Carbon 166 (2020) 183—192

Contents lists available at ScienceDirect

Carbon

journal homepage: www.elsevier.com/locate/carbon

materiastoday

Mesoporous carbon nanotube aerogel-sulfur cathodes: A strategy to N
achieve ultrahigh areal capacity for lithium-sulfur batteries via e
capillary action

Zhenhan Fang ', Yufeng Luo ! Hengcal Wu ?, Lingjia Yan ¢, Fei Zhao ¢, Qunging Li *"

Shoushan Fan jlapmg Wang *

@ Department of Physics and Tsinghua-Foxconn Nanotechnology Research Center, Tsinghua University, Beijing, 100084, China
® Frontier Science Center for Quantum Information, Beijing, 100084, China

ARTICLE INFO ABSTRACT

Article history:

Received 22 February 2020
Received in revised form

3 May 2020

Accepted 18 May 2020
Available online 22 May 2020

A strategy to produce sulfur (S) cathodes with ultrahigh areal capacity for lithium-sulfur (Li—S) batteries
is proposed. Porous carbon nanotube (CNT) aerogel@Li,Sg cathodes are obtained by dropping Li,Sg so-
lution into the CNT aerogels that are prepared through a freeze-drying method. The three-dimensional
(3D) porous structure of the CNT aerogel provides a complete electron transport network and rapid ion
transport channels. Moreover, the rich mesoporous structure has an extreme capillary action on the
electrolyte. Numerical simulation shows that in a surprisingly short time (2 ps), the electrolyte can be
absorbed into the mesopores by capillary action and reach a stable state, limiting the “shuttle effect” of
polysulfides. Based on these unique characteristics, the CNT aerogel@Li,Sg cathode exhibits excellent
electrochemical performance. With an extremely high areal S loading of 20 mg cm™2, the cathode shows
an ultrahigh areal specific capacity of 22.9 mAh cm~2. For the pouch cell with an areal S loading of
10 mg cm~2 and a low electrolyte/sulfur (E/S) ratio of 7.8 uL mg~', the areal specific capacity reaches a
high value of 10.4 mAh cm 2

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs) have been widely used as power
sources in portable electronic devices and other fields, and lithium-
incorporated electrodes have been extensively researched in the
past two decades. However, the specific capacities of the existing
LIBs cannot meet the requirements of the rapidly developing in-
dustries, such as electric vehicles. Therefore, it is urgent to develop
new lithium batteries with higher capacities [1-3]. Among
different secondary battery systems, lithium-sulfur (Li—S) battery
becomes one of the most promising battery systems because of its
high theoretical specific capacity (1675 mAh g~!) and specific en-
ergy (2600 Wh kg—1), which is almost five times of commercial LIBs
[4]. However, many challenges remain and limit further develop-
ment and application of Li—S batteries. Both the active material
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sulfur (S) and the discharge product lithium sulfide (Li,S) are poor
electronic conductors. Besides, due to the density difference be-
tween S and Li,S, a considerable volume expansion (~80%) of S
occurs during the charging and discharging processes. Moreover,
the intermediate polysulfides are soluble in the ether-based elec-
trolyte and migrate to the anode, causing a shuttle effect. All these
shortcomings lead to the low utilization of active materials and
capacity loss during cycling [4—6].

Many researchers have conducted studies to solve the problems
of Li—S batteries. The modification of S composite cathodes by
combining S with conductive carbon materials at the nanometer
scale is one of the most widely studied methods [7,8]. There are
several commonly used conductive materials, such as microporous
and mesoporous carbon [9—16], carbon nanotubes (CNTs) [17—20],
graphene [21,22], carbon fiber [23—26], and other carbon materials
[27—-31]. In general, the most significant advantage of carbon ma-
terials in cathodes is that the conductive carbon materials can
enhance the electronic transmission of S/Li5S, thereby significantly
improving the utilization of active materials and obtaining higher
capacity. On this basis, some carbon materials with unique
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structures can also remedy other defects of Li—S batteries. For
example, while porous carbon materials provide a complete
conductive network, the rich porous structures can also accom-
modate the volume expansion of S. In addition, graphene materials
that are oxidized or element-doped have chemical functional
groups on their surfaces to adsorb intermediate polysulfides and
inhibit the shuttle effect. However, the preparation methods of
these carbon materials with excellent structures tend to be
complicated and the material cost is high. Besides, it is worth
noting that most of the high specific capacity Li—S batteries re-
ported in the literature are obtained with a low areal S loading
(<2 mg cm~2) and high electrolyte/sulfur (E/S) ratio (>15 pL mg~!)
[32,33], hence the areal capacities of the cathodes are usually less
than 2.0 mAh cm~2, which is not competitive compared to that of
commercial LIBs (~4 mAh cm™2) [34]. Therefore, the preparation of
carbon material with a simple preparation process, high electrical
conductivity, porosity, and shuttle inhibition has great significance
for promoting the application of Li—S batteries.

Super-aligned CNT (SACNTs) is an ideal candidate [35]. SACNTs
have a larger aspect ratio (~10%) and stronger van der Waals force
compared to ordinary CNTs, and many macroscopic architectures
can be easily achieved based on SACNTs, such as films [36,37],
buckypapers [38], and aerogels [39—41]. Aerogels constructed from
SACNTs have unique advantages for use in Li—S batteries. First, the
three-dimensional (3D) conductive CNT aerogel can provide a
complete conductive network that makes more active materials
available, enabling increased areal S loading and specific capacity.
Second, the CNT aerogel has an abundant porous structure, which
adapts to the volume expansion of S and enhances the stability of
the cycle. Third and the most importantly, organic solvents can
easily infiltrate into the CNT aerogel and the porous structure of the
aerogel has a strong capillary action on the electrolyte, confining
polysulfides in the cathode by the physical adsorption of the aer-
ogel itself and thus suppressing the shuttle effect.

