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ABSTRACT: Lithium—sulfur batteries have become an appealing

candidate for next-generation energy-storage technologies because of
their low cost and high energy density. However, one of their major
practical problems is the high solubility of long-chain lithium
polysulfides and their infamous shuttle effect, which causes low
Coulombic efficiency and sulfur loss. Here, we introduced a concept
involving the dithiothreitol (DTT) assisted scission of polysulfides into
lithium—sulfur system. Our designed porous carbon nanotube/S
cathode coupling with a lightweight graphene/DTT interlayer
(PCNTs-S@Gra/DTT) exhibited ultrahigh cycle-ability even at § C
over 1100 cycles, with a capacity degradation rate of 0.036% per cycle.
Additionally, the PCNTs-S@Gra/DTT electrode with a 3.51 mg cm™>
sulfur mass loading delivered a high initial areal capacity of 5.29 mAh

cm? (1509 mAh g™') at current density of 0.58 mA cm?, and the
reversible areal capacity of the cell was maintained at 3.45 mAh cm™> (984 mAh g™') over 200 cycles at a higher current
density of 1.17 mA cm > Employing this molecule scission principle offers a promising avenue to achieve high-

performance lithium—sulfur batteries.
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wealth of interdependent research into high-energy-
Adensity rechargeable batteries with long-lasting cycle
performance is being explored to promote the practical
applications of electric vehicles and large-scale smart grids.
Beyond the limitations of the Li-ion battery, lithium—sulfur
(Li—S) batteries show promising potential as next-generation
energy-storage technologies because of their low cost, eco-
friendliness, high theoretical capacity and energy density.' ™
Despite these considerable advantages, practical applications of
rechargeable Li—S batteries remain a challenge—hindered by
several issues, such as poor sulfur conductivity, high volume
expansion during cycling, and the dissolution of intermediate
lithium polysulfide products (LiPSs, Li,S,, 4 < n < 8), leading
to notorious shuttle effects,>™® thereafter resulting in high self-
discharge, low Coulombic efficiency, and active material loss.
Recent efforts, such as impregnating sulfur into high
conductive and adsorptive hosts (eg, graphene,9 hollow porous
spheres'®'") and coupling with specific inorganic anchoring
materials (eg, Ti,0,”'> and MnO,"*"*), have been devoted to
addressing these obstacles, especially the shuttle effect. The
introduction of a carbon-based interlayer between the cathode
and separator is a recently useful technique developed for
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intercepting the migrating PSs followed by subsequent reuse of
the trapped active materials."*~"* Our group further designed a
lightweight, chemically selective TiO,/graphene interlayer as a
Li—S battery component yielding excellent cycling stability at a
relatively high rate (3 C)."” Regardless of recently significant
successes when adopting such methods, namely preventing
LiPSs diffusion, it was noted that unavoidable soluble LiPSs
arise and accumulate in the electrolyte during the trans-
formation from S to Li,S. Once the phenomenon appears,
active sulfur species lose intimate contact sites with the
conductive matrix, resulting in an increase of internal
resistance.”””" Fast accumulation of LiPSs in the electrolyte
coupled with slow conversion reaction kinetics further hinder
electron and ion transport in the electrode and electrolyte,
resulting in fast capacity decay. In this regard, eliminating or
rapidly converting LiPSs residing at the electrolyte requires
further investigation by the scientific community to circumvent
the flooding of LiPSs. In the past few years, Guo™” et al.
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Figure 1. Schematic of electrode configuration for Li—S battery with Gra/DTT interlayer.

employed a microporous carbon to confine small S,_,
molecules, avoiding the unfavorable formation of soluble PSs,
and thus delivering impressive electrochemical properties.
However, the rigorous preparation process to control the
narrow micropore size distribution, in addition to the small
microporous volume, may be a significant barrier for large-scale
practical applications. Recently, Arava™ et al applied an
electrocatalysis principle to a specific Li—S battery config-
uration to stabilize the LiPSs shuttle process. Observations
revealed that Pt/graphene catalysts promote the transformation
of long-chain PSs in the subsequent redox process. Very
recently, Zhang™* et al. confirmed that introducing CoS, into
the S cathode results in significant enhancement of the redox
reactivity of LiPSs, yielding high discharge capacities, in
addition to enhancing cycling stability. Introducing various
catalysts or functional materials to greatly suppress shuttle
effect has become a fashionable strategy in Li—S fields.”” ™’ In
this respect, developing neoteric functional molecules, which
can achieve rapid conversion of LiPSs at room temperature, is
highly desired to further manage the LiPSs shuttle effect.

