure 1-2. (a) GDC curves of the S-disordered carbon tube composites prepared at
different temperatures in Guo’s study (red and green curves are prepared at 300°C and
500°C, respectively);23 (b) GDC curves of the S-C composite in Gao’s study using
microporous carbon with pore size at 0.7 nm;24 (c) GDC curves of the S-C composite in
Xin’s study using microporous carbon with pore size at 0.5 nm;25 (d) GDC curves from a
representative S-PAN composite at various cycles.37
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1.2.2 Polymeric Organosulfur Cathode Materials
Polymeric organosulfur is a category of compounds that emerged recently as new
sulfur cathode materials. The concept is to crosslink long sulfur chains (cyclo-S8
polymerize at temperatures between 100 °C and 200 °C as diradicals) using monomers
with multiple polymerizable groups enabled by free radical polymerization. Since the
resultant organosulfur polymers consist of mainly sulfur chains and a small portion of
polymers as crosslinker, this polymerization method is called ‘inverse vulcanization’;
vulcanization refers to the process of crosslinking natural rubber (mainly polyisoprene)
with a small portion of sulfur chains as crosslinker. Monomers that have been used as
crosslinkers typically have two or three polymerizable groups including vinyl26–29,
ethynyl30,31, sulfhydryl32, and nitrile33. The obvious advantage of organosulfur compounds
from inverse vulcanization is the high sulfur content. However, also due to the long-chain
sulfur network, lithium polysulfides from chain cleavage can still be generated during
lithiation. The electrochemical behaviors of inverse vulcanized organosulfur polymers are
almost identical to those of conventional sulfur cathodes. Therefore, issues originating
from polysulfides dissolution may not be effectively addressed.
Another type of polymeric organosulfur compound is synthesized by tethering sulfur
to polyacrylonitrile (PAN) backbones (S-PAN). Wang and coworkers invented the
unique sulfur-based composite cathode that was originally reported in 2002,34 which was
synthesized by heating a solid-state mixture of S8 and PAN in an inert environment. The
proposed reaction is that sulfur functions as the oxidizing agent to take away hydrogen
from the PAN backbone and promote the cyclization of the nitrile groups in PAN. The
9

resultant structure is sulfur covalently tethered on polymer chains. Following the initial
report, Wang et al.,35,36 Yu et al,37,38 and Fanous et al.39,40 independently carried out a
series of studies on this type of sulfur composites, and their results demonstrated
improved cycle stability and coulombic efficiency. More importantly, these sulfur
composites

indicated

different

reaction

mechanism

from

the

conventional

electrochemical reaction between Li and S8. The distinct character of its GDC curve has a
sloped shape as shown in Figure 1-2d, clearly different from the typical stepwise GDC
curve with multiple plateaus from the conventional S8 cathodes. The electrochemical
behaviors of S-PAN are almost identical to those of sulfur in sub-nano confinement,
indicating

similar

lithiation–delithiation

processes

despite

seemingly

different

molecular/composite structures. One can speculate that the tightly crosslinked structure
with shorter sulfur chains in S-PAN compounds strongly resembles that of the sulfur in
sub-nano confinement. Both sub-nano confined sulfur and S-PAN derived compounds
demonstrated exceptional cycle stability. However, both materials suffer from the same
disadvantages, including low sulfur content and large irreversible discharge capacity in
the first cycle, which has not been well understood to date.

1.3 Role of Electrolytes
Ether-based electrolyte is the most commonly used electrolyte in Li-S batteries due
to its good stability, high ion conductivity, and, most importantly, relatively high
polysulfide solubility. Since sulfur is an electron and lithium ion insulator, high
polysulfide solubility is necessary to obtain good sulfur utilization. The most common
10

solvents of ether-based electrolyte are tetraethylene glycol dimethyl ether (TEGDME)
and mixture of 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL). DME has high
polysulfide solubility, and DOL can provide a stable solid electrolyte interface (SEI) on
the lithium anode surface41. The most common salt in ether-based electrolyte is lithium
bis(trifluoromethane)sulfonamide (LiTFSI) because of its high solubility and the
compatibility with ether solvents42. LiPF6, which is a commonly used salt in Li-ion
batteries, is rarely used in ether-based electrolyte due to the lower solubility and
decomposition of the solvent43.
In Li-ion batteries, the most common carbonate-based electrolyte is 1 M LiPF6 in the
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) with volume ratio of 1:1.
Since carbonates have very low solubility of polysulfides, they usually do not work in LiS systems. In addition, Abruna et al. reported that nucleophilic polysulfide anions could
chemically react with cabonates44. However, by using microporous carbon hosts, several
studies showed promising results with carbonate-based electrolyte24,25. In all these studies,
the pore sizes of the carbon hosts range from 0.5 nm to 0.7 nm, which are actually subnano sized.

1.4 Research Objectives
The overall goal of this research is to reveal the mechanism of the electrochemical
reaction between Li and sub-nano confined sulfur, which exhibits abnormal
electrochemical behavior and exceptional cycle stability, and develop novel types of
cathode materials in lithium-sulfur batteries by bond lithium polysulfides with host
11

materials to prevent the dissolution using chemical approaches. The specific objectives
are to experimentally investigate:
I. Mechanisms of electrochemical reactions between Li and sulfur in nano- and subnano-confinements including amorphous microporous carbon and single-walled carbon
nanotubes;
II. Effects of the pore size of the porous carbon and the SWNT diameter on
electrochemical reactions between Li and sulfur;
III. Effects of electrolytes on the Li-S electrochemical behaviors;
IV. Electrochemical lithiation-delithiation mechanism of the covalently bonded
sulfur in a novel organosulfur compound via vulcanization of polyisoprene.
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2.1 Abstract
We investigate the detailed effects and mechanisms of sub-nano confinement on
lithium–sulfur (Li–S) electrochemical reactions in both ether-based and carbonate-based
electrolytes. Our results demonstrate a clear correlation between the size of sulfur
confinement and the resulting Li–S electrochemical mechanisms. In particular, when
sulfur is confined within sub-nano pores, we observe identical lithium–sulfur
electrochemical behavior, which is distinctly different from conventional Li–S reactions,
in both ether and carbonate electrolytes. Taken together, our results highlight the critical
importance of sub-nano confinement effects on controlling solid-state reactions in Li–S
electrochemical systems.
2.2 Introduction
In order to dramatically improve the performance of these Li–S systems, we
require a detailed understanding of the interactions between lithium and sulfur in these
complex, heterogeneous electrochemical environments. Due to the high electrical
resistivity of sulfur,1 it is essential to incorporate sulfur into conductive hosts, of which
the majority are carbonaceous materials. The rationale for using carbonaceous hosts,
particularly porous carbon materials, is rooted from the well-known polysulfide shuttle
reaction induced by the dissolution of lithium polysulfides (Li2Sn) into electrolytes. To
date, it is widely accepted that only ether-based electrolytes are feasible for Li–S
batteries. The two most common ones are tetra(ethylene glycol) dimethyl ether
(TEGDME) and a mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME).
These solvents can efficiently solubilize lithium polysulfides, which is necessary to
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achieve an in-depth lithiation of sulfur. However, at the same time the polysulfide
dissolution also causes problematic characteristics, so-called “shuttle reactions.” Our
measurements show that the solubility of Li2S8 in TEGDME at room temperature is very
high as 0.18 ± 0.005 M (equivalent to 1.44 M of sulfur); i.e. approximately 22 mL of
TEGDME electrolyte can completely dissolve Li2S8 generated from 1 g of S8. As a result,
most of the Li–S batteries are essentially batteries with “liquid phase” cathodes – upon
lithiation, the initial product (Li2S8) immediately dissolves with high local concentration
at the cathode–electrolyte interface. Products from further lithiation have distinctly lower
solubility so that precipitation/deposition of Li2Sn (n < 8) on the cathode sequentially
occurs. Therefore, the complex Li–S electrochemical processes at the cathode involve
generation, disappearance, and migration of multiple electroactive species both in the
solution and on the electrode. As clear evidence, lithium polysulfide generation and redistribution during the first discharge was recently observed via in situ techniques
including Raman spectroscopy,2 transmission X-ray microscopy,3 and X-ray fluorescence
microscopy.4
Certainly, the complex Li–S electrochemical processes in these systems can be
further tailored to achieve enhanced battery performance. One effective strategy,
pioneered by Nazar and coworkers,5 is to employ porous structures as sulfur hosts and
polysulfides reservoirs. Many porous cathode structures including amorphous porous
carbons,6–9 core–shell structures,10–13 carbon nanotube networks,14–16 and porous structures
composed of graphene/graphene oxide17–22 have been investigated. Another viable
strategy is the “catholyte” concept.23–27 Instead of sequestering lithium polysulfides in the
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cathode, catholyte Li–S cells use electrolytes with a high concentration of dissolved
lithium polysulfides, and excellent battery performance was achieved by optimizing the
concentration and composite of the catholytes. The third strategy is to chemically modify
the cathode hosts to render strong adsorption to the lithium polysulfides species.
Heteroatoms in the carbon matrix, including nitrogen and oxygen, have been proven
effective.28–31
In spite of these impressive improvements, a fundamental question of both scientific
and technological importance remains: is it possible to restrict the electroactive sulfurcontaining species in the solid state during the Li–S electrochemical reaction? If possible,
this hypothesized solid-state Li–S electrochemical reaction would have transformative
implications for altering the electrochemical processes and performance of Li–S batteries.

2.3 Results and Discussion
To answer this question, we investigate two factors that play decisive roles in Li–S
electrochemical processes: the size of the sulfur confinement (i.e. pore size in the carbon
hosts) and the type of electrolyte solvents. To precisely capture the subtle changes in Li–
S electrochemical behavior due to the different sulfur confinement size, a series of porous
carbon hosts with narrow ranges of pore sizes is selected: resorcinol-formaldehyde
derived porous carbon fibers with four distinctly different pore sizes, 0.4–1.0 nm, 0.4–2.0
nm, 0.4–2.5 nm, and 0.4–3.0 nm (denoted as CF10, CF20, CF25, and CF30),
respectively, were purchased from Kuraray Chemical Co., Ltd. The scanning electron
microscope (SEM) images of these carbon fibers are shown in Fig. S1 in SI. Figure. 2-1a
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shows the type-I nitrogen adsorption–desorption isotherms of these four carbon fibbers,
and Fig. 1b shows their pore size distributions calculated based on a non-local density
functional theory (NLDFT) model. The detailed structural properties are listed in Table
S2-1 in SI.

Figure 2-1. (a) Type-I nitrogen adsorption–desorption isotherms and (b) pore size
distributions (cumulative pore volume as inset) of the four different carbon fibers.
In addition to the different pore sizes, two different electrolyte solvent systems are
selected for this study: the first one is TEGDME, which is a typical solvent for
conventional Li–S batteries as aforementioned. The other solvent is a mixture of ethylene
carbonate and diethyl carbonate (EC/DEC) with a 1 : 1 volume ratio, which is a typical
solvent for Li-ion batteries and is well-known for their failure in conventional Li–S
batteries. Commercial grade EC/DEC electrolyte with 1 M lithium hexauorophosphate
(LiPF6) salt was purchased from Sigma-Aldrich. Since LiPF6 does not dissociate well in
ethereal solvents, lithium bis(trifluoromethane sulfonyl)imide (LiTFSI), which has a
higher dissociation constant,32 was used in TEGDME electrolyte with a concentration of
1 M. The previous study by Abruña and co-workers suggests that the type of lithium salt
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anion (LiPF6 vs. LiTFSI) does not affect lithium–sulfur electrochemical reactions.33
Therefore, the major difference between these two electrolytes is their solubility of
lithium polysulfides, particularly for the high order structures. As shown in Table S2-2 in
SI, TEGDME is a superior solvent for lithium polysulfides comparing to EC/DEC.
To demonstrate the effects of sulfur confinement on Li–S electrochemical reactions,
we first investigated three CF10 (the smallest pore size among all four carbon fibbers)
samples with different sulfur contents. Among these samples, CF10–S60 and CF10–S90
have 60 wt% and 90 wt% of sulfur, respectively, by infusing the designated amount of
sulfur through heating the mixture of CF10 and sulfur at 155 °C in argon for 10 hours.
CF10–Spore was obtained by further heating CF10–S60 at 200 °C in flowing argon for
6 hours to remove the sulfur deposited on the surface. Thermogravimetric analysis (TGA)
was performed in argon from room temperature to 600 °C with a heating ramp of 5 °C
min-1, and a 2 hour isothermal step was imposed at 200 °C. As shown in Figure 2-2a, the
TGA plots clearly show that both CF10–S60 and CF10–S90 have two weight loss stages:
the first weight loss starts with the isothermal step at 200 °C and completes prior to the
end of the isothermal step. The second weight loss stage starts at 270 °C and completes at
400 °C. The first weight loss was due to the sublimation of the sulfur deposited on the
surface of CF10 (denoted as superficial sulfur), and the second weight loss arises from
the sublimation of the sulfur confined in the sub-nano pores of CF10 (denoted as
confined sulfur).6 In stark contrast, CF10–Spore only demonstrates the second weight loss
stage, indicating that the sulfur in CF10–Spore is exclusively confined in the sub-nano
pores, and the confined sulfur content in CF10–Spore is 30 wt%, which is consistent with
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the percentage of confined sulfur in both CF10–S60 and CF10–S90. The X-ray diffraction
(XRD) pattern of CF10–Spore in Figure 2-2b indicates that the sulfur confined in the subnano pores is amorphous, and the superficial sulfur in CF10–S60 and CF10–S90 has an
orthorhombic crystal structure.

