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Stabilized Lithium—Sulfur Batteries by Covalently Binding
Sulfur onto the Thiol-Terminated Polymeric Matrices

Xuejun Liu, Na Xu, Tao Qian,* Jie Liu, Xiaowei Shen, and Chenglin Yan*

Despite the low competitive cost and high theoretical capacity of lithium—sulfur
battery, its practical application is severely hindered by fast capacity fading and

limited capacity retention mainly caused by the polysulfide dissolution problem.

Here, this paper reports a new strategy of using thiol-terminated polymeric
matrices to prevent polysulfide dissolution, which exhibits an initial capacity
of 829.1 mAh g7, and the exceptionally stable capacity retention of ~84% at

1 C after 200 cycles, and excellent cycling stability with a low mean decay rate
of 0.048% after 600 cycles. Significantly, in situ UV/vis spectroscopy analysis
of the electrolyte upon battery cycling is performed to verify the function of
preventing polysulfide dissolution by means of strongly anchoring discharge
products of lithium sulphides. Moreover, density functional theory calculations
reveal that the breakage of the linear sulfur chains results in the less soluble
short-chain polysulfides due to the formation of the covalently crosslinked dis-
charge products, which avoids the production of soluble long-chain polysulfide
and minimizes the shuttle effect. These results exhibit an alternative for the
stabilization of the electrochemical performance of lithium-sulfur batteries.

revert to cyclooctasulfur when cooled.?
Hence, the use of free radical copolymeri-
zation strategy that incorporates element
sulfur into polymeric materials has been
explored to modify the properties of ele-
ment sulfur.[¥

Lithium—sulfur batteries, which exploit
reversible conversion reaction of sulfur
with lithium ions, could theoretically
achieve the energy density several times
higher than that of the lithium-ion bat-
teries.’] Thus, the combination of lithium
and sulfur has shown great promise as an
alternative option for full electrification of
vehicles. Despite the enticing character-
istics of lithium-sulfur batteries, several
challenges associated with sulfur cathodes
still need to be addressed. Besides the
low electronic and ionic conductivities of

As one of the most abundant elements in nature, almost
70 million tons of element sulfur is produced annually and the
production is believed to grow quickly. However, the increasing
expansion of the global sulfur production, coupled with the
limited demand, creates a huge surplus of elemental sulfur.l!
Therefore, the development of innovative chemical methods for
the direct utilization of sulfur offers an intriguing new direction
for recycling the abundant sulfur. The common stable form of
sulfur is an eight-member ring (Sg) with an orthorhombic struc-
ture. When the solid sulfur is heated to 95 °C, the crystal goes
from orthorhombic to monoclinic, then melts at a temperature
of 120 °C. Further heating above 160 °C results in equilibrium
ring-opening polymerization of Sg and formation of the linear
sulfenyl diradicals.l?l However, it should be pointed out that the
linear polymers are thermodynamically unstable and will slowly
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sulfur and polysulfide,® lithium-sulfur
batteries also suffer from significant volu-
metric change, =80% during charging and
discharging cycles.”l Moreover, the shuttling effect arising from
dissolved polysulfide intermediates causes an inevitable loss of
sulfur.Bl All of these problems result in limited use of active
materials, reduced efficiency as well as poor cycle performance.
To resolve these challenges, considerable efforts have been
made to encapsulate sulfur within various porous carbon mate-
rials and conducting polymers,®l which not only increase the
electrical conductivity but also prevent the loss of the soluble
polysulfides. However, it is difficult to avoid the dissolution and
migration of the polysulfide species merely by physical adsorp-
tion between the nonpolar carbons and the polar polysulfides.
Therefore, modifying the carbon host with polar and conduc-
tive materials offers an alternative to improve the anchor effect
for polysulfides.'% However, it is still unable to avoid the
production and dissolution of polysulfides. To overcome these
problems, copolymerization strategies that covalently integrate
the sulfur into the polymeric matrices have been adopted to pre-
pare the sulfur-rich polymers for Li-S batteries. For example,
Pyun'! and co-workers described the direct copolymerization
of the sulfur with vinylic monomers, exhibiting enhanced bat-
tery performance compared to pure sulfur. Using the similar
method, Coskun['?l and co-workers prepared a covalent tria-
zine framework, which is proved to be promising as the sulfur
cathode material, while the weak conducting characteristics of
sulfur-containing polymers still needs to be resolved.

