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ABSTRACT: Lithium sulfur (Li—S) batteries are appealing energy storage technologies because of their high theoretical
energy density and low cost. However, Li—S batteries suffer from poor practical energy density due to serious polysulfide
dissolution and shuttle, as well as lithium anode corrosion. Herein, we provide a dual-protection strategy for the high-energy-
density Li—S cell by inserting two nanotube paper (CNTp) interlayers on both electrodes. The CNTp interlayers can provide
stable interfaces for both the cathode and anode, facilitating the formation of uniform charge transfer and ion flue. As a result,
the Li—S cell exhibits stable cycling performance and great rate ability up to a high rate of S C (5 C = 25 mA cm™2). Even at an
ultrahigh sulfur load of 12.1 mg cm™?, a high areal capacity of 12.6 mAh cm™ is still achieved, which can remain at 11.1 mAh
cm™? after 30 cycles (corresponding to 917 mAh g™'). The refined interfaces between the electrolyte and both electrodes are
further confirmed by the micro-zone current distribution and COMSOL simulation. Our approach provides an effective and
universal strategy to improve the electrochemical stability of the Li—S cell at high sulfur load, opening a new platform for

designing advanced metal cell systems.
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1. INTRODUCTION

With the increasing demand for high-energy-density energy
storage, much attention has been paid to lithium—sulfur (Li—
S) batteries.”” Li—S$ batteries, with sulfur as the cathode and Li
as the anode, have a high theoretical specific capacity (1675
mAh g™') and high specific energy density (2600 Wh kg™*).?
Besides, the element sulfur is naturally abundant and
environmentally friendly. Therefore, Li—S batteries are
considered to be one of the most attractive candidates for
the next-generation storage systems. Nevertheless, the
practical commercialization of Li—S cells is still hindered by
the low active material utilization, serious electrode structure
degradation, fast capacity fading, and safety problems due to
the poor electron conductivity of sulfur, polysulfide dissolution
and shuttle, large volume expansion during discharging/
charging, and Li metal issues.

To overcome the above-mentioned problems, overwhelming
efforts have been dedicated on the sulfur cathode because
polysulfide dissolution and shuttle are considered to be the
most prominent problems.s’6 In the process of discharging/
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charging, the polysulfides formed in the cathode can easily
dissolve into the electrolyte and even react with the Li anode
to generate insoluble Li,S,/Li,S covered on the Li surface,
resulting in the loss of active material sulfur and serious
corrosion of the Li anode.” Therefore, many studies have been
performed to suppress polysulfide dissolution and shuttle,
including cathode materials design,®’ separator modifica-
tion,"”"" and electrolyte project.'” Fabricating sulfur compo-
sites can provide great conductive skeleton and strong affinity
for sulfur to enhance active material utilization and reduce
sulfur loss. However, there are still inevitable polysulfides
dissolving in the electrolyte. The separator modification or
insertion of interlayers between the cathode and separator
functions as the second current collectors to immobilize sulfur
and further stop the dissolved polysulfides from approaching
the Li anode. The pioneering work is made by Manthiram and
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Figure 1. Morphologies and structure characterization. (a) Illustration for the Li—S cell configuration with CNTp interlayers on both electrodes.
(b) Optical photographs. (c) SEM image of CNTp. (d) SEM image of the S/CNTp electrode. (e) Nitrogen adsorption/desorption isotherm loop
of CNTp (inset: corresponding pore size distribution). (f) UV—Vis absorption spectra (inset: optical photographs of Li,S¢ solution and Li,Ss
CNTp solution. (g) Contact angle of the electrolyte (1 M LiTFSI in DOL/DME) on CNTp.

Su,"* who insert a carbon paper between the cathode and
separator, achieving enhanced active material utilization and
capacity retention. Inspired by this, many other materials, such
as carbon materials and organic polymers,"*'® have been
introduced as interlayers to enhance the electrochemical
performances of Li—S cells, demonstrating the efficient
strategy of inserting an interlayer to alleviate polysulfide
dissolution and shuttle.

