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state-of-the-art Li ion batteries fail to meet 
this host of requirements, as demon-
strated by the performance of its fl agship 
chemistry LiCoO 2 . Despite its widespread 
implementation, LiCoO 2  is toxic, expen-
sive (≈$20 kg −1 ), and typically character-
ized by mediocre capacity (≈150 mAh g −1 ) 
due to intrinsic limitations imposed by 
the inert intercalation hosts. [ 2–4 ]  This latter 
limitation is expected to be broken only 
with cathode materials of the “conversion-
reaction” nature, [ 4 ]  and elemental sulfur 
has been considered a promising candi-
date, due to its abundant distribution in 
the earth’s crust, commodity availability at 
$0.05 kg −1 , projected theoretical capacity 
of 1672 mAh g −1 , and low toxicity. [ 5–9 ]  
In particular, numerous studies have 
been conducted on the possible coupling 
of sulfur-based cathode materials with 
lithium that could provide energy densities 
above 500 Wh Kg −1  at the device level. [ 10–39 ]  

 The major obstacle preventing implementation of sulfur 
based cathodes is the poor cycling stability resulting from the 
formation of polysulfi des (Li 2 S  n  ,  n  ≥ 4) during the reduction 
of elemental sulfur, and their subsequent parasitic reactions 
with the anode. This parasitic shuttle reaction results in rapid 
capacity fading, low Coulombic effi ciency, high self-discharge, 
and the eventual loss of active materials due to the insulating 
natures of the fi nal discharged products Li 2 S. An effective 
strategy to minimize these parasitic reactions is to immobi-
lize the redox active sulfur species inside the nanostructures 
of carbonaceous hosts [ 10–23 ]  or to shelter the sulfur with elec-
tronically conductive coatings such as graphene sheets or 
polymers. [ 24–26 ]  However, since these designed nanostructures 
remain partially open, the polysulfi des are not completely 
sequestered but are instead still in partial contact with the 
bulk electrolyte. This strategy has resulted in slower cycling 
degradation due to the retarded dissolution and migration 
of these polysulfi de species but degradation persists in all of 
these systems. 

 The generation of polysulfi des can be prevented by 
restricting the voltage range of the sulfur cathode to cycle in 
the region of 1.7 to ≈2.30 V (or simply applying a capacity limit 
of 700 or 1000 mAh g −1 ), in which only the insoluble low-order 
polysulfi de reaction is utilized. This limited cycling precludes 
polysulfi de formation and increases stability to the order of 
≈500 cycles. [ 27 ]  However, this strategy signifi cantly reduces the 
potential capacity with only a modest increase in cycle life. 
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  1.     Introduction 

 Implementation of renewable energy sources at large scales, 
such as solar, wind, or ocean/river waves, requires integrated 
energy storage units of large capacity, high rate capability, high 
effi ciency, long cycle life, nontoxicity, and low cost. [ 1,2 ]  Current 
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 In addition to the sulfur chemistry, electrolytes also sig-
nifi cantly impact the electrochemical performance of Li–C/S 
systems. Carbonate solvents react with polysulfi des, forming 
excessive solid electrolyte interphase (SEI) species. These irre-
versible reactions both consume active sulfur material and con-
stitute an additional barrier to reaction kinetics as refl ected by 
low capacity and poor rate capability. [ 28–30 ]  However, the formed 
SEI mitigates the shuttling reaction of the polysulfi des. In con-
trast, ether-based electrolytes, in which polysulfi des are highly 
soluble, render higher capacity utilization of active sulfur and 
faster kinetics, but they also facilitate parasitic shuttling reac-
tions. When the advantages and disadvantages of these electro-
lyte systems are weighed, the ether-based electrolytes are often 
chosen in favor of their carbonate-based counterparts. 

 It has been demonstrated that confi ning short-chain species 
such as S 4  and S 2  in carbonaceous pores of varying sizes sig-
nifi cantly reduces the parasitic reactions but does not eliminate 
them entirely. [ 10–23 ]  It seems that the formation of higher-order 
polysulfi des in those cases is suppressed simply due to the phys-
ical restriction imposed by the narrow environment inside the 
carbonaceous host; however, no fundamental understanding 
has been gained regarding the behavior of those sulfur species 
under both electrochemical and spatial constraints. We describe 
here the successful entrapment of S 2  species inside the 0.5 nm 
pores of a carbon host that is capped with new type of thiocar-
bonate-like SEI. Unlike previous C/S cathode systems, this elec-
trode is remarkably stable to full charge/discharge in carbonate 
based electrolytes and has delivered ≈600 mAh g −1  capacity for 
over 4000 cycles at almost quantitative (≈100%) Coulombic 
effi ciency during a two-year test. Extensive X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), electrochemical 
and vibrational (IR and Raman) studies suggest that the C/S 
cathode undergoes a new type of discharge mechanism that 
might involve the formation of separated S 2−  and Li +  ions. The 
combination of subnanoconfi nement and SEI capping of the S 2  
moieties inside the pores precludes the formation of bulk Li 2 S 
that characterize traditional lithiation reactions.  

