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a b s t r a c t

Shuttle effect of polysulfides and sluggish redox kinetics of sulfur are two tricky problems in lithium
esulfur (LieS) batteries. Engineering interlayer between sulfur cathode and separator is an innovative
approach to alleviate these weaknesses. From the spatial perspective, we validate an efficient interlayer
by regulating the stacking configuration composed of a conductive layer (carbonized polyacrylonitrile-
carbon nanotube, CPCNT) and catalytic layer (carbonized polyacrylonitrile-selenium, CPSe), forming a
hierarchical polysulfide suppression and conversion system. Electrochemical measurements reveal that
the contact priority of CPCNT or CPSe on sulfur cathode poses a momentous impact on the overall
working efficiency of interlayer. Accordingly, CPSe@CPCNT|S enables LieS batteries to deliver a specific
capacity of up to 760 mAh/g at 1.0C after 500 cycles. Impressively, LieS batteries endure 250 cycles with
87% capacity retention at 0.2C, even under a sulfur loading of 6.1 mg/cm2. The polysulfide diffusion
visualization coupled with finite elemental analyses disclose that CPSe@CPCNT|S configuration shapes a
higher diffusion damping towards polysulfides, while maintaining a smooth electron motion pathway
from cathode to interlayer for polysulfide conversion, which is the decisive cause of the enhanced
electrochemical performance. This research affords a spatial strategy for interlayer design in LieS bat-
teries and other alkali metal-sulfur batteries.
© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Lithium-sulfur (LieS) batteries are considered as particularly
competitive techniques for next-generation energy storage sys-
tems, due to their high specific energy density (2600 Wh/kg) and
ang@gdut.edu.cn (W. Zhang),
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cost-effectiveness [1e3]. However, LieS batteries remain plagued
by multiple fundamental drawbacks even after decades of research
and development [4]. One major issue is that the dissolution of
polysulfide intermediates (i.e. Li2Sx, 4 � x � 8) induces the noto-
rious ‘shuttle effect’ during the discharge process [5], leading to the
severe loss of active material and rapid capacity fading. Moreover,
the intrinsic insulation properties of sulfur and discharge products
(e.g. Li2S or Li2S2) also impede the efficient electron transport from
the current collector [6], which results in sluggish redox kinetics
and poor rate capability of LieS batteries.

To address these challenges, the research community has
innovatively proposed interlayer engineering strategy. Interlayers,
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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serving as the ‘polysulfide warehouse’ and ‘auxiliary electrode’
[7,8], can physically and chemically trap dissolved polysulfides and
electrochemically catalyze the redox conversion of active materials,
thereby stabilizing the cycling performance and elevate the rate
capability of LieS batteries. Since the seminal work on interlayers
(i.e. microporous carbon and conductive multiwalled carbon
nanotube) reported byManthiram's group in 2012 [9,10], numerous
materials (e.g. carbon-based [11e13], metal-based [14e17],
polymer-based materials [5,7,18] et al.) have been proposed as in-
terlayers in LieS batteries. To date, the predominant focus of
interlayer research is on elaborately designing or modifying the
physical/chemical nature of materials [19e21], involving hetero-
atom doping in graphene [22,23], integration of metal com-
pounds and carbon material [24e28], nanostructure design
[29e31], and dimensional regulation of materials [12,32]. Logically,
these strategies aim to regulate the intrinsic properties of interlayer
(e.g. conductivity, polarity, catalytic properties, etc.) from the ma-
terial perspective, thereafter strengthening the interlayer's perfor-
mance towards blocking and conversion of polysulfides. The
question is that LieS batteries still show capacity fading [33,34],
even equipped with a well-designed interlayer with reasonable
chemical components andmicrostructures. This might be related to
the limited suppression and conversion efficiency of interlayers to
polysulfides, which principally results from the performance ceil-
ing imposed by the inherent properties of the applied materials.
Given that, it is paramount to examine supplementary strategies
that can maximize the suppression capabilities of the interlayer
besides designing or modifying the intrinsic nature of interlayer
material for LieS batteries.

