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Lithium sulfur batteries (LSBs) are promising next-generation re-
chargeable batteries due to the high gravimetric energy, low cost,
abundance, nontoxicity, and high sustainability of sulfur. How-
ever, the dissolution of high-order polysulfide in electrolytes and
low Coulombic efficiency of Li anode require excess electrolytes
and Li metal, which significantly reduce the energy density of
LSBs. Quasi-solid-state LSBs, where sulfur is encapsulated in the
micropores of carbon matrix and sealed by solid electrolyte inter-
phase, can operate under lean electrolyte conditions, but a low
sulfur loading in carbon matrix (<40 wt %) and low sulfur uniti-
zation (<70%) still limit the energy density in a cell level. Here, we
significantly increase the sulfur loading in carbon to 60 wt % and
sulfur utilization to ∼87% by dispersing sulfur in an oxygen-rich
dense carbon host at a molecular level through strong chemical
interactions of C–S and O–S. In an all-fluorinated organic lean elec-
trolyte, the C/S cathode experiences a solid-state lithiation/delithia-
tion reaction after the formation of solid electrolyte interphase in
the first deep lithiation, completely avoiding the shuttle reaction.
The chemically stabilized C/S composite retains a high reversible
capacity of 541 mAh·g−1 (based on the total weight of the C/S
composite) for 200 cycles under lean electrolyte conditions, corre-
sponding to a high energy density of 974 Wh·kg−1. The superior
electrochemical performance of the chemical bonding-stabilized
C/S composite renders it a promising cathode material for high-
energy and long-cycle-life LSBs.

lithium sulfur batteries | lean electrolyte | chemical bonding | carbon |
oxygen

Lithium ion batteries (LIBs) are the dominant energy storage
devices for portable electronics and electric vehicles. How-

ever, the use of toxic and expensive cobalt-based cathode ma-
terials not only limits the energy density of LIBs due to the low
capacity (<200 mAh·g−1) of LiCoO2 and LiNi1/3Mn1/3Co1/3O2
cathodes but also triggers severe environment and sustainability
challenges (1–3). To date, considerable research efforts have
been devoted to developing low-cobalt-content cathode mate-
rials such as layered LiNi0.8Mn0.1Co0.1O2 with a capacity of ∼200
mAh·g−1 or cobalt-free olivine-structured LiFePO4 with a ca-
pacity of ∼170 mAh·g−1 (4–9). Although great success has been
achieved for these cathode materials, the capacity is still much
lower than that of a commercial anode such as graphite (372
mAh·g−1) (10, 11). Therefore, the bottleneck of high-energy
LIBs is a lack of a high-energy cathode to couple with the
high-capacity anode.
Sulfur cathode has a theoretical capacity of 1672 mAh·g−1

(12–19). The high energy density (∼2,600 Wh·kg−1) of lithium
sulfur batteries (LSBs) has attracted extensive research interest
due to the low cost, nontoxicity, abundance, and high sustain-
ability of sulfur (20–24). However, the sulfur cathode suffers
from two major challenges (25–30). First, the dissolution of high-
order polysulfide intermediates (Li2S8-Li2S4) in the organic
electrolytes causes severe sulfur loss in the cathode, reducing the

cycle life of LSBs. The dissolution of high-order polysulfide in-
termediates also requires flooded electrolyte (FE) to achieve a
high-power density, sacrificing the total energy density. Second,
the low cycling Coulombic efficiency (CE) of Li plating/stripping
of <99.2% continuously consumes Li anode and electrolytes
during cycling, requiring excess Li and electrolytes, thus further
reducing the energy density of LSBs. To circumvent these chal-
lenges, a myriad of conductive carbon materials such as gra-
phene, carbon nanotube, porous carbon, and expanded graphite
have been used to prevent the dissolution of polysulfides and
increase the electrical conductivity of sulfur cathode (31–36).
However, a high capacity of >800 mAh g−1 for hundreds of cy-
cles in Li–S batteries can only be achieved in FE with excess Li,
because of the low cycling CE of Li plating/stripping and the
dissolution of polysulfides in the liquid electrolyte. The use of FE
and excess Li reduces the energy density, impeding the large-
scale application of LSBs. In addition, excess electrolyte with
dissolved polysulfides also promotes the shuttle reaction, accel-
erating the capacity decay. To fulfill the high energy and long
cycle life LSBs, the ratio of electrolyte to sulfur should be min-
imized to <5 mLE/gS, and Li plating/stripping CE should be
maximized to a high value of >99.2%.
Electrolyte additives, polymer gel, and porous carbon com-

posite reservoirs have been used to minimize the electrolyte
consumption in LSBs (37–40), at a price of reducing the elec-
trochemical performance. To achieve high-performance LSBs
under lean electrolyte conditions (LEC), the electronic in-
sulating sulfur should be dispersed in a conductive carbon matrix

Significance

Sulfur is a promising cathode material for rechargeable lithium
batteries due to its high capacity, low cost, abundance, and high
sustainability. However, lithium sulfur batteries suffer from poor
cycle life and low energy density under lean electrolyte condi-
tions because of the dissolution of lithium polysulfide interme-
diates. Here, we report that the chemical bonding between
sulfur and carbon/oxygen in an oxygen-rich dense carbon host
can stabilize sulfur and improve the stability of lean electrolyte
lithium sulfur batteries. This work opens up a way to develop
chemical bonding-stabilized sulfur materials for stable and high-
energy lithium sulfur batteries.