  2.     Results and Discussion 

 Microporous carbon with subnanometer cavities was prepared 
according to literature methods [ 12 ]  and was used as a host to 
immobilize the active sulfur species. The porous structure of 
the microporous carbon was analyzed using CO 2  adsorption 
(Figure S1, Supporting Information). The pore volume and 
porosity were calculated to be 0.217 cm 3  g −1  and 33%, respec-
tively. The majority of the pores were distributed within a 
narrow range near 0.5 nm, which can only accommodate short-
chain S 2  (≈0.4 nm in diameter) but not the larger molecules 
of S 3−8  (>0.5 nm). [ 16 ]  However, a small portion (<10%) of larger 
pores do exist, which could accommodate S 3−8  or high order 
polysulfi des. 

 Carbon/sulfur mixtures with weight ratios of 80/20, 60/40, 
40/60, and 20/80 were used to make the C/S composites of var-
ying sulfur loading. The mixtures were heated at 600 °C, where 
the elemental sulfur dissociates into S 2  in the gas phase, [ 40 ]  
which was then infused into the carbon micropores at low pres-
sure. By comparing the weight of the carbon substrate before 

and after thermal impregnation, the actual sulfur contents of 
the fi nal products were determined to be 15%, 31%, 55%, and 
75%, and hereafter denoted as S15, S31, S55, and S75, respec-
tively. The actual composition of S31 was further confi rmed 
with thermal gravimetric analysis in Figure S2 (Supporting 
Information) (31% S, 69% C). While the S 2  molecules that are 
physically entrapped inside the subnanometer cavities remain 
stabilized and are prevented from reforming S 8  or high order 
polysulfur species upon cooling, the S 2  molecules deposited on 
the carbon surface (i.e., outside of the micropores) or residing 
in larger pores presumably convert back to S 8  at room tempera-
ture. We denote the former as “interior sulfur” and the latter 
“exterior sulfur.” 

 The XRD patterns for these nanocomposites are compared 
against elemental sulfur (S 8 ) and the microporous carbon 
host in  Figure    1  a. Well-defi ned characteristic diffraction peaks 
of S 8  are present in the high sulfur-loaded nanocomposites 
(S55 and S75), presumably formed from S 2  fragments that 
recombined on the carbon surface or in larger pores. However, 
crystalline S 8  is clearly absent in the low-sulfur composites (S15 
and S31), indicating that only small-chain fragments or amor-
phous S 8  deposits are present.  

 The transmission electron microscopy (TEM) images and 
elemental mapping images shown in Figure  1 b–q illustrate that 
sulfur (Figure  1 d,h,l,p) is distributed homogenously throughout 
the carbon host in all cases. The selected area electron diffrac-
tion (SAED) performed on the four different C/S composites 
show only broad diffraction rings (Figure  1 e,i,m,q), indicating 
the presence of noncrystalline sulfur distributed throughout 
the microporous carbon. The crystalline S 8  detected by XRD 
in S55 and S75 (Figure  1 a) most likely sublimes off from the 
sample under the high vacuum conditions of TEM experiment, 
while the noncrystalline sulfur detected by TEM in all four C/S 
samples is attributed to the S 2  molecules within the 0.5 nm 
micropores and other noncrystalline sulfur fragments that are 
stabilized in the larger pores (Figure  1 d,h,i,p). The exterior S 8  
molecules appear to sublime under high vacuum whereas the 
entrapped S 2  and other short chain sulfur fragments interact 
strongly with carbon host and persist in the high vacuum TEM 
environment. The fact that these short-chain sulfur species can 
be imaged with TEM serves as convincing evidence for how 
strongly these interior sulfur species interact with the carbon 
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 Figure 1.    a) XRD patterns of microporous carbon, pristine sulfur, and C/S 
nanocomposites with varying sulfur loadings. TEM images in (b,f,j,n), 
corresponding elemental mapping for carbon in (c,g,k,o) and sulfur in 
(d,h,l,p), and SAED images in (e,i,m,q) for S15 (b–e), S31 (f–i), S55 (j–m), 
and S75 (n–q).
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host, as surface-physisorbed sulfur would not survive such high 
vacuum (<10 −6  Pa) employed in these experiments. 

 The differences between the various C/S nanocomposites 
are further demonstrated by the Raman spectra as shown in 
 Figure    2  a, where microporous carbon and pristine S 8  again 
serve as references. The two peaks are observed at 1350 and 
1580 cm −1  for the carbon host corresponding to disordered 
(D) and graphitic (G) modes of carbon, respectively, revealing 
its partial graphitic nature. A characteristic collection of sharp 
peaks below 500 cm −1  associated with the strong S S vibra-
tional modes with large Raman cross sections are observed 
for the pristine S 8  sample as well as high sulfur-loading nano-
composites (S55 and S75). However, these peaks are absent for 
S15 and S31 composites, in agreement with XRD observation 
that only negligible amount of exterior sulfur exists in S15 and 
S31 composites (Figure  1 a). While all S S vibrational modes 
typically give strong Raman signals in the 100–500 cm −1  range, 
S  x   species (e.g., S  x   polymers) confi ned inside of carbon hosts, 
such as carbon nanotubes, do not generate such S S Raman 
signals. [ 31 ]   

 The distribution of different sulfur species in the C/S com-
posites was further examined with XPS, where pristine S 8  on 
carbon tape served as reference (Figure  2 b). In the XPS experi-
ments, all samples were evacuated to ≈5 × 10 −6  Pa at room 
temperature, where pristine cyclic S 8  completely sublimes as 
in TEM experiments. The control S 8  reference XPS data were 
therefore conducted at −120 °C (Figure S3, Supporting Infor-
mation) where sublimation is retarded. However, strong XPS 
sulfur 2p peaks are observed for all of the C/S composites at 
room temperature, demonstrating that it is immobilized in the 
carbonaceous micropores even under the ultrahigh vacuum 
(UHV). 