Despite the progress of the sulfur cathode, there is still a gap
between the practical Li—S cells and the state-of-the-art Li-ion
batteries in terms of gravimetric energy density.'” Increasing
sulfur load is one of the primary criteria for high-energy-
density Li—S batteries.'”'® Thus, numerous strategies have
been attempted to design high-sulfur-load electrodes.”™*'
However, higher sulfur load means that more polysulfides
would be generated and more Li sources should be provided,
triggering a series of amplification effects.””*> On the one
hand, polysulfide dissolution and shuttle will become more
serious, leading to low capacity and fast capacity decay. Thus,
low active material utilization is normally found, even though
high area capacity is obtained."”” On the other hand, the vast
polysulfide dissolution and shuttle will accelerate the unstable
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interface between the Li anode and electrolyte, leading to its
fast failure.”**® Because of its highly reactive nature, Li can
spontaneously react with the electrolyte to generate the solid
electrolyte interface (SEI) on the Li anode. The SEI can play
as a protected film to prevent the further consumption of Li.
Unfortunately, the SEI layer is not strong enough to
accommodate volume expansion during the Li stripping/
plating process, inducing the nonuniformity of Li stripping/
plating, resulting in the formation of Li dendrite.”*** In terms
of the Li—S system, the reaction of polysulfides with the Li
anode makes this situation more comple)(.24’25’29 As a result, a
stable SEI is more difficult to obtain for the Li—S battery. From
the above discussion, it can be seen that adopting a high sulfur
load is necessary to realize the high-energy-density Li—S cell.
However, at high sulfur load, it becomes more challenging to
suppress serious polysulfide dissolution and shuttle and obtain
a stable Li anode. Therefore, how to effectively protect both
the cathode and anode becomes urgently needed for the high-
energy-density Li—S cell.

Herein, we develop a dual-protection strategy for both the
cathode and anode by inserting two interlayers of nanotube
paper (CNTp) in the Li—S battery. First, CNTp, with a special
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Figure 2. Electrochemical performances. (a) Cycling performances at 0.2 C. (b) Discharge/charge curves at a sulfur load of 9.6 mg cm™. (c)
Comparison of R, with different sulfur loads. (d) Cycling performance of the cell with CNTp-2 at 1 C. (e) Cycling performances of the cell with
CNTp-2 at 0.2 C with high sulfur loads of 5.1, 7.0, 9.6, and 12.1 mg cm™2 (f) Rate performances at different current densities of 0.2, 0.5, 1,2, 3, 4,

and S C. (g) Comparison of the initial areal capacity and capacity at 0.2 C with previous reports.

21,33-36

mesoporous structure, can provide great affinity for poly-
sulfides. Thus, polysulfide dissolution and shuttle can be
effectively suppressed by the two CNTp interlayers. Even if
there might be a small amount of polysulfides crossing the
separator, the second CNTp inserted between the anode and
separator can act as a reinforced barrier to further prevent the
polysufides from reacting with the Li anode. Without
polysulfide deterioration, the SEI of the Li anode becomes
more stable. Besides, we find that CNTp can refine the
interfaces, facilitating the formation of uniform current and Li-
ion distribution for the cathode and anode, respectively. As a
result, high active material utilization is achieved even at an
ultrahigh sulfur load of 12.1 mg cm™ and at a high rate of 5 C
(25 mA cm™?). This strategy provides a facile and universal
approach to realizing high capacity at high sulfur load, offering
a new opportunity to develop the high-energy-density Li—S
cell.

2. RESULTS AND DISCUSSION

The cell configuration with two CNTp interlayers on both
electrodes is illustrated in Figure la. Without the CNTp
interlayer, the polysulfides form from the cathode and easily
diffuse into the electrolyte, leading to the loss of active
materials. What is worse is that these dissolved polysulfides,
together with the electrolyte to react with the Li anode, can
repeatedly deteriorate the SEI composition of the Li anode,
resulting in Li dendrite generation and its final failure. When
inserting one CNTp interlayer on the cathode, a majority of
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polysulfides will be immobilized in the cathode region. But the
Li anode without any protection can still react with the
electrolyte to form an unstable SEI. Moreover, to make this
situation worse, there might be a few polysulfides crossing the
separator, especially at high sulfur load. However, if CNTp is
inserted on both the cathode and anode, then the polysulfides
can be mainly absorbed by the first CNTp interlayer. Even if
there might be a few polysulfides passing through the
separator, the second CNTp interlayer can play as a reinforced
barrier to further prevent the polysulfides from reacting with
the lithium anode. In addition, the three-dimensional (3D)
network structure and high electrical conductivity (4.5 X 10* S
m™') of CNTp can provide a robust electronic and ion
transport pathway, aiding the constitution of a stable SEI on
the Li anode. Therefore, two CNTp interlayers can not only
confine polysulfides but also provide stable interfaces for both
the cathode and anode.