Author contributions: C.L., and C.W. designed research; C.L., E.H., K.J.G., C.C., and S.G.
performed research; C.L. and X.F. contributed new reagents/analytic tools; C.L., E.H.,
K.J.G., T.G., S.G., and X.-Q.Y. analyzed data; and C.L., E.H., and C.W. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: cswang@umd.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2006301117/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.2006301117 PNAS Latest Articles | 1 of 9

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 A

C
Q

U
IS

IT
IO

N
S

/S
E

R
IA

LS
 D

E
P

T
, U

N
IV

 O
F

 M
A

R
Y

LA
N

D
 o

n 
Ju

ne
 1

7,
 2

02
0 

https://orcid.org/0000-0001-8497-8548
https://orcid.org/0000-0001-7294-480X
https://orcid.org/0000-0003-0245-8560
https://orcid.org/0000-0002-3625-3478
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2006301117&domain=pdf&date_stamp=2020-06-17
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:cswang@umd.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006301117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006301117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2006301117


at a molecular level and react with lithium through a solid-state
reaction without the involvement of liquid electrolytes. By car-
bonizing organic/polymer materials and sulfur at a high tem-
perature of 600 °C, S8 can be decomposed into S2 and S3 and
bonded to C and other elements in the carbon matrix, forming a
molecular-level dense S/C composite. The small sulfur molecules
(S2–3) in C/S composite could react with Li-ions to generate in-
soluble Li2S2 and Li2S through a solid-state reaction. Yin and
Franco (41) used a continuum modeling method to prove that
the final discharge product of LSBs based on ultramicroporous
carbons is a mixture of Li2S and Li2S2, the resistivity of which
plays a critical role in battery capacity. Lowering the resistivity of
the final product enhances the sulfur utilization, resulting in a
higher discharge capacity. Therefore, forming a molecular-level
dense S/C composite improves the capacity and energy density
of LSBs.
Small-sulfur/carbon composites (SSCCs) synthesized by car-

bonizing sulfur and organic/polymer materials exhibited long
cycle life and high rate capability in LSBs (42–44). However, Li/
SSCCs batteries still suffer from two challenges: 1) The low
sulfur content (<40 wt %) and low sulfur utilization (<70%)
lowers the overall energy density of the sulfur cathode and 2) the
low CE of Li plating/stripping consumes electrolytes and Li metal,
further lowering the energy density. To increase the sulfur content
and the sulfur utilization, we use an oxygen-rich organic material
(perylenetetracarboxylic dianhydride, PTCDA) and a nitrogen-rich
polymer (polyacrylonitrile, PAN) as carbon precursors to prepare
SSCCs, in which the sulfur content can be increased to a recorded
60 wt %. The high sulfur loading in molecular level distribution is
attributed to the increased oxygen content (∼8 wt %) in the car-
bonized PTCDA–PAN matrix, which stabilizes sulfur by S–O bond.
In addition, the nitrogen doping in the carbon promotes the bond
formation between sulfur and oxygen, further increasing the sulfur
content and immobilization in the carbon composite (45–47). The
molecular level distribution of sulfur in the carbon matrix increases
the sulfur utilization to ∼87% during lithiation/delithiation. More-
over, the nonflammable all-fluorinated organic electrolyte (1.0 M
LiPF6 in fluoroethylene carbonate/3,3,3-fluoroethylmethyl carbonate/
1,1,2,2-tetrafluoroethyl-2′,2′,2′-trifluoroethyl ether [FEC:FEMC:HFE,
2:6:2 by weight]) enhances the CE of lithium metal anode to
99.2% by forming LiF-rich solid electrolyte interphase (SEI) to

suppress the lithium dendrite growth (48). The synergy of the
high sulfur content SSCCs and all-fluorinated organic electrolytes
enables high-energy and stable LSBs under LEC.

Results
Three types of SSCCs were synthesized by annealing the mixture
of carbon precursors (oxygen-rich PTCDA and nitrogen-rich
PAN) and sulfur in a sealed vacuum glass tube. The oxygen-
rich PTCDA and nitrogen-rich PAN are used as carbon pre-
cursors to introduce oxygen and nitrogen into the SSCCs to
produce the carbonized PTCDA–PAN–S, which is denoted as
CPAPN–S composite. The oxygen in PTCDA forms chemical
bonding with small sulfur molecules, while nitrogen in PAN stabi-
lizes sulfur through lithium ions after first lithiation, all of which
enhance the sulfur content and utilization in the CPAPN–S com-
posite. As controls, CPTCDA–S and CPAN–S composites were
synthesized by using only PTCDA or PAN as carbon precursors,
separately. The CPTCDA–S, CPAN–S, CPAPN–S, and the three
types of carbons (CPTCDA, CPAN, and CPAPN) without sulfur
were characterized by X-ray diffraction (XRD), Raman spectros-
copy, Fourier-transform infrared spectroscopy (FTIR), X-ray pho-
toelectron spectroscopy (XPS), scanning electron microscope
(SEM), and transmission electron microscopy (TEM). As indicated
in SI Appendix, Fig. S1 A–C, three types of carbons (CPTCDA,
CPAN, and CPAPN) exhibit amorphous structures. After cocar-
bonization with sulfur, CPAPN–S (Fig. 1A) and CPAN–S (SI Ap-
pendix, Fig. S1E) are still in amorphous structure due to the good
confinement of CPAPN and CPAN to sulfur, while CPTCDA–S (SI
Appendix, Fig. S1D) shows the crystal structure of sulfur, demon-
strating that CPTCDA is not able to confine all of the sulfur, and
there are still some ring-structured S8 in CPTCDA–S. Raman and
FTIR spectroscopy were used to further analyze the structure of
CPTCDA–S, CPAN–S, CPAPN–S, and the three types of carbons.
The strong Raman peaks (SI Appendix, Fig. S2 A–C) at 1,350 cm−1

and 1,580 cm−1 represent the D band (disordered carbon) and G
band (graphitic carbon) of the carbonized PTCDA, PAN, and
PTCDA/PAN. In CPAPN–S (Fig. 1B) and CPTCDA–S (SI Ap-
pendix, Fig. S2D), there are two sharp peaks at 475 cm−1 and
930 cm−1 and one small peak at 790 cm−1, representing S–S
stretching mode, C–O vibration, and C–S stretching mode, re-
spectively (49, 50). The two broad peaks at 310 cm−1 and 370 cm−1