The water filter consists of four media layers (Fig. S1), where
each layer performs a specific function in sifting the impurities with
different sizes (10e0.0001 mm) inwater. By hierarchically arranging
the architecture of these layers, the filter enables complete water
purification. It is worth mentioning, that the filtration efficiency is
supposed to be highly stacking sequence-dependent on these
media layers. Swapping their stacking sequence could lead to an
incomplete purification of water. Taking inspiration from the water
filter, we question whether this principle is suitable for LieS bat-
teries, and if the stacking configuration of two layers with distinct
functions affects the suppression efficiency of polysulfides. In this
scenario, a conductive layer prepared from the carbonized
polyacrylonitrile-carbon nanotube (CPCNT) and an electrocatalytic
layer made from the carbonized polyacrylonitrile-selenium (CPSe)
was fabricated via an electrospinning method, as illustrated in
Fig. 1a. In our plan, the conductive layer is used to restrain poly-
sulfide shuttling, whilst the catalytic layer will accelerate the con-
version kinetics of polysulfides. With swapping their contact
priority with the sulfur cathode, the overall suppression efficiency
of interlayers to polysulfides has been significantly elevated.
Accordingly, the interlayer with the configuration of CPSe@CPCNT|S
enables the LieS batteries to persist more than 500 cycles with a
low-capacity decay rate of 0.077% at the current density of 1.0�C.
More impressively, LieS batteries with this optimal interlayer ar-
chitecture sustain 250 cycles with super high-capacity retention at
the current density of 0.2�C, evenwith the sulfur loading of 6.1 mg/
cm2. Further combination of visualized diffusion experiments with
finite element simulations confirm that these two interlayer ar-
chitectures shape a different digestingmodel to polysulfides, which
is closely related to their distinct diffusion damping and conductive
access of electrons for polysulfide suppression and conversion. As
such, this study elucidates the relationships between the in-
terlayer's spatial configuration and the electrochemical perfor-
mance of LieS batteries, providing a brand-new perspective for
designing high-performance interlayers in LieS batteries, with the
potential for application in other metal-sulfur batteries.
2

2. Results and discussion

As schematically illustrated in Fig. 1a, polyacrylonitrile-carbon
nanotube (PAN-CNT) and polyacrylonitrile-selenium (PAN-Se)
nanofibers were prepared using electrospinning method, respec-
tively. (Experimental details are shown in Supporting Information).
The morphology and structure of the as-prepared two nanofiber-
shaped samples were characterized with scanning electron micro-
scopy (SEM)and transmissionelectronmicroscopy (TEM) techniques.
The SEM images in Fig. 1b and c display a typical three-dimensional
nanofiber-mesh structure for PAN-CNT and PAN-Se, with both sam-
ples having a fiber diameter of around 100e200 nm. Additionally,
Fig. 1b reveals another reticulated framework intertwined between
CNT and PAN nanofibers. The high-resolution transmission electron
microscopy (HRTEM) image further demonstrates the clear lattice
fringe with a spacing of 0.34 nm belonging to the (002) plane of CNT
[35,36], confirming the entanglement of CNT and carbonized PAN
nanofibers (Fig. S2a). Differently, Fig.1c shows only PAN-Se nanofiber
with a smooth appearance, and the HRTEM image of CPSe in Fig. S2b
also indicates an amorphous carbon nature with a non-crystalline
lattice pattern. Note that the purpose of an extra CNT is to increase
the conductivity of CPCNT, and the added Se element provides CPSe
with the catalytic activity to accelerate the conversion of polysulfides
[37]. Fig. 1dee presents HADDF-TEM images, and the corresponding
energy dispersive X-ray spectroscopy (EDS) analyses of CPCNT and
CPSe, respectively. These images verify the homogenous distribution
of C and N in CPCNT (Fig. 1d) and C, Se, and N in CPSe materials
(Fig. 1e). The overall X-ray photoelectron microscopy (XPS) spectra
also confirm the existence of Se 3D peak in CPSe, while CPCNT only
contains C 1s, N 1s, and O 1s peaks (Fig. 1f). These results align with
EDS elemental mapping. In addition, the thermal stability of CPCNT
and CPSewas assessedwith thermogravimetric analysis (TGA) in the
N2 atmosphere at 700 �C. As shown in Fig. 1g, CPCNT retains 83.2%
weight even at a high temperature of 700 �C, indicating its high
thermal stability. In comparison, CPSe only maintains its 63% weight
at the same temperature. The weight loss of CPSe is ascribed to the
evaporation of Se and the further cross-linking reaction of partially
uncarbonized PAN during preparation [38]. The Se content in CPSe is
quantified to be 95.4 g/kg with inductively coupled plasma-mass
spectrometry (ICP-MS). Accordingly, the above results sufficiently
manifest the interwoven of CNT and the doping of Se in carbonized
PAN nanofibers, respectively.

N2 adsorption/desorption isotherms of CPCNT and CPSe were
collected at 77 K. As shown in Fig. S3, both CPCNT and CPSe display
type II isotherms with H4 hysteresis loop, indicating a mesoporous
architecturewith fewermacropores for both samples [39]. The pore
size distribution further confirms mesoporous-dominant pore
structure for the CPCNT(DBJH ¼ 7.5 nm, where DBJH is pore diameter
calculated from Barrett-Joyner-Halenda method) and CPSe
(DBJH ¼ 5.8 nm) in the inset of Fig. S3a and b, respectively. This
mesopore structure will benefit the penetration of electrolytes and
the adsorption of polysulfide [40]. However, CPCNTexhibits a larger
Brunauer-Emmett-Teller (BET) surface area (SBET) of 385 m2/g than
CPSe (SBET ¼ 291 m2/g), implying that CPCNT will provide more
space for physically confining polysulfides. The increased specific
surface area is closely related to the added CNT in CPCNT and
porous structures generated at higher carbonization temperature.
The N2 adsorption-desorption isotherms effectively differentiate
the CPCNT and CPSe from its surface areas and porous properties.

