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The microporous nature of the porous organic polymer
(POP) successfully limits the crystallization of sulfur and
hence restrains the dissolution and diffusion of lithium
polysulfides formed during the repeated charge and
discharge process of lithium-sulfur battery. In this study, we
demonstrated for the first time that POP-Sulfur
nanocomposite can afford high coulombic efficiency and
superior reversibility in lithium-sulfur battery.

Lithium batteries are one of the most promising energy sources to
power the next-generation electric vehicles."? The energy density
requirement for a 40-mile all-electric range in a plug-in hybrid
electric vehicle (PHEV) is 3~5 times more than the achievable by
current lithium-ion technology.> Thus, development of new,
emerging electrode materials with higher energy density is urgently
needed for lithium ion battery. Alternatively, rechargeable batteries
beyond lithium-ion have been widely investigated.* Among them,
lithium-sulfur (Li-S) battery is a promising chemistry for a number
of desirable properties. Sulfur has high capacity (1675 mAg™ based
on the electrochemical reaction of 16Li + Sg — 8Li,S) and specific
energy density (2500 Whkg'); Sulfur is naturally abundant,
environmentally benign and less expensive. Despite the great
promise, there are still a number of challenges to be addressed before
the practical application, including significant capacity fading during
charge-discharge cycling, low coulombic efficiency (CE),
insufficient cycle life, and high self-discharge rate.>”

During the discharge of Li-S battery, a series of lithium polysulfide
intermediates (Li,S;, x=1-8) are generated. High order lithium
polysulfides (4<x<8) are generated in the initial discharge stage,
which are soluble in the electrolyte and the final discharge products
Li,S or Li,S, are low order polysulfides and tend to precipitate on
the surface of the electrode and become unusable. Both the
dissolution of polysulfides and the generation of resistive Li,S/Li,S,
lead to the loss of active sulfur material causing fast capacity fade
upon cycling.!” During the charge, the dissolved lithium polysulfides
are reduced to low order polysulfides on the lithium anode, which
then diffuses back to the sulfur cathode and gets oxidized, causing a
so-called “redox shuttling” phenomenon significantly lowering the
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columbic efficiency. Accordingly, many studies have been
conducted to solve the issues associated with this battery chemistry.
There are reports on Li-S battery using coated current collector,',
coated porous separator for enhanced electrochemical performance
of Li-S battery,'? and new electrolyte to improve performance of Li-
S battery.'> Most research are aimed at maintaining the mechanical
and electrical integrity of the sulfur electrode by embedding lithium
polysulfides within the framework of a substrate, such a substrate
could be mesoporous carbon,"!” carbon nanotube,'®?’
nanofiber,?! carbon sphere,?? graphene,”? graphene oxide
conductive polymer.”**? Although great improvement has been
achieved, the synthesis of such materials with controlled size and the
uniform distribution of the pores poses a great challenge.*® In this
communication, we report a new sulfur electrode embedded in an
easily available porous organic polymer (POP) network.

26-28

POPs represent a new class of amorphous polymeric materials with
tuneable permanent porosity.>*3® The polymer networks possess
large Brunauer-Emmett-Teller (BET) surface area comparable to
that of crystalline inorganic microporous materials, such as zeolites,
silicas, activated carbon, and metal-organic frameworks. POPs are
constructed exclusively by strong covalent bonds of rigid backbone
(struts) and aromatic building blocks (nodes). The high rigidity of
the materials is crucial for the mitigation of the chain flexibility,
which can reduce the fluctuation of pore size and render the pore
structure substantially more stable. The pore geometry and pore size
distribution can be controlled by careful selection of 3D-directing
“nodes” with “struts” of different lengths. Due to their unique
physicochemical property, POPs have found many applications in
gas storage, separation, and catalysis. However, little research has
been conducted in the electrochemical energy storage system. It is
our original idea to investigate the high surface area POP as a
substrate to host active sulfur material for Li-S battery. The non-
polar groups in the POP have strong interaction with the non-polar
sulfur and the conductive additive. POP substrate is expected to
restrain the sulfur and the Li,S, and prevent the dissolution and
subsequent diffusion of Li,S, species into the electrolyte thus
enhancing the reversibility of the Li-S battery.
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Fig. 1 Chemical structure of POP-A, POP-B, and POP-C.

