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Abstract: Multidimensional fabrication of metal-organic
frameworks (M OFs) into multilevel channel integrated devices
are in high demanded for Li-S separators. Such separators
have advantages in pore-engineering that might fulfill require-
ments such as intercepting the diffusing polysulfides and
improving the Li'/electrolyte transfer in Li-S batteries. How-
ever, most reported works focus on the roles of MOFs as ionic
sieves for polysulfides while offering limited investigation on
the tuning of Li* transfer across the separators. A photo-
induced heat-assisted processing strategy is proposed to
fabricate MOFs into multidimensional devices (e.g., hollow/
Janus fibers, double-or triple-layer membranes). For the first
time, a triple-layer separator with stepped-channels has been
designed and demonstrated as a powerful separator with
outstanding specific capacity (1365.0 mAhg™') and cycling
performance (0.03 % fading per cycle from 100" to 700" cycle),
which is superior to single/double-layer and commercial
separators. The findings may expedite the development of
MOF-based membranes and extend the scope of MOFs in
energy-storage technologies.

Introduction

With increasing concerns about the anthropogenic im-
pacts of current trends in energy utilization, as well as the
prospect of new energy supply to meet future needs, we are at
a stage where revolutionary change of our energy paradigm is
a must.'! Battery technology is a key issue in sustainable
energy conversion/storage and acting as a vital factor in
limiting the development of advanced techniques like elec-
trical vehicles, unmanned drone or smart mobile devices when
taking the limited theoretical capacity of conventional
lithium-ion batteries into consideration. To go beyond
lithium-ion batteries and attain a higher energy density and

lower cost, Li-S batteries with the advantages like high
theoretical specific capacity (1675 mAhg '), high theoretical
energy density (2600 Whkg™') as well as abundant reserves
and low cost of sulfur have been considered as the most
promising candidates for new generation of battery system.>
During past decades, much effort has been devoted to the
development of Li-S battery yet the performance obtained to
date has still been far from satisfactory and is still restricted by
the problems like the formation of polysulfides (Li,S,; n=
2-8) with complex electrochemical reaction kinetics and
shuttling effect;** cell-polarization caused by Li*/electrolyte
transfer™®” and the formation of lithium dendrite,™ etc. Most
of these problems are closely related to the bottlenecks of
separator (an important component of the battery that is
responsible for separating the cathode and anode to avoid
short-circuiting while allowing transport of conducting ions in
the electrolyte) and might be conquered with the develop-
ment of advanced separator technology. Specially, a powerful
Li-S separator needs to satisfy the properties like: 1) high
barrier properties to block the shuttling effect of polysul-
fides;'"! 2) certain pore size or good wettability to achieve
high passage efficiency for both Li* ions and electrolyte!"!
and 3) high stability or self-healing properties that can resist
electrolyte corrosion, endure the formation of lithium den-
drites and provide automatic shutdown protection.!'>" To
this end, the exploration of powerful separators that can fulfill
most of these requirements of Li-S battery is long-sought-
after.

In recent years, the prosperous development of Li-S
batteries has witnessed the higher requirements for the
separators and various porous materials (e.g., zeolites,'
porous carbon,™ metal oxides,'®! porous coordination poly-
mers,'”! etc.) have been investigated. Among them, metal—
organic frameworks (MOFs)-based mixed matrix membranes
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(MMMs), combining the advantages of MOFs

and polymers, have showed much promise in the
applications of Li-S separators.'®!* In detail, the ’ ®
following properties of MOFs might be vital in
this field: 1) the developed pore structure of
MOFs can accommodate a variety of liquid
molecules like electrolyte solution, serving as
ionic sieves in battery to realize low internal
resistance and high ionic conductivity;?” 2) the
pore sizes of MOFs can be specially designed to 9%
block the passage of polysulfides through the size ')
barrier, thereby increasing the diffusion resist-