The electrochemical performance of LieS cells assembled with
different interlayer configurations (IC)was thoroughly evaluatedwith
2025-type coin cells. To strictly guarantee the reasonability of exper-
imental design, five interlayer configurations (Table S1) were pro-
posed for electrochemical measurements with LieS cells, including
CPSe@CPCNT|S (IC-1), CPCNT@CPSe|S (IC-2), CPCNT@CPCNT|S (IC-3),



Fig. 1. (a) Schematic illustration of electrospinning for the fabrication of PAN-CNT and PAN-Se fibers. SEM images of as-electrospun (b) PAN-CNT and (c) PAN-Se fibers. High-angle
annular dark-field transmission electron microscopy (HAADF-TEM), and the corresponding elemental mapping images of (d) CPCNT and (e) CPSe. (f) Overall XPS analyses of CPCNT
and CPSe. (g) TGA curves of CPCNT and CPSe measured in the N2 atmosphere at 700 �C.
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CPSe@CPSe|S (IC-4), CPCNT-Se@CPCNT-Se|S (IC-5). The thickness of
CPCNT and CPSe is controlled to be around 52 mm (Fig. S4). Sche-
matically, the LieS cells planted IC-1 and IC-2 interlayers are illus-
trated in Fig. 2a. In IC-1, the CPCNT layer is in contact with the sulfur
cathode,whereas the CPSe layer is on top of the sulfur cathode in IC-2.
Herein, IC-1 and IC-2 are mainly expected to examine the effect of
stacking configuration on the suppression efficiency and conversion
kinetics of polysulfides. IC-3 and IC-4 are used to exclude the impacts
of the increased stacking thickness on the electrochemical perfor-
mance, whilst IC-5 is fabricated to confirm the necessity of individu-
ally preparing conductive and catalytic layers (the functionalities of
two layerswill be distinguished later). Cyclic voltammetry (CV) curves
within the voltagewindowranging from1.8V to2.8Vat the sweeping
rate of 0.1 mV/s for these specimens are shown in Fig. 2b and Fig. S5a.
The CV curves of IC-1 and IC-2 demonstrate the typical redox pro-
cesses of the sulfur cathode [9,41]. Two cathodic peaks at 2.33 V (peak
A) and 2.03 V (peak B) are assigned to the reduction of cyclo-S8 to the
long-chain Li2Sn (4 � n � 8) and then to insoluble Li2S2/Li2S, respec-
tively. Two anodic peaks at 2.29 V and 2.40 V (peak C) reflect the
oxidation of Li2S/Li2S2 to polysulfides and further to S8. Note that IC-1
reveals a higher current density and smaller polarization potential
(DE) than that of IC-2, PP (Polypropylene)|S (Fig. 2b), and the reference
groups (Fig. S5). Accordingly, these well-designed experiments sub-
stantially manifest that the interlayer configurations affect the redox
kinetics of LieS cells. Electrochemical impedance spectroscopy (EIS)
measurements were employed to highlight the difference in the
charge transfer resistance (Rct) of ICs. Fig. 2c shows the Nyquist plots
3

with the simulated equivalent circuits, in which the depressed semi-
circle represents Rct at themedium-frequency region. TheRct values of
IC-1, IC-2, and PP|S are 31.5, 47.3, and 114.6 U, respectively (Table S1).
This result indicates that adjusting the stacking configuration of the
interlayer is able to effectively reduce the charge transfer resistance,
which accounts for the difference in polarization potentials in Fig. 2b.
The EIS of IC-3, IC-4, and IC-5 are also compared inFig. S5, inwhich the
Rct of IC-3 and IC-4 are 26.8 and 63.2 U, respectively (Table S1). Thus,
IC-1 and IC-3 manifest that the preferential contact of CPCNT with
sulfur cathode is conducive to reducing Rct. This phenomenon is
attributed to CPCNT as an upper current collector offering additional
conductive networks for the redox reaction of activematerials [10,42].
In addition, the IC-5 interlayer shows a higher Rct value (52.7 U) than
that of IC-1 and IC-2, which firmly highlights the advantages of
separately fabricating the conductive and catalytic layer and further
regulating the stacking structure.