Herein, CNT aerogel@Li,Sg cathodes with all the above
mentioned advantages were successfully obtained by infiltrating
Li»Sg solution dissolved in the electrolyte as the initial active ma-
terial into the CNT aerogels that were prepared by a simple freeze-
drying method. The CNT aerogel@Li,Sg cathodes possess three
advantages compared to standard S cathodes: a continuous CNT
network to facilitate high-speed electron conduction; a rich mes-
oporous and macroporous structure to accommodate volume
change of active material and to provide sufficient ion transport
channels; extreme and numerous capillary actions among meso-
pores to confine polysulfides dissolved in the electrolyte and sup-
press the shuttle effect. The CNT aerogel@Li,Sg cathode exhibited
excellent electrochemical performances. With an extremely high
areal S loading (20 mg cm2) and an ultra-low E/S ratio
(7.8 uL mg™ 1), the cathode showed an ultrahigh areal capacity of
22.9 mAh cm~2 at 0.1C. Larger size pouch cells based on the CNT
aerogel@Li,Sg cathodes were prepared as well and demonstrated
excellent performances. The simple preparation method of the CNT
aerogel and its effective mesoporous structure to alleviate poly-
sulfide shuttle effect reveal the significant potential of CNT aerogel
as a novel electrode material in practical applications of Li—S
batteries.

2. Experimental
2.1. Preparation of CNT aerogels

SACNT arrays with a height of 300 pm and a diameter of
20—30 nm were synthesized on silicon wafers by chemical vapor

deposition with iron as the catalyst and acetylene as the precursor.
Details of the synthesis method were described in a previous paper

[35]. SACNTs exhibit hydrophobic properties. In order to achieve
better dispersion, 200 mg SACNTs were ultra-sonicated in 400 ml
ethanol. Due to the low freezing point (—130 °C) of ethanol, the
ethanol in the dispersion was replaced with deionized water for
further freeze-drying. The aqueous CNT dispersion was dried in an
oven at 80 °C to 10 ml, 20 ml, and 40 ml respectively according to
the required densities. Afterward, the CNT dispersion was poured
into a container and underwent a freeze-drying process to obtain
CNT aerogels with densities of 20, 10, and 5 mg cm~3, respectively.
Due to the direct sublimation of water in the dispersion during the
freeze-drying process, the uniform distribution of CNTs and the
continuous CNT network structure were retained, leading to a 3D
CNT porous aerogel.

2.2. Preparation of LizSg solution and CNT aerogel@Li,Sg cathodes

A mixture of Li,S (Sigma-Aldrich) and S (Alfa Aesar) at a molar
ratio of 1:7 was dissolved in solvent (1 M LITFSI in DOL/
DME = 1:1 vol% with 1 wt% LiNOs3), and LiySg solutions with con-
centration of 0.25 mol L~! and 0.5 mol L~! were prepared,
respectively. By dropping 60 pL Li,Sg solution (0.25 mol L) into
the CNT aerogel with a diameter of 10 mm, the mass of active S
material reached 3.84 mg. The S content was 43 wt%, and the areal S
loading was 5 mg cm~2. By dropping 60 pL or 120 pL Li,Sg solution
(0.5 mol L) into the CNT aerogels corresponding to 60 wt% and
75 wt% S content, the areal S loadings were 10 mg cm~?2 or
20 mg cm 2 respectively. Standard S cathodes were prepared by a
traditional slurry coating method. S powder, super P powder, and
polyvinylidene fluoride (PVDF) in a weight ratio of 5:4:1 were
mixed and grounded for 30 min in N-methyl pyrrolidone (NMP)
solution. The obtained slurry was cast on a piece of aluminum foil.
Then the cathodes were cut into pieces with a diameter of 10 mm,
and the typical areal S loading was about 2.5 mg cm 2.

2.3. Preparation of CNT aerogel@S cathodes

CNT aerogel was laser-cut into cylindrical pieces with a diameter
of 10 m 100 mg S was dispersed in 500 mL ethanol, and 1 mL
dispersion was evenly dropped into the CNT aerogel pieces, fol-
lowed by drying at 60 °C. After repeating the above operation for 10
times, a composite of CNT aerogel and S was obtained. This com-
posite was further maintained at 155 °C for 12 h to achieve CNT
aerogel@S cathode. The S areal loading and content in the cathode
were 2.5 mg cm ™2 and 33 wt%, respectively.