 Among the C/S nanocomposites, S31 stands out in terms 
of excellent electrochemical reversibility (see below). To under-
stand the origin of its superior behavior, we evaluated how 
much sulfur was actually confi ned in the subnanometer cavi-
ties versus how much remained at the surface or in larger 
pores as exterior sulfur among the different composites. XPS 
can effectively differentiate between relative concentrations of 

“interior” versus “exterior” sulfur species due 
to the fact that photoelectrons originating 
from deeper within the sample will more 
likely suffer inelastic collisions resulting 
in an increase in background to the lower 
kinetic energy side of the photoelectric peak, 
whereas photoelectrons from the surface 
sulfur will suffer fewer or no collisions and 
thus contribute a larger proportion to the 
photoelectric “peak.” [ 41 ]  Hence, the distribu-
tion ratio ( D ) of these two different forms 
of sulfur can be derived from the ratio 
of photoelectric peak area ( I  S 2p ) and the 
increase in the background signal ( B )

   D I B= /S2p   (1) 

 where the linear background  B  was taken 
between binding energies of 160 and 200 eV, 
and  I  S 2p  encompasses the S 2p electrons as 

shown in Figure S4a (Supporting Information). The ratio  D  is 
a semiquantitative measure of the relative amount of “exterior” 
versus “interior” sulfur species as illustrated in  Figure    3  . Note 
that “exterior” sulfur described here refers to weakly trapped 
S  x   species that are stable enough to survive UHV XPS analysis 
(i.e., not physisorbed S 8 ) but will still be exposed to electrolyte 
in a cell confi guration. They are most likely S  x   existing near the 
surface of the micropores or in the larger pores of ≈0.8 nm, 
where the spatial constraints may allow the partial reformation 
of larger sulfur oligomers upon cooling. The ratios obtained 
for the C/S composites are plotted in Figure S4b (Supporting 
Information) against the corresponding overall sulfur loadings. 
It is immediately apparent that S31, with the smallest  D  ratio 
(1.36), stands out uniquely from the rest of the nanocompos-
ites. This minimum in  D  value indicates a greater amount of 
photoelectrons escaping from the deeper region under the sur-
face, indicating a larger amount of confi ned sulfur as compared 
with exterior sulfur.  

Adv. Funct. Mater. 2015, 25, 4312–4320

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    a) Raman and b) X-ray photoelectron spectra (XPS) of pristine sulfur, microporous 
carbon host, and C/S nanocomposites varying sulfur loadings. Based on the peak area of XPS 
fi gure in (b), the S2 confi ned inside the carbon pores was calculated to be 15 wt% for S31.

 Figure 3.    Schematic illustration of a) how distribution of “cavity” versus 
“exterior” sulfur was determined by S 2p XPS, and b) the rationale for 
different  D  values found in C/S nanocomposites at varying S/C ratios. 
Note that “cavity” sulfur confi ned deep in the carbon host largely (but 
not exclusively) contributes to the background ( B ), while “exterior” sulfur 
dominates the peak height ( I  S 2p).
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 What seems counter-intuitive is that, although S55 and 
S75 are more sulfur-rich than S15, their  D  values are com-
parable. Further examination reveals that in S15, amounts 
of both exterior and interior sulfur are low, while in S55 and 
S75, both amounts are high, leading to similar ratios of these 
three sulfur species (Figure S4b, Supporting Information). As 
a reference the  D  ratio calculated from the control S 8  sample 
(Figure S4, Supporting Information) was 1.7, this is compa-
rable to the values of 1.65–1.85 found for S15, S55, and S75 
samples refl ecting the more homogeneous distribution of inte-
rior versus exterior sulfur. 

 In this sense, S31 is unique among all the composites made 
because of its higher relative amount of confi ned sulfur species, 
as schematically illustrated in Figure  3  and Figure S4c (Sup-
porting Information). S31 appears to provide the optimal C/S 
cathode composition for the microporous carbon with porosity 
of 33%, because S15 provides insuffi cient active material, while 
excessive amounts of exterior sulfur in S55 and S75 induces 
parasitic processes responsible for rapid capacity fading. 