In this communication, we report the improved cyclability of a Li-S
battery using POP-Sulfur composite material. Fig. 1 showed the
chemical structure of three polymers, POP-A, POP-B and POP-C,
which can be readily prepared following the previously reported
procedure of a one-step polymerization reaction with suitable
monomers.””® The detailed synthesis of these POPs are described in
Supplementary Information. The BET surface area of the porous
carbon materials used for Sulfur-Carbon composite'** is usually
less than 1000 m’g™'. In contrast, POPs in this study have much
higher surface area (up to 3143 m’g) than the porous carbon
materials. Moreover, these POPs exhibit dominant micropores with
pore size less than 1 nm as calculated from the Non-Local Density
Functional Theory (NLDFT) (Fig. S1 in Supplementary
Information). The highly strained tetrahedral monomer in POP-B
and POP-C cross-links with three or four other monomers to extend
the network three dimensionally thus enables the formation of a
robust network with less penetration and high surface area.

Fig. 2a and 2b show 1D Wide-angle X-ray scattering (WAXS)
pattern and the pore size distribution of the POPs fitted to the
Percus-Yevick hard-sphere approximation.®*' Fig. 2c gives the
comparison of the pore size measured by the X-ray technique and
calculated by NLDFT method. The difference is probably caused by
the ideal sphere model used for pore shapes, which ignores the
irregular cross-linked molecular architecture. Both X-ray and
NLDEFT data, however, are qualitatively consistent with each other:
POP-B has the largest pore size and POP-A has the smallest pore
size.
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Fig. 2 1D WAXS data from POP samples (a), normalized pore size
distributions from the best fitting (b), comparison of pore sizes from
WAXS and NLDFT (Mean size and size of largest distribution were
used for WAXS and NLDFT, respectively) (c), and XRD pattern of
sulfur powder and WAXS profiles of POP-A and POP-A-S
composite (d). (Curves in (a) and (d) are shifted vertically for
clarity.)
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POP-Sulfur composites were prepared by the thermal treatment of
the mixture of sulfur and POPs after homogenization by a ball
milling process as illustrated in Fig. 3. The melting-down process
afforded micro-size agglomerates of POP and sulfur composites in
all three samples as observed by SEM (Fig. S2 in Supplementary
Information). Transmission electron microscopy (TEM) of the POP-
A-Sulfur composite is shown in Fig. 4a and 4b. No diffraction
contrast from grains was observed in the POP-A-Sulfur images
confirming that sulfur particles are well dispersed in the POP matrix.
This is in good agreement with the results from WAXS experiment
and no sharp diffraction peaks of crystalline sulfur was observed for
POP-A-Sulfur composite (Fig. 2d). The elemental mapping by
energy-filtered TEM further confirms a homogeneous distribution of
sulfur in the porous polymer even at the nanoscale, as shown in Fig.
4c-4e.
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Fig. 3 Preparation of POP-Sulfur composites with micropores as
host materials for accommodation of nanosized sulfur particles.

Fig. 4 TEM images of POP-A-S composite (a) and (b), TEM image
(c) and corresponding EDX elemental mappings of POP-A-S
composite for sulfur (d) and carbon (e).

Another evidence of the incorporation of sulfur into the micropores
of POPs is the significant reduction of the BET surface area after the
ball milling and thermal treatment. The surface area of POP-A is
reduced from 1362 m’g! to 104 m’g" when the composite (1:1 by
weight) is formed and this reduction is more drastic for POP-B and
POP-C. Additionally, the total pore volume of POPs also decreases
dramatically after encapsulation with sulfur (in cm’g’, POP-A:
1.292; POP-A-Sulfur: 0.20; POP-B: 2.07; POP-B-Sulfur: 0.09; POP-
C: 0.94; POP-C-Sulfur: 0.05), suggesting that sulfur is infused into
the POP pores.