Fig. 1. Material characterizations for CPAPN–S. (A) XRD pattern. (B) Raman spectrum. (C) FTIR spectrum. (D–F) XPS spectra for (D) C 1s, (E) N 1s, and (F) S 2p.
(G) SEM image. (H) TEM image.
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stand for the S–O vibrations (50). In FTIR spectra for CPTCDA,
CPAN, CPAPN, CPTCDA–S, and CPAN–S (SI Appendix, Fig. S3)
and CPAPN–S (Fig. 1C), the two strong peaks at 1,240 cm−1 and
1,510 cm−1 stand for the alicyclic chain vibrations and aromatic
ring chain vibrations, respectively, while the small peak at
∼790 cm−1 (Fig. 1C) represents C–S vibration in CPAPN–S. The
surface structure of CPAPN–S was further characterized by XPS
in Fig. 1 D–F, where the C 1s peak at 284.2 eV (Fig. 1D) corre-
sponding to graphitic carbon is used as a reference binding energy.
The peak has been fit to show the binding energies of the different
functionalities of carbon. The N 1s spectrum in Fig. 1E demon-
strates that there are three types of nitrogen bondings in the
CPAPN–S composite, which are assigned to pyridinic nitrogen at
397.8 eV, pyrrolic nitrogen at 399.9 eV, and oxidized nitrogen at
402.5 eV (51). The pyridinic and pyrrolic nitrogens come from the
carbonized PAN, while the oxidized nitrogen is the product of the
reaction between nitrogen in the carbonized PAN and oxygen in
the carbonized PTCDA. The S 2p spectrum in Fig. 1F shows that
there are four types of sulfur in the CPAPN–S composite, which
are assigned to aromatic sulfur at 161.1/162.3 eV, sulfur in S–S
and S–C groups at 163.2/164.4 eV, sulfur in S-O-C group at 164.8/
166.0 eV, and the other oxidized sulfur at 167.2/168.4 eV and
169.3/170.4 eV (52). The in situ infiltration of small sulfur mole-
cules in the carbonized PTCDA and PAN generates a variety of
C–S and O–S bondings in the CPAPN–S composite, which could
enhance the sulfur content and stabilize the small sulfur molecules
in the composite. The morphology of the SSCCs and the corre-
sponding carbons is characterized by SEM. As shown in Fig. 1G
and SI Appendix, Fig. S4, the carbonized PTCDA, PAN, and the
mixture of PTCDA and PAN consist of microsized particles, while
the particles of SSCCs decrease to nanoscale due to the reaction
between sulfur and organic/polymer-derived carbons. TEM and
elemental mappings were performed to further characterize
CPAPN–S composite. As shown in Fig. 1H and SI Appendix, Fig.
S5, nanosized CPAPN–S particles aggregate into a microsized
particle, and the oxygen, nitrogen, and sulfur are uniformly dis-
tributed in the carbon matrix and are bonded to each other, which
strongly stabilizes sulfur. As demonstrated by the thermogravi-
metric (TG) analysis in SI Appendix, Fig. S6, only 4% weight loss
of CPAPN–S composite was observed after annealing to 600 °C,
while the elemental analysis result shows that there is 60 wt % of
sulfur, 28 wt % of carbon, 2 wt % of nitrogen, and 8 wt % of
oxygen in the composite. The content of sulfur in CPAPN–S is
also confirmed by the TEM elemental analysis in SI Appendix, Fig.
S7. The chemical bonding between sulfur and oxygen/carbon

stabilizes the small sulfur molecules and prevents the sulfur
evaporation. The material characterizations prove the chemical
bonding of S–O and S–C in the CPAPN–S composite.
The electrochemical performance of the SSCCs were first

evaluated in coin cells with areal C/S loading of ∼1.2 mg/cm2 in
the flooded commercial carbonate electrolyte (1M LiPF6-EC/
DMC). To activate the bonded sulfur in the SSCCs composite,
the SSCC cathodes were discharged to a low potential of 0.5 V at
a low current density of 50 mA·g−1 in the first few cycles to
ensure that all of the bonded sulfur in the SSCCs was fully
lithiated. In the first discharge (SI Appendix, Fig. S8A),
CPTCDA–S shows a small plateau at 2.4 V, corresponding to the
formation of high-order polysulfides from ring-structured S8 (SI
Appendix, Fig. S1D). The polysulfides can react with the car-
bonate electrolyte, so they are disappeared in the second cycle.
This phenomenon further demonstrates that CPTCDA is not
able to confine all of the sulfur as small sulfur molecules, which is
also indicated by the XRD result in SI Appendix, Fig. S1D. Al-
though a high delithiation capacity of 945 mAh·g−1 is achieved
for CPTCDA–S cathodes in the first cycle, the capacity quickly
drops to 370 mAh·g−1 after 60 cycles with a low CE of ∼95% (SI
Appendix, Fig. S8B). The fast capacity fading confirms that
CPTCDA cannot confine the large amount of sulfur and prevent
the shuttle effect. Unlike CPTCDA–S, the CPAN–S and
CPAPN–S do not have crystallized S8 (SI Appendix, Fig. S1E and
Fig. 1A) and do not form high-order polysulfides in the first
cycle, but only show sloping discharge plateaus centered at 1.0 V
(SI Appendix, Fig. S8C) and 0.8 V (SI Appendix, Fig. S8E), re-
spectively. The irreversible plateau of CPAPN–S at 0.8 V in the
first lithiation is to activate chemically bonded S by generating
Li2O and SEI on the C/S surface. In the second cycle, the dis-
charge plateaus of both CPAN–S and CPAPN–S increase to 1.8
V, demonstrating that there is a large overpotential in the first
discharge to overcome the chemical bonding between sulfur and
oxygen/carbon in the composites. CPAN–S delivers a high re-
versible capacity of 590 mAh·g−1 based on the total weight of
CPAN–S for 50 cycles in the cutoff window from 0.5 V to 3 V (SI
Appendix, Fig. S8D). After fully activation and narrowing the
cutoff window (1 to 3 V), CPAN–S still delivers a reversible
capacity of ∼450 mAh·g−1, which is much more stable than that
of CPTCDA–S. When PAN is partially replaced by PTCDA, the
introduction of oxygen in CPAPN–S further enhances the re-
versible capacity to ∼870 mAh·g−1 for 50 cycles based on the
total weight of CPAPN–S (SI Appendix, Fig. S8F), corresponding
to 87% sulfur utilization. The reversible capacity of CPAPN–S is