Biocatalysts or bioinspired catalysts may be an ideal choice to
address the aforementioned issue owing to their superior
catalytic performance under mild reaction conditions, com-
pared with traditional catalysts.”® Furthermore, it is worth
noting that the disulfide (—S—S—) bond plays an important
role in the structural features of many proteins, allowing protein
folding and stability to be maintained.”” The most important
aspect involving disulfide bonds is their cleavage, which occurs
via the reaction to slice the —S—S— bonds. In biochemistry,
biological reagents, such as vitamin C (VC), glutathione (G-
SH) and dithiothreitol (DTT), are often used to fast slice the
disulfide bonds at room temperature.*”*'

Inspired by these facts, herein we introduced a concept
involving the dithiothreitol assisted scission of LiPSs, and
designed a Li—S battery configuration consisting of a porous
carbon nanotube/S cathode (PCNTs-S) coupled to a light-
weight graphene/dithiothreitol (Gra/DTT) interlayer, where
the introduced DTT can rapidly eliminate the accumulation of
LiPSsvia the reaction to slice the —S—S— bonds. By virtue of
the special functionality, the Gra/DTT interlayer enables the
PCNTs-S cathode to deliver a much higher initial discharge
capacity of 1643 mAh g~' at a current rate of 0.2 C and a
reversible specific capacity of 880 mAh g™' over 400 cycles was
achieved at a current rate of 1 C, corresponding to an ultralow-
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capacity degradation rate of 0.029% per cycle. Remarkably, our
studies further confirmed that when cycled at 5 C over 1100
cycles, the cathode maintained ultrahigh cycling ability, with a
capacity degradation rate of 0.036% per cycle. To the best of
our knowledge, such excellent performance at an ultrahigh rate
of 5 C in Li—S batteries has rarely been reported. Additionally,
the PCNTs-S@Gra/DTT electrode with a 3.51 mg cm™ sulfur
mass loading delivered a high initial areal capacity of 5.29 mAh
cm™ (1509 mAh g™') at current density of 0.58 mA cm ™, and
the reversible areal capacity of the cell was maintained at 3.45
mAh cm™? (984 mAh g') over 200 cycles at a higher current
density of 1.17 mA cm ™2, which represents a high Capacity
retention rate of 78.5%. More importantly, this design idea
involving the DTT assisted scission of LiPSs can be further
extended to other biological reagents, such as VC and G-SH.
Subsequent development of Gra/VC and Gra/G-SH interlayers
show that various other PCNTSs/S cathodes comprising
biological reagents also display significant superior electro-
chemical performance compared with alternative cathodes.

RESULTS AND DISCUSSION

A schematic illustration of the cell configuration is shown in
Figure 1. Different from conventional Li—S batteries, our
electrode design introduces a Gra/DTT interlayer inserted
between the cathode and separator. Photographs illustrate the
cathode fabrication process (Supporting Information Figure
S2a, b): a conventional sulfur cathode with a PCNTs host
material, as reported in our previous studies,'”’> was prepared
via a facile coating method, subsequently followed by
overlaying the Gra/DTT interlayer onto the sulfur cathode;
the obtained cathode is named PCNTs-S@Gra/DTT. The
diagrammatic drawing in Supporting Information Figure S2c¢
clearly shows the structure of the PCNTs-S@Gra/DTT
cathode. The mass of the interlayer was determined by
weighing the electrode prior to and after the double-coating,
from a cross-sectional area loading of ~0.07 mg cm™>—lighter
than the majority of the reported free-standing interlayers.”>~"”
Standard 2025 coin cells were fabricated using a PCNTs-S@
Gra/DTT cathode vs a metallic lithium anode and dissolved
LiNOj; in an electrolyte. For a more relevant comparison, we
also fabricated PCNTs-S, PCNTs-S@Gra, PCNTs-S-DTT@
Gra and CNTs-S@Gra/DTT cathodes. In this work, we
selected PCNTs samples obtained via a high-temperature
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Figure 2. Contrast of electrochemical performance between PCNTs-S@Gra/DTT and CNTs-S@Gra/DTT cathodes
performance of PCNTs-S@Gra/DTT and CNTs-S@Gra/DTT cathodes. (b) Cycling stability of PCNTs-S@Gra/DTT and CNTs-S@Gra/