Figure 2-2. (a) TGA curves and (b) XRD patterns of CF10–Spore, CF10–S60 and CF10–
S90.
As demonstrated in Figure 2-3a and b, the drastically different cyclic voltammetry
(CV) and galvanostatic charge–discharge (GCD) characteristics of CF10–S90, CF10–S60,
and CF10–Spore show a clear correlation to the sulfur distribution (superficial vs.
confined) in the TEGDME electrolyte. The CV scan of CF10–S90 demonstrates typical
liquid-phase Li–S electrochemical behavior with two cathodic peaks at 2.40 V and 1.95
V and one anodic peak at 2.6 V (with a shoulder at 2.7 V), which is consistent with the
GCD curve of CF10–S90 with a lithiation capacity of 750 mA h g-1. When the content of
superficial sulfur is reduced in CF10–S60, its CV scan is rather interesting: in addition to
the two aforementioned conventional cathodic peaks representing the liquid-phase
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lithiation of sulfur, it also shows a broad cathodic peak below 1.8 V. Accordingly, the
anodic scan demonstrates a broad peak at 2.1 V in addition to the typical anodic peaks at
2.5 V. The GCD curve of CF10–S60 is consistent: it shows the typical sulfur discharge
plateaus at 2.45 V and 2.0 V and a pronounced new discharge slope at 1.5 V with a total
lithiation capacity of 900 mA h g-1. The transition of CV and GCD behaviors becomes
more clear when the sulfur content is further reduced in CF10–Spore: with sulfur
exclusively confined in the sub-nano pores, the conventional Li–S CV peaks completely
disappear. Instead, the CV scan of CF10–Spore only shows a single pair of redox peaks
centered at 1.4 V and 2.1 V. Accordingly, the GCD curve of CF10–Spore shows a single
lithiation slope starting from 1.6 V and a single delithiation slope starting from 1.8 V
with a lithiation capacity of 1650 mA h g-1.
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Figure 2-3. The first CV scans at 0.1 mV s-1 and the first GCD curves at 160 mA g-1 of
CF10–Spore, CF10–S60, and CF10–S90 in TEGDME electrolyte (a) and (b) respectively,
and in EC/DEC electrolyte (c) and (d), respectively.
As shown in Figure 2-3c and d, the electrochemical characteristics of CF10–S90,
CF10–S60, and CF10–Spore in EC/DEC electrolyte also show a strong correlation to the
sulfur distribution in CF10. The CV scan of CF10–S90 in EC/DEC only shows a small
cathodic peak centered at 2.1 V and no reversible anodic peak is shown. This observation
indicates that the lithiation process of CF10–S90 in EC/DEC electrolyte is not only
terminated at a very early stage, but is also irreversible. Consistently, the GCD curve of
CF10–S90 in EC/DEC shows only a very short discharge plateau at 2.3 V and no charge
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capacity at all, which is consistent with the known behavior of Li–S electrochemical
reaction in carbonate electrolytes.33,34 The first cathodic scan of CF10–S60 in EC/DEC
also shows a small peak at 2.2 V with an additional small peak below 1.8 V, which
corresponds to a broad anodic peak at 2.1 V. The GCD curve of CF10–S60 in EC/ DEC
consistently shows a small discharge slope from 2.3 V with a modest capacity of 300 mA
h g-1 that is partially reversible. This observation suggests that CF10–S60 still has a very
low electrochemical activity in EC/DEC electrolyte, although improved from CF10–S90.
When the superficial sulfur is completely removed, however, the electrochemical
behavior of CF10–Spore is strikingly different: its CV scan in EC/DEC shows a single pair
of redox peaks at 1.4 V and 2.1 V, which is identical to the CV scan of CF10–Spore in the
TEGDME electrolyte. The GCD curve of CF10–Spore in EC/DEC electrolyte shows a
single lithiation slope starting from 1.7 V and a single delithiation slope starting from 1.8
V with a lithiation capacity of 1700 mA h g-1, which is also nearly identical with that in
the TEGDME electrolyte. The sequential CV scans and GCD cycles of all three samples
in both electrolytes are all consistent as shown in Figure S2-2 in SI.
It is clear that the electrochemical behavior of these three samples are determined by
the surrounding environment of the sulfur, i.e. confined sulfur vs. superficial sulfur.
When superficial sulfur is present, only TEGDME (an ether) is a viable electrolyte
solvent for enabling conventional liquid-phase Li–S electrochemical processes. However,
when the sulfur is exclusively confined in the sub-nano pores, both TEGDME and
EC/DEC (carbonates) can facilitate identical Li–S electrochemical reactions. These
anomalous electrochemical behaviors of sulfur were scarcely investigated in some
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previous studies using microporous carbons as sulfur hosts, and a few mechanisms have
been proposed.34–41 One generally accepted hypothesis ascribes these anomalous
behaviors to the lithiation and delithiation of small sulfur allotropes such as S4 or S2 in the
sub-nano pores.36–40 Another hypothesis attributes these anomalous behaviors to the
lithiation and delithiation of sulfurized carbon.41 With the assumption of the existence of
small sulfur allotropes (S2–4) in the sub-nano pores, Li and co-workers proposed a solidstate Li–S reaction mechanism induced by the prevention of solvent penetration due to
the pore size limitation.40
We agree with Li and co-workers on the mechanism of solid-state Li–S reactions in
sub-nano confinement, although the form of sulfur in sub-nano confinement calls for
further studies (SI). When sulfur is exclusively confined in very small pores, the
electrochemical lithiation and delithiation of sulfur can only occur when Li ions enter the
pores. Previous studies of porous carbon capacitors demonstrated that sub-nano pores in
carbon might not be accessible to cations in non- aqueous electrolytes due to the larger
solvation shell.42,43 For instance, the size of the Li ion solvation shell in propylene
carbonate was estimated as 1.59 nm.44 As a result, Li ions can only enter the pores by
either desolvation or solvation shell distortion, and there may be none or very few solvent
molecules inside the sub-nano pores where the Li–S electrochemical reaction occurs.
Meanwhile, the extremely small sulfur grains in sub-nano confinement and the intimate
contact with carbon can ensure the in-depth lithiation in solid state. In an analogous
experiment, Gogotsi and co-workers discovered an anomalously high capacitance in
supercapacitor electrodes made of microporous carbon, and they hypothesized that it was
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due to ions entering the sub-nano pores via desolvation.45–47 We posit that a similar
phenomenon occurs during the lithiation–delithiation of sulfur in very small confinement
within liquid electrolytes. This hypothesized mechanism explains why both TEGDME
and EC/DEC are viable electrolyte solvents for CF10–Spore with identical characteristics:
the solid-state Li–S electrochemical reaction no longer involves the dissolution of
polysulfides or prohibited by severe polysulfide/electrolyte incompatibility.33 It is worth
noting that recent studies on all-solid-state Li–S batteries with ceramic electrolytes48,49
demonstrated very similar electrochemical behaviors of sub-nano confined sulfur in
liquid electrolyte, which also supports our hypothesized solid-state reaction mechanism.
The cycle stability of CF10–Spore, CF10–S60, and CF10–S90 in TEGDME and
EC/DEC electrolytes are shown in Figure S2-3 in SI. The cycle stability of CF10–Spore
indicates a slight advantage of EC/DEC electrolyte over TEGDME electrolyte in terms of
long–term cycle stability, which was also reported in a previous study.37 This observation
can be attributed to the fact that the microporous structure of CF10 is not ideal; therefore,
lithium polysulfides could be gradually generated and dissolved in the TEGDME
electrolyte.
For further evidence of the solid-state lithiation–delithiation mechanism of sub-nano
confined sulfur, we performed the following experiments: CF10–Spore and CF10–S90
electrodes containing an equal mass of sulfur (10 mg) were lithiated in 5 mL TEGDME
electrolyte, respectively, in two home-made PTFE cylindrical cells with 80 mA g-1
current density to ensure in-depth lithiation. After the lithiation, the TEGDME
electrolytes in these two cells were immediately extracted for UV-Vis spectroscopy
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analysis. The inset in Figure 2-4a shows the photographs of the TEGDME electrolytes
used in the CF10–Spore lithiation (vial #1) and CF10–S90 lithiation (vial #2). It can be
clearly seen that the electrolyte used for CF10–Spore has no visible color change; however,
the electrolyte used for CF10–S90 becomes dark red, which indicates the presence of
lithium polysulfides. To facilitate UV-Vis spectra measurements, the TEGDME
electrolyte for CF10–S90 was diluted 5 times, and the color changed from burgundy to
ultramarine green (vial #3), which indicates the presence of S3- free radical.50 Figure 2-4a
shows the UV-Vis spectra of the TEGDME electrolyte for CF10–Spore and the diluted
TEGDME electrolyte for CF10–S90; lithium polysulfide species including S62- anion and
S3- free radical were detected in the diluted TEGDME electrolyte for CF10–S90.51 In
contrast, no polysulfide species were detected in the TEGDME electrolyte for CF10–Spore.
This observation clear demonstrates that no lithium polysulfides are dissolved into the
electrolyte when sulfur is confined in sub-nano pores and, therefore, the lithiation occurs
in the solid state.
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Figure 2-4. (a) UV-Vis spectra of the TEGDME electrolyte used in CF10–Spore lithiation
and the diluted TEGDME electrolyte used in CF10–S90 lithiation, inset is photograph of
the TEGDME electrolytes used in CF10–Spore and CF10–S90 lithiation; XPS spectra of S
2p in (b) lithiated CF10–Spore and (c) lithiated CF10–S90; (d) predicted binding energies of
sulfur in Li2S2 and Li2S from DFT calculation.
To analyze the composition of the final products from the lithiation of CF10–Spore
and CF10–S90 in the TEGDME electrolyte, we further performed XPS analyses on these
lithiated electrodes, of which the S 2p spectra are shown in Figure 2-4b and c,
respectively. Sulfur at any valence state always has split peaks in XPS separated by 1.18
eV arising from S 2p3/2 (higher binding energy) and S 2p1/2 (lower binding energy) spin–
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orbit splitting. In our analysis, we index the sulfur species by the higher binding energy
of the S 2p3/2 peak. The two split-peaks at 167.6 eV (purple) and 170.2 eV (crimson) in
both CF10–Spore and CF10–S90 can be attributed to the sulphonyl residue from the LiTFSI
salt and the sulfur oxide species from sulfur infusion and electrolyte decomposition.52–54
The three split-peaks in the range from 167 eV to 159.5 eV represent three sulfur species
resulting from the lithiation. The first observation is that both CF10–Spore and CF10–S90
have same lithiated species at 164.0 eV (orange), $162.0 eV (green), and $161.0 eV
(blue), which can be respectively assigned as un-lithiated sulfur, lithium persulfide
(Li2S2), and lithium sulfide (Li2S).55 It is not surprising that no other lithium polysulfide
species was observed in the lithiated CF10–Spore according to our proposed solid-state
lithiation mechanism that does not involve polysulfides. It is also not surprising to see the
same products in the lithiated CF10–S90: previous investigations on the Li–S phase
diagram clearly demonstrated that elemental sulfur and Li2S are the only stable phases in
solid state at room temperature.56,57 Lithium polysulfides spontaneously disproportionate
to sulfur and Li2S upon drying. Meanwhile, both experimental and theoretical studies
indicate Li2S2 is a metastable phase, which could exist in the solid state at room
temperature.58–60 Despite these similarities, the percentage of each sulfur species in the
lithiated CF10–Spore and lithiated CF10–S90 are distinctly different as indicated by the
peak area (Table S2-3 in SI). Only 2.6% of the lithiated sulfur in CF10–Spore remains as
elemental sulfur, and the content of S2- and S22- anions are 67.8% and 29.6%,
respectively. On the contrary, 22.8% of the lithiated sulfur in CF10–S90 still remains as
elemental sulfur, and the content of S2- and S22- anions are 49.5% and 27.7%,
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respectively. The much lower sulfur content in the lithiated CF10–Spore clearly indicates
superior sulfur utilization in the solid-state lithiation mechanism, which is also consistent
with the demonstrated higher sulfur-based capacity of CF10–Spore in Figure 2-3b.
Based on these results, we find that the size of the sulfur confinement has a profound
effect on Li–S electrochemical processes; i.e. there is a critical size regime in order for
the proposed solid-state Li–S electrochemical reaction to occur. To investigate these
effects, another three carbon fibers with different ranges of pore size (CF20, CF25, and
CF30) were investigated as sulfur hosts. Samples with sulfur exclusively confined in the
pores, namely CF20–Spore, CF25–Spore, and CF30–Spore, were prepared using the same
method for CF10–Spore preparation (TGA in Figure S2-4 in SI). The transmission electron
microscopy (TEM) images and the elemental mapping of the cross sections CF10–Spore,
CF20–Spore, CF25–Spore, and CF30–Spore (Figure S2-5 in SI) clearly show that sulfur is
uniformly dispersed in all of the carbon fiber samples. The XRD patterns (Figure S2-6 in
SI) indicate that the sulfur in all four confinements is amorphous.
As we anticipated, the electrochemical characteristics of sulfur indeed show a clear
correlation to the confinement size. Figure 2-5a and b, respectively, show the first CV
scans and the first GCD cycles of CF10–Spore, CF20–Spore, CF25–Spore, and CF30–Spore in
the TEGDME electrolyte. As aforementioned, the CV of CF10–Spore shows a single pair
of redox peaks. The CV of CF20–Spore shows both the redox peaks representing the liquid
phase Li–S electrochemical reactions (cathodic peaks at 2.5 V, 2.2 V, 2.0 V and anodic
peaks at 2.4 V and 2.6 V) and the low-potential redox peaks representing the solid-state
Li–S reaction. In the CV of CF25–Spore, the peak currents of the low-potential redox pair
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are further reduced, whereas the peaks representing liquid phase Li–S reactions become
more dominating. For CF30–Spore, its CV demonstrates the characteristics of conventional
liquid phase Li–S electrochemical reactions without the low-potential redox peaks. All
the CV scans are consistent with their corresponding GCD curves shown in Figure 2-5b.
Based on the evolution of the characteristics of Li–S electrochemical reactions as a
function of the pore size, we posit that the critical size of sulfur confinement for solidstate Li–S electrochemical reaction is about 1.0 nm, i.e. sub-nanometer confinement.
Figure 2-5c and d are the first CV scans and the first GCD cycles of CF10–Spore, CF20–
Spore, CF25–Spore, and CF30–Spore in the EC/ DEC electrolyte. All of the CV scans and the
corresponding GCD curves demonstrate consistent characteristics with a single pair of
redox peaks and single lithiation–delithiation slopes. However, compared to CF10–Spore,
the CV redox pairs of CF20–Spore, CF25–Spore, and CF30–Spore, which have larger pore
sizes, demonstrate higher peak separation indicating inferior charge transfer kinetics.
Also as shown in Figure 2-5d, the lithiation and delithiation capacity drastically decreases
with increasing pore size. The decreased capacity can be attributed to the fact that subnano confined sulfur population decreases as the pore size range increases from 0.4–1.0
nm to 0.4–3.0 nm. The second CV scans and GCD cycles show consistent characteristics
(Figure S2-7 in SI). The cycle stability results in both EC/DEC electrolyte and TEGDME
are shown in Figure S2-8 in SI.
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Figure 2-5. The first CV scans at 0.1 mV s-1 and GCD curves at 160 mA g-1 of CF10–
Spore, CF20–Spore, CF25–Spore, and CF30–Spore in TEGDME electrolyte (a) and (b)
respectively, and in EC/DEC electrolyte (c) and (d), respectively.
We further studied the equilibrium potential of the solid-state Li–S reaction under
sub-nano confinement (CF10–Spore) using galvanostatic intermittent titration techniques
(GITT) as shown in Figure 2-6a and b. The GITT results of CF20–Spore and CF25–Spore in
both TEGDME and EC/DEC electrolytes are shown in Figure S2-9 in SI. Comparing the
GITT results of CF10–Spore in the EC/DEC electrolyte with that in the TEGDME
electrolyte, it is clear that the single lithiation plateau is an inherently thermodynamic
characteristic of the solid-state Li–S electrochemical reaction in the sub-nano
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confinement regardless electrolyte. The equilibrium solid-state lithiation potential is 1.8
V vs. Li/Li+ in both electrolytes. However, the lithiation overpotential in TEGDME is
280 mV, which is much higher than that in EC/DEC (150 mV). Since the electrodes are
identical, the different overpotentials must be due to the electrolytes. One possibility is
the different solvation size or solvation energy of Li ions in TEGDME vs. EC/DEC: a
previous study by Henderson and co-workers suggested the Li-ion solvation structure in
TEGDME consisting of two six-coordinate Li cations coordinated by two TEGDME
molecules.61 Such a double-helix dimer structure can impose energy barriers to the
desolvation of TEGDME resulting in a higher over-potential. The solid-state Li
diffusivity in sulfur is calculated from the GITT data as shown in Figure 2-6c and d as a
function of lithiation potential. The average diffusivity is calculated as 1.16 × 10-15 cm2 s-1
as measured in EC/DEC and 1.26 × 10-15 cm2 s-1 as measured in TEGDME in the
lithiation slope region, which are in excellent agreement with each other. The Li
diffusivity increases when the voltage is decreased below 1.7 V, which can be attributed
to the enrichment of Li in the lithiated sulfur. The apparent diffusivity of Li in the liquidphase Li–S reaction was also estimated from the high-voltage plateau region from CF25–
Spore in TEGDME (Figure S2-10d in SI). The apparent diffusivity of Li in the liquid-phase
is in the order of 10-13 cm2 s-1, which is two orders of magnitude higher than that in the
solid-state. For delithiation, the equilibrium behaviors of CF10–Spore in both TEGDME
and EC/DEC electrolytes are identical, i.e. the same equilibrium potential and
overpotential. This observation is consistent with the solid-state Li–S reaction mechanism
since the delithiation process does not rely on Li+ ion desolvation so that the type of
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solvent does not affect the delithiation. A persistent behavior of the solid-state Li–S
electrochemical reaction is the low delithiation capacity in the first cycle (previously
shown in Figure 2-3 and 2-5), which is also demonstrated as an inherent property of the
sulfur in sub-nano confinements by GITT. Although the exact mechanism is still under
investigation, we propose the following explanations: (1) the imposed potential (<3 V vs.
Li/Li+) is insufficient to delithiate Li2S within the solid-state environment; (2)
degradation of the electrical connection induced by the sulfur volume change.