Fig. 2. Electrochemical behaviors of CPAPN–S. (A) The galvanostatic charge and discharge curves at 500 mA·g−1. (B) CV at 0.1 mV·s−1. (C) Delithiation capacity
and CE versus cycle number at 500 mA·g−1. (D) Rate performance at various current densities. (E) The galvanostatic charge and discharge curves at different
cutoff windows at 500 mA·g−1. (F) Delithiation capacity and CE versus cycle number at different cutoff windows at 500 mA·g−1. (Note: the specific capacity is
calculated based on the total weight of C/S composite with an area mass loading of 1.2 mg·cm−2.)
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mainly contributed by sulfur, because the capacity of CPAPN is
only ∼90 mAh·g−1 after 50 cycles (SI Appendix, Fig. S9). Even
though narrowing the cutoff window (1 to 3 V), CPAPN–S still
retains a reversible capacity of 625 mAh·g−1 after 100 cycles (SI
Appendix, Fig. S8F), corresponding to an energy density of 1,125
Wh·kg−1. The high capacity and good cyclic stability of CPAPN–S
render it a promising cathode material for high energy LSBs.
Therefore, CPAPN–S was selected for further detailed charac-
terization and analysis.
The electrochemical performance of CPAPN–S at a high

current rate of 500 mA·g−1 is shown in Fig. 2A. The potential of
initial discharge plateau, which is 0.8 V at 50 mA·g−1 (SI Ap-
pendix, Fig. S8E), is further decreased to 0.6 V due to the larger
overpotential at a high current density. In the following cycles,
the discharge plateau gradually increases back to 1.8 V, corre-
sponding to the lithiation of small sulfur molecules. Coincident
with the charge/discharge behaviors, the cyclic voltammograms
(CV; Fig. 2B) also show a sharp peak at 0.6 V in the first ca-
thodic scan, while the cathodic peak shifts to a higher value, and
a pair of redox peaks at 1.8 V/2.2 V appear in the following
scans. The large overpotential in the first discharge demonstrates
that there is an activation process for the CPAPN–S to release
more sulfur confined by the chemical bonding for the redox re-
action. In the long-term cycling test (Fig. 2C), CPAPN–S delivers
an initial capacity of 836 mAh·g−1 with an initial CE of 70.1%
and retains a reversible capacity of 626 mAh·g−1 and high CE of
∼100% after 1,000 cycles, corresponding to a very slow capacity
decay rate of 0.025% per cycle. The low CE in the first cycle is
due to the activation of bonded S by forming Li-O and the
growth of SEI layer, while the CE of CPAPN–S quickly increases
to close to 100% after a few cycles. To mitigate the huge con-
sumption of Li in the first cycle caused by the low initial CE, the
CPAPN–S composite can be chemically prelithiated during the
material synthesis process by adding a small amount of Li metal
(or Li2S) in the PTCDA–PAN–S mixture for the carbonization.
To further improve the initial CE of this type of LSBs, there are
two approaches: 1) using the artificial SEI consisting of LiF to
protect the lithium metal anode and sulfur cathode, mitigating

the consumption of lithium ions and electrolytes by SEI forma-
tion in the first cycle (53), or 2) optimizing the electrolyte and
substrate to achieve the lithiophobic SEI and lithiophilic sub-
strate for lithium metal anode, which improve the Li plating/
stripping CE and alleviate the Li dendrite growth (54). Since S is
distributed in the carbon matrix at a molecule level, CPAPN–S
has very high rate capability. Fig. 2D shows the rate performance
of CPAPN–S at various current densities from 50 mA·g−1 to
32 A·g−1. A reversible capacity of 322 mAh·g−1 can be retained even
at an ultrahigh current density of 32 A·g−1. When the current
density is decreased back to 50 mA·g−1, a reversible capacity of
840 mAh·g−1 can still be retained, demonstrating the robust re-
action kinetics of CPAPN–S. As shown in Fig. 2A, after full ac-
tivation (50 cycles), the capacity of CPAPN–S cathodes below
1.5 V is very small, so the lower cutoff potential limit increases
from 0.5 V to 1 V (Fig. 2E); similar charge/discharge behaviors
to that in Fig. 2A are achieved, demonstrating that the cutoff
window change does not impact the electrochemical perfor-
mance of CPAPN–S, while the reversible capacity of CPAPN–S
is decreased to 588 mAh·g−1 after narrowing the cutoff window
at 500 mA·g−1, which will be higher at a low current density. A
reversible capacity of 480 mAh·g−1 based on the total weight of
C/S composite can be retained after 1,000 cycles, corresponding
to a high energy density of 864 Wh·kg−1. Therefore, the high
capacity and exceptional cyclic stability at different cutoff win-
dows and robust reaction kinetics render CPAPN–S a promising
cathode material for high-energy LSBs.
The reaction kinetics of CPAPN–S is further studied by CV at

various scan rates, electrochemical impedance spectroscopy
(EIS), and galvanostatic intermittent titration technique (GITT).
With elevated scan rates from 0.1 mV·s−1 to 1.0 mV·s−1 in CV
(Fig. 3A), the redox peak current remarkably enhances and the
cathodic peak shifts to a lower potential, while the anodic peak
shifts to a higher potential due to the increased polarization. The
linear fit of natural logarithm ln relationship of scan rate and
peak current in Fig. 3B displays that the slopes of cathodic and
anodic peaks are 0.967 and 0.868, respectively. Since the slope
values are close to 1, the reaction kinetics of CPAPN–S is mainly