2.4. Assembly of coin and pouch cells

The assembly of both coin and pouch cells was performed in an
argon glove box (M. Braun Inert Gas Systems Co., Ltd., Germany).
Coin-type (CR 2032) half-cells were assembled with CNT aero-
gel@Li,Sg cathode as the working electrode and pure Li foil as both
the counter and the reference electrode. The prepared cathodes,
polypropylene separator, Li foil, stainless steel plate and spring
plate are stacked in the coin cell successively. For the CNT aero-
gel@Li,Sg cathode, no additional electrolyte was added. For CNT
aerogel@S and standard S cathode, an appropriate amount of
electrolyte was added into the coin cell (E/S ratio = 15.6 uL mg~1).
All coin cells were assembled under the same pressure (10 MPa) to
ensure the same thickness of the cathodes and left to activate for
48 h. For the assembly of pouch cells, the CNT aerogel was laser cut
into a 2 cm x 2.4 cm piece and spot-welded with a 0.4 cm
aluminum lead for use as the cathode. The anode was made by cold
pressing a 2 cm x 2.4 cm lithium foil with a 0.4 cm nickel lead. A
polypropylene separator was used. 305 pL LiySg solution
(0.5 mol L~1) was injected into the cathode before encapsulation of
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the pouch cell by an aluminum-plastic film. The areal S loading was
10 mg cm~2, and the E/S ratio was 7.8 uL mg~ .

2.5. Morphology and structural characterization

The morphology and structure of the CNT aerogels and CNT
aerogel@Li,Sg cathodes were characterized by scanning electron
microscope (SEM, Sirion 200, FEI, USA) and transmission electron
microscope (TEM, Tecnai G2F20, FEI). X-ray photoelectron spec-
troscopy (XPS) data of the aerogel@S cathodes were collected from
a PHI Quantera II (Ulvac-Phi Inc) at room temperature. Surface area
analysis was conducted using a surface area and porosity analyzer
(Micromeritics ASAP 2020 HD88). Compressed CNT aerogel cath-
odes were used for the morphology and structural characterization
to ensure that they were in similar situation as in coin cells.

2.6. Electrochemical measurements

Electrochemical measurements were carried out using a Land
CT2001 automatic battery tester from 1.8 to 2.6 V at designated
rates for coin cells and using a Neware battery tester from 1.6 to
2.5 V for pouch cells. The area of the electrode and the mass of the
active material in pouch cells were much larger than those in coin
cells, leading to greater polarization of the cell. Therefore, smaller
potential window was used for pouch cells. Cyclic voltammetry
(CV) tests were carried out in coin cells on a VMP-3 electrochemical
workstation with a voltage range of 1.5—3.0 V and various scan
rates. Electrochemical impedance spectroscopy (EIS) characteriza-
tion was performed with a small perturbation voltage of 2 mV, and
the frequency ranged from 100 mHz to 100 kHz. All the electro-
chemical tests were performed at room temperature and in an
ambient atmosphere.

3. Results and discussion

The synthesis procedure of the CNT aerogel is shown in Fig. 1a.
As reported in previous work, due to their clean surfaces and the
strong van der Waals forces, SACNTs can self-assemble into a
continuous and macroscopic CNT aerogel by a freeze-drying
method [39]. First, the SACNT array was ultrasonically dispersed
in ethanol and the CNT dispersion was washed with deionized
water. Then, the aqueous CNT dispersion was dried to different
volumes according to the required densities. Afterward, the CNT
dispersion was poured into a container and underwent a freeze-
drying process to obtain a CNT aerogel. The CNT aerogels with
densities of 5 mg cm 3, 10 mg cm 3, and 20 mg cm > were laser cut
into cylinders of 10 mm in diameter. The photograph of a CNT
aerogel in Fig. 1b demonstrates its porous structure. SEM images in
Fig. S1 show that the typical diameters of the macropores in the
CNT aerogels with densities of 5 mg cm~>, 10 mg cm~3, and
20 mg cm 3 were 200 pm, 100 pm, and 50 pm respectively. The
nitrogen adsorption/desorption isotherms show that all the CNT
aerogels with different densities conformed to the behavior of a
macroporous structure (Fig. 1c), and the observed hysteresis sug-
gests the presence of both macropores and mesopores in the CNT
aerogels. The specific surface areas of the CNT aerogels were almost
identical, being 104.75 m? g~ 1,104.23 m? g, and 105.11 m? g ! for
the CNT aerogels with densities of 5 mg cm~3, 10 mg cm~3, and
20 mg cm™> respectively. The pore size distributions in Fig. 1d
reveal that the mesopore sizes of the CNT aerogels with different
densities were similar, with a specific mesopore volume of
0.45 cm? g~ . The origin of the mesopores was investigated by TEM
(Fig. S2). In the CNT aerogel, CNTs with a diameter of 12 nm were
interwoven with each other, and the pores between adjacent CNTs
constituted the mesoporous structure. The change of density of the

CNT aerogel did not have a significant impact on the size of mes-
opores and the variation of macroporous size with density made
little contribution to the overall specific surface area of the CNT
aerogels. In this work, CNT aerogels with a density of 20 mg cm™—>
were used for subsequent experiments.

The wetting properties of the CNT aerogels were characterized.
Figs. S3a and S3b show photographs of electrolyte and water
droplets (20 uL) on the surfaces of the CNT aerogels. The wetting
angle of electrolyte on the CNT aerogel (16.3°) was significantly
smaller than that of water on the CNT aerogel (113°). The excellent
wettability between the electrolyte and the CNT aerogel can facil-
itate sufficient ion transport channels for the assembled battery
during cycling. By adding Li»Sg solution, the CNT aerogel@Li,Sg
cathodes can easily reach a high areal S loading. For example, after
adding 60 pL of Li»Sg solution (0.25 mol L) to the CNT aerogel, the
areal S loading of the CNT aerogel@Li,Sg cathode was 5 mg cm 2.
The SEM image of CNT aerogel@Li,Sg cathode is shown in Fig. le.
Energy dispersive X-ray (EDX) mapping of the CNT aerogel@Li,Sg
cathode shows that both S and carbon (C) elements were homo-
geneously distributed in the cathode (Fig. 1f—h), and no apparent
agglomeration of S was observed. These microscopic results sug-
gest that CNT aerogel@Li,Sg cathodes with uniform distribution of S
have been successfully obtained, which is vital to improve the
utilization of active material and the performances of the batteries.
The preparation method is simple and scalable, providing a route
for low-cost fabrication of S cathodes.