 Electrochemical tests were carried out on these model C/S 
composites in cathode-half cells using lithium as a counter 
anode in the voltage range of 3.0–1.0 V. Two different electro-
lytes, one based on carbonate (1  M  LiPF 6  in ethylene carbonate 
(EC)/diethyl carbonate (DEC) 1:1 by volume) and the other on 
ether (1  M  lithium bis(trifl uoromethylsulfonyl)imide (LiTFSI) 
in tetra(ethylene glycol) dimethyl ether (TEGDME)), were 
employed to evaluate cycling stability. The voltage profi les of 
four C/S composites in these two electrolytes are displayed in 
Figure S5 (Supporting Information) for the fi rst (Figure S5a,b, 
Supporting Information) and the second (Figure S5c,d, Sup-
porting Information) cycles, respectively. The electrolytes make 
little difference to the low sulfur-loading nanocomposites S15 
and S31 in the fi rst cycles, as both displayed very short plateaus 
at 2.44 V and long discharge plateaus at 1.5–1.7 V, with corre-
sponding charge plateaus at 1.8–2.0 V. The plateaus at 2.44 and 
2.1 V, which are characteristic of the formation of high-order 
polysulfi des (Li 2 S  x  ,  x  ≥ 4) and low-order polysulfi des (Li 2 S  x  , 
 x  < 4), respectively, are absent in the second cycles in the car-
bonate electrolyte (Figure S5c, Supporting Information) or sig-
nifi cantly diminished in the ether electrolyte (Figure S5d, Sup-
porting Information). 

 In contrast, signifi cant electrolyte effects are found for the 
high sulfur-loading composites S55 and S75. In addition to 
the “trapped S 2 ” plateau at 1.5–1.7 V, plateaus corresponding 
to low- and high-order polysulfi des are prominent in the ether-
based electrolyte at 2.1 and 2.4 V, respectively. These plateaus 
arise from the redox cycling of nonconfi ned exterior S  x   in these 
composites. This polysulfi de redox process results in a higher 
capacity; however, their dissolution and shuttling result in the 
slow but steady capacity fading, which precludes their use for 
rechargeable electrochemical energy storage devices. In car-
bonate electrolytes, these 2.4 and 2.1 V processes are absent, 
which is attributed to the reaction of polysulfi des with the 
carbonate solvent molecules. The nucleophilic addition of the 
polysulfi des to the carbonyl moieties in the alkylcarbonate sol-
vents yields thiocarbonyls that form SEI layers and are redox-
inactive. [ 28 ]  This chemistry is discussed in the next section. 

 Of particular interest is the voltage plateau at lower potentials 
(1.5–1.7 V, depending on cell polarization) for the S15, S31, and 

S55 composites in both carbonate- and ether-based electrolytes. 
We attribute these processes to the redox cycling of short-chain 
sulfur that is confi ned within subnanometer cavities. Due to 
the high stability and solubility of high-order polysulfi des in 
ether-based electrolytes, both free S 2  −1/−2  (reduction product of 
dissolved high-order polysulfi des) and confi ned S 2  −1/−2  exist in 
S15, S31, and S55 composites when cycled in ether-based elec-
trolytes. The reduction of free S  x   (2 ≤  x  ≤ 4) is attributed to the 
2.1 V plateau and the reduction of the confi ned S 2  should be 
associated with 1.7 V plateau (Figure S5b,d, Supporting Infor-
mation). For S31, the capacity of confi ned S 2  at 1.5–1.7 V is 
extremely reversible in carbonate-based electrolyte, although 
the capacity delivered by this process after the second cycle is 
only 660 mAh g −1  calculated based on the overall amount of 
sulfur loaded in the synthesis (31 wt%). This 31% contains a 
signifi cant portion of partially stabilized exterior S 8  that is 
exposed to the electrolytes and ultimately forms electrochemi-
cally inactive SEI fi lms. Therefore, evaluation of the capacity 
based on the total sulfur is an underestimate of the redox-active 
sulfur in the composite. Since we do not quantitatively know 
how much of the sulfur is sacrifi ced in SEI formation, it is dif-
fi cult to provide an accurate capacity number. However, the S 2  
confi ned inside the carbon pores was estimated to be 15 wt% 
by XPS experiments (Figure  3 ), in which the surface S 8  sub-
limed off in high vacuum. If the confi ned S 2  is taken as the 
only active sulfur, the capacity of active sulfur for S31 is then 
recalculated to be 1416 mAh g −1 , which is close to the theoret-
ical capacity of 1673 mAh g −1 . 

 The remarkable electrochemical reversibility of the S31 
composite is illustrated in  Figure    4  , where it was charged/dis-
charged in cathode half cells between 1.0 and 3.0 V at a current 
density of 80 mA g −1  (0.1 C as evaluated with nominal 1 C = 
800 mA g −1 ) for the fi rst 100 cycles, and then at a higher rate of 
400 mA g −1  (0.5 C). After 2020 and 4000 cycles, respectively, the 
current was changed back to 80 mAh g −1  for 20 cycles each to 
check the sulfur utilization level. During the test of more than 
two years, there was negligible capacity loss observed for this 
S 2 -dominated C/S 2  nanocomposite over 4020 cycles, with the 
loss rate of 0.0014% per cycle (Figure  4 a). To our knowledge, 
this is the best cycling stability and the longest cycle numbers 
ever achieved for any Li/S system, and is comparable to or even 
better than that of commercial graphite anodes. Compared 
with the 10 2  cycles typically described in literature, the cycle life 
demonstrated here represents a revolutionary leap, because the 
parasitic nature of Li/S chemistry has been fatal to the long cal-
endar life (>10 years, >1000 cycles) required by large-scale appli-
cations such as automotive or grid-storage applications, which 
require the loss of the limiting active species to be below 0.01% 
per cycle (i.e., (0.9998) 1000  = 0.82, with 80% capacity retention 
widely adopted by battery industry as life-termination line). [ 42 ]   