Fig. 3. Reaction kinetics of CPAPN–S. (A) CV of CPAPN–S at various scan rates. (B) The ln relationship of peak current and scan rate for CPAPN–S. (C) Potential
response and equilibrium potential of CPAPN–S electrode during GITT measurements. (D) EIS analysis of CPAPN–S electrode before and after cycling.
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controlled by the surface reaction (55). EIS analysis is carried out
to analyze the interface resistance of the CPAPN–S electrode,
which is represented by the depressed semicircle in Fig. 3C. The
interfacial impedance of the pristine CPAPN–S electrode is ∼80
ohm, which is gradually reduced to ∼15 ohm after 50 cycles. The
small interfacial impedance contributes to the fast reaction ki-
netics and its decrease upon cycling is probably attributed to the
initial activation process, which releases more sulfur confined by
the chemical bonding and enhances the reaction kinetics. GITT
is conducted to further study the overpotential and equilibrium
potential of CPAPN–S during initial charge and discharge cycles.
As shown in Fig. 3D, the overpotential is ∼0.15 V, and there are
two discharge equilibrium plateaus centered at 2.0 V and 0.8 V,
corresponding to the lithiation of small sulfur molecules and the
activation of the chemical bonding confined sulfur, respectively.
The CV, EIS, and GITT results confirm the robust reaction ki-
netics and the initial activation process of the CPAPN–S
electrode.
Since CPAPN–S exhibits excellent electrochemical perfor-

mance in the FE, its electrochemical behaviors at a high
carbon–sulfur loading of ∼10 mg·cm−2 under LEC is further
investigated. The electrolyte to sulfur ratio used for the lean elec-
trolyte LSBs is 3 mLE/gS. The lean electrolyte LSBs are initially
tested with the commercial electrolyte (1M LiPF6 in EC/DMC).
The small-sulfur-based cathode undergoes a quasi-solid-state re-
action mechanism during lithiation/delithiation. The small sulfur
molecule and its discharged species are insoluble in the electrolytes.
In addition, the discharged sulfur species in the cathode can react
with the carbonate solvents in the electrolyte to generate a stable
SEI (56). The SEI mainly consists of an LiF-based inorganic layer
and a lithium ethylene monocarbonate/lithium methyl carbonate–
based organic layer (57). The stable SEI prevents the further re-
action between discharged sulfur species and solvents in the elec-
trolyte and avoids the decomposition of organic electrolyte at low
reaction potentials. The stable SEI improves the electrochemical
performance of LSBs. As shown in Fig. 4A, the charge/discharge
curves under LEC are similar to that under FE (SI Appendix, Fig.
S8E), while the initial capacity (787 mAh·g−1/7.87 mAh·cm−2) un-
der LEC is much lower than that (∼1,000 mAh·g−1) under FE,
owing to the higher mass loading of sulfur and lesser amount of
electrolyte for the LEC test. In the long-term cycling test (Fig. 4B),
CPAPN–S undergoes fast capacity decay to 470 mAh·g−1 (4.7 mAh·
cm−2) after 50 cycles, which is much worse than that under FE. As is
well known, the lithium metal anode suffers from low CE in the
commercial carbonate-based electrolyte due to the continuous side
reaction between the organic electrolyte and lithium metal, which
consumes a large amount of electrolyte during the long-term cy-
cling. To overcome the challenge of lithium metal anode and en-
hance the performance of CPAPN–S under LEC, we use a 1.0 M
LiPF6 in FEC:FEMC:HFE all-fluorinated organic electrolyte
(AFOE) for the lean electrolyte LSB test, because AFOE can
suppress the lithium dendrite growth and enhance the lithium
plating/stripping CE to >99.2%. As shown in Fig. 4C, the charge/
discharge curves of CPAPN–S in AFOE are similar to that in the
commercial carbonate-based electrolyte, while there is a small
plateau at 1.25 V due to the formation of LiF-rich SEI on
CPAPN–S from the decomposition of AFOE. The LiF-rich SEI
layer also formed on Li anode, which can suppress the lithium
dendrite growth. With AFOE, the CPAPN–S-based lean electrolyte
LSBs display exceptional electrochemical cycling stability such that
a reversible capacity of 541 mAh·g−1 (5.41 mAh·cm−2) is retained
after 200 cycles (Fig. 4D), and the CE is close to 100%. This result
proves that CPAPN–S is stable under LEC, while the key to im-
prove the performance of lean electrolyte LSBs is to further en-
hance the lithium plating/striping efficiency and prevent the
consumption of electrolyte by the lithium metal anode. The CE of
lithium plating/striping could be further improved to 99.5% by using
the other types of high-concentration fluorinated electrolyte (58). In

addition, the artificial solid electrolyte interface consisting of LiF
could be used to protect the lithium metal surface and prevent the
lithium dendrite growth, which further improves the electro-
chemical performance of the lean electrolyte LSBs (53).