The charge/discharge voltage profiles of Li-S cells containing POP-
Sulfur composite are presented in Fig. 5. Fig. 5a shows the first
charge and discharge voltage profiles for POP-A-Sulfur cell. The
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discharge capacity is 927 mAhg™ at a current density of 200 mAg™
and the subsequent charge capacity is 898 mAhg™', corresponding to
a high coulombic efficiency of 97 %. As shown in Fig. 5b, the high
coulombic efficiency for POP-A-Sulfur cell is maintained even after
100 cycles, suggesting the successful restraint of polysulfide
dissolution and the redox shuttling effect. Such a high coulombic
efficiency in the whole cycle range for a sulfur cathode is quite
rare.** Wang et al.”’ reported a PAN/Sulfur composite cathode
maintained a capacity of 600 mAhg™" after 50 cycles. More recently,
a PAN nanotube/Sulfur cathode by Liu er al.*® was reported to
deliver a capacity of 837 mAhg' after 100 cycles at low rate.
However, for both composite cathodes, a long activation process (~
20 cycles) is required to reach the maximum discharge capacity, and
the shuttle mechanism still exists. The excellent performance of
POP-A-Sulfur composite clearly indicates that the highly porous
structure and high hydrophobic nature of the POPs significantly
suppresses the dissolution of polysulides and enables a highly
reversible Li-S battery.

Li-S cell testing data for POP-B-Sulfur and POP-C-Sulfur
composites are shown in Fig. Sc and 5d. It is notable that the charge
and discharge voltage profiles of POP-Sulfur composites showed
different potential polarization, which might be caused by the
different porous structure and the pore volume reduction after the
sulfur infusion. As shown in Fig. 5d, both POP-B and POP-C
composite cells can achieve high coulombic efficiency in the initial
cycle and the values are slightly greater than 100 % in the following
cycles, indicating that the shuttle mechanism was completely
suppressed in the POP-B and POP-C systems. The reversibility of
the three POP-Sulfur composites is impressive given the absence of
the widely reported efficient additives such as LiNO;*, P,Ss*,
fluorinated ether'® or lithium polysulfide dissolved in the electrolyte
as electro-active catholyte.***/
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Fig. 5 Li-S cells with POP-Sulfur composite cathodes cycled
between 1.5 and 3.0 V at a current density of 200 mAg™ current.
Voltage profiles (a), and capacity retention (b) of POP-A-S
composite cell; 1% cycle charge discharge profiles of POP-B-S and
POP-C-S composite cells (¢), and cycling performance of POP-B-S
and POP-C-S composite cells (d). (Electrolyte: 1M LiTFSI in 1,3-
dioxolane (DOL) and CHF,CF,CH,OCF,CF,H in a 1:2 volume
ratio.)
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In conclusion, the porous organic polymer with microporous
structure and large surface area has been demonstrated for the first
time as an effective substrate to accommodate sulfur active materials
and suppress the lithium polysulfides dissolution. The POP-Sulfur
nanocomposite electrodes showed excellent reversibility in Li-S cell.
This research provides an insight that POPs play a vital role in
addressing the technical barriers for the lithium-sulfur chemistry.
However, for the practical use in electric vehicles, the high practical
energy density for Li-S battery is extremely desired. For the future
work, POPs could be replaced by a conductive polymer with unique
microporous structure such as conjugated microporous polymers
(CMPs) that combine =n-conjugated skeletons with permanent
nanopores with the hope to eliminate or reduce the amount of
conducting agent in the sulfur electrode to greatly improve the
practical energy density of Li-S battery.*
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