DTT cathodes at 3 C.
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Figure 3. Electrochemical performance of lithium—sulfur batteries. (a) The first four cycles of CV profiles for PCNTs-S@Gra/DTT cathode.
(b) The second cycle of CV profiles for PCNTs-S, PCNTs-S@Gra, and PCNTs-S@Gra cathodes. (c) The rate performance of PCNTs-S@
Gra/DTT, PCNTs-S@Gra, and PCNTs-S cathodes, the areal loading amount of sulfur in the rate test is 0.49 mg/cm’. (d) Galvanostatic
charge—discharge profiles of the PCNTs-S@Gra/DTT cathode at various rates. (e) Galvanostatic charge—discharge profiles of the PCNTs-S@
Gra/DTT, PCNTs-S@Gra, and PCNTs-S cathodes at 0.2 C. (f) Electrochemical impedance spectroscopy of the three cathodes.

reaction between the crude CNTs and a nebulized water
stream'”?> for the subsequent Li—S battery experiments.

Supporting Information Figure S3 shows the pore size
distribution and Nitrogen adsorption—desorption isotherms
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Figure 4. Long cycling performance of lithium—sulfur batteries: (a) Cycling stability of PCNTs-S@Gra/DTT, PCNTs-S@Gra, and PCNTs-S
cathodes at 1 C. (b) Cycling performance of PCNTs-S@Gra/DTT cathode at 2 and 3 C. (c) Prolong cyclic stability of PCNTs-S@Gra/DTT
cathode at high current of 5 C. The areal loading amount of sulfur is 0.49 mg/cm?® at 1, 2, 3 and 5 C in the cycling test.

of the as-obtained PCNTs and crude CNTs. The rate
performance and cycle stability for PCNTs-S@Gra/DTT and
CNTs-S@Gra/DTT are shown in Figure 2, which confirms
that the cell with PCNTs-S displays significantly enhanced
electrochemical performance compared with the cell produced
using crude CNTs-S composites after introducing the Gra/
DTT interlayer. Therefore, all host materials herein use
PCNTs, if not specifically mentioned.

Cyclic voltammetry (CV) plots of the PCNTs-S@Gra/DTT
cathode for the initial four cycles are shown in Figure 3a,
recorded at a slow scan rate of 0.1 mV s™. In the first cathode
scan, two characteristic reduction peaks at 2.28 and 2.01 V can
be observed, corresponding to the disproportion of long-chain
PS (Li,S, 4 < n < 8) and formation of Li,S, and Li,S,
respectively. In relation to the forward scan, two distinguishable
oxidation peaks are observed at 2.43 and 2.47 V, which are
attributed to the conversion of short-chain to long-chain LiPS§,
and finally to elemental sulfur.**'®'¥*>3* The large variation in
the reduction and oxidation peaks between the first and second
cycles is ascribed to the rearrangement of active sulfur from its
original positions to more energetically stable sites.'”*”
Compared with the four nonoverlapping CV plots of the
PCNTs-S and PCNTs-S@Gra cathodes (Supporting Informa-
tion Figure S4), the almost identical CV plots for the PCNTs-
S@Gra/DTT cathode in the subsequent two cycles indicate
that the PCNTs-S@Gra/DTT cathode possesses higher
reversible electrochemical properties.””** Figure 3b shows the
second cycle of the CV plots for the three cathodes. The
PCNTs-S@Gra/DTT cathode exhibits the highest collection
coefficient (the ratio of the peak areas associated with the
formation of Li,S, at ~2.0 V, to that of the formation of LiPSs,
at ~2.4 V) of 2.847, compared with 2.406, and 2.401 for the
PCNTs-S@Gra and PCNTs-S cathodes, respectively, evidenc-
ing that the Gra/DTT interlayer promotes a fast conversion
reaction of LiPS and effectively inhibits the shuttle effect.'’
Additionally, when comparing the CV of the PCNTs-S@Gra
and PCNTs-S cathodes, a distinguishable positive shift in the
PCNTs-S@Gra/DTT cathode reduction peak can be observed,
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which confirms a relatively low potential polarization together
with good cell reversibility as a direct result of the Gra/DTT
interlayer insertion.”> An interesting point to note is that the
starting position of oxidation peak for the PCNTs-S@Gra/
DTT cathode is shifted to a higher voltage than those of the
PCNTs-S and PCNT-S@Gra cathodes. We speculated that this
upshift of the starting position for the oxidation peak may be
the root cause in decreasing the PS species in the presence of
the DTT molecules possessing polysulfide-scission function-
ality. Furthermore, from Supporting Information Table S1, the
PCNTs-S@Gra/DTT cathode also showed the lowest voltage
hysteresis (AV) among the three cathodes, suggesting a highly
facile electrochemical redox reaction and low resistance.