The cycling performances of the CNT aerogel@Li,Sg, CNT aero-
gel@S, and standard S cathodes with areal S loadings of 5 mg cm ™2,
2.5 mg cm~2 and 2.5 mg cm 2 respectively are shown in Fig. 2a. The
discharge specific capacity of the CNT aerogel@Li,Sg cathode was
close to the theoretical capacity of S at 0.1C and maintained at
1297.2 mAh g~ after 100 cycles at 0.2C. In comparison, the capacity
of the CNT aerogel@S and standard S cathode decreased to only
696.5 mAh g~! and 392.3 mAh g~! respectively after 100 cycles at
0.2C. The volume capacities of the CNT aerogel@Li,Sg, CNT aero-
gel@S, and standard S cathodes after 100 cycles at 0.2C were 720.7
Ah L',193.5 Ah L', and 142.6 Ah L~'. Comparison between the
CNT aerogel@S and standard S cathodes with the same areal sulfur
loading revealed that the CNT aerogel can effectively improve the
specific capacity and cyclic stability of the S cathode due to the
conductive network and rich porous structure. However, it was
challenging to achieve CNT aerogel@S cathodes with high areal S
loading. Herein, CNT aerogel@Li,Sg cathodes with ultra-high areal S
loading were developed by dropping Li»Sg solution into the CNT
aerogels. Even though the areal S loading was doubled in the CNT
aerogel@Li,Sg cathode, it still showed much higher specific capacity
and cycling stability than the standard S cathode, indicating that its
unique structure could effectively improve the utilization rate of S
and enhance the cycling stability. The advantages of CNT aerogel @
Li»Sg were further verified in the subsequent electrochemical test.
The rate performances of the CNT aerogel@Li,Sg, CNT aerogel@S,
and standard S cathodes are shown in Fig. 2b. The CNT aero-
gel@Li;,Sg cathode delivered specific discharge capacities of 1569.0
mAh g, 1447.8 mAh g, 1384.8 mAh g, 1363.6 mAh g~ !, and
1268.9 mAh g~ ! at 0.1C, 0.2C, 0.5C, 1C, and 2C, respectively. When
switching back to 0.1C, the capacity recovered to 1549.2 mAh g,
reflecting its high reversibility. The CNT aerogel@S cathode showed
inferior rate performance, which delivered specific discharge ca-
pacities of 971.0 mAh g, 954.0 mAh g, 916.3 mAh g, 856.9
mAh g, and 695.0 mAh g~! at 0.1C, 0.2C, 0.5C, 1C, and 2C,
respectively. Obvious capacity decay was observed at high rates.
When switching back to 0.1C, the capacity recovered to only 968.3
mAh g~ As for the standard S cathode, a significant capacity decay
was observed at 0.1C, suggesting a severe loss of active material. It
showed a specific capacity of only 496.0 mAh g~! at 0.2C, and
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Fig. 1. (a) Schematic of the fabrication process of a CNT aerogel@Li,Sg cathode. (

b) Digital photo of a CNT aerogel. (c) Nitrogen adsorption-desorption isotherms and (d) pore size

distributions of the CNT aerogels with different densities. (e,f) SEM images of a CNT aerogel@Li,Sg cathode. (g) Carbon and (h) sulfur elemental mapping of (f). (A colour version of

this figure can be viewed online.)

almost no capacity released at 0.5C or higher rate. After cycling at
1Cand 2C, when the working current decreased to 0.1C, the specific
capacity recovered to only 491.9 mAh g~'. Overall, the CNT aero-
gel@LiySg cathode showed superior cycling and rate performances
than the standard S cathode, due to the unique characteristics of 3D
porous microstructures of the CNT aerogel. The coulombic effi-
ciencies of the cathodes in the rate tests are shown in Fig. S4. The
standard S cathode exhibited the lowest coulombic efficiency,
while the coulombic efficiencies of the CNT aerogel-based cathodes
remain above 95%. There is no obvious difference between the CNT
aerogel@Li,Sg and CNT aerogel@S cathodes. These results suggest
that the introduction of the CNT aerogel has a significant effect on
the suppression of the shuttle effect.

The differences between the charging and discharging plat-
forms (4E) in the voltage-capacity curves of the CNT aerogel@Li5Sg,
CNT aerogel@S and standard S cathodes were evaluated (Fig. 2c). 4E
of the CNT aerogel@Li,Sg cathode was only 0.26 V, much smaller
than that of the CNT aerogel@S (0.33 V) and standard S (0.53 V)
cathodes. The smaller 4E value of the CNT aerogel@Li,Sg cathode
suggests its smaller polarization and better electrochemical
reversibility. The EIS results of coin cells after activation process
(SOC = 1) in Fig. 2d show much lower impedance characteristic of
the CNT aerogel@Li,Sg cathode compared to other S cathodes. The
equivalent circuits of the impedance spectra and results of fitting
are shown in Fig. S5 and Table 1, respectively. The ohmic resistance
of the CNT aerogel@Li,Sg cathode was 2.5 Q, which was higher than
that of the CNT aerogel@S (2.3 Q) and standard S (1.1 Q) cathodes.
Because Li,Sg solution was used as the initial active material in the
CNT aerogel@Li,Sg cathode, the overall concentration of the solu-
tion was higher than that of the pure electrolyte used in the