The rate capability and cycling stability of LieS cells with these
interlayers were measured to specify the difference in electro-
chemical performance. As plotted in Fig. 2d, IC-1 enables LieS cells
to deliver a specific capacity of 1358, 1138, 978, 822, and 674mAh/g
at 0.1, 0.2, 0.5, 1.0, and 2.0C, respectively. The specific capacity
returns to 1167 mAh/g when the current density reverts to 0.1C. In
contrast, IC-2 and PP|S present evidently lower specific capacities
than IC-1 at the corresponding current densities. Interestingly,
although IC-3 shows the lowest charge transfer resistance, the
specific capacity of LieS cells with IC-3 is lower than that of IC-1 at
the corresponding current density, amounting to only 1214, 1038,



Fig. 2. Electrochemical performance for LieS cells with different interlayer configurations. (a) Scheme of LieS cells with IC-1 and IC-2 configurations. (b) CV curves at the first
cycle under the scan rate of 0.1 mV/s. (c) Nyquist impedance plots of the fresh LieS cells. (d) Rate capability at different current densities. (e) Cycling stability and Coulombic
efficiency at the current density of 0.2C. (f) Long-term cycling performance with Coulombic efficiency at the current density of 1.0C.
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915, 772, and 620 mAh/g (Fig. S6a). Similarly, the rate performance
of IC-4 and IC-5 is inferior to IC-1. For a clear comparison, the (dis)
charge profiles of all specimens at the current densities of 0.1e2.0C
are plotted in Fig. S7. Therefore, the above electrochemical perfor-
mance validates that leveraging the spatial design of the CPCNTand
CPSe can facilitate the redox conversion of polysulfides and lift the
sulfur utilization.

The long-term cycling stability of LieS cells equippedwith ICs was
also collected at the current density of 0.2 and 1.0C, aiming to evaluate
the functional sustainability of the interlayer in polysulfide suppres-
sion and conversion. As demonstrated in Fig. 2e, IC-1 allows the LieS
cell to reach a specific capacity of up to 809mAh/g with almost 100%
coulombic efficiency (CE) after 200 cycles at 0.2C. By contrast, the
4

specific capacity of IC-2 is much lower than that of IC-1, maintaining
only 603 mAh/g at the 200th cycle. Meanwhile, LieS cells with IC-3,
IC-4, IC-5, and PP also deliver a lower specific capacity than that of
IC-1 (Fig. 2e andFig. S6b),which is 693,535, 486, and191mAh/g at the
200th cycle, respectively. In particular, the specific capacity and CE of
each ICandPPat thefirst three cycles are listed inTableS2. The specific
capacity of IC-1 in the initial three cycles is 1157,1121, and1123mAh/g
respectively. The specific capacity of IC-1 is consistently higher than
IC-2, IC-3, IC-4, IC-5 and PP separator. Meanwhile, the CE of IC-1 ap-
proaches 100% at the third cycle, while the rest interlayer configura-
tion remains below100% even after 3 cycles. Accordingly, the capacity
degradation follows theorderof PP> IC-5> IC-4> IC-2> IC-3> IC-1. In
this case, it can be deduced (i) the material facing sulfur cathode (i.e.
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CPCNT or CPse): will dominantly affect the polysulfide suppression
and redox conversion efficiency of the stacked interlayer in LieS
batteries, (ii) solely increasing the stacks or integrating the function-
alities of interlayer fail to efficiently improve the electrochemical
performance of interlayers in LieS batteries. All of the corresponding
(dis)charge profiles at difference cycles are presented in Fig. S8a,
illustrating a typical reduction process
(S8 / Li2S8 / Li2S6 / Li2S4 / Li2S2/Li2S) and oxidation (Li2S2/
Li2S/ S8) of LieS batteries [43]. Based on the (dis)charge curves, the
polarization potentials (DE) at various cycles were also calculated to
reflect the improved transformation kinetics of polysulfides by
gauging the voltage gap between the oxidation and reduction plateau
at 50% capacity. As shown in Fig. S8a, IC-1 features the lowest polar-
ization potential among all samples, which is 165 mV. Clearly, the
stacking configurations of CPCNTandCPSegovernDEvalues, perfectly
in line with the CV results in Fig. 2a. Meanwhile, the ratio of Q1
(discharge capacity from S8 to Li2S4) and Q2 (discharge capacity from
Li2S4 to Li2S) at different cycles were further calculated according to
Fig. S8a. Ideally, the Q2/Q1 ratio is 3. This value roughly quantifies the
completion degree of sulfur conversion reaction and the confinement
effect on polysulfides [44], which can judge the interlayer's catalytic
and inhibitionability topolysulfides. In thiswork, theQ2/Q1 ratioof IC-
1 is constantly higher than IC-2 and PP separator, eventually main-
taining at 2.4 after the 200th cycle (Fig. S8b). ThehighestQ2/Q1 ratio of
IC-1 certifies that thevariationof interlayer configurationwill regulate
the re-utilization efficiency of active materials in LieS batteries.
Additionally, the Q2/Q1 ratio of IC-1 superior to IC-3 and IC-4 em-
phasizes the significance of integrating the interlayer using conduc-
tive and catalytic layers, whilst the higher Q2/Q1 ratio of IC-1 and IC-2
than IC-5 highlights the necessity of individually fabricating conduc-
tive and catalytic layers. The long-term cycling performance for all
samples was further compared at a higher current density of 1.0C in
Fig. 2f and Fig. S6c, and the related (dis)charge profiles are plotted in
Fig. S8c. The cycling stability of IC-1 outperforms the counterparts and
PP|S. The specific capacity of IC-1 retains 760 mAh/g even after 500
cycles, which greatly exceeds that of IC-2 (487 mAh/g) and PP|S
(160mAh/g), aswell as IC-4 and IC-5 (Fig. S6c). Of note is that although
IC-3 possesses the lowest charge transfer resistance, the specific ca-
pacity is only 504 mAh/g after 500 cycles. This result emphasizes the
importance of incorporating the CPSe layer with catalytic function in
the interlayer. Additionally, a performance comparison with the
recent reports is provided in Table S3. The optimization of interlayer
configuration enables a remarkable improvement in initial capacity
and reversible capacity compared with the elaborately designed
materials. Fundamentally, the noteworthy improvement in the elec-
trochemical performance of IC-1 elucidates that stacking hierarchical
architecture with conductive and catalytic components is an efficient
approach to mitigate the capacity degrading and optimize the sulfur
utilization of LieS cells, instead of solely keeping an eye on designing
the physical and chemical properties of the electrode materials.