Figure 1b—d displays the morphologies of CNTp and S/
CNTp. The appearance of CNTp presents a black color. Even
after crimping and folding by several times (Figure Sla),
CNTp can still well maintain its pristine structure, demonstrat-
ing its excellent mechanical strength and flexibility. After
infiltrating sulfur into CNTp by the melting method (see
details in Materials and Methods), S/CNTp can still maintain
great flexibility (inset of Figure 1b). The SEM images in Figure
S1b reveal that the pristine CNT has an ultralong length of
tens of micrometers, which is the reason for the great flexibility
of CNTp and S/CNTp. This is beneficial for the integrity of an
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electrode to buffer volume expansion of both the cathode and
anode during the discharge/charge process. Further SEM
image of CNTp displays its 3D interwoven network structure,
which can provide a fast ion transportation pathway. Figure 1d
shows that there is obvious sulfur attached to CNTp compared
with the smooth surface of pristine CNTp. To demonstrate the
adsorption ability of CNTp for polysulfides, nitrogen
adsorption/desorption isotherm of CNT is analyzed to get
information about its pore structure (Figure le). The BET
specific surface area is measured to be 25.2 m? g™'. Further size
distribution shows that the pore size is mainly distributed at
2.6 and 30.9 nm. The existence of mesopores in CNTp can
provide physical adsorption for polysufides.’”*' Moreover, the
summary XPS of pristine CNT reveals the existence of an
oxygen (O) atom apart from the carbon (Figure Slc). Previous
theoretical calculation has proved that the O-doped carbon
matrix can provide stronger adsorption for polysulfides,®
suggesting that CNTp can also provide chemical adsorption
for polysulfides. In addition, visual experiment is performed to
directly observe its adsorption ability. Taking Li,Ss as a
representative of polysulfides, the color of Li,S¢ solution
changes from brown to almost colorless after adding CNTp
(inset of Figure 1f). UV—Vis spectrum in Figure 1f further
reveals that there is no Li,S4 absorption peak in the upper
solution, confirming the great affinity of CNTp to polysulfides.
To investigate the hydrophilicity of CNTp for the electrolyte,
contact angle test is carried out. As shown in Figure 1g, the
contact angle of the electrolyte on CNTp is nearly 0°,
suggesting that the electrolyte can perfectly permeate into
CNTp. Benefiting from the great hydrophilicity, the amount of
electrolyte uptake is measured to be 580 + 10%. Such large
electrolyte uptake can hold large amounts of electrolytes to
provide an abundant ion transport pathway when passing
through CNT)p, facilitating uniform ion flue before reaching
the electrode surface.’”

To examine the effects of CNTp on the electrochemical
behaviors of Li—S batteries, the cell without a CNTp interlayer
(cell without CNTp), the cell with one CNTp interlayer on
the cathode (cell with CNTp-c), and the cell with two CNTp
interlayers on both the cathode and anode (cell with CNTp-2)
are assembled, respectively. Considering that the sulfur load
might influence the electrochemical behaviors of the Li—S
cell,”* the comparisons are carried out with the same sulfur
load. First, the cycling performances for cells at a sulfur load of
3 mg cm™? are compared at 0.2 C (1 C = 1675 mA g')
(Figure 2a). For the cell without CNTYp, fast capacity fading is
observed from an initial discharge capacity of 1151.2 mAh g™
to only 552.8 mAh g~' after 100 cycles. Upon introducing the
CNTp interlayer, great improvements of both capacity
retention and coulombic efficiency are observed when CNTp
is inserted on the cathode side, the anode side (Figure S2), or
both sides, indicating the effective adsorption of CNTp for
polysulfides to improve sulfur utilization. Among them, the cell
with CNTp-2 shows the highest capacity and best cycling
stability, with the reversible capacity of 1046.1 mAh g™
remaining after 100 cycles, demonstrating the efficient role
of CNTp on both sides of the anode and cathode. In spite of
the high specific capacity, the corresponding areal capacity is
recorded to be 3.1 mAh cm™ after 100 cycles with a sulfur
load of 3 mg cm™ To further compete with the practical
cathode material of the Li-ion battery (4 mAh cm™),” the
cells are assembled with higher sulfur loads of 5.1, 7.0, and 9.6