standard S cathode, resulting in higher ohmic resistance in the CNT
aerogel@Li,Sg cathode. In the standard S cathode, additional
conductive agent (Super-P) was used. The surfaces of S particles
were coated by a conductive carbon layer, and the ohmic resistance
of the standard S cathode was slightly smaller than the CNT aero-
gel@S cathode. In the low-frequency region, all cathodes showed a
sloped line related to the Warburg diffusion process. The CNT aer-
ogel@Li,Sg cathode exhibited a unique semicircle (R~ 1.1 Q) in the
low-frequency region because a new charge transfer interface was
generated with Li;Sg as the initial active material. In the high-
frequency region, both cathodes exhibited semicircles corre-
sponding to the charge transfer resistance (R;). As shown in
Table S1, the Ry between CNTs and LiySg in the CNT aerogel@Li»Sg
cathode was only 7.7 Q, which was much smaller than that between
Super-P and S in the standard S cathode (175.5 Q). It was worth
noting that the charge transfer resistance of the CNT aerogel@S
cathode was also lower than that of the standard S cathode,
revealing that the CNT aerogel plays an important role in improving
ion diffusion. The significantly lower impedance of the CNT aero-
gel@Li,Sg cathode indicates its faster reaction kinetics, which is
ascribed to the 3D conductive network to ensure sufficient electron
transfer and the good wettability between the electrolyte and the
porous structure to facilitate fast lithium-ion transport.

The CV curves of the CNT aerogel@Li,Sg and standard S cathodes
at a scanning rate of 0.1 mV s~! display two-step redox reactions
during the lithiation/delithiation processes of S, involving two
cathodic reduction peaks and continuous anodic oxidation peak
(Fig. S6). Two reduction peaks corresponded to the reduction of S to
polysulfides and the reduction of polysulfides to LiySy/LisS,
respectively. The oxidation peaks represented the oxidation
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Table 1

EIS fitting data of the standard S, CNT aerogel@S, and CNT aerogel@Li,Sg cathodes.
Sample Ro Ry Ry
Standard S cathode 1.1Q 1755 Q /
CNT aerogel@S cathode 23Q 332Q /
CNT aerogel@Li,Sg cathode 25Q 7.7 Q 1.1Q

reaction from LiyS;/LizS to LixSg/S [42]. The CNT aerogel@Li,Sg
cathode showed sharper and symmetric redox peaks correspond-
ing to relatively smaller polarization and superior electrochemical
kinetics of the cathode compared to those of the other S cathode.
Fig. 2e shows the CV curve of the CNT aerogel@Li,Sg cathode during
the first 5 cycles. Two reduction peaks at 2.3 V and 2.0 V corre-
sponded to the reduction of S to polysulfides and the reduction of
polysulfides to Li»S»/Li,S, respectively. An additional reduction peak
around 1.65 V during the first cycle corresponded to the decom-
position of LiNO3 [43], and this peak was no longer observed in the
subsequent cycles. The oxidation peaks represented the oxidation
reactions from Li»S,/LisS to LizSg/S. The curves hardly changed after
the third cycle, indicating the excellent electrochemical and
structural stability of the CNT aerogel@Li,Sg cathode. These

electrochemical testing results suggest that high S utilization, low
polarization, and fast reaction kinetics were achieved in the CNT
aerogel@Li,Sg cathode due to its 3D conductive network structure.
The cycle performance of the CNT aerogel@Li,Sg cathode at 1C is
shown in Fig. S7. The CNT aerogel@Li,Sg cathode exhibited an ultra-
high specific capacity of 1388.2 mAh g~! and maintained 899.9
mAh g~ ! after 60 cycles, and the coulombic efficiency remained
above 97%, indicating that the shuttle effect was effectively
suppressed.

For Li—S batteries with polysulfides as the initial active material,
the active material generally undergoes the following process:
During the initial discharge-charging process, the polysulfides
firstly discharge to Li,S;/Li,S, and then convert to Sg by recharging.
After the second cycle, the conversion process of the active material
in the Li—S battery is Sg—polysulfides—Li,S;/Li»S, which is consis-
tent with the standard S cathode [44]. The morphology changes of
the active material on the CNT surface in the CNT aerogel@Li,Sg
cathode under different charging and discharging states was also
observed. First, the CNT aerogel@Li,Sg cathode was assembled into
coin cells. Then, the cathodes were disassembled from the coin cells
at various stages: the initial state, after the first discharge to 1.8V
(0.1C), and recharge to 2.6 V (0.1C) after discharging, then
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characterized by SEM (Fig. S8). Fig. S8a showed the CNT aero-
gel@Li,Sg cathode at the initial state. Li;Sg particles were evenly
distributed among the CNTs. When the cathode was discharged to
1.8 V, Li;Sg converted to LiyS,/Li;S particles that were uniformly
deposited on the surface of CNTs (Fig. S8b). The pores formed by the
interweaving CNTs firmly restricted the Li;S,/Li,S particles in the
cathode, illustrating that the CNT aerogel can effectively inhibit the
shuttling of polysulfides. When the cathode was recharged to 2.6V,
Li»S,/Li,S converted to Sg particles that evenly coated on the surface
of CNTs (Fig. S8c), which was beneficial to prompt the utilization
rate of S and obtain a higher capacity and cycle stability.