Herein, we developed a new strategy to covalently stabilize
the discharge products of lithium-sulfur batteries by cova-
lently binding the sulfur onto the thiol-terminated polymeric

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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matrices. Specifically, thiol-terminated 2-amino-1,3,5-triazaine-
4,6-dithiol (ATD) is chosen as a medium to react with graphene
oxide (GO) and simultaneously introduce thiol groups, which
are covalently bonded onto the surface of graphene nanosheets.
The thiol group grafted graphene is used to initiate the radical
reaction between thiol groups and diradical polymeric sulfur,
forming the interconnected graphene framework. Meanwhile,
graphene nanosheets are used as the host to immobilize the
sulfur species, benefiting to the electrical conductivity as well
as the cycling performance, which could effectively prevent
the appearance of soluble long-chain polysulfides. The unique
molecular structure makes it an ideal cathode material for Li-S
battery, exhibiting excellent capacity retention of 0.048% per
cycle for 600 cycles and high capacity compared to sulfur-rich
polymers. To understand the evolution process of discharge
products during electrochemical reaction, in situ UV/vis spec-
troscopy is conducted. From the measured set of spectra it
can be inferred that short-chain polysulfides are produced as
the main discharge products. Further confirmation is shown
by quantitative investigation on the cleavage of S—S bonds, as
calculated by density functional theory (DFT). The calculations
imply that the crosslinked sulfur chains in ATD-functionalized
graphene—sulfur (AFG/S) nanocomposites are prone to broke
in the middle position, with the lowest dissociation energy of
—16.14 kcal mol™! for the S,—S5 bond. Further cleavage results
in the formation of polysulfides with short-chains. Our study
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presents an effective strategy to covalently confine the sulfur
onto the graphene for lithium—sulfur batteries and is helpful to
explore the electrochemical mechanism involved.

Schematic illustration of the synthesis of AFG/S copolymers
is shown in Figure 1a. Initially, ATD molecules were covalently
linked onto the GO nanosheets through nucleophilic attack to
the epoxy carbon and f-carbon of —OH.!3! After lyophiliza-
tion, the as-prepared AFG powders were ground with sulfur,
followed by heating the mixture at 160 °C for 10 h in order
to ensure the homogeneous distribution of sulfur among the
surface of AFG. After that, ring-opening polymerization of ele-
mental sulfur at the thiol surfaces of AFG occurred by further
heating to 245 °C, the temperature at which the cyclic Sg mole-
cules transform to the linear sulfenyl diradicals and crosslinked
by the thiol end-group of AFG sheets. The microstructure of
AFG is characterized by transmission electron microscope,
as shown in Figure 1b. The layered AFG nanosheets with
wrinkled structure are clearly observed. The corresponding
elemental mappings of C, S, and N presented in Figure 1d—f
reveal that thiol groups are homogeneously distributed across
graphene surface. To investigate the surface chemical composi-
tion of the prepared sample, X-ray photoelectron spectroscopy
is employed, as shown in Figure S1 of the Supporting Informa-
tion. For GO, only C 1s and O 1s signals are detected. After
ATD functionalization, three new peaks located at 400.4, 164.5,
and 228.2 eV are observed in AFG, corresponding to N 1s,'4

Figure 1. a) Schematic illustration showing the synthetic procedures of AFG/S copolymers. (1) Functionalization of graphene with ATD molecules, (2)
ring-opening reaction of Sg, and (3) homogeneous distribution of sulfur followed by the covalently crosslinked sulfur on graphene. b) TEM image of
AFG nanocomposites and the corresponding element mapping for d) C, e) N, and f) S.
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S 2p, and S 2s.! The atomic amount of sulfur and carbon
in AFG is measured to be 6.53% and 59.63%. Supposed that
all the linear sulfenyl diradicals are covalently bonded on the
thiol end-group of graphene sheets, the theoretical content
of sulfur is calculated to be 53.8%. In the meantime, AFG
shows an obviously increased C/O ratio compared with GO.
All these results indicate that ATD functionalization could not
only introduce thiol groups to covalently bind the sulfur spe-
cies, but also enhance the conductivity of the AFG nanosheets
by reducing oxygen defects of GO!® (Figure S2, Supporting
Information). For the sample AFG/S copolymers, the subse-
quent sulfur attachment results in the increased intensity of
the peaks assigned to S 2p and S 2s. In the high-resolution S
2p spectra, the peaks appeared at around 163.8 and 165.1 eV
can be assigned to S 2p;, and S2p;,.'”] Another two peaks are
located at around 162.8 and 163 eV, corresponding to —C—S—
bonding.'® The results demonstrate that sulfur has success-
fully anchored on AFG by covalent binding. Thermogravimetric
analysis was used to determine the overall content of sulfur in
AFG/S copolymers. As shown in Figure S3 of the Supporting
Information, the total sulfur content in AFG/S is calculated to
be about 60%.