mg cm > As shown in Figure S3ab, with sulfur loads
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increasing, large polarization and fast capacity fading are
found for the cell without CNTp and the cell with CNTp-c.
When the sulfur load is increased to 9.6 mg cm ™, serious
polarization (Figure 2b) and fast failure occurred (Figure
S3d,e). Such fast fading can be attributed to the intensified
shuttle effect of a large amount of polysulfides and the
corrosion of the Li anode.” By contrast, the cell with CN'Tp-2
shows no obvious polarization even when the sulfur load is
increased to 9.6 mg cm™* (Figure 2b). Stable discharge/charge
curves can be clearly observed (Figure S3c,f). These results
indicate that inserting CNTp on both the cathode and anode
can significantly reduce the polarization and enhance the
electrochemical stability of the Li—S cell, ensuring that it keeps
working even at ultrahigh sulfur load. Because of the poor
conductivity of sulfur, high sulfur load might cause the
increased interface resistance, resulting in low active material
utilization. This hypothesis is supported by the electrochemical
impedance spectroscope (EIS) in Figure S4. The fitting values
of charge transfer resistance (R,) are compared in Figure 2c.
With sulfur loading increasing, R, shows a growing tendency
for the cell without CNTp and the cell with CNTp-c. By
contrast, the cell with CNTp-2 maintains the stable and small
values of R. Thus, it is concluded that CNTp can effectively
reduce the interface resistance of the Li—S cell, providing a fast
and stable charge transfer.

To further demonstrate this conclusion, the cell with CNTp-
2 is evaluated at higher current densities. As shown in Figure
2d, a great cycling stability can be still obtained at a high
current density of 1 C. After 200 cycles, a discharge capacity of
802.0 mAh g™ still remains with a capacity decay rate of 0.06%
per cycle. Further rate ability at different rates of 0.2, 0.5, 1, 2,
3,4, and S C are assessed, respectively (Figure 2f). For the cell
without CNTp, fast capacity fading can be found, especially at
high rates of 2, 3, 4, and S C. Extremely large polarizations are
observed from the discharge/charge curves (Figure SSa). By
contrast, the cell with CNTp-2 exhibits high discharge
capacities of 1202.6, 1056.0, 943.8, 829.1, 745.8, 694.2, and
6442 mAh g ' at rates of 02, 0.5, 1, 2, 3, 4, and S C,
respectively. Typical discharge/charge curves can be still found
even at a high rate of 5 C (5 C = 25 mA cm™?, Figure SSb).
When switching the rate back to 0.2 C, a stable capacity of
1132.8 mAh g_1 can be still achieved, indicating the excellent
electrode integrity of the cell with CNTp-2. The great rate
ability of the cell with CNTp-2 can be attributed to the fast
charge transfer in the 3D structure of CNTp, agreeing well
with the results from the EIS measurement. The cycling
performances of the cell with CNTp-2 at high sulfur loads of
5.1, 7.0, 9.6, and 12.1 mg cm™? are shown in Figure 2e. It can
be seen that stable cycling performances are achieved, with
high initial areal capacities of 6.3, 8.2, 10.1, and 12.6 mAh cm™>
obtained at sulfur loads of 5.1, 7.0, 9.6, and 12.1 mg cm?,
respectively. After 30 cycles, cells with sulfur loads of 9.6 and
12.1 mg cm ™ still exhibit high areal capacities of 9.6 and 11.1
mAh cm™ (corresponding to 1000 and 917 mAh g7%),
respectively. Compared with previous reports (Figure 2g and
Table S1), the cell with CNTp-2 in our work exhibits
outstanding electrochemical performances. In spite of seem-
ingly high areal capacities (in mAh cm™) obtained in a
previous work,'” poor specific capacities (in mAh g~') are
found, reflecting low active material utilization. By contrast, the
cell with CNT-2 in our work simultaneously exhibits high and
stable areal capacity and specific capacity, suggesting high

active material utilization at high sulfur load. Above results
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Figure 3. Influence of CNTp on the cathode. (a) Mechanism illustration for the test of micro-zone current distribution using a scanning
electrochemical workstation. (b) Micro-zone current distribution for the S/CNTp cathode. (c) Micro-zone current distribution for CNT/S with
the CNTp interlayer cathode. (d) Illustration for the tested cathode of the cell with CNTp-2. (e) SEM image of S/CNTp with the CNTp interlayer
(the side attached to a separator) at low magnification. (f) SEM images of S/CNTp with the CNTp interlayer cathode at high magnification (inset:

EDS image).
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Figure 4. Influence of CNTp on the anode. (a) Top-view SEM images of the Li anode for the cell without CNTp. (b) Cross-section view SEM
images of the Li anode for the cell without CNTp. (c) Top-view SEM images of the Li anode for the cell with CNTp-2. (d) Cross-section view
SEM images of the Li anode for the cell with CNTp-2. (e, f) Simulation of the Li-ion concentration on the Li anode without a CNTp interlayer: (e)
Li stripping and (f) Li plating. (g, h) Simulation of the Li-ion concentration on the Li anode with a CNT interlayer: (g) Li stripping and (h) Li

plating.

demonstrate that inserting CNTp on both electrodes can
effectively enhance active material utilization, rate perform-
ance, and cycling stability at high sulfur load, promising a new
strategy for designing the high-energy-density Li—S cell.

To get more information about the great electrochemical
performances of the cell with CNTp-2, the impact of CNTp on
the sulfur cathode is first investigated. The micro-zone current
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distribution on the interface of the cathode/electrolyte is
detected using a scanning electrochemical workstation. As
illustrated in Figure 3a, the current distribution can be
obtained on the basis of dual-probe scanning, which is closely
approaching the surface of the sample. More detailed
illustration can be found in Supporting Information (Figure
S6). The micro-zone current distributions are compared in a
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Figure S. Electrochemical performances of a Li—Li symmetrical cell. (a) Illustration for the assembled Li symmetrical cell. (b) EIS plots. (c)
Voltage—time curves at 2 mA cm ™ for 3 mAh cm™>. (d) Voltage—capacity curves at 2 mA cm™> with different areal capacities of 2, 3, and 5§ mAh
em™2 (e) Rate performances at different current densities of 1, 2, 5, and 10 C. (f) Long cycling performance at 2 mA cm™" for 2 mAh cm™

region of 2.5 mm X 2.5 mm (Figure 3b,c). For the S/CNTp
cathode, there are obvious dark color distributions in some
discrete areas, reflecting lower current regions. Such nonuni-
form current distribution suggests the nonuniform utilization
of the active material sulfur because of its poor electron
conductivity. By contrast, the S/CNTp cathode with the
CNTp interlayer shows a uniform current distribution in the
whole region. In addition, the function of CNTp on adsorbing
polysulfides can be also seen from the SEM images in Figure
3ef. This reveals that the introduction of CNTp can greatly
refine the interface between the cathode and electrolyte,
increasing active material utilization.

Furthermore, the morphologies of the Li anode are analyzed
to investigate the influence of CNTp on the Li anode. As
shown in Figure 4a, the top view of the Li anode for the cell
without CNTp exhibits an uneven surface with typical mossy
Li after initial cycle, owing to the complex reaction of Li metal
with the electrolyte and dissolved polysulfides.”® From the
cross-section view (Figure 4b), it can be seen that the wholly
utilized Li presents a loose and porous structure, resulting in
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the increased surface area of Li, leading to the accelerated
reaction of the Li anode with the electrolyte. By contrast, the
surface of the Li anode for the cell with CNTp-2 exhibits a
smooth and even morphology (Figure 4c). Moreover, an intact
and dense morphology is found for the inner used Li (Figure
4d), indicating that uniform Li stripping/plating happens with
the aid of CNTp. Even after 100 cycles (Figure S7a,b), the Li
anode of the cell with CNTp-2 still maintains a smooth and
stable surface, whereas the cell without CNTp presents a
seriously rough surface (Figure S7c,d), owing to the repeated
reaction of Li with the electrolyte and polysulfides. This
demonstrates that a stable SEI of the Li anode can be formed
after inserting CNTp. To get the deep understanding about
such phenomenon, the distribution of Li-ion concentration is
analyzed using the COMSOL simulation. For the bare Li
anode, the nonuniform distribution of Li-ion flue can be clearly
seen between the Li anode and separator (Figure 4e,f), which
results in nonuniform Li stripping/plating and even Li dendrite
growth.”® By contrast, after inserting CNTp between the Li
anode and separator, uniform distribution of Li ion can be
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obtained (Figure 4gh). This might be benefited from the
enlarged surface area and 3D structure of CNTp, which helps
lower local current density”” and controls the spatial
distribution of Li ion, respectively.*’ Figure S8 shows a more
detailed change process for the Li-ion concentration as time
goes on. Taking the Li stripping process as an example, the Li-
ion concentration on the Li anode surface gradually increases,
whereas after inserting the CNTp interlayer, the Li-ion
concentration in the whole stripping process maintains a
relatively uniform distribution. The results of simulation give
good explanation for the even surface of the Li anode for the
cell with CNTp-2, confirming that CNTp can spatially control
the distribution of Li ion, refining the interface between the Li
anode and electrolyte.