 Behind this excellent cycling stability was the nearly quan-
titative Coulombic effi ciency in each cycle, with the exception 
of the initial cycles where irreversible capacity was consumed 
by interphase formation as well as irreversible reaction between 
exterior sulfur and carbonate molecules. The rate capability 
of S31 in carbonate-based electrolyte was also evaluated using 
higher current densities as shown in Figure  4 b. ≈255 mAh g −1  
is retained at the rather high rate of 4800 mA g −1  (equivalent of 
6 C), refl ecting the fast kinetics of the system. 
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 The exceptional cycling stability indicates that the dissolu-
tion and shuttling reactions of polysulfi de species have been 
eliminated. In typical Li/S cells, dissolution and diffusion of 
high-order polysulfi des induce both reversible and irreversible 
capacity loss. The Li 2 S deposition on the Li anode consumes 
the active sulfur materials, leading to an irreversible capacity 
loss, while the shuttle reaction creates an internal short, leading 
to capacity loss that may be recoverable. Both parasitic pro-
cesses contribute to low Coulombic effi ciencies. Upon storage, 
the consequences of these parasitic reactions become more pro-
nounced, and the shuttling effects can be probed by monitoring 
the open-circuit voltage (OCV) of an Li–S cell and the overall 
capacity loss is normally evaluated by testing the retained 
capacity after storage using a cycled (activated) Li/S cell. [ 43 ]  In 
this work, we performed storage tests to reveal the self-dis-
charge level, in which S31 half cathode cells at fresh state and 
70% state-of-discharge were stored at room temperature for ten 
days (Figure S6, Supporting Information and Figure  4 c). The 
constant OCV and ensuing discharge profi le of the cell was 
virtually identical to the previous and subsequent cycles, con-
fi rming that shuttling of polysulfi des is essentially nonexistent. 
To further confi rm the absence of the self-discharge, the storage 

was conducted in a four month (≈120 days) period at 90% of 
state-of-charge. Again, the charge/discharge profi les before 
and after the storage test are virtually identical (Figure S7, Sup-
porting Information). The effective elimination of polysulfi de 
shuttling that has been plaguing Li/S systems further suggests 
that these interior short-chain sulfur species are not only stabi-
lized, but physically sequestrated inside the 0.5 nm cavities of 
the microporous carbon host. We believe that C/S 2  has different 
lithiation mechanism and unique SEI layer plays an essential 
role as discussed below. 

 XPS analysis was performed on S31 nanocomposites that 
were cycled in carbonate electrolyte and then recovered at a 
discharged state (1.0 V). The corresponding spectra are shown 
in  Figure    5  . All spectra were referenced to the hydrocarbon 
signal at 284.8 eV. In the C 1s spectra, a series of signals were 
identifi ed at 290, 288.2, 286.5, 284.8, and 283.2 eV (Figure  5 a). 
The peak at 284.8 eV is attributed to both hydrocarbon and the 
elemental carbon in the microporous carbon host, and those at 
290 and 286.5 eV are assigned to carbonate and alkoxy subunits, 
arising from Li 2 CO 3 , alkylcarbonates, and polyether that are 
often found in the SEI of Li ion battery electrodes. [ 44,45 ]  How-
ever, the peaks at 288.2 and 283.2 eV represent new chemical 
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 Figure 4.    Electrochemical performance of S31 nanocomposite in carbonate-based electrolyte (1  M  LiPF 6  in EC:DMC (v:v = 1:1)). a) Cycling stability and 
Coulombic effi ciency measured at 400 mA g −1  (0.5 C), with the exceptions for the fi rst 100 cycles and the 20 cycles after the 2020th and 4000th cycle, 
respectively, where a lower rate 80 mA g −1  (0.1 C) was used. b) The storage test, during which the cell was kept at 70% state-of-charge (1.5 V) for 10 d 
before resuming cycling. c) The rate capability at various current densities from 80 (0.1 C) to 4800 mA g −1  (6 C).
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species that have never been reported to our knowledge. 
Repeated experiments were conducted to confi rm that these 
signals are not the result of instrumental artifacts. The 288.2 eV 
signal corresponds to a carbon state whose electron-defi ciency 
lies between a carbonyl (C O) and a carboxyl (COOR), and the 
283.2 eV signal is similar to a carbide (C − ) species bearing extra 
negative charge. [ 46 ]  We tentatively assign the electron-defi cient 
carbon to be the product of the nucleophilic reaction between 
short-chain sulfur and carbonate molecule at low potential. The 
proposed thiocarbonate-like species could result from the fol-
lowing process [ 28 ]   

 
     

 This new compound is a prominent component of the formed 
SEI, along with the familiar alkylcarbonate (CO 3  2− ) and poly-
ether (C O) species. These species are all formed in an irre-
versible process during the fi rst cycle of the cell. 