The electrochemical properties of the AFG/S copolymers
were studied using the copolymers as the cathode, and Li foil
as the anode. Controlled cells were fabricated using GO/S as
the cathode. Figure 2a shows the representative galvanostatic
charge—discharge voltage profiles of AFG/S cathode within
the voltage window of 1.7-2.7 V, which is consistent with the
results shown in the current-voltage curves (Figure S4, Sup-
porting Information). Comparison of the discharge profiles

www.small-journal.com

between the second and the 100th cycles reveals negligible
changes in both shape and specific capacity. The cycling per-
formance of AFG/S as well as GO/S was tested at a current
density of 1 C, as shown in Figure 2b. The AFG/S delivers an
initial discharge capacity of 829.1 mAh g'. After 100 cycles, a
reversible discharge capacity of 704.8 mAh g! is maintained,
representing excellent capacity retention of 94.6% based on
the second cycle. Meanwhile, a high efficiency of 99.3% is
remained, suggesting that the covalent attachment of sulfur
onto the thiol grafted graphene can effectively improve revers-
ible performance. By contrast, an initial capacity of 584 mAh g~!
is observed for GO/S cathode. After 100 cycles, the capacity
retention of 77.1% is obtained, which is arising from the
adsorbing ability of oxygen-containing groups to S. After
chemical reduction by hydrazine hydrate, reduced GO (rGO)/S
delivers higher capacity of 910.3 mAh g!. But the oxygen-con-
taining groups on rGO surface are largely removed, leading to
the weak interaction between rGO and S. Thus relatively low
capacity retention of 40% (100 cycles) is observed for rGO/S
(Figure S5, Supporting Information). Figure S6 of the Sup-
porting Information presents the rate performance of AFG/S
cathode cycled at various C-rates. The cathode presents the
average reversible capacities of 1076, 931, 812, and 665 mAh g~!
as the current density increases from 0.2 to 2 C. When the
C-rate is switched abruptly from 2 to 1 C, the original capacity is
largely recovered, revealing the excellent stability of the cathode
materials. Figure 2c illustrates the cycling performance of the
AFG/S cathodes at different current densities. After 200 cycles,
the cells could still remain relatively high capacity, with excel-
lent capacity retention of 84%, 81%, and 78%, at 1, 1.5, and
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Figure 2. a) Galvanostatic charge—discharge voltage of AFG/S nanocomposites for the 1st, 2nd, 5th, 10th, and 100th cycles. b) Cycling performance of
AFG/S copolymers and GO/S composites. (c) The cycling performance of AFG/S copolymers cathode at 1, 1.5, and 2 C for 200 cycles.

Small 2017, 1702104

1702104 (3 of 6)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

www.advancedsciencenews.com

2 C, respectively. The long-term cycling performance of AFG/S
copolymers was tested at a current density of 1 C. As shown
in Figure S7 of the Supporting Information, the cell exhibits
an initial capacity of 829.1 mAh gl. After 600 cycles, the cell
exhibits excellent cycling stability with a low mean decay rate of
0.048%. Moreover, the AFG/S cathode exhibits a high specific
capacity of 971.5 and 848.7 mAh g! at 0.2 C when increasing
the sulfur loading to 2.1 and 3.2 mg cm™, respectively, cor-
responding to areal capacity of 2.04 and 2.72 mAh cm™
(Figure S8, Supporting Information). To further illustrate
the excellent capacity retention properties discussed above,
in situ visual-electrochemical study was examined in an opti-
cally transparent Li-S cell. Representative results are given in
Figure S9 of the Supporting Information. The increasingly
changed color of electrolyte from colorless to green-yellow is

www.small-journal.com

observed for the rGO/S composites (due to the formed long-
chain polysulfides), contrary to the colorless electrolytes for the
AFG/S nanocomposites.

In situ UV/vis spectroscopy evaluated at different states
during charging and discharging was conducted to better
understand the stabilization mechanism of the covalent
structure for Li-S batteries,!'”! which is based on the perfo-
rated negative case with a sealed cover glass for detect of poly-
sulfides (as shown in Figure 3a,b). UV/vis spectra for GO/S
composites clearly reveal the formation of different types of
lithium polysulfide intermediates. As shown in Figure S10c
of the Supporting Information, the absorption shifts toward
higher wavelengths when the cell is discharged to 2.09 V,
during which long-chain polysulfides are formed. Further
discharging to 1.69 V results in the movement of absorption