Conditions of the separators were examined to study the sta-
bility of the cathodes during cycling. Fig. S9 shows digital photos of
the original separator and the separators used in the cells with the
CNT aerogel@Li,Sg and standard S cathodes after 100 cycles. The
separator in the cell with the CNT aerogel@Li,Ss cathode still
looked as white as the original separator after 100 cycles. In com-
parison, the separator used in the cell with the standard S cathode
clearly showed yellow residue, suggesting the presence of poly-
sulfides on the separator. The absence of polysulfides residue on the
separator in the cell with the CNT aerogel@Li,Sg cathode indicated
that such cathode had a strong restrictive effect on the polysulfides
shuttling, which is beneficial to the cycling stability of the batteries,
and the mechanism for the CNT aerogels to suppress the shuttle
effect was further investigated. The most basic argument is
whether the restriction of CNT aerogels on polysulfides is physical
or chemical effect. To verify this dispute, the CNT aerogel was
immersed in Li»Sg and Li»S4 solution for 24 h, then dried and sub-
jected to an XPS test. Fig. S10 shows the spectrum of C 1s, in which
only two peaks were observed after soaking the CNT aerogels in
Li»Sg and LiyS4 solutions. One peak at 284.8 eV corresponded to the
binding energy of the C—C bond in CNTs, and the other peak at
288.1 eV represented that of the C—F bond of in LiTFSI. No other
peak was observed, indicating that the restriction effect of the CNT
aerogels on polysulfides was mainly physical adsorption rather
than chemical adsorption.

Based on the XPS results and structural characteristics of the
CNT aerogel, the principle of the polysulfide adsorption by the CNT
aerogel is proposed in Fig. 3a. The mesopores eventually absorbed
the Li»Sg solution in the CNT aerogel through three steps. In the first
step, the LiSg solution was dropped into the CNT aerogel and
primitively entered the macropores. In the second step, the LiSg
solution was rapidly absorbed from the macropore into the meso-
pores with a “capillary tube” structure formed between interwoven
CNTs in the CNT aerogel. When the Li,Sg solution was completely
absorbed into the mesopores, a stable state was achieved. In this
final step, the electrolyte was firmly confined in the mesopores. To
verify the principle of polysulfide adsorption by the CNT aerogel,
two critical issues needed to be probed: (i) Does the porous
structure in the CNT aerogel prevent polysulfide shuttling when
Li»Sg solution was absorbed entirely? (ii) Whether macropores or
mesopores play a significant role in this capillary action?

Polysulfides dissolution tests were performed to study whether
the porous structure in the CNT aerogel can effectively confine
polysulfides in the cathode and suppress the shuttle effect (Fig. 3b).
First, the coin cells of the CNT aerogel @S and the standard S
cathodes were assembled, and their voltage profiles during the first
discharge process are shown in Fig. 3c. The initial voltages of the
second discharge platforms for the CNT aerogel @S and the stan-
dard S cathodes were 2.09 V and 1.95 V, respectively. At these
voltages, the polysulfides in these cells had the highest concen-
tration and the most similar electrolyte composition. Therefore, the
CNT aerogel @S and the standard S cathodes were discharged to
2.09 V and 195 V at 0.1C, respectively, then disassembled in an
argon-filled glove box and put into containers with 3 mL pure

electrolyte. The color changes of the electrolyte are shown in
Fig. 3b. When the standard S cathode was immersed in the elec-
trolyte, the polysulfides in the cathode diffused rapidly into the
electrolyte and the color of the electrolyte quickly turned light
chartreuse, indicating that the polysulfides produced during the
charge and discharge processes were not effectively confined in the
standard S cathode. In comparison, when the CNT aerogel@Li,Sg
cathode was placed in the electrolyte, the color of the electrolyte
maintained a relatively clear state. After standing for 1 h, color
gradient appeared in the electrolyte, and the electrolyte close to the
CNT aerogel@Li,Sg cathode looked darker than other locations, as
the polysulfides that were initially confined in the porous structure
of the CNT aerogel slowly diffused into the electrolyte. After
standing for 2 h, the polysulfides in the CNT aerogel completely
diffused throughout the electrolyte, and the solution finally
appeared light chartreuse. The much slower diffusion of poly-
sulfides from the CNT aerogel into the electrolyte compared to the
standard S cathode suggests that the porous structure of the CNT
aerogel can better confine the polysulfides in the cathode to alle-
viate the shuttle effect.

Whether the macropores or mesopores in the CNT aerogels play
a significant role in the capillary action and the suppression of
polysulfide diffusion was also investigated. Three kinds of CNT
aerogels with densities of 5 mg cm 3,10 mg cm 3, and 20 mg cm 3
possessed different macropore sizes but similar mesoporous
structures. They were used to prepare coin cells for electrochemical
and cyclic tests, and the corresponding CNT aerogel@Li,Sg cathodes
demonstrated almost the same EIS, CV, and cycling performances
(Fig. 3d—f). Therefore, the macropores in the CNT aerogels did not
affect their electrochemical performances. It is the mesopores that
do not vary with density in the CNT aerogels plays a significant role
in alleviating the polysulfide shuttle effect.