To further demonstrate the effect of CNTp on the interface
stability of the Li anode, Li—Li symmetrical cells are assembled
(Figure Sa). The EIS plots in Figure Sb show that there is a
remarkable decrease in the semicircle after inserting CNTp,
implying significantly reduced resistance of the Li/electrolyte
interface. The typical voltage profiles of Li stripping/plating are
exhibited in Figure Sc. With an areal capacity of 3 mAh cm ™ at
2 mA cm™?, the bare Li—Li cell shows a larger overpotential
(—0.20 V) than that of Li-CNTp (—0.0058 V) at the initial
stripping process, demonstrating the stable interface for Li-
CNTp. To further confirm this, the voltage curves of Li
stripping/plating are measured with different areal capacities of
2, 3, and S mAh cm™? respectively (Figure 5d). Notably, the
Li-CNTp cell still exhibits slower and more stable voltage
plateau than the Li—Li cell in all cases. In addition, Figure Se
compares the voltage plots of the Li-plated/strapped process at
different current densities of 1, 2, 5, and 10 mA cm™* with the
fixed capacity of 2 mAh cm™2. The Li-CNTp cell still maintains
slower voltage hysteresis. Even at a high current density of 10
mA cm?, a stable potential plot with a range of —0.1 to 0.09 V
is still achieved by Li-CNTp, whereas significant dips and
dumps are found in the Li—Li cell. Furthermore, the cycling
stability of both Li—Li and Li-CNTp cells is compared in
Figure 5f. The Li—Li cell shows a fluctuant potential oscillation
with a sudden voltage drop after 400 h cycling. This can be
interpreted as the repetitive formation and breakage of the SEI
on the Li anode with a short circuit due to Li dendrite
formation.*' By contrast, a much more stable voltage plateau is
observed in the Li-CNTp cell. Even after long cycling for 1000
h, there is no observation for the Li dendrite-induced failure,
suggesting a stable Li/electrolyte interface. All above results
further confirm the conclusion that putting CNTp between the
Li anode and separator can greatly refine the interface between
the Li anode and electrolyte, providing stable Li stripping/
plating.

3. CONCLUSIONS

In summary, the refined interfaces between the electrolyte and
both electrodes are formed by inserting two CNTp interlayers
for the high-energy-density Li—S cell. Owing to the stable
interfaces for effective confinement of the polysulfides on the
cathode and facilitation of uniform Li-ion flue on the anode,
the Li—S battery, even with an ultrahigh sulfur load of 12.1 mg
cm™?, can still exhibit a high areal capacity of 12.6 mAh cm™ at
0.2 C, which still maintains a reversible capacity of 11.1 mAh
cm™? after 30 cycles. CNTp exhibits a strong ability to adsorb
the polysulfides. In addition, micro-zone current measurements
reveal that uniform current distribution is formed at the surface
of the sulfur cathode after inserting CNTp, enhancing active

6992

material utilization. Furthermore, the smooth and stable Li
anode surface is observed with the aid of CNTp to produce
uniform Li-ion flue, which is confirmed by the COMSOL
simulation. Our strategy suggests that the stable interfaces for
both the cathode and anode are vitally important for high
sulfur load. We believe that further improvements can be
realized by optimizing materials, and such novel cell
configuration can be also extended to the other systems,
providing a new perspective to design advanced battery
systems.