Figure 3c exhibits the rate performance of the three cathodes
ranging from 0.2 to S C (1 C = 1675 mA g™') and the charge—
discharge curves of the PCNTs-S@Gra/DTT cathode at
various current rates (0.2—5 C) are illustrated in Figure 3d.
Compared with the PCNTs-S and PCNTs-S@Gra batteries,
the PCNTs-S@Gra/DTT battery delivers a much higher initial
capacity of 1643 mAh g™' at the rate of 0.2 C, followed by a
subsequent slow decrease to 1046, 935, and 843 mAh g™ at
rates of 0.5, 1, and 2 C, respectively. Even at higher rates of 3
and 5 C, a reversible capacity of 781 and 712 mAh g™ can still
be achieved. When abruptly switching the rate from S C back to
the initial starting rate of 0.2 C, the original capacity was largely
recovered, indicating the excellent reversible capacity of the
PCNTs-S@Gra/DTT battery at various rates.

In Figure 3e, the galvanostatic charge—discharge profiles at
0.2 C for the three cathodes also showed that the PCNTs-S@
Gra/DTT cathode had the lowest voltage hysteresis (AE), in
agreement with the polarized voltage (AV) from the CV plots
(Supporting Information Table S1). These results suggested
that introducing DTT into the Li—S system can sufficiently
promote the reduction of the intermediate LiPSs to Li,S,/Li,S,
in addition to increasing the utilization of sulfur materials.'”*°
Electrochemical impedance spectroscopy (EIS) data (Figure
3f) and the corresponding electrical equivalent circuit diagram
(Figure SSa, b) showed that the PCNTs-S@Gra/DTT cathode
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Figure S. (a, b) The cycling performance of PCNTs-S@Gra/DTT with different sulfur mass loading.

has the lowest charge-transfer resistance (Rct) value, indicating
a low resistance caused by the entrapment of the dissolved PSs
and both good electrolyte infiltration and charge transport.
Furthermore, it is also noteworthy that the Nyquist EIS of the
PCNTs-S@Gra/DTT cathode displays two semicircles, pre-
senting different properties to the PCNTs-S@Gra cathode.
Combined with the fitted equivalent circuit diagram in Figure
SSa, it is speculated that the first semicircle at high frequency is
represented by R;//CPE,, which is attributed to the charge
transfer resistance and a pore double layer capacity in the
surface corresponding the PCNTs-S layer.”' The second
semicircle in the midfrequency region may be caused by the
redox reaction between the DTT and LiPS species at the
introduced interlayer surface.

Cycling stability is an important indicator to evaluate the
property of Li—S batteries. Compared with the PCNTs-S and
PCNTs-S@Gra batteries, the cathode with Gra/DTT as the
interlayer exhibited a significantly higher initial discharge
capacity of 997 mAh g, reducing to 880 mAh g™ after 400
cycles at 1 C (Figure 4a), corresponding to a low-capacity
decay rate of 0.029% per cycle. Additionally, the PCNTs-S@
Gra/DTT cathode had the highest Coulombic efliciency
among the three cathodes over 400 cycles, proving that the
Gra/DTT interlayer can effectively suppress the notorious
shuttle effect and improve the cycling stability.'”*” Further-
more, the EIS spectra in Supporting Information Figure SS¢, d,
e showed that the PCNTs-S@Gra/DTT exhibited the lowest
Rct among the three cathodes before and after cycling,
indicating that the dissolution of LiPSs was effectively
suppressed.’®**

The long-term cycling stability of the PCNTs-S@Gra/DTT
cathode was also tested at high current rates. At a current rate
of 2 C, an initial capacity of 975 mAh g~ was achieved. This
capacity decreased to 723 mAh g~' after 400 cycles, which
represents a capacity decay rate of 0.064% per cycle. When
increasing the current rate to 3 C, an improved cycle stability
was achieved, and the capacity decreased from 762 to 635 mAh
g~ after 400 cycles, which represents a lower decay rate of
0.041% per cycle. Additionally, the average Coulombic
efficiency of the PCNTs-S@Gra/DTT cathode improved
from 98.9% at 2 C to 99.5% at 3 C (Figure 4b), agreeing
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with a previous report’ that the shuttling effect can effectively
be prevented as a function of increasing current rate because of
a significantly faster charge—discharge process. Typical charge—
discharge profiles in the second, 100th, 200th and 400th cycles
show a slight increase in AV after 400 cycles at 2 and 3 C
(Supporting Information Figure S6), suggesting an improved
stability of the cathode and less PSs dissolution into the
electrolyte. More importantly, further increasing the current
density to 5 C resulted in an available useable capacity of 301
mAh g™' being maintained after 1100 cycles, corresponding to a
very small capacity decay of 0.036% per cycle and a high-
capacity retention rate of 60% (Figure 4c). The PCNTs-S@
Gra/DTT cathode shows a promising potential for electric
vehicles and large-scale electrochemical energy-storage systems.
To our best knowledge, such a high-capacity retention rate at §
C has rarely been reported.