Discerning the role of as-employed CPCNT and CPSe layers to-
wards polysulfides is the precondition to validate this study. For
this purpose, CV measurements were initially applied to the sym-
metric coin cells assembled with CPCNT and CPSe electrodes,
respectively. As demonstrated in Fig. S9a, the CV profile contours a
pair of broad redox peaks with high-exchange current density for
the CPSe electrode, indicating its catalytic characteristics towards
Li2S6. On the contrary, the redox peak and exchange current density
of the CPCNT electrode in Li2S6 electrolyte are nearly negligible,
suggesting the physical adsorption nature of CPCNT towards Li2S6.
The specific discharge capacity of IC-1 is also measured to exclude
the reactivity of Se with Liþ when sulfur is removed. As shown in
Fig. S10, the specific capacity of IC-1 is less than 3 mAh/g at the
current density of 0.2C, which indicates the electrochemical sta-
bility of IC-1. Additionally, the visual Li2S6 diffusion experiment was
5

also executed in H-type cells separated by the individual CPCNTand
CPSe layers. As presented in Fig. S9b, both specimens show trans-
parent solution color in the right vials after 10 min. However, the
solution in the right vial with CPSe appears slightly darker yellow
compared to the one with CPCNT after 4 h, and this difference
becomes more pronounced at 12 h. This observation visualizes a
weaker physical confinement capability of CPSe towards poly-
sulfides compared with CPCNT. In principle, this phenomenon can
be attributed to their different specific surface area and pore sizes
(Fig. S3). Therefore, the properties of CPCNT and CPSe are sub-
stantially distinguished, endowing our design concept with logical
rationality.

A potentiostatic Li2S nucleation experiment was conducted to
quantify the discrepancy in redox kinetics and conversion effi-
ciency of polysulfides within different interlayer configurations.
Fig. 3a describes Li2S precipitation time and the related deposition
capacity in IC-1 and IC-2. The electrochemical transformation of
Li2S in IC-1 reaches the peak value at 839 s, whereas Li2S nucleation
in IC-2 peaks at 2,738 s. Meanwhile, the IC-1 interlayer (157mAh/g)
allows a discharge capacity more than doubled that of IC-2
(76 mAh/g). Quantitatively, the nucleation kinetics of polysulfides
is accelerated by more than three-fold, and their conversion effi-
ciency is elevated by 200% in IC-1. The precipitation capacity of IC-1
is also higher than IC-3 (113 mAh/g), IC-4 (66 mAh/g), and IC-5
(57 mAh/g), as shown in Fig. S11. The kinetics is further reflected
in the lithium-ion (Liþ) diffusion coefficient (DLiþ),and that is
calculated from CV profiles at sweeping rates of 0.1e0.5 mV/s in
Figs. S12 and S13aec. All peak current values are linear with the
square root of scan rates (n1/2) in Figs. S12 and S13dee, fromwhich
the DLi

þ values are calculated according to the Randles-Sevcik
equation [45,46]:

Ip ¼
�
2:69�105

�
n3=2AD1=2 Liþn1=2C Liþ (1)

where, Ip represents the peak current, n is the number of transfer
electrons during the redox process (n ¼ 2), A is the contact area
between S cathode and electrolyte (A ¼ 0.785 cm2), D Liþ is the
diffusion coefficient of Liþ, v is the scanning rate, DLiþ is the con-
centration of Liþ in electrolyte (CLiþ ¼ 1 � 10�3 mol/mL). The slopes
of each peak in Figs. S12 and S13dee are positively correlated to the
corresponding Liþ diffusion, where a larger slope is indicative of
higher diffusivity. As calculated, theD Li þ at peaks A, B, and C for IC-
1 are 2.099 � 10�7, 2.532 � 10�7, and 4.863 � 10�7 cm2/s, respec-
tively. In contrast, the diffusion kinetics of Liþ in IC-2, IC-3, IC-4, IC-
5, and PP separator is noticeably inferior to IC-1 (Fig. S14 and
Table S4). Thus, the facilitated redox kinetics process by IC-1 is
synchronized with an enhanced rate capability.

In addition to the kinetics, the diffusion behavior of polysulfides
with regards to IC-1 and IC-2 was visualized using the H-type
apparatus with 0.2 M Li2S6 in dimethoxyethane/dioxolane (DME/
DOL) solution to qualitatively examine the blocking ability of in-
terlayers towards polysulfides. As shown in Fig. 3b, the left scheme
illustrates the correlated interlayer structure and the right chamber
shows the color evolution of the solution at different time nodes. In
the initial 10 min, all the right chambers demonstrate a transparent
solution. However, the right chamber separated by IC-2 and PP
separator clearly presents a light and bright yellow color after 4 h,
respectively, and the color of the solution continues to darken after
12 h. Distinct from IC-2 and PP separator, the color of the solution in
the chamber divided by IC-1 almost remains colorless until 12 h
when it changes to a light-yellow color. The brightness of the so-
lution at the same time nodes intrinsically accounts for the
permeation rate of Li2S6. This diffusion experiment visualizes the



Fig. 3. (a) Potentiostatic discharge curves of Li2S8-DOL/DME solution (v:v ¼ 1:1) for IC-1 and IC-2 at 2.05 V and the integral capacity for Li2S precipitation. (b) Visual measurements
of Li2S6 diffusion in IC-1, IC-2, and PP separator. (c) 3D COMSOL simulations for Li2S6 diffusion process with applied electric field in IC-1 and IC-2. (d) Concentration profile of
polysulfides in IC-1 and IC-2 at different time nodes.
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strengthened restriction of polysulfides by IC-1, corroborating the
effectiveness of our proposed strategy.

Based on the experimental outcomes, a 3D finite elemental
analysis (FEA) was executedwith COMSOLMultiphysics to simulate
the dynamic diffusion process of polysulfides in IC-1 and IC-2 (3D
geometric model is shown in Fig. S15, and experimental details are
provided in the Supporting Information and Table S5). In the
beginning, the simulation proceeded without applying the electric
field, to realistically mimic the polysulfide diffusion in two
6

interlayer configurations shown in Fig. 3b. The Li2S6 concentration
at the surface of the cathode is assumed to be 100% at 0 s (Fig. S16),
and the different evolution propensity of color represents the
polysulfide concentration. As demonstrated in Fig. S17, IC-1 and IC-
2 lead to distinct diffusion behavior. In IC-1, Li2S6 is mostly
restricted within the CPCNT layer from 60 to 240 s, whereas Li2S6
has diffused from CPSe to CPCNT in IC-2 at the same time scale.
Interestingly, this result is perfectly consistent with the experi-
mental diffusion behavior shown in Fig. 3b, which can be attributed
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to the varied diffusion damping that is determined by the stacking
sequence of CPCNT and CPSe. As demonstrated in Fig. S9b, CPCNT
features higher diffusion damping to polysulfides than CPSe, which
also implies that the Li2S6 concentration behind CPCNT in IC-1 is
supposed to be lower than that of CPSe in IC-2. As such, the CPCNT
layer in IC-1 empowers a significant reduction of Li2S6 concentra-
tion and forms a lower polysulfide flux behind it, thereby slowing
the entire diffusion process together with the following CPSe. On
the contrary, IC-2 fails to lower diffusion impetus by effectively
decreasing the Li2S6 concentration behind the CPCNT layer, hence
Li2S6 diffuses faster (the detailed mechanism is discussed in Fig. 4).
For the first time, the suppression efficiency of polysulfides is re-
ported to be managed by the spatial stacking structure of the
interlayer. Herein, Li2S6 eventually passes through CPSe of IC-1 and
CPCNT of IC-2, and the top region of the model achieves nearly the
same concentration after 300 s in Fig. S17. This behavior can be
ascribed to the thermal motion of molecules.