Figure 2-6. GITT curves of CF10–Spore in (a) EC/DEC electrolyte and (b) TEGDME
electrolyte; diffusivity of Li vs. potential calculated from the GITT data in (c) EC/DEC
electrolyte and (d) TEGDME electrolyte.
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2.3 Conclusion
In conclusion, we elucidate a mechanism of solid-state Li–S electrochemical
reaction in liquid electrolytes enabled by sub-nano confinement of sulfur. Our results
demonstrate unambiguous transition of electrochemical behaviors from superficial sulfur
to sub-nano confined sulfur, and from sub-nano confined sulfur to sulfur in relatively
larger confinements. We clearly demonstrate that the lithiation and delithiation of sulfur
in sub-nano confinement is thermodynamically different from conventional liquid phase
Li–S reactions. As a result, both ether-based electrolyte and carbonate-based electrolytes
are viable for Li–S electrochemical reactions in sub-nano confinement environments
since the solid-state mechanism does not involve or require lithium polysulfide
dissolution or polysulfide/electrolyte compatibility. Therefore, any Li-ion electrolyte
satisfying the electrochemical stability and conductivity requirements should work with
the sub-nano confined sulfur cathode. Compared to conventional liquid phase Li–S
electrochemical reactions, this solid-state mechanism has the benefit of simplicity, which
can provide a new paradigm for future Li–S battery materials design and synthesis.
Meanwhile, the large irreversible capacity in the first cycle presents an inherent challenge
to the sub-nano confined sulfur, which is currently under investigation in our group.

2.4 Supporting Information
Preparation of Sulfur-Carbon Composites: CF10-S60 and CF10-S90 were prepared by
dissolving a designated amount of sulfur (Sigma-Aldrich) into carbon disulfide (CS2,
Sigma-Aldrich) which were then mixed with porous carbon fibers (Kuraray Chemical
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Co., Japan). After drying at 60 °C, the mixture was heated at 155 °C at a heating rate of 5
°C min-1 in a sealed stainless steel vessel (with glass lining) filled with argon for 10
hours. CF10-Spore was achieved by further heat-treating CF10-S60 at 200 °C in flowing
argon for 6 hours to completely remove the sulfur deposited on the surface, and CF20Spore, CF25-Spore, and CF30-Spore were prepared using the same method.
Measurement of solubility of lithium polysulfides: Li2S (Alfa Aesar) was reacted
with a designated amount of sulfur in anhydrous TEGDME (Sigma-Aldrich) or
anhydrous EC/DEC (1:1, v/v) (Sigma-Aldrich) to form lithium polysulfide solutions at
room temperature (xS + Li2S -> Li2S1+x). For example, 0.046 g Li2S could react with
0.224 g S (1:7 molar ratio) in 10 ml TEGDME by stirring to produce a 0.1 M Li2S8
solution with complete dissolution. To measure the solubility of lithium polysulfide in
TEGDME, 0.005 M Li2Sx (x = 4, 5, 6, 7, 8) solutions were first made using the method
described above. If the entire solid were dissolved, the concentration would be increased
by 0.005 M by adding in required Li2S and sulfur stoichiometrically. This procedure was
repeated with 0.005 M interval until solid precipitation was obtained. To measure the
solubility of lithium polysulfide in EC/DEC, 0.001 M of the Li2Sx solutions were
prepared instead of 0.005 M, and the solid was never completely dissolved.
Materials Characterizations: The nitrogen adsorption-desorption isotherms of the
carbon fibers were obtained with a Brunauer-Emmett-Teller (BET, Micromeritics
ASAP2020). Thermogravimetric analysis (TGA, TA Instruments Q500) was used to
measure the sulfur content in the composites. The crystal structure of the sulfur in the
composites was characterized with X-ray powder diffraction (XRD, PANalytical
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Empyrean). The oxidation state of the sulfur was characterized with X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD). The XPS spectra of lithiated CF10-Spore and
CF10-S90 were collected on a Kratos AXIS 165 spectrometer using monochromatic Al
Κα radiation (280 W). Transmission electron microscopy (TEM, FEI CM300) coupled
with an energy dispersive X-ray (EDX) spectrometer was used to obtain images and
elemental mapping of the cross-section of the sulfur-carbon fibers. The fibers were
embedded in Spurr resin and let harden overnight at 60 °C. Thin sections with thickness
of about 60 nm were then cut normal to the fiber elongation with an RMC
ultramicrotome. The individual thin sections were mounted on 3 mm TEM Cu grids
covered with lacey carbon support film.
Electrochemical Measurements: The electrodes were comprised of 70 wt% sulfurcarbon composite, 20 wt% carbon black (Super P), and 10 wt% poly(vinylidene fluoride)
(Sigma-Aldrich) binder. Aluminum foil (99.45%, Alfa Aesar) was used as the current
collector. Two-electrode coin cells with lithium foil (Sigma-Aldrich) as the counter
electrode were assembled in an argon-filled glovebox for the electrochemistry analysis.
Electrolytes consisting of 1 M lithium bis-(trifluoromethane)sulfonimide (LiTFSI,
Sigma-Aldrich) in tetraglyme (TEGDME, Sigma-Aldrich) and 1 M lithium
hexafluorophosphate (LiPF6) in EC/DEC (1:1, v/v) (Sigma-Aldrich) were used with a
microporous membrane separator (Celgard 2500). The cells were charged and discharged
with different cycling currents between 1 V and 3 V (vs. Li+/Li) using an Arbin battery
test station. Cyclic voltammogram (CV) measurements were carried out with a scan rate
of 0.1 mV s-1 on a Gamry Interface 1000 analyzer. For galvanostatic intermittent titration
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technique (GITT) experiments, the cells were discharged or charged at 67 mA g-1 for 1
hour and then rest for 16 hours. The discharge (or charge)-rest process was repeated until
the voltage reached potential winder limits. All the electrochemical measurements were
performed at 25°C. The diffusivity of Li was calculated based on the following equation:
4 𝑛! 𝑉!
𝐷=
𝜋𝜏
𝑆

!

Δ𝐸!
Δ𝐸!

!

τ is the current pulse time (s); nm is the number of moles of sulfur in the electrode (mol);
Vm is the molar volume of sulfur (cm3/mol); S is the contact area (cm2); ∆Es is the steadystate voltage change due to the current pulse, and ∆Et is the voltage change during the
constant current pulse, eliminating the IR drop.
UV-vis Spectroscopy Experiment: A CF10-Spore electrode and a CF10-S90 electrode
contained the same amount of sulfur (~10 mg), respectively, were immersed into the
TEGDME electrolyte and sealed in two homemade PTFE cylindrical cells with Li
counter electrode. The cells were discharged with 80 mA g-1 current density to ensure indepth lithiation. After the lithiation, the TEGDME electrolytes in these two cells were
immediately extracted and sealed in the glove-box for UV-Vis spectroscopy analysis with
a UV−visible spectrophotometer (Horiba Aqualog).
Density functional theory (DFT) calculations: All DFT calculations utilized secondtier numeric atom-centered basis functions in conjunction with the semi-local PBE
functional. In order to account for van der Waals (vdW) effects, the PBE functional was
augmented with a vdW correction using a Hirschfeld partitioning of the electron density.
Spin-orbit effects were not included in the DFT calculations due to their immense
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computational effort. All geometry optimizations (optimizing both the cell and ionic
positions) were carried out with the vdW-corrected PBE functional until the total
electronic energy was converged to 10-6 eV and the forces converged to within 10-4 eV/Å.
Upon convergence to their optimized geometries, all of the material systems were then
subjected to additional analyses on the self-consistent electronic density to compute the
XPS signals. Specifically, XPS signals were obtained within the initial-state
approximation by projecting the density of states onto the basis functions of the
individual atoms in the system (according to their atomic angular momenta: i.e. l = 0 and
l = 1 for s and p orbitals, respectively). Each of the individual atom-projected density of
states was then broadened to account for finite temperature effects in order to match the
experimental XPS signals.
Discussion on the form of sulfur in the sub-nano confinement: One generally
accepted hypothesis is that small sulfur molecules such as S4 or S2 exist in the sub-nano
pores, which lead to the anomalous electrochemical behaviors. However, this hypothesis
may need further studies for the following reason: The percentage of small sulfur
molecules should be extremely low in the sulfur under our experimental conditions (near
1 atm pressure and temperature ≤ 200 °C): In a review article by Meyer (Chem. Rev.
1976, 76, 367-388), the author estimated that sulfur molecules smaller than S4 did not
exist in liquid sulfur at 155 °C (temperature used for sulfur infusion in our study). The
overwhelming majority of sulfur molecules at 155 °C are still cyclo-S8 (approximately 80
mol.%) and other long sulfur chains or sulfur rings with atom number higher than 8 due
to polymerization. Small sulfur molecules such as S6 are approximately 1 mol.%, and S5
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is only approximately 0.003 mol.%. In an article by Steudel et al. (Steudel, R.; Steudel,
R.; Wong, M. W. Top. Curr. Chem. 2003, 230, 117-134), the authors calculated the
concentration of sulfur species in the saturated vapor at 500 °C based on the experimental
thermodynamic data of Rau et al. (J. Chem. Thermodyn. 1973, 5, 833): the molar
concentration of S2, S3, and S4 are 5.0 mol.%, 1.3 mol.%, and 1.0 mol.%, respectively,
and the concentration of S8 is 33.0 mol.%. Rau et al. in their J. Chem. Thermodyn paper
also calculated the vapor sulfur species concentration as a function of temperature, which
also shows that the concentration of small sulfur molecules is really low in gas phase
sulfur below 800 K. Based on the description above, we can draw a sound conclusion that
the concentration of small sulfur molecules in our experimental condition is extremely
low. If we infuse sulfur into the sub-nano carbon pores with extremely low concentration
of small sulfur molecules, the only scenarios we could envision that have the majority of
pores filled with small sulfur molecules are (1) infusing with extremely large amount of
sulfur, which is obviously no true in our case; or (2) generating small sulfur molecules
within the pores, of which the only enabling force could be some surface adsorption
energy that was high enough to “break off” a few (2 to 4) bonded sulfur atoms from the
main molecule and maintaining them as small molecules. In other words, the adsorption
energy has to be equivalent to the thermal energy to generate high concentration of small
sulfur molecules in vapor phase, which is obviously not the case either. Therefore, we
propose that the majority of sulfur in the sub-nano confinement in our study is still cycloS8 molecule. This hypothesis will be investigated in our future work.
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Table S2-1. Surface area and porosity data of the carbon fiber samples.

Table S2-2. Solubility of Li2Sx (x = 4, 5, 6, 7 and 8) in TEGDEM and EC/DEC (1:1
volume ratio) at room temperature.

Table S2-3. XPS peak position and area of sulfur species in the lithiated CF10-Spore and
CF10-S90.
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Figure S2-1. SEM images of (a, b) CF10, (c, d) CF20, (e, f) CF25, and (g, h) CF30
carbon fibers.
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Figure S2-2. The second CV scans at 0.1 mV S-1 and the second GCD curves at 160 mA
g-1 of CF10-Spore, CF10-S60 and CF10-S90 in TEGDME electrolyte (a) and (b)
respectively, and in EC/DEC electrolyte (c) and (d), respectively.
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Figure S2-3. Cycle stability of CF10-Spore, CF10-S60, and CF10-S90 at 160 mA g-1 in (a)
TEGDME electrolyte and (b) EC/DEC electrolyte.
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Figure S2-4. TGA curves of CF10-Spore, CF20-Spore, CF25-Spore, and CF30-Spore (a) before
and (b) after superficial sulfur removal via heat treatment at 200 °C.
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Figure S2-5. Cross-section TEM image and sulfur elemental mapping (inset) of (a)
CF10- Spore, (b) CF20-Spore, (c) CF25-Spore, and (d) CF30-Spore.
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Figure S2-6. XRD spectra of CF10-Spore, CF20-Spore, CF25-Spore, and CF30-Spore.
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Figure S2-7. The second CV scans at 0.1 mV S-1 and the second GCD curves at 160 mA
g-1 of CF10-Spore, CF20-Spore, CF25-Spore, and CF30-Spore in TEGDME electrolyte (a) and
(b) respectively, and in EC/DEC electrolyte (c) and (d), respectively.
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Figure S2-8. Cycle stability of CF10-Spore, CF20-Spore, CF25-Spore, and CF30-Spore at 160
mA g-1 in (a) TEGDME electrolyte and (b) EC/DEC electrolyte.
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Figure S2-9. GITT curves of CF20-Spore in (a) EC/DEC and (b) TEGDME electrolytes;
and GITT curves of CF25-Spore in (c) EC/DEC and (d) TEGDME electrolytes.
The equilibrium lithiation-delithiation behaviors of CF20-Spore and CF25-Spore in the
EC/DEC electrolyte are consistent with that of CF10-Spore. However, the capacity
decreases and the lithiation overpotential increases simultaneously with increasing sulfur
confinement size, most likely due to the kinetic limitation induced by the larger sulfur
size. On the contrary, the equilibrium behaviors of CF20-Spore and CF25-Spore in the
TEGDME electrolyte are significantly different. The GITT of CF20-Spore in TEGDME
initially shows liquid Li-S reaction behavior with short high-potential plateaus followed
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by a 1.8 V plateau, which indicates a solid-state Li-S reaction. It is also interesting to see
that the solid-state lithiation overpotential of CF20-Spore is very high (> 400 mV) leading
to a low lithiation working potential. Meanwhile, the delithiation capacity of CF20-Spore is
inherently low, and the delithiation curve also shows that only the liquid phase Li-S
reaction is reversible. The equilibrium lithiation curve of CF25-Spore in TEGDME shows
a more pronounced signature of liquid phase Li-S reactions. The delithiation curve of
CF25-Spore in TEGDME also demonstrates liquid phase Li-S behaviors with increased
delithiation capacity. However, it needs to be pointed out that the capacity of delithiation
in liquid phase Li-S reactions may be artificially high due to polysulfide dissolution.
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Figure S2-10. Li diffusivity calculated from the GITT data of CF20-Spore in (a) EC/DEC
and (b) TEGDME electrolytes; CF25-Spore in (c) EC/DEC and (d) TEGDME electrolytes.
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3.1 Abstract
We investigate the effect of Li-ion solvation on the Li-S reaction in the sub-nano
confinement, and electrolytes based on a series of ether solvents (dimethoxyethane,
diglyme, triglyme, tetraglyme, and 15-crown-5) are studied. With combination of
electrochemical analysis and spectroscopic characterization, our results show the clear
effect of solvation energy of different solvent molecules to Li-ion on the Li-S
electrochemical reactions in the sub-nano confinement, which reveals a desolvation
enabled solid-state reaction mechanism.