a b2.8
Nagative Separator Titanimu Positive
Case Case 2.6 1
A A 4
| | 1 > 2.4
\ £
% 8 2.2
o
T e
Lithium Electrode Spring 1.8+
Foil Lamination 1.69V—
1.6 T T T T
0 200 400 600 800
Specific Capacity / mAh g'1
C In-situ discharge d In-situ charge
8 start 8 start
s 2.35V c —=—2.28V
ks 2.3V 8 —e—2.24V
@ 4219V o —a—2,26V
S +—2.13V = —v—2.31V
- —<—2.09V o —<4—2.36V
] ——2.06V ke ——2.41V
[ ——2.03V o 2.5V
= —e—2.01V = 2,61V
g —e—1.99V | / 2.7V
M 1.82v =\ end
i i I o
AFG/S end AFG/S
400 500 600 700 800 900 400 500 600 700 800
A/nm A/ nm
e —
o In-situ discharge E) In-situ charge
8 start g start
& 2.35V| S —a—228V
15} L5 3] ——224V
Kol —A—2.19V| o) —a—2.26V
© —v—2.13V| © ——231V
- ——2.00V - ——2.36V
5 —<—2.06V| 1) ——2.41V
o ——2.03V o NIy
> —e—2.01V| 2 2,61V
© —+—1.99V © 27V
> —e— 1.82V] = d '
oA —o—1.73V ) en
o 8 ——1.69V| Al S
end
400 500 600 700 800 900 400 600 700 800
A/nm A/nm

Figure 3. a,b) The cell structure and the selected discharge/charge states of Li—S battery for in situ UV/vis spectra test. c¢,d) The corresponding first-
order derivatives of the UV/vis spectra presented for AFG/S during discharging, respectively. e,f) The corresponding first-order derivatives of the

UV/vis spectra presented for GO/S during charging, respectively.
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curves toward shorter wavelengths, indicating the appear-
ance of short-chain polysulfides. This is further demonstrated
by the first-order derivatives of the UV/vis spectra. A signifi-
cant change in the peak position can be observed. During
charging, the UV/vis spectra gradually shift from short wave-
lengths to longer wavelengths when the cell is charged from
2.28 to 2.7 V, corresponding to an increase in the chain length
of polysulfides. Similar to GO/S, the spectra for rGO/S also
reveal the formation of different types of long-chain lithium
polysulfide intermediates (Figure S11, Supporting Informa-
tion). By contrast, the UV/vis spectra for AFG/S cathode show
significant differences. Upon discharging, the spectra exhibit
almost no change in the reflection toward the higher wave-
lengths. As only short-chain polysulfides are formed, all the
spectra show strong absorbance toward short wavelengths,
which is in accordance with the results observed from the
derivative curves. As presented in Figure 3c, initially, the
derivative curves display relatively weak peaks at higher wave-
lengths, probably due to the reaction between free sulfur and
lithium. As the discharge proceeds, the maxima at A = 490 nm
appeared, which should be ascribed to the exclusive products
of short-chain polysulfides. To further understand the inter-
actions between Li* and AFG/S nanocomposites, quantita-
tive investigation on the cleavage of S—S bonds is performed
using a density functional theory exchange-correlation func-
tional (DFT). As shown in Figure 4c, the calculations indicate
the dissociation energy of —16.14 kcal mol™! for the S,—S;
bond, which is the lowest compared with the cleavage of other
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S—S bonds. The calculations demonstrate the highly favorable
aspects of covalent attachment of Sg onto the thiol-grafted gra-
phene, with findings in agreement with in situ UV/vis spectra
discussed above. The hypothetical illustration of the multistep
discharging process is displayed in Figure 4. Initially, Li* is
dynamically inserted into the crosslinked linear polysulfane,
forming the long-chain lithium polysulfides, which are cova-
lently attached onto graphene nanosheets. Further insertion
reaction results in the S—S bond break of lithium polysulfides.
Meanwhile, short-chain polysulfides are formed and deposited
on the graphene backbone, which could effectively avoid the
shuttling effect of long-chain polysulfides.

In summary, we proposed an effective strategy to crosslink
the linear polysulfane onto graphene nanosheets to stabilize
the performance of lithium—sulfur battery. DFT calculations
demonstrate that the fracture of crosslinked sulfur chains
in the present copolymer is prone to happen in the middle
position (S4—Ss bond), with the lowest dissociation energy
of —16.14 kcal mol~!. Further cleavage produces short-chain
polysulfides as the only product. Similarly, in situ UV/vis
spectroscopy, coupled with the derivative curves, has also
illustrated that only short-chain polysulfides are produced
throughout the charging and discharging process, which is in
stark contrast to GO/S composites. As a result, the synthe-
sized copolymer enables us to achieve excellent capacity reten-
tion of 71.2% after 600 cycles, which conclude that AFG/S
copolymers are very promising candidates for advanced Li-S
batteries.
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Figure 4. a,b) Schematic illustrations describing the electrochemical mechanism of AFG/S cathode. Further reaction with the covalently anchored
lithium polysulfides results in the formation of short-chain polysulfides. c) DFT calculations showing the bond cleavage energy of S—S bonds, indicating
the highly favorable aspects of covalent attachment of Sg onto the thiol-grafted graphene.
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