 In contrast, the carbide-like species at 283.2 eV is directly 
dependent on the state-of-charge of the C/S 2  composite, 
enriched at discharged state when sulfur was reduced to sulfi des 
(S 2  2−  or S 2− ) and diminished when sulfi des were oxidized back 
to S 2  (Figure S8a, Supporting Information). In comparison, this 
carbide-like peak is 1.0 eV lower in energy than that of pristine 
graphite (284 eV) and 1.8 eV lower than the C 1s peaks for a 
fully lithiated graphite (Li  x  C 6 , 285 eV). [ 47 ]  Since the C/S 2  cath-
odes were discharged to 1.0 V, which is too high even for the 
formation of high-stage lithiated graphite, [ 48,49 ]  we believe that 
this peak is not due to Li +  intercalation into the carbon host. 
Instead, it is indicative of an interaction between the carbon 
host and an anion. We attribute this carbide-like species to the 
chemical interaction between the confi ned sulfi de anion and 
carbon host, where a stabilizing partial charge transfer occurs 
between the undercoordinated sulfi de anion (see below) and 
the graphitic carbon host. 

 The corresponding S 2p spectra (Figure  5 b) 
were fi t with spin–orbit coupled 2p 3/2 and 
2p 1/2 doublets, constrained at 1.18 eV sepa-
ration with a characteristic 2:1 area ratio and 
equal full-width at half maximum. The peak 
envelope required four pairs of doublets to 
yield a good fi t. [ 46 ]  Such fi tting placed these 
2p 3/2 peaks at 168.8, 162.8, 160.8, and 
159.3 eV, respectively. The 162.8 and 160.8 eV 
peaks are attributed to short-chain sulfur (S 2 ) 
and sulfi de (S 2  2− ), with some negative shift 
(−0.9 to −1.6 eV) in binding energy as com-
pared with the typical terminal (162.4 eV) 
and nonterminal sulfi des (163.7 eV). [ 50 ]  How-
ever, the peaks at 168.8 and 159.3 eV are 
unique sulfur species that have not been 
previously reported to the best of our knowl-
edge. Again, we excluded the possibility of 
artifacts by reproducing these signals with 

duplicate samples. The most electron-defi cient sulfur (168.8 eV) 
should usually correspond to high valence sulfur species such 
as sulfone or sulfate (168–170 eV), but the possibility of their 
formation should be excluded here because, given the poten-
tial range employed in the work (1.0–3.0 V vs Li) where the 
electrochemical oxidation of sulfur into S O is unlikely. We 
believe that this peak should arise from the reaction between 
sulfi de and PF 6  −  anion, because thiophosphate species (P S) 
also fall in the same range of binding energies. [ 46 ]  This species, 
arising from either complete or incomplete substitution of F by 
sulphide and as represented by the general formula of PS  x  F  y  , 
should also remain part of the SEI, as confi rmed by Figure S8b 
(Supporting Information) when the nanocomposite is brought 
back to charged state. 

 The new S 2p peak at 159.3 eV represents an extremely 
electron-rich sulfur species whose binding energy is even lower 
than that of S 2−  in bulk Li 2 S (≈161.0 eV) by 1.7 eV. Since it coex-
ists with the carbide-like species in the C 1s spectra (Figure  5 a) 
and also disappears upon charging (Figure S8b, Supporting 
Information), we believe that both peaks arise from the same 
species. The data are consistent with an undercoordinated 
sulfi de ion that is sharing negative charge with the mesoporous 
carbon host. The shared formal negative charge leads to anom-
alously low binding energies for both C 1s and S 2p electrons. 
Thus, the C 1s and S 2p XPS data together strongly suggest 
that a new sulfi de species is created and this species is inte-
gral to the reversible sulfur redox cycling in the cell. This new 
chemical state of sulfi de differs from those reported in litera-
ture [ 11,14,15,23–26,38 ]  in that complete ion pairing between S 2−  and 
Li +  to form Li 2 S might be precluded by the size constraints of 
the carbon pores and the presence of the SEI layer coating the 
C/S cathode. Because the confi ned S 2−  is not Coulombically 
stabilized by Li +  ions in the same manner as in bulk Li 2 S, the 
S 2−  electrons are in a very high energy state that gives rise to 
the anomalously low S 2p binding energies. The high energy 
S 2−  electrons are partially stabilized through charge sharing 
with carbon host, which gives rise to the carbide-like species 
observed in the C 1s spectra, as discussed below. 

 The combined structural and spectroscopic evidence 
described above indicate that the C/S nanocomposites 
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 Figure 5.    XPS a) C 1s and b) S 2p spectra for S31 nanocomposites at discharged state 
(1.0 V) after being cycled in carbonate-based electrolytes. The dashed plots represent the overall 
counts of photoelectrons detected, while the deconvoluted peaks were plotted in solid lines.
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described here contain S 2  molecular species entrapped in the 
≈0.5 nm cavities of the microporous carbon host. These short-
chain fragments are the predominate active forms in the S15 
and S31 composites while the S55 and S75 composites contain 
both confi ned S 2  and exterior crystalline S 8 , with the latter dis-
tributed on the carbon surfaces and the larger pores ≈0.8 nm. 
The S31 composite represents the optimum scenario for the 
microporous carbon used in this work, in which all the sub-
nano-cavities are saturated with S 2  with relatively lower quanti-
ties of exterior sulfur. This small amount of surface sulfur is 
consumed by the electrolyte to form an adventitious, thin SEI 
capping layer, which serves as an additional barrier to prevent 
parasitic shuttling that often plagues the electrochemistry of 
Li/S batteries. 