To further evaluate the PCNTs-S@Gra/DTT cathode for
practical high-power applications, three half-cells consisting of
1.47 mg of S were assembled in series. With an open-circuit-
potential of 6.83 V, the device could efficiently drive 60 green
indicators of LED modules (nominal voltage is 12 V, nominal
power is 3 W) after only 60 s of charging at 1 C (Supporting
Information Figure S7), meaning that the instantaneous current
and power of the device are as high as 298.8 A %_1 and 2040.8
W g7, respectively, superior to a recent report.” These results
revealed the outstanding high-power performance of the
PCNTs-S@Gra/DTT cathode, which is among state-of-the-
art energy-storage devices.

Targeting practical applications of Li—S batteries, a sulfur
loading area of >3 mg cm™> was applied to satisfy the
requirements of HEV and EV batteries.*’ A PCNTs-S@Gra/
DTT cathode with 3.51 mg cm™ sulfur areal loading was
fabricated as a function of increasing electrode thickness and
sulfur content (76 wt %, Supporting Information Figure S8).
The PCNTs-S@Gra/DTT electrode (Figure Sa) with 3.51 mg
cm™? sulfur mass loading delivered a high initial areal capacity
of 5.29 mAh cm™ (1509 mAh g™') at current density of 0.58
mA cm™% and the reversible areal capacity of the cell was
maintained at 3.45 mAh cm™ (984 mAh g™') over 200 cycles
at a higher current density of 1.17 mA cm™, which represents a
high Capacity retention rate of 78.5%. Additionally, another
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Figure 6. Polysulfide permeation measurements. (a) Typical colors of electrolyte for the PCNTs-S (1), PCNTs-S@Gra (2) and PCNTs-S@
Gra/DTT (3) cathodes after 50 cycles in sealed vials. (b) UV—vis absorption spectra of the solution obtained by soaking the cycled PCNTs-S,
PCNTs-S@Gra, and PCNTs-S@Gra/DTT cathodes in a mixture of DOL/DME. (c) Visualized color change after PCNTs-S, PCNTs-S@Gra,
PCNTs-S@Gra/DTT cathodes immersing in (1), (2), (3) solution for 6 h, respectively, (4) as reference. (d) UV—vis absorption spectra of the
solution after soaking fresh PCNTs-S, PCNTs-S@Gra, and PCNTs-S@Gra/DTT cathodes.

PCNTs-S@Gra/DTT cathode with 4.4 mg cm™ sulfur areal
loading also exhibited a high areal capacity of 5.85 mAh cm™ at
a current density of 0.37 mA cm™? and maintained a high areal
capacity of 3.0 mAh cm™ at a higher current density of 1.10
mA cm ™ after 200 cycles (Figure Sb). Considering such a high
sulfur areal loading in the related electrode, the cyclic
performance of the PCNTs-S@Gra/DTT cathode is com-
parable with recent reported work (Supporting Information
Table S2).

To investigate the enhancement mechanism involving DTT
for improving the performance of Li—S batteries, we
disassembled the cells containing three various cathodes
(PCNTs-S, PCNTs-S@Gra and PCNTs-S@Gra/DTT) in the
discharged state after 50 cycles at 2 C inside a glovebox.
Thereafter, the cathodes were soaked in a mixture of 1,3-
dioxolane/1,2-dimethoxyethane (DOL/DME, 1:1 vol:vol)
solution for 3 h. As shown in Figure 6a, after soaking the
PCNTs-S@Gra/DTT cathode, the color of the solution
remains transparent and colorless, suggesting only a negligible
amount of soluble LiPSs in the cell with DTT. Conversely, the
solutions relating to the PCNTs-S and PCNTs-S/Gra cathodes
show a distinct color change from colorless to golden during
the soaking, which is direct evidence of soluble LiPSs
accumulation. The aforementioned observations strongly
confirm that introducing DTT can eliminate the accumulation
of LiPSs in the Li—S system. UV—vis absorption spectra
measurements were also performed to further understand the
result. As shown in Figure 6b, a sharp peak is discernible at 280
nm attributed to Sg and S¢*~ species, and a shoulder peak at 310
nm attributed to S¢>~ or S,*” species for the three solutions,
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while a noticeable absorption peak at 385 nm attributed to the
S, species is only present corresponding to the solution from
the PCNTs-S@Gra cathode.'”*""** Combined with the battery
performance for the three electrodes, the UV—vis results
further suggest that the graphene interlayer in the absence of
DTT can intercept the migrating LiPSs and reuse the trapped
active materials in the cathode; however, the mechanical barrier
is not available to eliminate the accumulation of LiPSs. The
absence of the peak at 385 nm after introducing DTT seems to
suggest that DTT can slice the S, species to form solid Li,S
or Li,S, at room temperature.