The polysulfide dissolution test results and electrochemical
performances of CNT aerogels with different densities suggest that
the mesoporous structure in the CNT aerogel can absorb Li,Sg so-
lution through capillary action and restrict the polysulfide shut-
tling. Furthermore, the processes of Li;Sg solution absorption and
confinement in the mesopores were simulated by multiphysics
simulation (Fig. 3g). According to the microstructure of the CNT
aerogel, a two-dimensional (2D) cross-section model containing
both macropores and mesopores was constructed. In the simula-
tion model, three mesoporous rectangular cross sections with a
pore diameter of 30 nm were constructed by four CNTs with a
diameter of 12 nm and a length of 500 nm. Two rectangular argon-
filled regions with a cross section of 600 nm in length and 80 nm in
height were set above and below the mesopores to simulate the
macropores connected to the mesopores. In addition, there was an
appropriate amount of electrolyte, specifically a rectangular cross
section of 250 nm in length and 80 nm in height, below the mes-
opores used to simulate the Li,Sg solution that first entered the
macropores in the CNT aerogel. The surface tension of the elec-
trolyte and the wetting angle between the electrolyte and the CNT
aerogel were also taken into account. The surface pressure and the
distribution of the electrolyte in the entire model structure were
simulated. In the initial state, the entire electrolyte was underneath
the mesopores. The upper surface of the electrolyte underneath the
mesopores showed a negative pressure due to the capillary action
and the electrolyte tended to enter the mesopores. After 0.5 s,
most of the electrolyte entered the mesopores, and the upper
surface of the electrolyte in the mesopores still maintained a high
negative pressure, making the electrolyte continue to fill the mes-
opores. After 1 us, the electrolyte that was previously in the mac-
ropores entered the mesopores entirely, but the mesopores were
still not totally filled. The electrolyte in the mesopores showed
negative pressure. After 2 us, the mesopores was totally filled by the


http://www.baidu.com/link?url=B34evcF_QkA3rr_UjdwtJR2k4szA0g3JjH2MLhrRAvqhLOGJIgouxUqK8Es_n8_Q-nhpy9xs28mhLRojTZf_XARHyGJbsC15t6GBs0bTT5K
http://www.baidu.com/link?url=B34evcF_QkA3rr_UjdwtJR2k4szA0g3JjH2MLhrRAvqhLOGJIgouxUqK8Es_n8_Q-nhpy9xs28mhLRojTZf_XARHyGJbsC15t6GBs0bTT5K
http://www.baidu.com/link?url=B34evcF_QkA3rr_UjdwtJR2k4szA0g3JjH2MLhrRAvqhLOGJIgouxUqK8Es_n8_Q-nhpy9xs28mhLRojTZf_XARHyGJbsC15t6GBs0bTT5K

(2)

Li,S, solution

Z. Fang et al. / Carbon 166 (2020) 183—192

Macropores

Mesopores
Step 1 Step 2 Step 3
(b) (©),, (d),
CNT aerogel@S cathode "] — CNT acrogel@Li;S, cathode — omgom
E - = Py — Standard S cathode - —10 mg cm- 4
) &9 2221 2.09 V g 31 —20 mg cm"
B @ i
L4 et « o = ~— 2.
¥ =20 195V E
3 ot N gt . > “ 1-
" —-b 1.8
T ]
7 h 00 15 30 45 60 0 10 15 20
Standard S cathode (e) Capacity (mAh) ‘(f) Rre (ohms) )
], ki <
\‘ ) ,-\1 —5 mg cem? :{Z 1007
Ny Segff < 10{—10 mg cm** < 80 &
B N £ .]—20 mg cm® E g
=8 = N = 60 5
g 3 |5 L =4 . 3
_— e = = s 2
S L—-—a g (3 51 § s 5mg cm? o E
Oh 1h 2 h -10- & 4001 . 19 mg cm™ 20 —:
) -15 ‘E 220 mg cm 0 8
18 20 22 24 26 & 0 10 20 30 40 50
Voltage (V) Cycle number
(g) Surface pressure
Macropore ‘ ' 1 T T 10° Pa
R 0.4
0
-0.4
-0.8
R & | | I I | | H-1.2

The volume of the electrolyte

’ 0
|«
30 nm
Mesopore | CNT
Electrolyte 1
T 0s 0.5 ps 2 ps 3ps
Macropore
E
(h).:36 o83,838066388°838588586058388058°888 oo 1100
0%08%0 ° ° ° 088887 3353:83“8338805535595"-",g“, &
530- 8 L] 0-80 e_’
‘—‘ >
£24 S 60 g
£18] ***%ecccee 160 -2
=% 00000949000 =
= 000000000000000p =
Elz- “ssssguusssssnssnsnnnnnn IIIIIIlIII:II:I""::..."......‘.......'.‘40 E
26l = 10mgem? Rate: 0.2C 10 E
_% 0{ e 20mgcem? E/S ratio: 0 —2
0 5 1 5 H 5 N_H B % 5B @ & MO
<

Cycle number

Fig. 3. (a) Schematic of the CNT aerogel@Li,Sg cathode absorbing Li,Sg solution and confining polysulfides. (b) Color changes of the electrolyte with immersion of the CNT aer-
ogel@Li,Sg and standard S cathodes after a discharge process. (c) Voltage profiles of the CNT aerogel@Li,Sg and standard S cathodes during the first discharge process extracted from
Fig. 2c. (d—f) EIS spectra, CV curves, and cycling performances of CNT aerogel@Li,Sg cathodes using CNT aerogels with densities of 5,10, and 20 mg cm 3. (g) Multiphysics simulation

of the electrolyte absorption by the CNT aerogel. (h) Areal specific capacities of CNT aerogel@Li,Sg cathodes with high S loading at 0.2C. (A colour version of this figure can be viewed
online.)
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pouch cell at 0.1C. (c) Comparison of the areal specific capacities of the CNT aerogel@Li,Sg with data reported in the literature. (d) A green LED array illuminated by a CNT aer-

ogel@Li,Sg pouch cell. (A colour version of this figure can be viewed online.)