 It is well known that the stable sulfur allotrope at room tem-
perature, cyclo-S 8 , readily fragments at elevated temperatures 
into gaseous acyclic short-chain fragments, where the chain 
length decreases with increasing temperature. [ 40 ]  Diatomic S 2  
is a prominent species at 600 °C and low total pressure, but 
spontaneously converts back to S 8  upon cooling to room tem-
perature. While it has been proposed that S 2  species could be 
stabilized in a host matrix at room temperature, [ 40 ]  we show 
here that gas phase impregnation S 2  into the ≈0.5 nm cavities 
of microporous carbon, coupled with a thin SEI capping layer, 
prevents the reoligomerization of metastable S 2  to produce 
a remarkably effi cient and stable cathode material for Li ion 
batteries. 

 The charge/discharge mechanism of the C/S 2  nanocom-
posite thus prepared is unique in that a new sulfur/sulfi de 
species is involved in the cathodic electrochemical processes. 
The XPS data suggest that the “lithiation” of sulfur occurring 
with cell discharge proceeds by way of indirect ion pairing 
(Figure  5 a,b and Figure S7a,b, Supporting Information). The 
reversible and simultaneous formation of low-binding-energy 
S 2−  ions and carbide-like carbon hosts at the discharged state 
indicates that the lithiated sulfi de (i.e., Li 2 S) is not formed in 
the cathode in the traditional sense. In bulk Li 2 S, a sulfi de 
ion resides in a cubic hole surrounded by eight Li +  cations, 
which stabilize the high negative charge on S 2−  to give a cor-
responding 2p electron binding energy of 161 eV. In discharged 
S31, however, the absence of Li +  stabilization in close vicinity 
leaves the S 2−  ion in a higher energy state, which is revealed by 
the anomalously low S 2p electron binding energy (159.3 eV). 
To compensate for the excessive charge build-up, partial charge 
transfer occurs to the carbon matrix, giving rise to the carbide-
like nature of the support. This unique charge/discharge chem-
istry with a sloping plateau between 1.5 and 1.7 V is also evi-
dent in charge/discharge curves of S15 and S31 composites in 
both carbonate- and ether-based electrolytes (Figure S5, Sup-
porting Information), which contrasts the fl at plateaus typically 
observed for molecular redox cycling of polysulfi des on carbon 
electrodes at ≈2.1 V (Equation  ( 2)  ).

 →−Li S + 6e + 6Li 4Li S(s)2 4
+

2   (2)   

 In the literature, the traditional charge/discharge process has 
been attributed to the lithiation reactions of free short-chain 
sulfur species (Li 2 S  x  ,  x  < 4) to form insoluble sulfi des Li 2 S 2  and 
Li 2 S. In our case, however, this lithiation process corresponds 

to a unique coupling between Li +  and a charge-sharing matrix 
C/2S 2−  (Equation  ( 3)  )

    →− + − +C/S + 4e + 4Li C/2S /4(Li )2
2

  (3) 

 where C/2S 2−  is sulfi de confi ned in the carbon cavity and /4(Li + ) 
are the delocalized charge compensating Li +  ions. The strong 
association of S 2  with the carbonaceous host drives down its 
electrochemical potential from the normal fl at plateau at 2.1 V 
of Li 2 S 4  (corresponding to Li 2 S 4  + 2Li +  + 2e −  ↔ 2Li 2 S 2  and 
Li 2 S 2  + 2Li +  + 2e −  ↔ 2Li 2 S) to slope at 1.7–1.5 V for C/S 2 . This 
reduction in potential is presumably due to the charge delo-
calization (i.e., electron coupling) between S and carbon host. 
Similar reductions of lithiation potentials have been observed 
previously in metal sulfi des, for which the bonding between Ni, 
Fe, or Cu and S was believed to be responsible. [ 51–53 ]  

 With the higher sulfur loadings of the S55 and S75 compos-
ites, a different mechanism is involved and the effects of the 
electrolyte become apparent (Figures S5 and S9, Supporting 
Information). The low sulfur capacity utilization of S55 and 
S75 in carbonate-based electrolyte in Figure S9c (Supporting 
Information) is mainly caused by the side reactions between 
the dissolved polysulfi des with carbonate electrolyte to form 
an excessively thick interphase consisting of thiocarbonates. 
The poor solubility of polysulfi des in the carbonate electrolyte 
along with the electronically and ionically insulating nature of 
sulfur and low-order polysulfi des (Li 2 S and Li 2 S 2 ) also contrib-
uted to the decreasing capacity utilization. On the other hand, 
the higher sulfur utilization of S55 and S75 in ether electrolyte 
(Figures S5b,c and S9d, Supporting Information) benefi tted 
from the high solubility of their lithiated products, along with 
the fact that ether-based electrolytes are reductively stable 
against SEI formation on carbon host surface. [ 44 ]  However, 
these merits will not last in long term. As mentioned above and 
reported extensively in literature, this high capacity is accompa-
nied with the migration of these polysulfi des toward and sub-
sequent reduction at the anode surface. This deleterious shut-
tling is clearly evident in S75, which loses rechargeability within 
three cycles, and S55, which rapidly fades below 500 mAh g −1  
(Figure S9d, Supporting Information). S31 stands out even in ethe-
real electrolyte, delivering a stable capacity of 700–750 mAh g −1  at 
nearly quantitative Coulombic effi ciency (>99.5%), but at a higher 
fading rate (Figure S10, Supporting Information). 