To further reveal the reaction mechanism between LiPSs and
the Gra/DTT interlayer, we prepared a LiPS solution using a
short circuit between the PCNTSs-S cathode and Li anode in an
electrolyte (Supporting Information Figure S9) and the as-
obtained LiPS solution is shown in Supporting Information
Figure S10a. The three fresh electrodes (PCNTs-S, PCNTs-S@
Gra, PCNTs-S@Gra/DTT) were thereafter soaked in the LiPS
solution for 6 h, respectively, and solvent (4) was used as a
reference. After soaking the PCNTs-S@Gra/DTT cathode, the
color of the solvent phase underwent a fast change from golden
to colorless, while the two solvents corresponding to the
PCNTs-S and PCNTs-S@Gra cathodes only slightly decolored
even after resting for 6 h (Figure 6¢). To obtain further insight
into the color change, the two solvents in the presence of fresh
PCNTs-S@Gra/DTT and PCNTs-S@Gra cathodes were
further treated via stirring, centrifugation and filtration. From
Supporting Information Figure S11, it can be observed that the
color of the solvent phase for PCNTs-S@Gra/DTT remained
unchanged, while the solvent for PCNTs-S@Gra almost
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Figure 7. Electrochemical performance of related lithium—sulfur batteries: (a, b) the rate performance of related electrodes; (c, d)

galvanostatic charge—discharge profiles of related electrodes at 0.2 C.

recovered to the previous golden color. The sharp contrast
confirmed thatthe conversion reaction of PS on the introduced
Gra/DTT interlayer surface results from a chemical change.
The UV—vis absorption spectra (Figure 6d) shows that the
sharp peak at 280 nm attributed to Sy and Ss*~ species converts
to a shoulder peak at 310 nm attributed to S~ and S,*” species
after adding DTT into the as-obtained LiPS solution, while no
change involving the peak location was discovered after only
adding graphene sheets. This result evidence direct proof that
DTT can slice the generated LiPSs to short-chain sulfides
during cyclin§ of Li—S battery. According to previous reports in
biochemistry,” ' DTT is often used to prevent proteins from
polymerization by slicing the —S—S— bond, as described by eq
a. Herein, we speculate that the introduced DTT in the Li—S
battery system maybe also undergo a similar biochemical
reaction, as described by egs b, ¢ and d, thus accelerating the
LiPS conversion and avoiding their accumulation in the
electrolyte.

cysS—Scys + DTT — cysSH + R (a)
Li,S¢ + DTT — Li,S, + R (b)
Li,S, + DTT — Li,S, + R (o)
Li,S, + DTT — Li,S + R (d)
R represents:
HO, §OH
e
S—S

Considering the scission of LiPSs may affect the distribution
of active materials, we further characterized the disassembled
PCNTs-S@Gra, and PCNTs—S@Gra/DTT cathodes by SEM.
The SEM micrograph of the PCNTs-S@Gra/DTT cathode
showed that the distribution of the discharge products was
almost homogeneous; little cracks or dendrites were found on
the surface of the cathode after cycling at 2 C (Supporting
Information Figure S12a). Conversely, the PCNTs-S@Gra
cathode appeared porous with agglomerated discharge products
and exposed filaments growing out from the granular lithium
particles (Supporting Information Figure S12b). The sharp
contrast suggested that the Gra/DTT interlayer can help
maintain cathode structural integrity, ensuring sufficient paths
for electron/Li*-ion transport and channels for electrolyte
immersion to undergo electrochemical reactions. On the basis
of the aforementioned optical photos, UV—vis absorption
measurements, and SEM observations, it is further confirmed
that DTT can rapidly eliminate the accumulation of LiPSs via
—S—S— bond cleavage at room temperature, essentially
circumventing the notorious problem relating to the shuttle
effect of soluble PSs, ensuring the long-term stable operation of
Li—S batteries even at ultrahigh rates. Additionally, in order to
further probe into the stability of DTT in the graphene/DTT
interlayer, we studied the PCNTs@Gra/DTT cathode in the
absence of sulfur loading. In Supporting Information Figure
S13a, the cathode exhibited a reversible capacity of 100 mAh
g~! (based on DTT weight) at 2 C even after 1000 cycles at the
same working conditions. Combining with the high reversible
electrochemical property as shown in Figure 3a as well as the
observations of the long cycling performance for the PCNTs-
S@Gra/DTT cathode (Figure 4), it is believed that DTT as an
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electrode material can exist during the long-term operation of
Li—S batteries. This may also be an important precondition and
strong guarantee to achieve excellent cycling stability in Li—S
batteries.