4. MATERIAL AND METHODS

4.1. Synthesis of CNTp and S/CNTp. The CNT powder (0.1 g)
was completely dispersed into 400 mL deionized water with 0.2%
surfactant Triton X-100 using ultrasonication for 1 h, Then, the
required liquid was taken for filtration using a vacuum filter and
washed with the deionized water for several times until the surfactant
is clear. After drying at 60 °C in a vacuum oven overnight, the
freestanding CNT paper (CNTp) can be obtained. The mass of
CNTp for the cathode and interlayer is controlled at 3.0 and 1.0 mg
cm™?, respectively. The corresponding thickness of CNTp is
measured by digital Vernier (Mitutoyo) to be ~0.100 and ~0.033
mm, respectively.

On the basis of the mass of as-prepared CNT paper, a certain
amount of sulfur powder was dissolved into carbon disulfide (CS,)
solution, followed by dropwise addition into CNTp. Finally, S/CNTp
was obtained via heating at 155 °C for 3 h under the argon
atmosphere. The sulfur load was controlled at 3.0, 5.1, 7.0, 9.6, and
12.1 mg cm ™, respectively, the thickness of which is measured to be
~0.105, ~0.111, ~0.131, ~0.156, and ~0.210 mm, respectively.

4.2. Synthesis of Li,Ss Solution. Li,S and S powders were added
into the mixture solution (1,2-dimethoxyethance (DME) and 1,3-
dioxolane (DOL), v/v = 1:1) based on the stoichiometric ratio. After
heating at 80 °C for 12 h, a russet solution of Li,S4 can be obtained.
All above operations were conducted in an argon-filled glove box.

4.3. Characterization. The SEM images were characterized using
HITACHI S-4800. Nitrogen isothermal adsorption/desorption plot
was obtained by Micromeritics 2020 to give the information about
Brunauer—Emmett—eller (BET) specific surface area and pore
structure. The ultraviolet—visible (UV-Vis) spectra were carried out
on a UV—Vis spectrophotometer (UV 2450). A scanning electro-
chemical workstation (Xiamen Legang Materials Technology
Company) was used to detect the micro-zone current distribution
on the surface of the cathode.

4.4, Cell Assembly and Electrochemical Measurement. S/
CNTp was cut into disks with 12 mm diameter and used as the
cathode. Li metal was used as both the reference and counter
electrodes. The electrolyte was the mixture of 1.0 M bis-
(trifluoromethanesulfonyl)imide lithium (LiTFSI) in DME and
DOL (1:1, v/v) with 1% LiNO;. The CNTp interlayer was cut into
16 mm disks. The CR2032 coin cell was assembled in an argon-filled
glove box. The ratio of the electrolyte to sulfur is controlled at 15:1
uL mg™". The cell without the CNTp interlayer, the cell with one
CNTp between the cathode and separator, the cell with one CNTp
between the anode and separator, and the cell with two CNTp
interlayers on both sides are named as the cell without CNTp, the cell
with CNTp-c, the cell with CNTp-a, and the cell with CNTp-2,
respectively. The total mass of the CNTp interlayer for the cell with
CNTp-2 was controlled as the same as the cell with CNTp-c (2 mg
cm™?). The discharge and charge process was performed on battery
system (LAND CT2001A instrument, China). The Autolab electro-
chemical workstation was adopted to obtain electrochemical
impedance spectra (EIS) with the frequency range of 0.1 Hz to 100
KHz.

4.5. Simulation in COMSOL. The electrochemical models are
constructed in COMSOL Multiphysics. Both models consist of two
domains. The lower one represents lithium electrode, with a
protrusion on the surface representing lithium dendrite. The upper
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domain represents the separator and CNTp interlayer. The physics
interface used in the model is “Tertiary Current Distribution, Nernst-
Planck”. The separator is treated as an inert porous structure filled
with electrolytes. The porous character of separator will reduce the
effective diffusion coeflicient based on eq 1

brugg

Dg=DXe

(1)

where D is the diffusion coefficient of Li ion, which is 1 X 107 m? s~

D, is the effective diffusion coefficient of Li ion. € is the porosity,
which is set to be 0.6. The brugg represents the tortuosity, which is
1.5. The same domain is used in the second model, which is inserted
with a CNTp interlayer. The porosity and electronic conductivity of
CNTp are considered in the simulation. For the Li anode, Ohm’s law
is applied. The electronic conductivity of Li is 1 X 10’ S m™". Butler—
Volmer equation is applied on the Li surface to describe the lithium
deposition and dissolution process. The lithium electrode thickness is
set to 2 ym. The protrusion is S ym wide and 4 pm high.
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