Discussion
The excellent cycle life of the carbon/sulfur composite in both
FE and lean electrolyte is due to the formation of small sulfur
molecules in the carbon matrix and the strong chemical bonding
between C/O and S in the composite. The molecular-level dis-
tribution of sulfur in the carbon matrix accommodates the sulfur
species upon lithiation/delithiation processes. In addition, the
small sulfur and its discharged species are insoluble in the or-
ganic electrolyte. Moreover, the small-sulfur-based cathode
material undergoes a quasi-solid-state reaction mechanism. The
consumption of organic electrolyte is mainly attributed to the
formation of solid-electrolyte interphase. As shown in the SEM
and TEM images (Fig. 1 G and H), CPAPN–S consists of
microsized particles, and the surface area is small, so a very small
amount of electrolyte is required for the formation of SEI, and
the high stability is retained in both flooded and lean electro-
lytes. Since CPAPN–S exhibits exceptional performance in LSBs
under both FE and LEC, the reaction mechanism was explored
by XPS and pair distribution function (PDF) experiments. The C
1s, N 1s, and S 2p spectra (Fig. 5 A–C) of the fresh (before cy-
cling) CPAPN–S electrode is similar to CPAPN–S materials in
Fig. 1 D–F, while a broad peak at 286.7 eV (C–O–R) and a
smaller peak at 289 eV (ROC=O) in C 1s spectrum (Fig. 5A) are
attributed to the oxidized carbon in the sodium alginate binder.
CPAPN–S electrodes at different charge and discharge stages
were also analyzed using XPS. When discharged to 1 V
(Fig. 5D), the oxidized nitrogen peak in the pristine electrode
(Fig. 5B) disappears, indicating the dissociation of the N–O bond
during the lithiation. Further discharging the CPAPN–S to 0.5 V
(Fig. 5E) results in the increased intensity ratio of the C–N–C
peak to C–N=C peak, while charging CPAPN–S back to 3 V
(Fig. 5F) leads to the decrease of the C–N–C to C–N=C peak
ratio, demonstrating that during lithiation process lithium ion
interacts with nitrogen in the carbon matrix and converts the
C–N=C group to C–N–C group, while during the delithiation
process the C–N=C group is recovered. Compared to the C–N–C
peak in the pristine electrode (Fig. 5B), the weaker intensity
after the initial cycle at 3 V (Fig. 5F) demonstrates the strong
interaction between lithium ion and nitrogen, which changes the
structure of nitrogen in the carbon matrix and stabilizes the
lithium sulfides upon cycling. In the S 2p spectrum (Fig. 5G), the
XPS peaks at 161.4 eV/162.6 eV for Li2S2 is generated after
lithiating CPAPN–S to 1 V, while further discharging to 0.5 V
(Fig. 5H) results in the coexistence of Li2S2 and Li2S, demon-
strating the step-by-step reduction process of sulfur in
CPAPN–S. After delithiation to 3 V (Fig. 5I), the peaks for Li2S2
and Li2S still exist in the cycled CPAPN–S electrode, indicating
that the delithiation process of small sulfur molecules is in-
complete at 3.0 V due to the large polarization at a high current
rate. Moreover, XPS peaks at 169.5 eV/170.7 eV stand for the
oxidized sulfur such as SOx (x > 2), coming from the SEI layer,
and the small peak at 167.3 eV/168.5 eV is also assigned to the
oxidized sulfur in the SEI layer or inside the CPAPN–S matrix,
but these peaks disappear after full discharge, forming Li2S and
Li2O after lithiation of the oxygen-bonded sulfur. The existence
of S–O in this spectrum can be identified by a combination of the
imperfect fit of the Shiley background, as evidenced by the signal
beneath the background and the decreased signal to noise of this
spectrum compared to the others. The formation of Li2O can be
confirmed in the O 1s spectra before and after 10 min Ar
sputtering. As shown in Fig. 5 J–L, the cycled CPAPN–S elec-
trodes at 1 V, 0.5 V, and 3 V only show a strong peak at 532 eV
for the oxygen in organic compounds due to the formation of
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oxidized carbon and oxidized sulfur in the organic layer of SEI,
which covers the O 1s signal from the lithiated CPAPN–S sam-
ple. After 10 min of Ar sputtering, the SEI layer is removed, and
the peak at 528.5 eV for Li2O can be observed in Fig. 5 M–O.
When discharged to 1 V (Fig. 5M), there is a small Li2O peak,
and it becomes much stronger after discharged to 0.5 V
(Fig. 5N), demonstrating the dissociation of the S–O bond by Li+

and the formation of Li2O during the deep discharging. Then,
the electrode is charged back to 3 V, and the Li2O peak becomes
weaker but still exists (Fig. 5O), confirming that deep discharging
can break the S–O bond and generate Li2O. The PDF analysis was
adopted to analyze the activation mechanism as it is ideal for
analyzing complicated structure without crystallinity requirement.
PDF is basically a histogram of all of the atomic pairs whose
corresponding peak intensity is weighted by the abundance of the
pairs and the X-ray scattering power of involved atoms. It is
therefore possible to directly monitor the evolution of bonds of
interest during electrochemical cycling. Fig. 6A shows the PDF
data of pristine sulfur and CPAPN–S. The PDF of S8 is used as
control. The puckered ring structure of S8 is illustrated in the inset
graph. It indicates that peaks 1 through 5 in sulfur PDF can be
directly correlated with S–S atomic pairs within the S8 molecule
and between the molecules. Similarly, the PDF data of CPAPN–S
show the presence of S–O (1.42 Å), S–C (1.76 Å), and S–S (2.07
Å) bonds in the material which are in good agreement with pre-
vious XPS studies. It is noted that the S–S bond length in
CPAPN–S is very similar to that in the pure sulfur (2.06 Å, peak 1
in sulfur PDF). Fig. 6B shows the PDF data of ex situ CPAPN–S
during the first cycle. It clearly indicates that upon lithiation the
bond lengths of S–O, S–C, and S–S generally increase during
discharge and decrease during charge. As illustrated by the arrows,
the bond lengths generally show partially reversible change during
the first cycle, suggesting the success of the proposed modification
strategy by introducing the functional groups. A more detailed
comparison between PDF data of the pristine material and the
charged sample (Fig. 6C) indicates that the S–O peak intensity
decreases and the S–S peak intensity increases after the first cycle.