 Although electrolytes play a key role in improving cell per-
formance for Li–S systems, [ 54 ]  it has been well recognized 
that no perfect solution exists for Li/S systems regarding the 
dilemma of “capacity utilization” versus “capacity fading.” The 
former would require higher solubility of active sulfur for thor-
ough accessibility and the latter would require the exact oppo-
site for minimal shuttling. Although more complete sulfur 
utilization is realized in ethereal electrolytes, the fast capacity 
fading renders them impractical. On the other hand, carbonate-
based electrolytes cannot dissolve short-chain sulfi des and are 
chemically reactive toward polysulfi de species. [ 29 ]  However, 
the S31 C/S 2  composite described here successfully solves 
the “capacity fading” issue while still maintaining reasonable 
“capacity utilization” through sequestration and isolation of the 
redox active S 2  species. The mechanism identifi ed in this work 
points to a new avenue of designing carbon/sulfur composites 
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by considering a complete sequestration of the latter with both 
spatial constraints and interphase formation. If the specifi c 
loading of sulfur-active species (mAh cm −2 ), currently lim-
ited by the pore population of the microporous carbon host, 
could be raised to practical level, the perfect electrochemical 
reversibility of such systems will bring about transformational 
changes to the development of sulfur-based cathode materials 
for the next generation battery chemistry.  

  3.     Conclusion 

 Through detailed structural, chemical, and morphological 
analyses, we reveal that a new sulfur chemistry has been cre-
ated with the sequestration of short-chain sulfur species into 
subnanometer cavities and the charge delocalization between 
them and the carbonaceous host. This complete sequestra-
tion, assisted by a new type of SEI containing thiocarbonates, 
is responsible for the superior electrochemical reversibility as 
demonstrated by highly reversible capacities achieved at almost 
100% Coulombic effi ciency over 4020 cycles. This new charge/
discharge mechanism opens up new possibilities for designing 
nanostructured cathode materials for rechargeable Li/S battery 
chemistry.  

  4.     Experimental Section 
  Synthesis of Microporous Carbon : The microporous carbon was 

synthesized based on the previously reported method. [ 12 ]  Sucrose 
was used as the carbon source. Typically, 20 g sucrose dissolved in 
6  M  sulfuric acid to form 5% sucrose solution, which was refl uxed in 
1 L round bottom fl ask at 120 °C for overnight. The resulting black 
suspension was fi ltered and washed with distilled water several times. 
The product was dried at 100 °C in oven for 24 h, and underwent 
carbonization at 1000 °C for 3 h with heating rate of 5 °C min −1  under 
argon/5% H 2  atmosphere. 

  Preparation of C/S Composites : Sublimed elemental sulfur (S 8 ) 
(Sigma-Aldrich, USA) was mixed thoroughly with microporous carbon 
at different C/S ratios of 80/20, 60/40, 40/60, and 20/80 by weight. 
The mixtures were sealed in glass tubes under vacuum and underwent 
heat-induced fragmentation at 600 °C for 5 h with heating ramp of 
5 °C min −1 . The resulting C/S composites were collected after cooling 
down to room temperature. 

  Material Characterization : The porous structure of the microporous 
carbon was analyzed using CO 2  (at 273 K) adsorption on an Autosorb-iQ 
MP (Quantachrome Instruments, USA). The sample was outgassed 
under turbomolecular pump vacuum at 423 K for 12 h prior to the 
measurement. From the measured CO 2  isotherm, the micropore size 
distribution was calculated using non-local density functional theory 
(NLDFT) method and the micropore volume was calculated using the 
Dubinin–Radushkevich (DR) method in the  P / P  0  range from 10e −4  
to 10e −2 . The elemental mapping imaging was conducted on JEOL 
(Japan) 2100F fi eld emission TEM. XRD pattern was recorded by Bruker 
Smart1000 (Bruker AXS Inc., USA) using Cu Kα radiation. XPS spectra 
were collected on Kratos AXIS 165 spectrometer, using monochromatic 
Al Kα radiation (280 W) at room temperature for pure carbon and C/S 
composites, and at −120 °C for pure sulfur. Charge neutralization was 
required to minimize sample charging. Raman measurements were 
performed on a Horiba Jobin Yvon Labram Aramis using a 532 nm 
diode-pumped solid-state laser, attenuated to give ≈900 µW power at the 
sample surface. 

  Electrochemical Measurement : The microporous C/S composites were 
mixed with carbon black and sodium alginate binder to form a slurry 

at the weight ratio of 70:15:15. The electrode was prepared by casting 
the slurry onto aluminum foil using a doctor blade and dried in a 
vacuum oven at 60 °C overnight. With binder, the overall S content in 
the cathode is 21.7%, and the areal sulfur loading is 0.17 mg cm −2 . Cells 
were assembled with lithium as the counter electrodes, 1  M  LiPF 6  in EC/
DEC 1:1 by volume) or ether (1  M  LiTFSI in TEGDME) as electrolyte, and 
Celgard 3501 (Celgard, LLC Corp., USA) as the separator. The amount 
of electrolytes used for each cell is about 0.1 mL for both carbonate and 
ether-based electrolytes. Electrochemical performance was tested using 
Arbin battery test station (BT2000, Arbin Instruments, USA). Capacity 
was calculated on the basis of the sulfur mass.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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