Considering that the diffusion of polysulfides in the presence of
an electric field might differ from the situation without the electric
field, the movement behavior under the action of the electric field
was further simulated. Fig. 3c portrays the concentration maps of
polysulfides in IC-1 and IC-2 at the time range from 60 to 300 s in
the electric field. The diffusion behavior of polysulfides in both
working conditions is remarkably different. In terms of IC-1, the
dark blue region dominates behind CPSe at 300 s when the electric
field is applied to the model (Fig. 3c), while the major color behind
CPSe is crystal blue in the absence of an electric field (Fig. S17). This
result appropriately indicates a smaller polysulfide migration flux
flowing through IC-1 in the electric field, which could benefit from
the activated predegrading function of CPCNT as an ‘upper current
collector’ and catalytic conversion of CPSe as the electrocatalyst
when the electric field is adopted. More excitingly, the polysulfide
shuttle has been significantly suppressed within the IC-1 interlayer
even after 300 s. However, IC-2 consents polysulfides to gradually
migrate beyond the interlayer from 60 to 240 s and ultimately
diffuse to the top boundary at 300 s. The concentration profiles of
polysulfide in two interlayer configurations at different time nodes
are compared in Fig. 3d. The polysulfide concentration decreases
Fig. 4. Schematic illustration of suppression principle fo
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sharply at 60 s in the CPCNT layer of IC-1, in which the attenuation
rate is higher than in CPSe of IC-2. Particularly at 180 and 300 s, the
polysulfides even diffuse into the CPCNT layer of IC-2 due to the as-
developed low diffusion resistance of CPSe to polysulfides, whereas
the polysulfides in IC-1 remain in the CPCNT layer of IC-1. These
profiles verify that IC-1 will shape a higher diffusion damping to
polysulfides and reduce the polysulfide concentration flowing to
CPSe for the following electrocatalytic transformation with high
efficiency. Therefore, IC-1 generates a more effective hierarchical
filter structure, which ensures that the adsorption and conversion
efficiency of IC-1 overwhelms that of IC-2.

Accordingly, the suppression mechanism of IC-1 and IC-2 was
proposed in Fig. 4, aiming to gain insight into the root cause of such
significant differences in the electrochemical behavior of LieS
batteries. As depicted in Fig. 4a, the CPCNT layer is preferentially
contacted with the sulfur cathode, followed by the CPSe layer in IC-
1. The intimate contact of the CPCNT layer with the sulfur cathode
in this model warrants the conductive access for electron transport
from the cathode to CPCNT and CPSe, which is confirmed by the
overall declined Rct of LieS cell (Table S1). With this configuration,
the CPCNT layer is competent with considerably adsorbing and
predegrading polysulfides, shortening the polysulfide chain length
(i.e. from Sx2� to SX-22- /S2� in Fig. 4a), and reducing the polysulfide
concentration in the electrolyte during discharge. The CPSe layer
will then immediately catalyze the pre-degraded low-concentrated
polysulfides (i.e. SX-22- in Fig. 4a) that diffuse from the CPCNT layer
while partially chemisorbing the polysulfides that fail to be con-
verted at the CPCNT layer. However, IC-2 inverts the priority of
CPCNT and CPSe, where the CPSe layer is placed on top of the sulfur
cathode (Fig. 4b). Unlike CPSe in IC-1, this layer in IC-2 primarily
catalyzes the conversion of high-concentrated long-chain poly-
sulfides (i.e. Sx2� in Fig. 4b). This results in comparatively lower
electrochemical conversion efficiency, as reflected in the electro-
chemical Li2S precipitation of IC-4 (Fig. S11). As a result, the CPSe
layer is unable to sharply decrease the concentration of poly-
sulfides. Thereafter, the CPCNT layer will be compelled to trap and
degrade high-concentrated polysulfides (i.e. Sx2� in Fig. 4b). Since
higher concentration leads to stronger diffusion impetus, and thus
r IC-1 and IC-2 during discharge in LieS batteries.



Fig. 5. (a) Long-term cycling stability of LieS cells with high sulfur loading electrode and (b) the related (dis)charge curves at different cycles. (c) CV profiles of LieS cells at the scan
rate of 0.1, 0.2, and 0.3 mV/s. (d) Digital photograph for LieS cell continuously lighting LED indicators.
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there implies a faster diffusion of polysulfides in electrolyte.
Meanwhile, the relatively inferior conductivity of CPSe in IC-2 at-
tenuates the electron motion ability from the sulfur cathode to
CPCNT. Hence, increasing the overall charge transfer resistance in
the LieS cell assembled with IC-2 and weakening the electron-
accepting pathway of CPCNT for re-utilization of polysulfides. Un-
der this circumstance, the overall suppression competence of IC-2
is comparatively worse than IC-1, leading to a low efficiency for
catalytic conversion and degradation of polysulfides, as described
in Fig. 4b.