This is very likely caused by the breakage of some of the S–O
bonds and more availability of the S–S bond. Interestingly, the
second cycle electrochemical profile shows more capacity above 1
V, which is very likely contributed by lithium bonded to S–S parts.
A schematic illustration (Fig. 6D) for the synthetic process of
CPAPN–S is presented based on the material characterizations
and XPS and PDF results. When the mixture of sulfur, PAN, and
PTCDA is annealed at 600 °C, the ring-structured S8 is vaporized
and dissociated into small sulfur molecules such as S2 and S3,
while PAN and PTCDA are carbonized to oxygen- and nitrogen-
containing carbon matrix at the same time. Then, the small sulfur
molecules bond with -C and -O groups in CPAPN to provide the
chemical bonding-stabilized high-capacity SSCCs. The resulting
SSCCs are promising cathode materials for high energy lean
electrolyte LSBs.
In summary, a chemical bonding-stabilized high-capacity car-

bon/small sulfur composite was synthesized by carbonizing the
oxygen-rich PTCDA and nitrogen-rich PAN with sulfur. The
strong chemical bonding of C–S and O–S groups in the
CPAPN–S composite is confirmed by the Raman spectroscopy,
FTIR, XPS, and PDF characterizations. Due to the strong
oxygen–sulfur and carbon–sulfur bonding, a high sulfur loading
of 60 wt % with uniform distribution at a molecular level was
obtained, and a high sulfur utilization of 87% with a high ca-
pacity of ∼870 mAh·g−1 based on the total weight of CPAPN–S
was achieved through a solid-state reaction between small sulfur
molecules and Li-ions. The shuttle effect is completely avoided
because of the absence of polysulfides in the solid-state reaction.
The reversible reaction of small sulfur molecules and Li-ions
during cycling and irreversible activation process of 4Li+ +
4e− + O–S →Li2O + Li2S is proved by XPS and PDF. The
CPAPN–S is stable for 1,000 cycles in LSBs with FE at both wide
and narrow cutoff windows. More importantly, with the assis-
tance of AFOE to stabilize the lithium metal anode, the high-
capacity and stable CPAPN–S-based LSBs are also achieved
under LEC, which is critical for practical application. Therefore,
the chemical bonding stabilized carbon/small sulfur composite

Fig. 4. Electrochemical behaviors of CPAPN–S under LEC. (A) The galvanostatic charge and discharge curves at 50 mA·g−1/0.5 mA·cm−2 in commercial 1M
LiPF6 in EC/DMC lean electrolyte. (B) Delithiation capacity and CE versus cycle number in commercial 1M LiPF6 in EC/DMC lean electrolyte. (C) The galvanostatic
charge and discharge curves at 50 mA·g−1/0.5 mA·cm−2 in all-fluorinated 1M LiPF6 in FEC:FEMC:HFE lean electrolyte. (D) Delithiation capacity and CE versus
cycle number in all-fluorinated 1M LiPF6 in FEC:FEMC:HFE lean electrolyte. (Note: the specific capacity is calculated based on the total weight of C/S composite
with an area mass loading of ∼10 mg·cm−2.)
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(CPAPN–S) is a promising cathode material for high-energy and
long-cycle-life lean electrolyte LSBs.

Materials and Methods
Synthesis of C/S Composites.All chemicals were purchased from Sigma-Aldrich
and used as received. Sulfur, perylene-3, 4, 9, 10-tetracarboxylic dianhydride,
and polyacrylonitrile were mixed with a ratio of 5:1:1 by weight and sealed
in a glass tube under vacuum. The sealed glass tube was annealed in an oven
at 600 °C for 3 h, and it was cooled to room temperature in 24 h. The
carbon–small sulfur composites were collected as black powder.

Material Characterizations. SEM images were taken by Hitachi SU-70 analytical
ultrahigh-resolution SEM (Japan); TEM images were taken by JEOL (Japan)
2100F field emission TEM; TG analysis was carried out using a thermogra-
vimetric analyzer (TA Instruments) with a heating rate of 10 °C min−1 in
argon; XRD pattern was recorded by Bruker Smart1000 (Bruker AXS Inc.)

using CuKα radiation; 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. The XPS analysis
was performed on a high-sensitivity Kratos AXIS 165 X-ray photoelectron
spectrometer operating in hybrid mode using monochromatic Al Kα radia-
tion (240 W). Survey spectra and high-resolution spectra were collected with
pass energies of 160 eV and 40eV, respectively. Samples were isolated from
sample ground using glass slides and charge neutralization was required to
minimize sample charging. Samples were loaded on the sample holder in an
argon glove box; they were then sealed in two Ziploc bags and transferred
into the XPS chamber in a glove bag that was purged with dry nitrogen for
at least 20 min. Samples were exposed to the glove bag nitrogen environ-
ment for less than 30 s. The XPS peak fitting was done using CASA XPS with
peaks shapes generated from a 30% Lorentzian/70% Gaussian product
function, after application of a Shirley background. For N 1s peak fits, peaks
were constrained to have equal full width at half maximum (FWHM). For the
S 2p spin–orbit split pairs of peaks were constrained to have equal FWHM,