To further probe into the general applicability of biological
molecular in Li—S batteries, other biological polysulfide-scission
reagents, such as VC and G-SH, were selected as interlayer
materials; the relevant constitutional formulas of VC and G-SH
are shown in Supporting Information Figure S14. The as-
obtained PCNTs-S@Gra/G-SH and PCNTs-S@Gra/VC bat-
teries also exhibited a positive rate performance as shown in
Figure 7. Taking the PCNTs-S@Gra/G-SH battery as an
exemplary case, the specific capacities are approximately 1404,
993, 888, and 850 mAh g' at 0.2, 0.5, 1, and 2 C, superior to
PCNTs-S@Gra and PCNTs-S batteries. Abruptly changing the
current density back to 0.2 C results in the specific capacity
returning to 948 mAh g~' (Figure 7a), indicating a good
stability and reliability of the Gra/G-SH interlayer—preventing
PSs shuttle at various current rates. Furthermore, the
galvanostatic charge—discharge profiles at 0.2 C for the three
cathodes also confirm that the PCNTs-S@Gra/G-SH cathode
has the lowest voltage hysteresis (AE) (Figure 7c). Form
Figure 7b and Figure 7d, it can be observed that the Gra/VC
interlayer also exhibits the same improved effect as the Gra/G-
SH interlayer. These results further evidence the promising
route that introducing biological polysulfide-scission reagents
can suppress the shuttle effect and improve the electrochemical
properties of Li—S batteries.

CONCLUSIONS

In summary, our designed PCNTs-S@Gra/DTT cathode
configuration showed significantly enhanced improvements in
capacity retention and long-term cycle stability in Li—S
batteries. The PCNTs-S cathode coated with a Gra/DTT
interlayer delivered a reversible specific capacity of ~880, 723,
and 635 mAh g_1 over 400 cycles at 1, 2, and 3 C with high-
capacity retention of 88.3%, 74.1%, and 83.3%, respectively.
Impressively, the electrode displayed a reversible capacity of
301 mAh g™ over 1100 cycles with an ultralow-capacity
degradation rate of 0.036% per cycle at S C. Furthermore, the
PCNTs-S@Gra/DTT electrode (3.51 mg cm™ sulfur areal
loading) delivered a high reversible areal capacity of 3.45 mAh
cm™? (984 mAh g7') at a higher current density of 1.17 mA
cm™* over 200 cycles. Employing this molecule scission
principle derived from the introduction of biological reagents,
to improve battery properties offers a promising avenue to
achieve high-energy-density and long-life cycle Li—S batteries.

EXPERIMENTAL SECTION

Synthesis of Porous CNTs. The porous CNTs were prepared
using a water stream etching method as reported in the previous
reports.'”*** Briefly, the water was first nebulized to create a mist of
droplets. The droplets formed were then passed into a quartz tube of
raw commercial CNTs using an Ar-carrying gas when the desired
temperature of 850 °C is reached. After the water etching, the water
steams were turned off, and the furnace was cooled to room
temperature under argon flow.

Synthesis of PCNTs-S Cathodes. The PCNTs-S composites
were prepared following a melt-diffusion strategy. In a typical
procedure, the PCNTs and sulfur (high purity sulfur, 99.99% metal
basis, Aladdin) were mixed according to the designment of target
composite. Then the powder were ground and heated in an oven at
160 °C for 12 h. From Supporting Information Figure Sla—c, it is
found that no bulk sulfur particles were formed, and the sulfur was
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uniformly distributed in the PCNTs. The sulfur contents in this work
were determined to be 63 w %. The cathode for PCNTs-S Cathodes
were prepared by mixing 83 wt % PCNT-S composite materials, 12 wt
% conductive agent and S wt % polyvinylidenedifluoride (PVDF) in
NMP to form slurry. After stirring for 1 h, the slurry was pasted onto a
aluminum foil and dried at S5 °C overnight.