To corroborate the proposed mechanism, the Li content of
CPCNT and CPSe for IC-1 and IC-2 at the 20th fully discharged
status was precisely quantified with inductively coupled plasma-
mass spectrometry (ICP-MS). Herein, the Li content could serve
as an indicator indirectly representing the concentration of poly-
sulfides in each interlayer. The Li content in the CPCNT of IC-1
accounts for 2.67 wt% in Table S6, which is evidently higher
than in the CPCNT of IC-2 (2.36 wt%). In the meantime, CPSe of IC-
1 also demonstrates a slightly higher Li content than that of IC-2.
These data reflect their different suppression efficiency of poly-
sulfides caused by interlayer configuration, well consistent with
the assumed mechanism. Moreover, the Rct values of LieS cells
planted IC-1 and IC-2 before and after cycling were evaluated
using the EIS technique. As plotted in Fig. S18aec, IC-1 confers
LieS cells to a much smaller Rct, than IC-2 and PP separator at
different cycles. Specifically, the Rct of IC-1 drops from 32.5 U at
fresh status to 11.7 at the 10th cycle and further to 11.1 U after 20
cycles with a total reduction amplitude of 21.4 U (Fig. S18d). By
contrast, the initial Rct of IC-2 is as high as 41 U, and its reduction
amplitude is only 9.4 U after 20 cycles. Even worse, the Rct of
reference cells is increased from 114 U at the initial status to 116 U
after the 20th cycle. Such low Rct of IC-1 is conducive to boosting
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the redox conversion of adsorbed polysulfides upon cycling, effi-
ciently enhancing the sulfur re-utilization. The EIS results also
support the assertion of higher efficiency for CPCNT and CPSe in
IC-1.

As a proof-of-concept, LieS cells with high-sulfur loading
electrodes were further fabricated to assess the potential of the
proposed interlayer for commercial applications. Fig. 5a shows the
long-term stability of LieS cells with IC-1 under the sulfur loading
of 4.4, 5.3, and 6.1 mg/cm2, respectively. The IC-1 interlayer en-
dows all high sulfur loading electrodes with the stable cycling
performance at the current density of 0.2C. Specifically, LieS cell
with 4.4 mg/cm2 sulfur cathode realizes a specific capacity of up to
776 mAh/g and preserves 652 mAh/g with the coulombic effi-
ciency of nearly 100% after 180 cycles. By contrast, LieS cell with
sulfur loading of 4.2 mg/cm2 delivers much lower capacity when
IC-2 is equipped, only maintaining 229 mAh/g after 120 cycles
(Fig. S19). Additionally, the 5.3 mg/cm sulfur cathode with IC-1
maintains a capacity of 533 mAh/g after 180 cycles at the cur-
rent density of 0.2C. More excitingly, the LieS battery with a sulfur
loading of 6.1 mg/cm withstands 250 cycles with a capacity
retention of 87%, exceeding the previously reported lifespan
[26,32,33,47,48]. The galvanostatic (dis)charge voltage profiles in
Fig. 5b also identify the super stable electrochemical behavior of
all high-sulfur loading cathode characteristics of two typical (dis)
charge plateaus at different cycles. In addition, LieS cell embedded
IC-1 interlayer displays the CV profiles with nearly similar shapes
and redox peaks at the sweep rate from 0.1 to 0.3 mV/s, suggesting
a decent rate performance even under the sulfur loading of
4.7 mg/cm2 (Fig. 5c). The as-assembled LieS cell in Fig. 5d even-
tually ignites the LieS pattern consisting of 26 light-emitting
diode lamps and endures for more than 60 min, showcasing the
promising application of IC-1 in long-lasting LieS batteries.
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3. Conclusions

In summary, we proposed a hierarchical digesting interlayer by
engineering the stacking architecture of the interlayer composed of
conductive CPCNT and catalytic CPSe nanofibers. This study dis-
closes a spatial factor capable of regulating the efficiency of poly-
sulfide inhibition and sulfur re-utilization in addition to material
perspective. Systematic investigations authorize that the IC-1
interlayer with the configuration of CPSe@CPCNT|S forms a more
efficient barrier for restricting polysulfide diffusion while remark-
ably decreasing the charge transfer resistance. LieS cells paired
with IC-1 interlayer ultimately speed up the conversion kinetics
and prolong the lifespan, which achieves an outstanding rate per-
formance at different current densities, and a specific capacity of up
to 760 mAh/g even after 500 cycles at the current density of 1.0C.
Impressively, LieS cell with a high sulfur loading of 6.1 mg/cm2

sustains as long as 250 cycles with a capacity retention of 87% at the
current density of 0.2C. In-depth experimental analyses and finite
elemental simulations expose that IC-1 shapes higher diffusion
damping to polysulfides and guarantees the access for electron
transport from sulfur cathode to CPCNTand CPSe, which is believed
to be the bottom reason leading to significantly enhanced sup-
pression efficiency of polysulfides. This work will enrich the di-
mensions for designing high-performance interlayers in LieS
batteries and can be extended to other alkali metal-sulfur batteries.
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