3.2 Introduction
An intrinsic challenge to the conventional lithium-sulfur (Li-S) batteries using
sulfur-carbon composite cathodes and ethereal electrolytes is the dissolution of
intermediate lithium polysulfides during the discharge and charge of batteries. The
presence of polysulfides in the electrolyte leads to loss of active species, redistribution of
sulfur in the cathode, passivation/consumption of the lithium anode, and the notorious
shuttle effect during charging.1-4 On the other hand, it is also essential to dissolve lithium
polysulfides during discharge-charge to achieve high sulfur utilization due to the
insulating nature of both elemental sulfur and lithium sulfide (Li2S). Therefore, lithium
polysulfides dissolution presents a fundamental dilemma in design and fabrication of LiS batteries, and new paradigms of Li-S electrochemical reaction need to be explored. In a
previous study (Chapter 2), we proposed a solid-state Li-S reaction mechanism enabled
by sub-nano confinement of sulfur.5 When sulfur is confined in the carbon pores smaller
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than 1 nm, the accessibility of electrolyte is limited by the size of confinement. As a
result, Li-S electrochemical reactions in the sub-nano pore occur in solid state or quasisolid state, which are characterized with distinct electrochemical behaviors from the
conventional solution-phase Li-S reactions.6,7 The solid-state Li-S mechanism was also
reported by Gentle’s group8 and Huang’s group9 emphasizing the importance of the size
of the confinement. Aurbach’s group also proposed a similar mechanism emphasizing the
formation of solid electrolyte interphase (SEI) covering the sub-nano pores to prevent
electrolyte penetration.10,11 A great advantage of this solid-state Li-S electrochemical
mechanism is the compatibility with different types of electrolytes. However, our
previous study indicated a higher overpotential of sulfur lithiation in tetraglyme (G4)
(280 mV) than that in ethylene carbonate/diethyl carbonate (150 mV), which clearly
indicates the solvation energy and structure play important roles in the proposed solidstate Li-S reaction mechanism.

3.3 Results and Discussion
In this study, we investigate the solvation effects in electrolytes based on a series of
ether solvents including dimethoxyethane (G1), diglyme (G2), triglyme (G3), G4, and
1,4,7,10,13-pentaoxacyclopentadecane (15-crown-5). All the solvents only contain ether
group (-O-), which is chemically and electrochemically stable in Li-S systems.12,13 Our
selection encompasses ether molecules with a clear systematic structure variation, which
an provide rigorous comparison of their solvation effects. The sub-nano confined sulfur is
prepared via infusion of the elemental sulfur into the porous carbon with micropores
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exclusively smaller than 1 nm (average pore size 0.7 nm) as described in our previous
work (Chapter 2).5 The detailed preparation and the properties of the sulfur-carbon
composite

are

described

in

the

Supporting

Information.

Lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) is used as the salt due to its excellent
dissociation in ether solvents, and 0.5 M LiTFSI solution in each solvent was prepared.
The room temperature ionic conductivity of the electrolytes was measured with a
cylindrical cell with two parallel platinum electrodes. As shown in Table 1, from G1 to
15-crown-5, the conductivity decreases with the increasing molecular weight (number of
the -C2H4O- repeat unit) of the solvents. The conductivity of the 15-crown-5 electrolyte is
more than 4 times lower than that in the G4 electrolyte despite the almost same molecular
weight (differed by 2 hydrogen atom mass), which can be attributed to the significantly
higher viscosity of 15-crown-5 (21.7 cP at 25 °C)14 than that of G4 (4.05 cP at 25 °C) due
to the cyclo-structure of 15-crown-5. The Li+ self-diffusion coefficients were measured
by 7Li NMR spectroscopy and displaying the same trend as the conductivity.
Table 3-1. Properties of 0.5 M LiTFSI in various ethers at room temperature.
Solvent

G1

G2

G3

G4

15-Crown-5

Conductivity (S/m)

1.10

0.67

0.38

0.23

0.052

Li+ Self-Diffusion
Coefficient (10-10 m2/s)

8.09

3.62

1.76

1.03

0.147

Electrospray Ionization-Mass Spectroscopy (ESI-MS) was used to investigate the
solvation structures of the electrolytes. The ESI-MS spectra of the positively charged
species are shown in Figure 3-1. The spectra of G1 electrolyte shows the majority of the
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solvated Li ions are [Li(G1)2]+ (m/z = 187), which suggests that one lithium ion solvates
two G1 molecules. Small populations of [Li(G1)]+ (m/z = 97.1), [Li(G1)( C2H4O)]+ (m/z
= 141.1), and [Li(G1)2(C2H4O)]+ (m/z= 231.1) also exit in the electrolyte: the C2H4O
could be either ethylene oxide (a precursor for G1) or acetaldehyde, the existence of
which may be due to the partial desolvation and decomposition before the solvated
species reaching the aperture of the spectrometer.15 The spectra of G2 electrolyte indicate
two major solvation structures, [Li(G2)]+ (m/z = 141.1) and [Li(G2)2]+ (m/z = 275.2), and
the ratio between these two solvated ionic species is approximately 35:65. The spectra of
G3, G4, and 15-crown-5 electrolytes show [Li(G3)]+ (m/z = 185.1), [Li(G4)]+ (m/z =
229.1), and [Li(15-crown-5)]+ (m/z = 227.1), respectively, which suggests that one Li+
ion solvates only one solvent molecule in these electrolytes.
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Figure 3-1. ESI-MS spectra of 0.5 M LiTFSI in (a) G1, (b) G2, (c) G3, (d) G4 and (e)
15-crown-5.
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Figure 3-2 shows the slow scan rate cyclic voltammetry (CV) of sub-nano confined
sulfur at various scan rates in different electrolytes vs. Li+/Li. All of the CV scans display
single pair of redox peaks, which is consistent with the demonstrated behavior of solidstate Li-S reaction.5-11 At low scan rate of 0.01 mV s-1, the cathodic (lithiation) peak and
anodic (delithiation) peak in all electrolytes are positioned at approximately 1.45 V and
2.15 V, respectively. The 700 mV peak separation reflects the quasi-reversible character
of the solid-state lithiation-delithiation of sulfur. The peak separation also increases with
increased scan rate, which is consistent with the quasi-reversible characteristics.
However, the extent of the peak separation is clearly correlated to the Li ion diffusion
coefficient of the electrolyte: the CV scans in G1 and G2 electrolytes had minimal
increase of peak separation; on the other hand, the largest peak separation was observed
in the 15-crown-5 electrolyte. Slow scan rate from 0.01 mV s-1 to 0.08 mV s-1 was used
due to the very large peak separation under the fast scan rate, particular in G3, G4 and
15-crown-5 electrolytes. The large peak separation would force extending the CV
window to the lower potential where the ethers may become cathodically unstable.
However, under slow scan rate, the Li concentration in the lithiated sulfur can no longer
be assumed as substantially unchanged. Therefore, the relationship between the peak
current Ip and scan rate v cannot be described by the classical Sevcik equation (i.e. peak
current is not proportional to the square root of scan rate). Instead, since sulfur was
confined in the sub-nano pores on the electrode surface, the CV can be described by a
capacitive-type mechanism as expressed by Equation (1).16
𝐼! =

𝑛! 𝐹 !
𝜈𝐴𝐶!∗ (1)
4𝑅𝑇
68

where n is the number of electrons transferred in the sulfur lithiation-delithiation (n = 2),
F is the Faraday constant, R is the gas constant, T is the temperature (room temperature),
CS* is the surface concentration of sulfur, which is constant in all electrolytes, and A is the
apparent surface area of the electrode, which is equivalent to the surface area of the subnano confined sulfur accessible to the solvated Li+ ions. As the plot of cathodic peak
current Ip vs. scan rate ν shows in Figure 2f, Ip displays excellent linear relationship with
ν in all electrolytes with different slopes: 2.62×103 C V-1g-1 in G1, 2.67×103 C V-1g-1 in
G2, 2.54×103 C V-1g-1 in G3, 2.48×103 C V-1g-1 in G4, and 2.14×103 C V-1g-1 in 15-crown5. According to Equation 1, the slope of Ip vs. ν represents the surface area of the subnano confined sulfur accessible to the solvated Li+ ions. Therefore, our slow scan rate CV
results clearly show that the accessibility of sub-nano confined sulfur to the solvated Li+
ions decreases from G1 to 15-crown-5.
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Figure 3-2. CV of sub-nano confined sulfur vs. Li+/Li in (a) G1, (b) G2, (c) G3, (d) G4
and (e) 15-crown-5 electrolytes at varies scan rates, and (f) cathodic peak current vs. scan
rate in the electrolytes.
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We further performed galvanostatic intermittent titration techniques (GITT) to study
the equilibrium properties of the lithiation of the sub-nano confined sulfur in these
electrolytes. Figures 3-3a to 3-3e show the GITT curves of the lithiation, and Figure 3-3f
shows the comparison between the equilibrium lithiation potentials (open circuit
potentials) and the working potentials. The GITT results in all electrolytes demonstrate
lithiation potential profile with a single slope, indicting a solid solution reaction behavior.
As shown in Figure 3-3f, the equilibrium potential of the lithiation of sub-nano confined
sulfur are identical in different electrolyte: the potential slope starts from 2.0 V and
decreasing to 1.7 V vs. Li/Li+ as the Li content increasing in the sulfur. The equilibrium
potential curve in 15-crown-5 electrolyte seems to deviate from the trajectory from the
midpoint of the lithiation due to the lower achievable capacity (i.e. accessibility to
sulfur). The apparent diffusion coefficients of Li+ in sulfur in all electrolytes are
calculated from the GITT results, and they are in excellent agreement with each other as
shown in the Supporting Information (Fig. S3-4). The most distinct difference among the
GITT data is the different lithiation overpotential demonstrated in these electrolytes. The
overpotential can be contributed from two aspects: concentration polarization and
activation polarization. Concentration polarization is caused by the concentration
gradients in diffusion layers, and it can be expressed as Equation (2)16
𝜂! =

𝑅𝑇
𝑖
ln 1 −
𝑛𝐹
𝑖!

(2)

where R is the gas constant, T is the temperature, n is the number of electrons transferred
in the sulfur lithiation (n = 2), F is the Faraday constant, i is the current density, and iL is
the diffusion limiting current density, which can be written as16
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𝑖! =

𝐷𝑛𝐹𝐶!
𝛿

(3)

where D is the self-diffusion coefficient of solvated Li+, CB is the bulk concentration of
Li+ ions in the electrolyte (0.5 M), and δ is the thickness of the diffusion layer. The selfdiffusion coefficient of the solvated Li+ ions in all electrolytes is at the order of ~10-10
m2/s, and the typical thickness of diffusion layer δ is < 10-5 m.17 Therefore, the minimum
diffusion limiting current density iL can be estimated as ~500 A m-2, which is much
higher than the current density applied in the GITT current pulse i ≈ 0.01 A m-2. The
concentration polarization ηc can then be estimated as ~5×10-4 mV. As a result, the
concentration polarization ηc is negligible in our system, and the overpotential in the
lithiation of sub-nano confined sulfur is only attributed to the activation polarization.
Activation polarization represents the magnitude of the required energy input from
equilibrium to enable the lithiation of sub-nano confined sulfur. The different activation
polarization in different electrolyte clearly indicates the different energy barrier in these
electrolytes, which can be unambiguously attributed to the different solvation size and
desolvation energy. According to our simulations, the desolvation energies of Li+ ions are
increased from G1 to 15-crown-5, which agrees with the trend of the overpotentials in
these electrolytes demonstrated from the GITT results.
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Figure 3-3. GITT curves of lithiation of sub-nano confined sulfur in (a) G1, (b) G2, (c)
G3, (d) G4 and (e) 15-crown-5; (f) the comparison between the equilibrium lithiation
potential and working potential in all electrolytes from GITT.
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3.4 Conclusion
In summary, we investigate the electrochemical reaction mechanism between
lithium ions and sub-nano confined sulfur, and the solid-state reaction mechanism is
verified. Our results show an excellent agreement between the desolvation energies and
the overpotentials of the cells, which suggests the desolvation of lithium ion is inevitable
to initiate the electrochemical reaction between lithium ions and sub-nano confined
sulfur. This mechanism avoids the dissolution of lithium polysulfides, and it provides an
opportunity to using the electrolytes, such as carbonate-based electrolyte, that are not
working for conventional Li-S batteries.

3.5 Supporting Information
Preparation of Sub-nano Confined Sulfur: 300 mg sulfur (Sigma-Aldrich) was
dissolved into carbon disulfide (CS2, Sigma-Aldrich) which were then mixed with 200
mg microporous carbon fibers (Kuraray Chemical Co., Japan). After drying at 60 °C
overnight, the mixture was heated at 155 °C at a heating rate of 5 °C min-1 in a sealed
stainless steel vessel (with glass lining) filled with argon for 10 hours. The sub-nano
confined sulfur was obtained by further heat-treating the composite at 200 °C in flowing
argon for 6 hours to completely remove the sulfur deposited on the surface.
Materials Characterizations: The nitrogen adsorption-desorption isotherm of CF10
was obtained with a Brunauer-Emmett-Teller (BET, Micromeritics ASAP2020).
Thermogravimetric analysis (TGA, TA Instruments Q500) was used to measure the
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sulfur content in the composites. The crystal structure of the sulfur in the composites was
characterized with X-ray powder diffraction (XRD, PANalytical Empyrean).
Electrochemical Measurements: The electrodes were comprised of 70 wt% sulfurcarbon composite, 20 wt% carbon black (Super P), and 10 wt% poly(vinylidene fluoride)
(Sigma-Aldrich) binder. Aluminum foil (99.45%, Alfa Aesar) was used as the current
collector. Three-electrode cylindrical cells (MTI) with lithium foil (Sigma-Aldrich) as the
counter electrode and reference electrode were assembled in an argon-filled glovebox for
the electrochemistry analysis. Electrolytes consisting of 0.5 M lithium bis(trifluoromethane)sulfonimide (LiTFSI, Sigma-Aldrich) in dimethoxyethane (G1),
diglyme

(G2),

triglyme

(G3),

tetraglyme

(G4),

and

1,4,7,10,13-

pentaoxacyclopentadecane (15-crown-5) (Sigma-Aldrich) were used with a microporous
membrane separator (Celgard 2500). Cyclic voltammogram (CV) measurements were
carried out with different scan rates on a Gamry Interface 1000 analyzer. The cells were
charged and discharged at 0.1C between 1 V and 3 V (vs. Li+/Li) using an Arbin battery
test station. For galvanostatic intermittent titration technique (GITT) experiments, the
cells were discharged or charged at 0.033C for 1 hour and then rest for 16 hours. The
discharge (or charge)-rest process was repeated until the voltage reached potential winder
limits. All the electrochemical measurements were performed at 25°C.
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Figure S3-1. (a) Type-I nitrogen adsorption–desorption isotherm and (b) pore size
distributions (cumulative pore volume as inset) of the microporous carbon. Fig. S1a
shows the type-I nitrogen adsorption–desorption isotherms of the microporous carbon,
and Fig. S3-1b shows its pore size distributions calculated based on a non-local density
functional theory (NLDFT) model.
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Figure S3-2. TGA curves of the sulfur-carbon composite with sub-nano confined sulfur.
Thermogravimetric analysis (TGA) was performed in argon from room temperature to
600 °C with a heating ramp of 5 °C min-1, and a 2 hour isothermal step was imposed at
200 °C. As shown in SI Figure S3-2, the TGA result shows that the CF10-S composite
contains 60 wt.% of sulfur and has two weight loss stages. The first weight loss stage is at
the isothermal step at 200 °C, and it is due to the sublimation of the sulfur deposited on
the surface of CF10. The second weight loss starts at 270 °C and completes at 400 °C,
and arises from the sublimation of the sulfur confined in the sub-nano pores of CF10.
Since we only want to investigate the sub-nano confined sulfur, superficial sulfur was
removed at 200 °C in flowing argon for 6 hours to obtain CF10-Spore. According to SI
Figure 3-2, CF10-Spore only demonstrates the second weight loss stage, which indicates
that CF10-Spore has sulfur only encapsulated in sub-nano pores.
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Figure S3-3. XRD patterns of sulfur, sulfur infused microporous carbon composite and
the composite with sub-nano confined sulfur. Before superficial sulfur removal, the
carbon-sulfur composite shows crystalline sulfur pattern, which indicates the existence of
bulk sulfur outside the sub-nano pores. However, the XRD pattern of he microporous
carbon with sub-nano confined sulfur is amorphous, which suggests a complete removal
of bulk sulfur.
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Figure S3-5. Cycle stability of the sub-nano confined sulfur at 0.1C in different
electrolytes.
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4.1 Abstract
We investigate the electrochemical lithiation-delithiation of sulfur encapsulated in
single-walled carbon nanotubes effects and mechanisms of nano- and sub-nano
confinement on lithium–sulfur (Li–S) electrochemical reactions by incorporating sulfur
into both EA- (electric arc) and HiPco- (high-pressure carbon monoxide) SWCNTs with
diameter of 1.55 and 1.0 nm, respectively. Interestingly, when sulfur is incorporated into
HiPco-SWCNTs, the polymerized long chain sulfur molecules inside the tubes largely
changes the Raman spectra. The giant Raman response from the sulfur provides an ideal
opportunity to perform in situ studies on the lithiation-delithiation reactions of the
confined sulfur. High-resolution TEM images confirm the chain structure of sulfur in
EA- and HiPco-SWCNTs. Cyclic voltammetry and galvanostatic charge–discharge are
performed by using different electrolytes, and sulfur in EA- and HiPco-SWCNTs show
distinctively different electrochemical behaviors. Operando Raman spectra and ex situ
XPS are measured during galvanostatic charge–discharge to investigate the lithiationdelithiation mechanism. A solid-state reaction mechanism is proposed when sulfur is in
sub-nano confinement.