Synthesis of PCNTs-S@Gra/DTT Cathodes. The graphene and
DTT powder were ultrasonically dispersed in NMP to form the
graphene/DTT composite slurry. The slurry was then pasted onto the
PCNTs-S cathode following procedure shown in Supporting
Information Figure S2 to produce PCNTs-S@Gra/DTT cathodes.
Considering the thickness of interlayer is an important factor to
determine the performance of Li—S battery, in our experiments, the
control experiments involved the thickness were also carried out by
adjust the slurry’s viscosity and the scale of the spreader. To obtain the
relatively exact weight data for these pieces, we used two methods as
reported in our previous 1'eport:19 (1) In our experiments, to ensure
that all components are mixed homogeneously, the slurries of cathode
and interlayer were adequately stirred. A similar rectangle PCNTs-S
cathode piece was obtained by a spreader, and the Gra/DTT interlayer
was subsequently coated on the surface of the cathode piece to obtain
the PCNTs-S@Gra/DTT cathode. To prove the homogeneity of
these cathode pieces, some small pieces in some different areas for the
cathode piece were selected and tailored. The weights (W) and areas
(S) of these small pieces were also measured. We found that the values
of the areal density (D = W/S) of these small pieces from the same
sample are quite close if the previous slurry of the cathode was
adequately stirred. Therefore, the weight of the cathode can be
obtained by the equation (W = D X S), and the weight of the
interlayer was determined by obtaining the weight of the electrode
before and after the coating process. (2) After ensuring that all
previous slurries of cathode and interlayer were adequately stirred, we
weighed six same cathodes (W;) once, and counted their average
weight (W = W,/6). We found that the measuring values obtained
from the two methods are almost equal.

Synthesis of PCNTs@Gra/DTT Cathode. The cathode was
prepared using PCNTs instead of PCNTSs-S via the same procedure as
synthesis of PCNTs-S@Gra/DTT cathode.

Electrochemical Characterization. Electrochemical experiments
were performed via CR2025 coin-type test cells assembled in an
argon-filled glovebox with lithium metal as the counter and reference
electrodes at room temperature. Celgard 2400 membrane was used as
the separator to isolate electrons. The electrolyte was 1 M bis
(trifluoromethane) sulfonimide lithium salt (LiTESI) with 1% LiNO,
dissolved in a mixture of 1,3-dioxolane (DOL) and dimethoxyethane
(DME) (1:1 by volume). The amount of electrolyte in the coin cell
with the areal sulfur loading of 0.49 mg cm™ is SO 4L. When the areal
sulfur loading is increased to 3.51 and 4.4 mg cm™2, the corresponding
amount of electrolyte is 250 and 300 uL, respectively. The discharge/
charge measurements were conducted using a Neware battery test
system (Neware Technology Co.). Before testing, the cells were aged
for 24 h. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed on CHI660D
electrochemical workstation. The scan rate for CV measurements was
set as to be 0.1 mV s™', and the DC voltage was kept at open-circuit
voltage and an AC voltage of S mV in amplitude was applied with a
frequency of 200 kHz-20 mHz in EIS measurements.

Structure Characterization. X-ray diffraction patterns (XRD)
were obtained with a D/MAX-2400 diffractometer using Cu Ko
radiation (40 kV, 100 mA, A = 1.54056 A). The nitrogen adsorption/
desorption data were recorded at the liquid nitrogen temperature (77
K) using a Micromeritics ASAP 2020 M apparatus. The samples were
degassed at 200 °C under vacuum for 3 h prior to the measurement.
Pore size distribution (PSD) was derived from the adsorption branch
of the isotherms using the Barrett—Joyner—Halenda (BJH) model.
Total pore volumes were calculated from the amount adsorbed at a
relative pressure (P/P,) of 0.99. Scanning electron microscope (SEM)
images were obtained with a JSM-6700F field-emission scan electron
microscope. Thermo gravimetric analysis (TGA) was measured with a
STA449 F3 Jupiter thermo gravimetric analyzer (NETZSCH), at a
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heating rate of 10 °C min™' in nitrogen atmosphere. UV—vis

absorption spectroscopy was use to characterize the polysulfide species
and their contents in the electrolyte after the cells completed a certain
number of cycles.
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