Fig. 5. XPS analysis for CPAPN–S electrode before and after cycling. XPS spectra of the pristine electrode for (A) C 1s, (B) N 1s, (C) S 2p; XPS spectra for N 1s
after (D) discharged to 1 V, (E) discharged to 0.5 V, (F) charged back to 3 V; XPS spectra for S 2p after (G) discharged to 1 V, (H) discharged to 0.5 V, (I) charged
back to 3 V; XPS spectra for O 1 s after (J) discharged to 1 V, (K) discharged to 0.5 V, (L) charged back to 3 V; XPS spectra for O 1 s with 10 min sputtering after
(M) discharged to 1 V, (N) discharged to 0.5 V, (O) charged back to 3 V.
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fixed area ratio of 2p 3/2:1/2 of 2:1, and spin–orbit splitting separation of
1.18 eV; furthermore, for consistent fitting the S 2p peak for S−1 was fixed to
be 2.25 eV below the S0 peak. The fluorine peak at 685.2 eV was used as a
reference peak for the calibration of the other peaks for pristine and cycled
CPAPN–S electrode. The elemental analysis was performed by ALS Environ-
mental Company. FTIR was recorded by NEXUS 670 FT-IR instrument. PDF
experiments were carried out at the X-ray Powder Diffraction beamline
(28-ID-2) at the National Synchrotron Light Source II, Brookhaven National
Laboratory. As the ex situ samples are air-sensitive, they were loaded into
capillaries in the Ar-filled glovebox, then they were brought to the beamline
and exposed to high-energy X-ray with a photon wavelength of 0.1855 Å.
Considering that these samples are dominated by low scattering elements, a
long time exposure (30 min) was used to ensure good statistics, especially at
high Q. An empty capillary was also carefully measured for background
subtraction. A large-area amorphous-silicon-based detector was used to
collect data to high values of momentum transfer (Qmax = 22 Å−1). The raw
images were integrated using the software FIT2d (59). PDFgetX3 was used
to correct the data for background contributions, Compton scattering
and detector effects, and to Fourier-transform the data to generate G(r), the
PDF (60):

G(r) = 4πr[ρ(r) − ρ0] = 2
π
∫ ∞
0 Q[S(Q) − 1]sin(Qr)dQ. [1]

Here ρ(r) is the microscopic pair density, ρ0 is the average number density,
and Q is magnitude of the scattering vector. For elastic scattering Q =
4πsin(θ)/λ, with 2θ being the scattering angle and λ the wavelength of the
radiation used. S(Q) is the total scattering function.

Electrochemical Measurements. The carbon–small sulfur composites were
mixed with carbon black and sodium alginate binder to form a slurry at the
weight ratio of 80:10:10. The electrode was prepared by casting the slurry
onto aluminum foil using a doctor’s blade and dried in a vacuum oven at
60 °C overnight. The slurry coated on aluminum foil was punched into cir-
cular electrodes with an area mass loading of 1.2 mg·cm−2. Coin cells for LSBs
were assembled with lithium foil as the counterelectrode, 1M LiPF6 in a
mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume),
and Celgard3501 (Celgard, LLC Corp.) as the separator. For the lean elec-
trolyte LSBs, the carbon–small sulfur composites were mixed with carbon
black and polytetrafluoroethylene binder to form a slurry at the weight
ratio of 80:10:10. The stainless-steel mesh was used as the current collector,

and the area mass loading of the carbon–small sulfur composites was ∼10
mg·cm−2. Coin cells for lean electrolyte LSBs were assembled with lithium foil
as the counterelectrode, 1M lithium hexafluorophosphate (LiPF6) in a mix-
ture of fluoroethylene carbonate/3,3,3-fluoroethylmethyl carbonate/
1,1,2,2-tetrafluoroethyl-2′,2′,2′-trifluoroethyl ether (FEC:FEMC:HFE, 2:6:2 by
weight) as the electrolyte. The ratio of electrolyte to sulfur under LEC is
∼3 mLE/gS. Twofold excess lithium metal is used for the lean electrolyte LSB
test. Electrochemical performance was tested using Arbin battery test sta-
tion (BT2000; Arbin Instruments). Capacity was calculated on the basis of the
total weight of carbon–small sulfur composites. The energy density is cal-
culated based on the total weight of the C/S composite, using the product of
the specific capacity and the average discharge potential. The average dis-
charge potential of the CPAPN–S electrode is 1.8 V. Cyclic voltammograms
were recorded using Gamry Reference 3000 Potentiostat/Galvanostat/ZRA
with a scan rate of 0.1 mV·s−1. Impedance analysis was also performed by
Gamry Reference 3000 Potentiostat/Galvanostat/ZRA. The equilibrium
(open-circuit) potential of the cells is obtained by a GITT, which consists of a
series of current pulses for 30 min, followed by a 6-h relaxation process. The
open-circuit voltage at the end of relaxation is the thermodynamically
equilibrium potential. The sulfur utilization is calculated based on the spe-
cific capacity of the CPAPN–S electrode at 50 mA·g−1. The first discharge
capacity (around 1,250 mAh·g−1) was not used, because of the capacity
contribution from the SEI formation and side reactions of C–S and O–S
groups during the first discharge. The capacity of 870 mAh·g−1 based on the
total weight of CPAPN–S was used for the calculation of the sulfur utiliza-
tion. Since the capacity of sulfur (1,672 mAh·g−1) is over 18 times higher than
that of the CPAPN carbon (90 mAh·g−1; SI Appendix, Fig. S9) and the mass
content of sulfur (60 wt %) is twice higher than carbon (29 wt %) in the
CPAPN–S composite, we ignored the capacity contribution from the CPAPN
carbon. Assuming the sulfur utilization is X, and the following equation was
used to calculate the sulfur utilization. (60% is the sulfur mass content in the
CPAPN–S composite):

X  •  60%  •  1, 672 mAh ·g−1 =   870 mAh ·g−1

X  ≈   87%.

Data Availability. All relevant data are provided as Datasets S1–S37.

Fig. 6. PDF analysis and schematic illustration of the synthetic process of CPAPN–S. (A) PDF data of sulfur and CPAPN–S. Characteristic bonds and their
corresponding PDF peaks are labeled. (B) PDF data of pristine and ex situ CPAPN–S electrodes in the first cycle, indicating that S–O, S–C, and S–S bond lengths
generally increase during discharge and decrease during charge. (C) PDF data of charge-to-3 V electrode overlaid on the pristine data (without offset),
showing the decrease of S–O peak and increase of S–S peak after first cycle. (D) A schematic illustration of the formation of chemical bonding stabilized
carbon–small sulfur composite.
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