4.2 Introduction
The electrochemical reaction between lithium (Li) and sulfur (S) is the principle
mechanism of the rechargeable Li-S batteries. During discharge, charge transfer occurs at
the sulfur-electrolyte interface followed by the lithiation of sulfur. When sulfur is in the
cyclo-S8 molecular structure and ethers are used as the electrolyte solvents, soluble Li
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polysulfides are generated from the initial lithiation of sulfur. Further lithiation occurs in
the solution phase until lower order lithium polysulfides precipitate due to the reduced
solubility. The reversed processes occur during the charge of Li-S batteries. These
complex interfacial phenomena constitute the fundamental challenges to rechargeable LiS batteries. However, the exact chemical fate and transport processes are still not fully
understood to date. As an alternative strategy, one can seek to shift the Li-S
electrochemical reaction to completely new paradigms. One of our previous studies
suggested the Li-S electrochemical mechanism is essentially dictated by the size of the
sulfur confinement.1 Our hypothesis was that solid-state (or quasi-solid-state) Li-S
electrochemical reaction could occur in liquid electrolytes by confining sulfur in subnanometer pores in microporous carbon: Due to the sub-nano pore size limitation,
solvated Li+ ions enter the pores through desolvation so that solid-state or quasi-solidstate Li-S electrochemical reaction occurs in the sub-nano confinement. The proposed
solid-state Li-S electrochemical reaction was characterized with the single-slope potential
profile from galvanostatic lithiation-delithiation and the single-pair redox peaks from
cyclic voltammetry (CV). Gentle’s group2 and Huang’s group3 proposed the similar solidstate Li-S electrochemical mechanisms enabled by the sub-nano confinement. Other
hypotheses were also proposed to explain these unique Li-S electrochemical behaviors,
including the existence of small sulfur allotropes in the sub-nano confinements,4 carbon
sulfurization,5 and formation of solid electrolyte interphase (SEI) on the sub-nano
confined sulfur.6,7 Nevertheless, it is clear that the physical confinement of sulfur plays a
decisive role to lead to new Li-S electrochemical reactions.
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Single-walled carbon nanotubes (SWNTs) with nanometer-diameter tubular
structure provide ideal encapsulation for sulfur because of their forced one-dimensional
(1-D) confinement within the rigid SWNT wall. Various materials including fullerenes,811

organic molecular dopants,12 metal and metal oxide catalytic nanoparticles13,14 have

been encapsulated in SWNTs. In 2014, Fujimori and coworkers proposed that sulfur
could be confined in the electric arc (EA) produced SWNTs in a metallic state with either
linear or zigzag chain structure.15 Based on this proposed S@SWNT structure, Yang and
coworkers studied the electrochemical lithiation-delithiation of the sulfur confined in EASWNTs,16 demonstrating Li-S electrochemical behaviors consistent with the typical
solution-phase Li-S reaction. In this study, we focus on the synergistic effects of SWNTs
diameters and solvated Li+ ion structures on the confined Li-S electrochemical reactions
in SWNTs: Two types of SWNTs with different diameters, EA-SWNTs (average
diameter of 1.55 ± 0.1 nm) and high-pressure carbon monoxide (HiPco) produced
SWNTs (average diameter of 1.0 ± 0.2 nm), and two types of electrolyte solvents,
tetraethylene

glycol

dimethyl

ether

(TEGDME)

and

1,4,7,10,13-

pentaoxacyclopentadecane (15-crown-5), are investigated in this study. The 15-crown-5
molecule is the cyclo-counterpart of TEGDME, composed of 5 -C2H4O- repeating units.
The selection of these two solvents is based on the hypothesis that the structure of
solvated Li+ ions in these two solvents may differ solely due to their molecular structures
(linear vs. cyclic), thus providing rigorous comparison of the Li-S electrochemical
behaviors in the EA-SWNTs and HiPco-SWNTs with distinct diameter size.

86

4.3 Results and Discussion
Sulfur was infused in EA-SWNTs and HiPco-SWNTs via exposure to saturated
sulfur vapor at 600 °C for 2 days in sealed quartz tubes followed by the removal of
superficial sulfur (outside the SWNTs) at 350 °C for 10 hours as detailed in the
Supporting Information. According to our previous study, S2 (3Σg-) molecules generated at
600 °C can diffuse into the SWNTs and subsequently polymerize to long-chain sulfur
diradicals.17 The sulfur content was determined with elemental analysis via colorimetric
titration (Table S4-1 in Supporting Information): 4.57 wt.% in S@EA and 11.33 wt.% in
S@HiPco. The sulfur contents were also confirmed by EDX analysis (Figure S4-1 in
Supporting Information). The microstructures of S@EA and S@HiPco were
characterized with high-resolution transmission electron microscopy (TEM). As shown in
Figure 4-1a, an irregularly-shaped sulfur chain with approximately 80 sulfur atoms can
be observed folded inside an EA-SWCNT with diameter of 1.5 nm; In Figure 4-1b, a
shorter swirl-like sulfur chain (containing approximately 20 sulfur atoms) can be
observed inside a HiPco-SWNT. It is worth mentioning that the S@SWNTs is unstable
under the electron beam: As shown in the Supporting Information, a defect on the HiPcoSWNT in Figure 4-1b was eventually generated by the electron beam, and the sulfur
chain escaped. Nevertheless, it is clear that the amorphous sulfur chains confined in the
EA-SWNTs and HiPco-SWNTs have distinctly different structures from the linear or zigzag structures previously proposed. Our density functional theory (DFT) based
calculation indeed demonstrates that amorphous sulfur chains (diradical) are the most
thermodynamically stable structure confined in SWNTs.
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Figure 4-1. TEM images of (a) S@EA and (b) S@HiPco.
With the obtained S@EA and S@HiPco, the confined Li-S electrochemical
reactions in SWNTs were studied in two different electrolytes: 1 M lithium
bis(trifluoromethane sulfonyl)imide (LiTFSI) in TEGDME and 1M LiTFSI in 15-crown5. Figure 4-2a and 4-2b are the spectra of these two electrolytes from electrospray
ionization mass spectrometry (ESI-MS). The spectra of 1 M LiTFSI in TEGDME and 15crown-5 indicate the dominating species are [Li(TEGDME)]+ (m/z = 279) and [Li(15crown-5)]+ (m/z = 277), respectively, which suggests that primary solvation in both
electrolytes involves one Li+ ion and one solvated solvent molecule.
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Figure 4-2. ESI-MS spectra of (a) 1 M LiTFSI in TEGDME and (b) 1 M LiTFSI in 15crown-5.
Figure 4-3a and 4-3b are the CV (0.05 mV s-1) and galvanostatic lithiationdelithiation (4 mA g-1) curves, respectively, of S@EA in TEGDME and 15-crown-5
electrolytes versus Li+/Li. The CV scan of S@EA in TEGDME electrolyte displays a
series of cathodic peaks at 2.45V, 2.13 V and 1.97 V and two anodic peaks at 2.33 V and
2.5 V, which are consistent with its galvanostatic potential profile. The CV scan of
S@EA in 15-crown-5 displays somewhat different patterns with a series of cathodic
peaks at 2.65 V, 2.15 V, 1.8 V, 1.6 V and 1.35 V, and anodic peaks at 1.9 V, 2.2 V, 2.4 V
and 2.65 V, which are also consistent with its galvanostatic potential profile. The CV and
galvanostatic potential curves of S@EA in TEGDME electrolyte are strong evidence that
S@EA undergoes the conventional solution-phase reaction involving Li polysulfides in
the TEGDME electrolyte. The size of the solvated [Li(TEGDME)]+ ions is smaller than
the EA-SWNTs diameter (with consideration of the van der Waals radius), which allows
solvated [Li(TEGDME)]+ ions to enter the EA-SWNTs with excess of TEGDME
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molecules to react to the confined sulfur. The size of solvated [Li(15-crown-5)]+ ion is
only slightly larger than [Li(TEGDME)]+, therefore, we speculate that [Li(15-crown-5)]+
ions can also enter the EA-SWNTs with excess 15-crown-5 molecules in the similar
fashion. The seemingly different electrochemical behaviors of Li-S@EA in 15-crown-5
may originate from the much higher viscosity of 15-crown-5 (21.7 cP at 25 °C)18 than
that of TEGDME (4.05 cP at 25 °C): The higher viscosity of 15-crown-5 can suppress the
diffusion of Li polysulfides during the electrochemical characterizations, particularly the
suppression of diffusion can be further enhanced by the 1-D SWNT confinement. It
improves the distinction of the step-wise charge transfer processes in sulfur lithiationdelithiation, which typically could not be well distinguished in non-confined Li-S
electrochemical reactions with CV or galvanostatic lithiation-delithiation methods.
Nevertheless, it seems the diameter of EA-SWNTs is large enough to allow both
[Li(TEGDME)]+ and [Li(15-crown-5)]+ solvated ions to enter with sufficient solvent
molecules, enabling the conventional solution-phase Li-S electrochemical reaction
involving Li polysulfides.
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Figure 4-3. (a) CV and (b) galvanostatic lithiation-delithiation of S@EA in TEGDME
and 15-crown-5; (c) CV and (d) galvanostatic lithiation-delithiation of S@HiPco in
TEGDME and 15-crown-5. The scan rate of CV is 0.05 mV s-1, and the current density of
galvanostatic lithiation-delithiation is 4 mA g-1 with respect to the total mass of
S@SWNTs.
On the contrary, as shown in Figure 4-3c and 4-3d, the intriguing electrochemical
characteristics of S@HiPco in TEGDME and 15-crown-5 are that not only they are
identical to each other but also fundamentally different from the ones from S@EA. The
CV scans of S@HiPco displays four cathodic peaks at 2.5 V (less pronounced in 15crown-5), 2.12 V, 1.95 V and 1.46 V, and three anodic peaks at 1.85 V, 2.23 V (shifted to
2.33 V in 15-crown-5) and 2.48 V, which are consistent with the galvanostatic potential
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profiles. The electrochemical behaviors of S@HiPco evidence the identical Li-S
electrochemical mechanism in TEGDME and 15-crown-5 electrolytes, which cannot be
interpreted by the conventional solution-phase Li-S electrochemical reaction. (The CV
scans of pure EA-SWNTs and HiPco-SWNTs in Figures S4-2 in Supporting Information
show no interference.) This new mechanism is clearly due to the smaller diameter of
HiPco-SWNTs than that of EA-SWNTs. The van der Waals diameter of HiPco-SWNTs
is approximately 6.1 Å (estimated based on (7,7) SWNTs), which is smaller than the size
of the solvated [Li(TEGDME)]+ and [Li(15-crown-5)]+ ions. Therefore, we speculate two
potential mechanisms for the Li-S electrochemical reaction in S@HiPco: In the first
mechanism, the solvated [Li(TEGDME)]+ and [Li(15-crown-5)]+ can only enter the
HiPco-SWNTs through desolvation without excess of solvent molecules. As a result, LiS reaction occurs in solid-state in the interior of HiPco-SWNTs. It is worth mentioning
that this proposed solid-state reaction is different from the one previously observed by us
and other researchers in microporous carbon.1-3 It is also different from the reported Li-S
reaction with solid-state electrolytes.19-21 The difference may be due to the strict
confinement of HiPco-SWNTs, which enforces a “moving-front” 1-D propagation of LiS reaction on the chain-like sulfur molecules. The second potential mechanism is that the
solvated [Li(TEGDME)]+ and [Li(15-crown-5)]+ ions cannot enter the interior of the
HiPco-SWNTs, instead, the Li-S electrochemical reaction with S@HiPco occurs through
the carbon wall via out-of-plane π-electronic interaction.
The operando Raman spectroscopy also demonstrates the clear correlation between
the confined Li-S electrochemical reactions and the diameter of the SWNTs. Figure 4-4a
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and 4b display the operando Raman spectra near the radial breathing mode (RBM) region
obtained during the galvanostatic lithiation-delithiation of S@EA in TEGDME and 15Crown-5 electrolytes, respectively, with essentially the same pattern. (The full operando
Raman spectra are shown in Figure S4-3 in Supporting Information). Due to the
interaction between the confined sulfur chains and the wall of EA-SWNTs, the RBM
Raman peak is shifted from 172 cm-1 in EA-SWNTs to 178 cm-1 in S@EA-SWNTs.17
During the lithiation, the RBM peak was gradually shifted back to 172 cm-1 and
diminished. The shift of the peak indicates the weakening interaction between sulfur and
the wall of EA-SWNTs due to the breakage of the long sulfur chains by lithiation; the
diminishment of the peak may indicate the formation of solid electrolyte interphase (SEI)
or SEI-like species on the EA-SWNTs, which will be elaborated later with the analysis of
the X-ray photoelectron spectroscopy (XPS) data. After delithiation to 3 V, the RBM
peak was shifted to 175 cm-1 (lower than 178 cm-1 in the pristine S@EA), which indicates
that sulfur was not fully converted back to the long chain structure thus having weaker
interaction with the wall of EA-SWNTs. The RBM peak also became more and more
pronounced during delithiation, which may indicate the electrochemical reversibility of
the SEI-like species formed during lithiation.
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Figure 4-4. Operando Raman spectra showing RBM region of S@EA in (a) TEGDME,
(b) 15-crown-5, and S@HiPco in (c) TEGDME and (d) 15-crown-5 during
electrochemical lithiation-delithiation with a current density of 20 mA g-1.
Figure 4-4c and 4-4d are the operando Raman spectra during the lithiationdelithiation of S@HiPco in TEGDME and 15-crown-5 electrolytes, respectively, which
also display the identical pattern. The sulfur chains confined in S@HiPco have stronger
interaction with the wall due to the narrower diameter of HiPco-SWNTs. As the result,
the RBM peaks at 231 cm-1 and 272 cm-1 in HiPco-SWNTs are shifted to 315 cm-1 and
377 cm-1 in S@HiPco.17 The RBM peaks of S@HiPco gradually diminished during the
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lithiation but without noticeable peak shift. The diminishment of these peaks may be due
to the formation of SEI-like species on S@HiPco during lithiation similar to the behavior
observed in S@EA. The absence of peak shift may suggest the lithiation of confined
sulfur chains (hypothetically via either direct reaction or out-of-plane π-electronic
interaction) did not alter the interaction with the wall. However, after completely
disappearing at the end of lithiation at 1 V vs. Li+/Li, these two peaks do not re-emerge
during the delithiation of S@HiPco. Instead, two new peaks appear at 188 cm-1 and 231
cm-1 (lower frequencies than the RBM of pristine HiPco-SWCNTs) at the end of
delithiation. Although the plausible explanation of the Raman peak shifting in S@HiPco
is currently unknown, it is clearly different from the operando Raman spectra of S@EA.
The difference can be unambiguously attributed the narrower diameter of the HiPcoSWNTs.
S@EA and S@HiPco at different states of lithiation-delithiation were further
characterized with XPS. The S 2p spectra are shown in Figure 4-5. The spectra of pristine
S@EA and S@HiPco both display S 2p3/2 and S 2p1/2 peaks of elemental sulfur at 164 and
165.2 eV (orange curves). Small amount of oxidized sulfur indexed to the peaks in the
range of 166 to 171 eV (purple and green curves) in the pristine samples could be
introduced during the sulfur infusion processes. The peaks of oxidized sulfur became
more pronounced in the lithiated and delithiated samples due to the LiTFSI salt residue
and the electrolyte decomposition.22-24 Figure 4-5a and b show the S 2p spectra of S@EA
at different lithiation-delithiation states in TEGDME and 15-crown-5 electrolytes,
respectively. The XPS spectra indicate that all the XPS samples of lithiated or delithiated
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S@EA contain two sulfur species: elemental sulfur and lithium sulfide (Li2S, blue
curves). These two species have different ratio at different lithiation-delithiation states. It
is worth noting that due to the possibility of spontaneous disproportionation of lithium
polysulfides to elemental sulfur and Li2S upon solvent removal,25,26 the ratio of S/S2obtained from XPS only reflects the extent of lithiation-delithiation, not necessarily the
actual products in the electrochemical environmental. This is particularly true for S@EA
due to the clear evidence of solution-phase Li-S reaction in S@EA. The lithiated S@EA
shows 39.2% S2- at 2 V and 59.5% S2- at 1.2 V in TEGDME, and 23.6% S2- at 1.5 V and
57% S2- at 1.2 V in 15-crown-5. During delithiation, the delithiated S@EA shows 47.6 %
S2- at 2.3 V and 35.9 % S2- at 2.8 V in TEGDME and 40.2 % S2- at 2.3 V and 18.3 % S2at 2.8 V in 15-crown-5. The results indicate S@EA has similar degrees of sulfur
conversion in both electrolytes, but 15-crown-5 electrolyte seems to enable better
reversibility indicated by the lower S2- content at the end of delithiation. Figure 4-5c and
4-5d display the S 2p spectra of S@HiPco at the different lithiation-delithiation states in
TEGDME and 15-crown-5, respectively. The spectra indicate the existence of sulfur and
Li2S in the lithiated and delithiated S@HiPco, which can be expected to be the actual
product based on the proposed Li-S reactions in S@HiPco via either solid-state 1D
propagation or out-of-plane π-electronic interaction. As indicated by the S/S2- ratio at the
end of delithiation, lithiation-delithiation of S@HiPco has better reversibility in 15crown-5 electrolyte, and it is consistent with the behavior of S@EA.
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Figure 4-5. XPS S 2p spectra of S@EA (a, b) and S@HiPco (c, d) at different lithiationdelithiation state in TEGDME and 15-crown-5 electrolytes. The electrochemical
lithiation-delithiation is performed with a current density of 20 mA g-1 with respect to the
mass of S@EA and S@HiPco.
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An interesting indication from the S/S2- ratio in the XPS results is that the capacity
of S@EA and S@HiPco shown in Figure 4-3 cannot be solely attributed to the lithiationdelithiation of sulfur. Based on the sulfur conversion in S@HiPco, the capacity
contributed from lithiation of sulfur is 82 mAh g-1 in TEGDME and 78 mAh g-1 in 15crown-5, which suggests about 50% of the demonstrated capacity originates from a
different mechanism (Figure 4-3d). The extra capacity in S@EA is even more significant:
lithiation of sulfur only contributes 45 mAh g-1 to the total capacity of 190 mAh g-1 in
TEGMDE and 44 mAh g-1 to the total capacity of 152 mAh g-1 in 15-crown-5 (Figure 43b). The extra capacity is not originated from the lithiation-delithiation of pure EASWNTs and HiPco-SWNTs, which display negligible capacity (Figure S4-4 in
Supporting Information). As shown in Figure 4-6, the XPS spectra of C 1s may shed
some light on the mechanism of the extra capacity in S@EA and S@HiPco. The spectra
of pristine S@EA and S@HiPco both show C-C bond at 284.5 eV (blue curve), C-O
bond at 285.5 eV (green curve), and C=O bond at 187 eV (purple curve). The latter two
may be from the impurity of the pristine SWNTs or being introduced during the sulfur
encapsulation. During lithiation, both C-O and C=O peaks become much more
pronounced. In addition, a peak representing O-C=O group appears at 289.5 eV (orange)
in lithiation. The increase in the amount of oxygen-related species may due to the
TEGDME cleavage by Li+ ions or low order lithium polysulfide species27,28 and oxidation
side reactions. The unexpected reactions produce insoluble lithium salts, including R-OLi
and R(=O)OLi, depositing on the surface of the S@SWCNTs to form a SEI-like layer
during lithiation. After delithiation, all the oxygen-related peaks decrease significantly,
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which suggests the decomposition of surface layer and reformation of the TEGDMEsoluble species during delithiation. To understand more about the reactions, further
theoretical calculation and experimental investigate are needed. The electrochemical
“reversible” oxidation layer also contributes to the capacity of the battery.
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Figure 4-6. XPS C 1s spectra of S@EA (a, b) and S@HiPco (c, d) at different lithiationdelithiation state in TEGDME and 15-crown-5 electrolytes.
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Based on the promising capacity and speculated good electric conductivity15 of
S@EA and S@HiPco, these two materials are further examined as pseudocapacitor
electrodes for the proof of concept. We speculate that the faradaic processes induced by
sulfur encapsulation can significantly improve the capacitance. Figure 4-7a and 4-7b
display the CV scans of S@EA and S@HiPco electrodes in TEGDME at various scan
rates comparing to the pure SWNTs electrodes. Due to the high viscosity of 15-crown-5
electrolyte, it was not used in the pseudocapacitor measurement. S@EA and S@HiPco
electrodes demonstrated capacitance of 277.5 F g-1 and 362.5 F g-1 at 10 mV s-1, which are
much higher than the capacitance of pure EA- (23.35 F g-1) and HiPco-SWCNTs (55 F g1