electrolyte, which maintained a small negative pressure to prevent
the electrolyte from flowing out. At this moment, a steady state was
reached and remained unchanged afterward. These simulation re-
sults sufficiently proved that the CNT aerogel absorbed the Li,Sg
solution into the mesopores by capillary action and stably restricted
the polysulfides in the cathode, as shown in Fig. 3a. The stable
negative pressure state formed in a short time can adsorb and
restrict the polysulfide solution in the mesopores, and thus effec-
tively improve specific capacity, rate performance, and cycle sta-
bility of the CNT aerogel@Li,Sg cathodes: On the one hand, more
Li,Sg active materials can directly contact the conductive network
composed of CNTs and the ion channels provided by the electrolyte,
which improves the utilization of active materials and accelerates
reaction kinetics; On the other hand, due to the strong capillary
action, the polysulfides generated during the charging and dis-
charging processes are firmly confined by the mesopores in the
cathode, which inhibits the polysulfide shuttle effect and improves
cycle stability of the cathode.

Due to the above-mentioned unique characteristics of the CNT
aerogel@Li,Sg cathodes, the areal S loading can be significantly
increased to 10 mg cm™2 and 20 mg cm™2, and the electrolyte S
ratio can be reduced to 7.8 uL mg~! to fulfill the needs for industrial
applications. Cycling performances of the CNT aerogel@Li,Sg cath-
odes with high areal S loadings (10 mg cm~2 and 20 mg cm™2) are
demonstrated in Fig. 3h. With an areal S loading of 10 mg cm 2, the
initial areal specific capacity of CNT aerogel@Li,Sg cathode reached
15.0 mAh cm 2 and still maintained 9.6 mAh cm~2 after 70 cycles at
0.2C. When the areal S loading increased to 20 mg cm 2, the CNT
aerogel@Li,Sg cathode still demonstrated a high areal specific

capacity of 22.9 mAh cm~2 and maintained capacities of 10.7 mAh
cm 2 after 70 cycles at 0.2C. Fig. 4a is a more straightforward bar
chart showing the extremely high areal specific capacity and cyclic
stability of the CNT aerogel@Li,Sg cathode with high S loading. Li—S
batteries prepared by the CNT aerogel@Li,Sg cathodes can have an
areal specific capacity up to more than 5 times of that of com-
mercial LIBs, indicating that their remarkable potential in practical
applications.

To further illustrate the suitability of the CNT aerogel@Li,Sg
cathodes for industrial applications, a large size pouch cell was
prepared with an areal S loading of 10 mg cm~2 and an electrolyte S
ratio of 7.8 pL mg~L. The cycling performance of the pouch cell at
0.1Cis shown in Fig. 4b. It exhibited a high areal specific capacity of
10.4 mAh cm 2 and excellent cycling stability, with the areal spe-
cific capacity remaining at 8.8 mAh cm~2 after 20 cycles. Compared
with data reported in the literature [45—55], the CNT aerogel@Li»Sg
cathode in this work has higher areal S loading and specific capacity
(Fig. 4c), indicating that its unique porous aerogel structure and
capillary action can significantly improve the performance of Li—S
batteries. Fig. 4d shows that a pouch cell made with a CNT aero-
gel@Li,Sg cathode illuminated a green LED array with a “TFNRC”
pattern representing Tsinghua-Foxconn Nanotechnology Research
Center, illustrating the possibility of using the pouch cell for high-
energy-density Li—S batteries.

4. Conclusion

In this work, 3D porous CNT aerogels were prepared by a simple
freeze-drying method. Due to the rich mesoporous structures in the
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CNT aerogel and its good wettability to the electrolyte, these
mesopores had an extremely strong capillary action on the elec-
trolyte. When the Li,Sg solution formed by dissolving Li>Sg in the
electrolyte as the initial active material was added to the CNT aer-
ogel, the LiySg solution was absorbed into the mesopores entirely
and maintained a stable negative pressure state within a short time
(2 ps). On the one hand, the rapid absorption of Li,Sg solution by
mesopores significantly improved the utilization of active mate-
rials, and an ultrahigh areal S loading and specific capacity can be
achieved by adjusting the volume or concentration of the LiySg
solution. On the other hand, the stable negative pressure state of
the electrolyte in the mesopores restricted the polysulfides in the
mesopores of the cathode, which enhanced the cycle stability.
Based on the mesoporous structure of the CNT aerogel and the
intense capillary action asserted on the electrolyte, the perfor-
mances of Li—S batteries assembled by CNT aerogel@Li,Sg cathodes
were effectively improved. Especially when the E/S ratio was
reduced to 7.8 pL mg~! and the areal S loadings were increased to
20 mg cm~2, the CNT aerogel@Li,Sg cathode still showed an ul-
trahigh areal capacity of 22.9 mAh cm~2. Furthermore, the initial
areal specific capacity of a large scale pouch cell made with the CNT
aerogel@Li,Sg cathode reached as high as 10.4 mAh cm ™2, showing
the great potential for the CNT aerogel-based cathodes in practical
applications of Li—S systems.
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