) in the TEGDME electrolyte. The large increase in capacitance can be attributed to two

aspects: One is the redox reactions between sulfur and lithium, which offers high
pseudocapacitance. The other is the tailored electron property of the SWCNTs. Sulfur,
lithium polysulfides, and lithium sulfide, encapsulated in the SWCNTs during chargedischarge process, are able to change the electron structure of the SWCNTs and make the
SWCNTs more polarized under an applied electric field. The more polarized tubes can
increase electrolyte dielectric constant and provide a facilitated charge transfer process,
which increases the capacitance.29 The CV curves can keep their characteristic shapes at a
high scan rate of 100 mV s−1. These results indicate that the S@SWCNTs have low
electron resistance and fast diffusion rate of lithium ions. Figure 4-7c and 4-7d show the
cycling performance of S@EA and S@HiPco in the TEGDME electrolyte at different
charge–discharge current. The capacitance of both S@EA and S@HiPco decreases in the
first ten cycles and stables at ~250 F/g.
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Figure 4-7. (a) CV curves of S@SWCNTs at different scan rate and (b) specific
capacitance during galvanostatic cycling with different current density.
4.4 Conclusion
In summary, amorphous chain structures are observed for sulfur inside EA- and
HiPco-SWCNTs, and the electrochemical lithiation-delithiation behavior of the sulfur
chains highly depends on the diameter of the tubes. While S@EA shows typical Li-S
electrochemical behavior, S@HiPco exhibits distinct electrochemical behavior. Our
operando Raman results show a completely different lithiation-delithiation mechanism of
sulfur in HiPco-SWCNTs with diameter ~1 nm. Identical electrochemical behaviors of
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S@HiPco are observed in TEGDME and 15-crown-5 electrolytes, whereas S@EA in the
electrolytes

shows

complete

different

behaviors.

The

electrolyte-independent

electrochemical behavior of S@HiPco suggests a solid-state reaction mechanism, which
agrees with our previous study.

4.5 Supporting Information
Preparation of S@SWCNTs: SWNTs (EA- and HiPco-, purchased from
NanoIntegris) and sulfur (99.99%, Sigma-Aldrich) were sealed in a vacuum hourglassshaped quartz tube as shown in Figure S4-5. SWNTs were loaded in the top
compartment, and sulfur was loaded in the bottom one. The sealed tube was put vertically
in a muffle furnace for heat treatment at 600 °C for 48 hours. Under the experimental
condition, the sulfur in the seal tube reached vapor-liquid phase equilibrium. Therefore,
the SWNTs were exposed to saturated sulfur vapor without in contact with liquid sulfur.
After the heat treatment, the obtained materials were further heated at 350 °C in flowing
argon for 10 hours to completely remove the sulfur deposited on the exterior of
SWCNTs.
Electrochemical Characterization: The electrodes were composed of 90 wt. %
S@SWNTs (or pure SWNTs) and 10 wt. % polyvinylpyrrolidone (Sigma-Aldrich) binder.
Aluminum foil (99.45%, Alfa Aesar) was used as the current collector. Two-electrode
coin cells with lithium foil (Alfa Aesar) as the counter electrode were assembled in an
argon-filled glovebox for the electrochemical analysis. Electrolytes consisting of 1 M
lithium bis-(trifluoromethane)sulfonimide (LiTFSI, Sigma-Aldrich) in TEGDME
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(Sigma-Aldrich) and 15-crown-5 (Sigma-Aldrich) were used with a microporous
membrane separator (Celgard 2500). The cells were charged and discharged with
different cycling currents between 1 V and 3 V (vs. Li+/Li) using an Arbin battery test
station. CV scans were carried out with a scan rate of 0.05 mV s-1 on a Gamry Interface
1000 analyzer.
Operando Raman Spectroscopy: 2 mg S@SWCNTs were dispersed in 100 mL of
dimethylformamide by sonication for 5 h. The dispersion was centrifuged at 8000 rpm
(11,000 g) for 15 min and then filtered through a microporous membrane (Celgard 2500),
which was also used as the separator in all our cells. The resulting S@SWCNTs film
coated membrane (Figure S4-6) was used as the positive electrode for Operando Raman
cell. Coin cell case with a Kapton window on the positive side was purchased from MTI
Corporation. The Kapton film was cut off, and a thin transparent glass slide was attached
on the positive coin cell case by using a Frame-Seal tape (Bio-rad). The cells were
assembled in an argon-filled glovebox with the S@SWCNTs film facing the glass
window (Figure S4-7). The cells were mounted onto a Raman microscope (Nicolet
Almega XR with 532 nm wavelength laser source) with the window facing the laser
source. The cells were lithiated and delithiated at a current density of 20 mA g-1 with a
Gamry Reference 3000 analyzer, while the Raman spectra was collected every 10
minutes.
X-ray Photoelectron Spectroscopy: The cells were discharged or charged to certain
potential and disassembled in an argon-filled glovebox. The S@SWCNTs electrodes
were washed with dimethoxyethane for 3 times to remove majority of the electrolyte
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residual and dried at room temperature in the glovebox for 48 hours. The chemical state
of sulfur and carbon in the S@SWNTs was characterized with XPS (AXIS Supra) at the
Irvine Materials Research Institute at University of California - Irvine. An inert gas filled
glove box is attached to the Supra’s UHV preparation chamber so the samples were not
exposed to ambient environment.
Table S4-1. Sulfur analysis of S@EA and S@HiPco.

EAI ~ Elemental Analysis, Inc.
Friday, May 06, 2016
Dr. Juchen Guo,
University of California, Riverside
900 University Ave Bourns Hall A220
Riverside CA 92521

Phone: (951) 827-6472
Email: jguo@engr.ucr.edu

EAI Project: 2793-16

Sulfur by Colorimetric Titration
Sample ID

Sulfur (wt%)

S@HiPco

11.33%

S@EA

4.57%

Respectfully Submitted,
Elemental Analysis Incorporated

Nick Tzouanakis,
Technical Sales Representative

2101 Capstone Drive, Suite 110, Lexington, KY 40511
Phone: 800-563-7493 / Fax: 859-254-5150 Email: Trace@ElementalAnalysis.com
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Figure S4-1. SEM and EDX of (a,b) S@EA and (c,d) S@HiPco.
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Figure S4-2. CV of S@EA in (a) TEGDME and (b) 15-crown-5; CV of S@HiPco in
TEGDME (c) and 15-crown-5 (d). The scan rate is 0.05 mV s-1.
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Figure S4-3. Full range operando Raman spectra of (a) S@EA in TEGDME, (b) S@EA
in 15-crown-5, (c) S@HiPco in TEGDME, and (d) S@HiPco in 15-crown-5 with a
current density of 20 mA g-1.
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Figure S4-4. Galvanostatic lithiation-delithiation of electrodes of pure EA-SWNTs (a, b)
and pure HiPco-SWNTs (c, d) in TEGDME and 15-crown-5 electrolyte. Same current as
the lithiation-delithiation of S@EA and S@HiPco is used.
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Figure S4-5. Vacuum sealed quartz tubed used in sulfur infusion into EA-SWNTs and
HiPco-SWNTs.

Figure S4-6. S@SWCNTs film coated membrane as the positive electrode for Operando
Raman cell.
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Figure S4-7. The cell for Operando Raman Spectroscopy.
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5.1 Abstract
We report the synthesis of vulcanized polyisoprene (SPIP) nanowires and an
investigation of the electrochemical lithiation mechanism of the covalently bonded sulfur
bridges in SPIP. Electrochemical analysis demonstrates that the sulfur chains in SPIP
have distinct electrochemical signatures from those that are characteristic of bulk
elemental sulfur. The cyclic voltammetry and galvanostatic cycling data show a distinct
multistep charge transfer process and solid-state lithium−sulfur reaction behavior, and it
is clear that this new material provides a promising basis for the development of cathodes
for rechargeable batteries. Chemical changes due to the lithiation process are studied
using Raman and X-ray photoelectron spectroscopy, on the basis of which new lithiation
mechanisms of covalently bonded sulfur are proposed.

5.2 Introduction
Some of the greatest technical challenges faced by Li−S batteries originate from the
complex lithiation−delithiation process of sulfur, which goes through solid−liquid−solid
multiphase reactions involving numerous intermediate polysulfides. The majority of
current sulfur-based cathode materials are composites, which means that the
electrochemical

reactions

start

with

elemental

sulfur.

On

the

other

hand,

electrochemically active sulfur chains covalently bonded to a carbonaceous matrix may
have very different lithiation−delithiation mechanisms from elemental sulfur,1,2 but highperformance organosulfur compounds of this type have yet to be fully developed. In
order to achieve high capacity, covalently bonded sulfur chains are preferable, and one of
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such a material is derived from a sulfur-polyacrylonitrile (S-PAN) organosulfur
polymer.3−7 The structure of S-PAN can be generally described as short sulfur chains
tethered on ribbon-like backbones composed of nitrogen-containing heterocyclic groups.8
A recent study by Wei and co-workers more specifically suggests that only disulfide and
trisulfide chains are tethered in S-PAN, which leads to a solid-state lithiation−delithiation
reaction eliminating the formation of lithium polysulfide species.9 More recently, a
different type of polymeric organosulfur cathode material has been synthesized by
polymerizing long sulfur chains (as diradicals) with linker monomers having two or three
functional groups that are subject to free radical addition reactions including vinyl,10−13
ethynyl,14,15 sulfhydryl,16 and nitrile.17 Due to their general structure mainly composed of
long sulfur chains and short polymeric cross-linkers, the synthetic methodology of these
organosulfur compounds is named “inverse vulcanization”. A common trait of these
organosulfur polymers is that they all have sulfur backbones, and thus, their
electrochemical characteristics are similar to bulk sulfur.
On the other hand, vulcanized natural rubber represents an organosulfur polymer
with an inverse structure to the inversely vulcanized organosulfur polymers as it is
composed of a polyisoprene (PIP) backbone cross-linked by sulfur chains. We reasoned
that the bridging sulfur chains (Sn with n ≥ 2) should be electrochemically active and
might have unique characteristics due to the tight chemical and physical bonding to the
PIP matrix. Vulcanized PIP (denoted as SPIP) is composed of carbon−carbon single
bonds, carbon−carbon double bonds, and carbon−sulfur single bonds, as illustrated in
Scheme 5-1 (FTIR spectra of the synthesized SPIP are shown in Figure S5-1 in the SI),
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and therefore, it is an ideal system to probe the lithiation mechanism and the chemical
structures involved in the reaction with lithium. Furthermore, the successful
demonstration of the electrochemical activity of vulcanized natural rubber toward Li can
potentially lead to a highly economical, new renewable energy storage technology.
In this study, we synthesized SPIP following the classic process of natural rubber
vulcanization shown in Scheme 5-1. SPIP was synthesized by uniformly mixing
elemental sulfur and PIP followed by heat treatment in an argon environment at various
temperatures including 250 °C (SPIP-250), 300 °C (SPIP-300), and 350 °C (SPIP-350).
To achieve nano-structured SPIP to facilitate the Li ion transport, we templated the
vulcanization reaction by using an anodic aluminum oxide (AAO) membrane, thereby
allowing the synthesis of SPIP nanowires with a diameter of approximately 200 nm (see
SI for experiment details).

Scheme 5-1. Vulcanization of PIP
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5.3 Results and Discussion
Figure 5-1 shows a representative scanning electron microscopic (SEM) image and
high-angle annular dark field scanning transmission electron microscopic (HAADFSTEM) images of the SPIP nanowires. The SEM image clearly shows the macroscopic
structure of the SPIP nanowires. It is also clear from the STEM images that different
vulcanization temperatures induced different microscopic structures; SPIP-250 from the
lowest temperature apparently has a smooth surface, indicating a relatively dense
structure. The porosity of SPIP increases with vulcanization temperature as indicated by
the unambiguous porous surface of SPIP-300 and SPIP-350. Nevertheless, the elemental
mappings suggest uniform dispersion of sulfur throughout the organosulfur compounds in
all samples. Powder X-ray diffraction (XRD Figure S5-2 in the SI) data indicate that all
three SPIP compounds are amorphous. Sulfur elemental analysis via colorimetric titration
shows that the sulfur contents in SPIP- 250, SPIP-300, and SPIP-350 are 49.1, 48.2, and
25.4 wt %, respectively (Table S5-1 in the SI). We believe that the lower sulfur content in
SPIP-350 is due to the high vulcanization temperature, which promoted PIP backbone
decomposition and sulfur evaporation. It is consistent with the observation that SPIP-350
has the most porous structure among the three.
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Figure 5-1. (a) SEM image of representative SPIP nanowires; HAADF-STEM images
and elemental mappings of carbon and sulfur of (b) SPIP- 250, (c) SPIP-300, and (d)
SPIP-350 nanowires.
The cyclic voltammetry (CV) curves of the three SPIP compounds in Figure 5-2a all
demonstrated distinctly different electrochemical behaviors from those of the typical
unbonded elemental sulfur. SPIP-250 demonstrated four broad cathodic peaks from 2.6 to
1.75 V. The broad CV peaks indicate that the lithiation of sulfur chains in SPIP may be
controlled by mass transport due to the tightly cross-linked molecular structure. The
distinguishable multistep charge transfer process also indicates that lithiation of sulfur
chains in SPIP undergoes a multistep charge transfer process following different
lithiation mechanism from bulk sulfur and organosulfur polymers from inverse
vulcanization. The anodic scan of SPIP-250 resulted to one prominent peak at 2.45 V and
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one broadened small peak at 3.0 V. The 2.45 V peak is believed to represent the
delithiation of the products generated from the anodic process at 2.1, 1.9, and 1.7 V. The
3.0 V anodic peak should be the reverse process of the high-potential lithiation at 2.6 V.
It is worth noting that the potentials of this redox pair are significantly higher than any
lithiation−delithiation potential of bulk sulfur. Therefore, it clearly indicates a new
lithiation mechanism of the covalently bonded sulfur in SPIP. We speculate that this
redox pair (2.6 V anodic vs. 3.0 V cathodic) corresponds to the generation and
delithiation of the −C−S−Li groups tethered on the PIP backbone. The CV curve of SPIP300 is consistent with that of SPIP-250 except that it shows additional lithiation reactivity
(i.e., broad cathodic peaks) below 2.0 V versus Li/Li+. It becomes more distinct in the
galvanostatic lithiation−delithiation potential profiles in Figure 5-2b (capacity based on
the mass of sulfur) that the lithiation of SPIP-300 and SPIP-350 shows a slope profile
below 2.0 V, which is responsible for the extra capacity compared to that of SPIP-250.
The slope potential profile of SPIP-300 and SPIP-350 below 2.0 V is similar to the one
we recently observed in a solid-state Li−S reaction not involving lithium polysulfides.18
Therefore, we speculate that the low-potential lithiation in SPIP-300 as well as SPIP-350
is the lithiation of short sulfur chains (resulting from the higher vulcanization
temperatures) directly resulting in nonsoluble lithium sulfide (Li2S) and lithium disulfide
(Li2S2) or low-solubility low-order polysulfides. This hypothesis is consistent with the
previous finding by Wei and co-workers with S-PAN materials.9 On the other hand, the
lithiation mechanism of SPIP compounds seems to have some difference from that of SPAN indicated by the multistep charge transfer process (i.e., multiple CV redox pairs at
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different potentials). It is also worth noting that unlike S-PAN, SPIP compounds show
very different electrochemical characteristics in carbonate-based electrolyte (Figure S5-3
in the SI). Additional CV cycles and parallel comparison of CV and potential profiles of
SPIP compounds are provided in the SI. As the cycle stability demonstrates in Figure 52c (specific capacity based on the mass of SPIP), both SPIP-300 and SPIP-350 show high
specific capacity based on sulfur. The specific capacity of SPIP-250 is modest, although
the capacity retention is stable. Figure 5-2d−f shows the lithiation−delithiation curves at
various cycles of all three SPIP compounds. The difference in the potential profile from
the initial cycle to the later ones, particularly for SPIP-300 and SPIP-350, indicates that
all three SPIP compounds essentially follow the same electrochemical mechanism during
the prolonged cycling.
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Figure 5-2. (a) CV scans with 0.05 mV s−1, (b) galvanostatic lithiation−delithiation
potential profiles at 10 mA g−1, and (c) galvanostatic cycling stability at 50 mA g−1 of
SPIP-250, SPIP-300, and SPIP-350. Galvanostatic cycling curves at various cycles of (d)
SPIP-250, (e) SPIP-300, and (f) SPIP-350.
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To shed some light on the lithiation mechanism of the sulfur chains in SPIP, we
performed X-ray photoelectron spectroscopy (XPS) on both pristine and lithiated SPIP
samples. To prevent contamination, the lithiated samples were prepared in an argon-filled
glovebox, and the XPS samples were inserted into the vacuum chamber via a load lock
within a glovebox. The oxidized surface (solid electrolyte interface) was removed by ion
beam etching. As shown in Figure 5-3, the XPS data of the SPIP samples are internally
consistent; the S 2p spectra of the pristine samples mainly show elemental sulfur peaks at
164.0 eV (S 2p1/2) and 165.2 eV (S 2p3/2) (in orange). The peaks with higher binding
energy than 167 eV are due to the sulfur oxide species from vulcanization.19−21 The peaks
at 162. 0 and 163.2 eV (in blue) represent the sulfur in a S−C single bond.4 The C 1s
spectra of the pristine SPIP samples show the typical C sp2 peak at 284.5 eV (in blue) and
the C sp3 peak at 285.5 eV (in green). The peak at 286.0 eV (in orange) represents C−S
single bonds.4 After lithiation, the S 2p spectra show the typical lithiated sulfur peaks
including Li2S (161.0 and 162.2 eV in blue) and Li2S2 (162.0 and 163.2 eV in green).18 It
is worth noting that the binding energy of S in −C−S−Li is very similar to the binding
energy of S in Li2S; thus, their XPS spectra may be superimposed. The C 1s spectra of
the lithiated SPIP clearly show a new peak at 290.0 eV that can be assigned to the C=S
thiocarbonyl group,22 which apparently is formed during lithiation. It is also worth noting
that the C−Li peak at 283.0 eV was not observed,23 which indicates that the C−S linkage
is intact during lithiation. Therefore, we suggest that the lithiation of sulfur chains in
SPIP results in cleavage of the sulfur chains between the first and the second sulfur atom
to form the −C−S−Li groups or C=S groups attached to the PIP backbone and untethered
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lithium sulfide species. This hypothesis is supported by the unconventional high-potential
redox pair demonstrated in CV scans in Figure 5-2a.
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Figure 5-3. XPS spectra of S 2p and C 1s of the pristine and lithiated (a) SPIP-250, (b)
SPIP-300, and (c) SPIP-350 compounds.
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The Raman spectra of the pristine SPIP compounds and the lithiated compounds at
the 1st and the 10th cycles are shown in Figure 5-4. The pristine SPIP compounds show
D and G modes at 1350 and 1480 cm−1 wavenumbers, respectively. The small peak at 498
cm−1 is attributed to the S−S deformation.4 The peak at 834 cm−1 is due to C−S bond
stretching,24 although the C−S signal in SPIP-250 is relatively weak. After lithiation, a
new peak appears at 564 cm−1, which can be assigned to lithium sulfide species. Another
new peak appears at 1100 cm−1, which can be assigned to thiocarbonyl (C=S) bonds.25
Meanwhile, the C−S peak seems to shift to an 800 cm−1 wavelength. As shown by the
Raman spectra of the lithiated SPIP compounds at the 10th cycle, there is no significant
difference between the 1st cycle and the 10th cycle. The only noticeable change is that
the intensity of the C=S peak (1100 cm−1) in SPIP-300 and SPIP-350 becomes higher. It
is interesting that there is no noticeable change of the Raman spectra for SPIP-250, which
also has the most stable cycle stability despite the modest capacity.
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Figure 5-4. Raman spectra of the pristine and lithiated SPIP-250, SPIP-300, and SPIP350 compounds.
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On the basis of the chemical changes apparent in the XPS and Raman spectroscopy
studies, we propose the mechanisms of sulfur chain lithiation shown in Scheme 5-2. In
the first possible pathway (a), the lithiation of sulfur chains results in −C−S−Li groups
tethered on the PIP backbone and untethered lithium sulfide species subject to further
lithiation. Pathway (a) is electrochemically reversible for delithiation; however, its
reversibility (i.e., reconnecting the sulfur bridge) may be sterically hindered due to the
redistribution of unbonded lithium sulfide species. In lithiation pathway (b), lithiation of
sulfur chains in the presence of a sulfur free radical results in hydrogen abstraction and
the formation of thiocarbonyl groups. Pathway (b) is not electrochemically reversible
(i.e., the sulfur chains cannot be reconnected to the C=S groups), although C=S may be
active toward lithiation in subsequent cycling. The increased C=S signal intensity in
Raman spectra with cycling (1st vs. 10th) strongly indicates that the decay of cycle
stability is mainly due to losing active sulfur to the formation of C=S groups. On the
basis of these two proposed mechanisms, we believe that prolonged cycling will lead to
the presence of non-covalently bonded sulfur molecules or clusters physically embedded
in the PIP matrix, which explains the evolution of the potential profiles as a function of
cycle number observed in Figure 5-2d−f.
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Scheme 5-2. Proposed Lithiation Mechanisms: (a) Reversible Pathway Leading to
−C−S−Li and Lithium Sulfide Species and (b) Irreversible Pathway Leading to –C=S and
Lithium Sulfide Species

5.4 Conclusion
In summary, the electrochemical lithiation of covalently bonded sulfur chains in
vulcanized PIP demonstrates clearly distinct behavior from that of isolated elemental
sulfur molecules and macromolecules, and these differences originate from the covalent
bonding of sulfur species to the polymer backbone. Depending on the chain length, Li2S,
Li2S2, and lower-order polysulfides may be directly generated from lithiation-induced
cleavage of the sulfur−sulfur bonds between the first and second atoms in the chain. Both
reversible and irreversible lithiation processes are available; however, the practical
reversibility may be determined by the redistribution of the untethered lithium sulfide
species and the steric effects from the cross-linked network. The undesirable capacity
decay of the SPIP compounds may be due to the formation of irreversible C=S groups
and possible thiol species during electrochemical lithiation. The SPIP compounds also
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show limited rate capability due to the low electrical conductivity. Nevertheless,
vulcanized PIP represents a new prototype cathode material for rechargeable lithium
batteries, and we expect that chemically modified variants in which the sulfur chains are
bonded to polymeric backbones with branching side groups and heteroatoms may further
improve the electrochemical characteristics of this class of materials.

5.5 Supporting Information
Synthesis of SPIP Nanowires. In a typical synthesis, 0.75 g of cis-1,4-PIP (SigmaAldrich) and 2.75 g of sulfur (Sigma-Aldrich) were first co-dissolved in 10 mL of carbon
disulfide (CS2, Alfa Aesar) in a 20 mL autoclave with AAO templates (Whatman)
immersed in the solution. The autoclave was heated at 155 °C for 15 h to yield a dark
brown gel. The AAO templates were then taken out of the gel and dried at 70 °C for 5 h,
followed by heating at 250, 300, or 350 °C for 10 h in a sealed tube filled with argon. The
AAO template was dissolved by washing with 1 M NaOH solution. The resulting SPIP
compounds were collected by filtration and dried at 70 °C for 5 h; the free sulfur was
removed by thoroughly rinsing with CS2.
Materials Characterizations. The crystallinity of the SPIP compounds was
characterized with X-ray powder diffraction (PANalytical Empyrean). Fourier transform
infrared spectroscopy (FTIR, Nicolet 6700) and Raman spectroscopy (Nicolet Almega
XR with 532 nm wavelength laser source) were used to characterize the chemical
structure of the compounds. The chemical state of sulfur and carbon in the SPIP
compound was characterized with X-ray photoelectron spectroscopy (XPS, AXIS Supra).
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Transmission electron microscopy (STEM FEI Titan 300) coupled with an energy
dispersive X-ray (EDX) spectrometer was used to obtain the HAADF-STEM images and
the elemental mappings of the compounds. SEM images were taken with a FEI XL30FEG.
Electrochemical Analysis. The electrodes were comprised of 70 wt % SPIP
compound, 20 wt % carbon black (Super P), and 10 wt % PVP (Sigma-Aldrich) binder.
The areal loading of SPIP compound in the electrode was approximately 2.5 ± 0.2 mg
cm−2. Aluminum foil (99.45%, Alfa Aesar) was used as the current collector. Twoelectrode coin cells with lithium foil (Alfa Aesar) as the counter electrode were
assembled in an argon-filled glovebox for the electrochemistry analysis. The electrolyte
consisted of 1 M lithium hexafluorophosphate (LiPF6, Sigma-Aldrich) in tetraglyme
(Sigma-Aldrich) used in conjunction with a microporous membrane separator (Celgard
2500). The cells were discharged and charged with various cycling currents between 1.5
and 3.5 V (vs. Li+/Li) using an Arbin battery test station. CV scans were carried out with
a scan rate of 0.05 mV s−1 on a Gamry Interface 1000 analyzer. All of the electrochemical
analyses were performed at room temperature.

Scheme S5-1. Synthetic process of SPIP nanowires.
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Figure S5-1. FTIR spectra of the pristine PIP, vulcanized SPIP-250, SPIP-300 and SPIP350. The spectra of pristine PIP clearly show the C=C stretch at 1680 cm-1, C-H and =CH2 stretches between 2850 cm-1 to 3050 cm-1. The magnitudes of all these peaks are
reduced after vulcanization but remain detectable, indicating vulcanization reactions
including free radical addition to the vinyl group and dehydrogenization of the allylic
hydrogens.
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Figure S5-2. Powder XRD pattern of SPIP-250, SPIP-300 and SPIP-350 compounds.
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Table S5-1. Sulfur content analysis of SPIP-250, SPIP-300 and SPIP-350 performed by
Elemental Analysis Incorporated.

135

Figure S5-3. CV scans and cycle stability of SPIP compounds in electrolyte composed of
1 M LiPF6 in ethylene carbonate/diethyl carbonate (50/50 volume ratio).
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Figure S5-4. Complete three CV cycles of SPIP-250.
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Figure S5-5. Complete three CV cycles of SPIP-300.
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Figure S5-6. Complete three CV cycles of SPIP-350.
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Figure S5-7. Parallel comparison of CV curves and charge-discharge potential profiles of
each SPIP compound.

140

References
1

Naoi, K.; Kawase, K.; Inoue, Y. A new energy storage material: organosulfur
compounds based on multiple sulfur-sulfur bonds. J. Electrochem. Soc. 1997, 144,
L170−L172.

2

Bresser, D.; Passerini, S.; Scrosati, B. Recent progress and remaining challenges
in sulfur-based lithium secondary batteries - a review. Chem. Commun. 2013, 49,
10545−10562.

3

Wang, J.; Yang, J.; Wan, C.; Du, K.; Xie, J.; Xu, N. Sulfur composite cathode
materials for rechargeable lithium batteries. Adv. Funct. Mater. 2003, 13,
487−492.

4

Yu, X. G.; Xie, J. Y.; Yang, J.; Huang, H. J.; Wang, K.; Wen, Z. S. Lithium
storage in conductive sulfur-containing polymers. J. Electroanal. Chem. Interfacial
Electrochem. 2004, 573, 121−128.

5

Yin, L.; Wang, J.; Yang, J.; Nuli, Y. A novel pyrolyzed polyacrylonitrile
sulfur@MWCNT composite cathode material for high-rate rechargeable
lithium/sulfur batteries. J. Mater. Chem. 2011, 21, 6807−6810.

6

Yin, L.; Wang, J.; Lin, F.; Yang, J.; Nuli, Y. Polyacrylonitrile/ graphene
composite as a precursor to a sulfur-based cathode material for high-rate
rechargeable Li−S batteries. Energy Environ. Sci. 2012, 5, 6966−6972.

7

Fanous, J.; Wegner, M.; Grimminger, J.; Andresen, A.; Buchmeiser, M. R.
Structure-related electrochemistry of sulfur- poly(acrylonitrile) composite cathode
materials for rechargeable lithium batteries. Chem. Mater. 2011, 23, 5024−5028.

8

Zhang, S. S. Understanding of sulfurized polyacrylonitrile for superior
performance lithium/sulfur battery. Energies 2014, 7, 4588− 4600.

9

Wei, S.; Ma, L.; Hendrickson, K. E.; Tu, Z.; Archer, L. A. Mater- sulfur battery
cathodes based on PAN-sulfur composites. J. Am. Chem. Soc. 2015, 137,
12143−12152.

10

Chung, W. J.; Griebel, J. J.; Kim, E. T.; Yoon, H.; Simmonds, A. G.; Ji, H. J.;
Dirlam, P. T.; Glass, R. S.; Wie, J. J.; Nguyen, N. A.; et al. The use of elemental
sulfur as an alternative feedstock for polymeric materials. Nat. Chem. 2013, 5,
518−524.

11

Simmonds, A. G.; Griebel, J. J.; Park, J.; Kim, K. R.; Chung, W. J.; Oleshko, V.
P.; Kim, J.; Kim, E. T.; Glass, R. S.; Soles, C. L.; et al. Inverse vulcanization of
141

elemental sulfur to prepare polymeric electrode material for Li-S batteries. ACS
Macro Lett. 2014, 3, 229− 232.
12

Griebel, J. J.; Li, G.; Glass, R. S.; Char, K.; Pyun, J. Kilogram scale inverse
vulcanization of elemental sulfur to prepare high capacity polymer electrodes for
Li-S batteries. J. Polym. Sci., Part A: Polym. Chem. 2015, 53, 173−177.

13

Arslan, M.; Kiskan, B.; Yagci, Y. Combining elemental sulfur with
polybenzoxazines via inverse vulcanization. Macromolecules 2016, 49, 767−773.

14

Sun, Z.; Xiao, M.; Wang, S.; Han, D.; Song, S.; Chen, G.; Meng, Y. Sulfur-rich
polymeric materials with semi-interpenetrating network structure as a novel
lithium-sulfur cathode. J. Mater. Chem. A 2014, 2, 9280−9286.

15

Dirlam, P. T.; Simmonds, A. G.; Kleine, T. S.; Nguyen, N. A.; Anderson, L. E.;
Klever, A. O.; Florian, A.; Costanzo, P. J.; Theato, P.; Mackay, M. E.; et al.
Inverse vulcanization of elemental sulfur with 1,4- diphenylbutadiyne for cathode
materials in Li-S batteries. RSC Adv. 2015, 5, 24718−24722.

16

Kim, H.; Lee, J.; Ahn, H.; Kim, O.; Park, M. J. Synthesis of three-dimensionally
interconnected sulfur-rich polymers for cathode materials of high-rate lithiumsulfur batteries. Nat. Commun. 2015, 6, 7278.

17

Talapaneni, S. N.; Hwang, T. H.; Je, S. H.; Buyukcakir, O.; Choi, J. W.; Coskun,
A. Elemental-sulfur-mediated facile synthesis of a covalent triazine framework for
high-performance lithium-sulfur batteries. Angew. Chem., Int. Ed. 2016, 55,
3106−3111.

18

Fu, C.; Wong, B. M.; Bozhilov, K. N.; Guo, J. Solid state lithiation-delithiation of
sulphur in sub-nano confinement: a new concept for designing lithium-sulphur
batteries. Chem. Sci. 2016, 7, 1224−1232.

19

Fu, Y.; Zu, C.; Manthiram, A. In situ-formed Li2S in lithiated graphite electrodes
for lithium-sulfur batteries. J. Am. Chem. Soc. 2013, 135, 18044−18047.

20

Su, Y.-S.; Fu, Y.; Cochell, T.; Manthiram, A. A strategic approach to recharge LiS batteries for long cycle life. Nat. Commun. 2013, 4, 2985.

21

Tao, X.; Wang, J.; Ying, Z.; Cai, Q.; Zheng, G.; Gan, Y.; Huang, H.; Xia, Y.;
Liang, C.; Zhang, W.; et al. Strong sulfur binding with conducting Magneĺ i-phase
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The most intriguing property of Li–S batteries is the assumed high practical specific
energy extrapolated from the theoretical value at ~2450 Wh kg-1, which is based on the
theoretical capacity of sulfur and Li with a nominal voltage of 2.1 V. As a comparison,
the theoretical specific energy of Li-ion batteries is less than 600 Wh kg-1, and the
practical specific energy of Li-ion batteries at cell-level is typically 40–50% of the
theoretical value. If using the same material-to-cell ratio, the practical specific energy of
Li–S batteries could be estimated at around 1000 Wh kg-1, which would be a
revolutionary improvement from Li-ion technologies. However, whether Li–S batteries
indeed have such a promising future requires closer scrutiny.
Hagen and coworkers reported a detailed analysis on the specific energy of
NCR18650B manufactured by Panasonic, one of the state-of-the-art Li-ion batteries1.
Their analysis shows that one NCR18650B cell contains 11.4 g anode materials and 17.4
g cathode materials (including all binders and carbon additives), 4.3 g electrolyte and
14.0 g inactive mass. Assuming a Li–S battery has the same inactive mass, the practical
specific energy of Li–S batteries can be calculated, as shown in Figure 6-1, using the
published information including specific capacity of sulfur, areal sulfur loading, sulfur
content in the cathode, and the amount of electrolyte being used. A number of statements
about Figure 6-1 are as follows: first, the 18650 cylindrical configuration may not be
ideal for Li–S batteries for maximum specific energy, and the volumetric energy density
cannot be estimated due to the lack of necessary information in the publications. Second,
only publications with unambiguous description of electrolyte/sulfur (E/S) weight ratio
are included. Third, the reported E/S ratios are all from coin cell configuration, which
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generally requires more electrolyte than in pouch cells. Therefore the calculation may
underestimate the specific energy that can be achieved in pouch cells to some extent.
Finally, in addition to the assumption of 14.0 g inactive mass, we also assume 100%
excess of Li anode, which is a very optimistic assumption, due to the non-ideal
coulombic efficiency of Li deposition-stripping.

Figure 6-1 Calculated cell-level specific energy of Li–S batteries from published works
using NCR18650B configuration and inactive components assuming 100% Li excess.
Despite these approximations, Figure 6-1 can illustrate the gap between the current
developmental stage of Li–S batteries and expectations for the future. Figure 6-1 includes
the Li–S cell-level specific energy calculated from 10 publications since 2014 with an
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areal loading of sulfur 4 mg cm-2

2–11

. All the calculated cell- level specific energies are

not only significantly lower than the benchmark 350 Wh kg-1 achieved by a proto- type
Li–S pouch cell from Sion Power (2.8Ah, 1260 mAh g-1 of sulfur, 25 wt.% carbon
content in cathode, and 400% Li excess)12, but also below that of the NCR18650B Li-ion
cell. Our calculation suggests that the decisive factor resulting in low specific energy is
the high E/S ratio used in these publications. To the best of our knowledge, the majority
of published Li–S works used E/S ratios higher than 10, which would significantly
increase the overall weight of the full cells and thus reduce the practical specific energy.
On the other hand, this ratio (electrolyte to cathode) in Li-ion batteries is typically only
1/4. It is worth noting that relatively high E/S ratio may be an inherent requirement in Li–
S batteries for two possible reasons: first, the high surface area of the nano-porous
cathode structure and second in-depth sulfur utilization by dissolving lithium polysulfides.
Nevertheless, minimizing the E/S ratio is crucial to the future of Li–S batteries, and the
investigation of practical E/S ratio must be performed in pouch cells assembled with
industrial standards.
Figure 6-2 shows the calculated Li–S full cell specific energy as a function of areal
sulfur loading and E/S weight ratio. The calculation is based on a 14.0 g inactive mass
and 18650-cell configuration with the following optimistic assumptions: 1200 mAh g-1
specific capacity of sulfur, 75 wt.% sulfur content in the cathode, and 100% excess of Li
anode. It is clear that the development of practical high capacity Li–S batteries still has a
long winding road ahead to travel.
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Figure 6-2 Calculated Li–S full cell specific energy as a function of areal sulfur loading
and electrolyte/sulfur weight ratio.
In this work, we investigate Li-S electrochemical reaction in nano- and sub-nanoconfinements including amorphous microporous carbon and single-walled carbon
nanotubes. The results demonstrate a clear correlation between the size of sulfur
confinement and the resulting Li–S electrochemical mechanisms. In particular, when
sulfur is confined within sub-nano pores, we observe distinctly different lithium–sulfur
electrochemical behavior. In addition, the sub-nano confined sulfur shows excellent first
cycle capacity and exceptional cycle stability. We propose a solid-state Li-S reaction
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mechanism enabled by this sulfur sub-nano-confinement. Our hypothesis is that due to
the limitation of the pore size, Li+ ions can only enter the pores through desolvation from
the solvent of the electrolyte. As a result, Li–S reactions within the sub-nano pores occur
in solid-state or quasi solid-state. To verify our hypothesis, we further study the effect of
Li-ion solvation on the Li-S reaction in the sub-nano confinement, electrolytes based on a
series of ethereal solvents are studied. With combination of electrochemical analysis,
spectroscopic characterization and DFT-based computation, our results revealed the clear
effect of solvation energy of different solvent molecules to Li-ion on the Li-S
electrochemical reactions in the sub-nano confinement, which further proves our
hypothesis.
We also synthesize vulcanized polyisoprene (SPIP) nanowires and investigate the
electrochemical lithiation mechanism of the covalently bonded sulfur bridges in SPIP.
The covalently bonded sulfur chains in SPIP also exhibit a solid-state Li-S reaction
behavior.
The proposed solid-state Li–S reaction mechanism does not involve or require
lithium polysulfide dissolution or polysulfide/electrolyte compatibility. Therefore, any
Li-ion electrolyte satisfying the electrochemical stability and conductivity requirements
should work with the sub-nano confined sulfur cathode. It provides an opportunity to
using a variety of electrolytes with different properties. Electrolytes with better
wettability of the cathode surface can be utilized to reduce E/S ratio. In addition, the
solid-state Li–S reactions can achieve high sulfur utilization without the dissolution of
lithium polysulfides, which also can reduce E/S ratio. As a result, solid-state Li-S
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reaction mechanism shows promising potential to reducing E/S, and more studies on
electrolyte properties are needed to fully utilize this potential.
Although the proposed solid-state Li–S reactions are an attractive concept, the
realization of such a concept faces critical challenges. In order to obtain carbon hosts
with only sub-nano pores, the total pore volume needs to be sacrificed due to all the
normal activation methods are unavailable. The carbon hosts with only sub-nano pores in
the literatures have pore volume ~0.5 cm3/g13, 14, so the theoretical sulfur loading is 51%,
which is relatively low compare to conventional Li-S batteries in today’s literatures. The
low sulfur content causes low energy density of the batteries. In addition, sub-nano
confined sulfur shows a large irreversible capacity (~50%) in the first cycle. Although
following cycles have excellent stability, the irreversibility of the first cycle lower the
capacity significantly. Moreover, the solid-state Li–S electrochemical potential seems
inherently low at 1.8 V versus Li/Li+, which is lower than the potential of conventional
Li-S batteries at 2.0 V. The 0.2 V lower in potential also inevitably causes 10% lower in
energy density. Therefore, more studies are needed in order to improve the sulfur content
and first cycle reversibility. Host material/structure design and synthesis will be critical to
achieve the solid-state Li–S reaction with both high sulfur loading and superior cycle
stability.
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