ance of polysulfides® and 3) many MOFs 2
structures contain open metal sites or functional
groups that might effectively mitigate the shut-
tling effect of polysulfides.”” Similarly, polymers
(e.g., polydimethyl siloxane (PDMS), polyethy-
lene glycol (PEG), or cellulose, etc.) with polar
functional groups like Si-O, C-O-C or -OH have
also proven to be beneficial for Li" transmission or inhibition
of polysulfides shuttling, etc.'??! Therefore, the most prom-
ising MOF-based MMMs for Li-S separators would be the
one that can integrate MOFs with functional polymers in
robust architectures, which can simultaneously conquer the
crystalline/fragile nature of MOFs crystals and meet the
desired requirements of Li-S separators. Up to date, the
applications of MOF-based MMMs in Li-S separators are still
in its fancy and methods like electrospinning, casting or
vacuum filtration have been applied.”?°! Nevertheless, most
of the fabrication forms are simple and works reported to date
generally apply one kind of MOF or polymer, which are hard
to fulfill most of the requirements for Li-S separators. Besides,
most of works focus on the roles of MOFs as ionic sieves
towards polysulfides migrating to the anode while having
limited investigation on the tuning of Li* transfer efficiency
across the MOF-based separators. Some articles have report-
ed that the fabrication of sophisticated devices like double-
layer coatings on the lithium metal electrode can effectively
inhibit the lithium dendrites formation with largely improved
Li* transfer efficiency.”?! This illuminates a novel point for
us to design MOF-based MMMs with multifunctionality and
sophisticated architectures that might possess unique and
superior properties over conventional MOF-based Li-S
separators.

To this end, we intend to design a kind of MOF-based
MMM s with stepped channels and serve it as a novel toolbox
for the investigation of Li-S separator (Figure 1). In the
applications of Li-S separators, there is a balance between the
polysulfides inhibition, Li* transfer and cell polarization. For
single-layer MOF-based MMMs, small pore sizes are bene-
ficial for suppressing polysulfides yet are generally lack in Li*/
electrolyte transfer. On the contrary, single-layer MOF-based
MMMs with large pore sizes might possess opposite effect on
polysulfides inhibition and Li*/electrolyte transfer (Figure 1).
To conquer the limited functionality of single-layer MMMs,
double-layer MMMs would be more desired to simultane-
ously inhibit polysulfides shuttling and facilitate the efficient
transfer of Li*/electrolyte. However, double-layer MOF-
based MMMs with two kinds of pore channels integrated in
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Figure 1. Representation of various MOF-based separators in the application of a

a system might still face the problem like cell polarization
owing to the unbalanced transfer efficiency of Li*/electrolyte
during the discharge—charge process. In this regard, MOF-
based triple-layer MMMs with symmetrical stepped channels
would be an alternative strategy, in which the specially
designed device might efficiently suppress the cell polar-
ization through reversible and fast transfer of Li*/electrolyte
coupling with the remained polysulfides inhibition functions
(Figure 1). Therefore, methods that can integrate various
MOFs in a system for Li-S separators with such structures and
conquer the brittle nature of MOFs to fabricate into required
shapes are particularly urgent and necessary before they can
be widely adopted in practical application situations. Up-to-
now, available complex MOF-based devices are limited to less
than a handful of material families such as MOF-on-MOF 2D
heterojunction, double-layer membranes or hollow tubes
through methods like layer-by-layer,” casting® or freeze-
drying,®!l etc. The fabrication of diverse MOFs integrated
MMMs with stepped channels that possess synergistic effect
on Li-S performance are much desired yet still largely unmet.

Herein, we propose a two-step photoinduced heat-assist-
ed processing (PHAP) method that can combine photo-
induced shaping and heat-assisted solidification in a protocol,
in which the two-step processing method enables shaping of
MOFs into diverse devices (e.g., fiber, hollow tube, Janus
hollow tube and double-layer/triple-layer membrane, etc.).
Combining the advantages of photopolymerization polymer
and MOFs together, they possess excellent robustness,
flexibility, compatibility and self-healing properties. Specifi-
cally, for the first time, a kind of MOF-based triple-layer
separator with stepped channels has been readily fabricated
through the photoinduced multidimensional fabrication
of MOFs and it exhibits boosted specific capacity
(1365.0mAhg ") and cycling performance (0.03% fading
per cycle from 100" to 700™ cycle), superior to single-layer/
double-layer separators and commercial polypropylene (PP).
This work demonstrates the concept of rational construction
of triple-layer structured separators for boosted Li-S perfor-
mance and provide a novel point for the applications of MOF-
based devices in energy storage. Considering the diversity of
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MOFs species with various pore sizes and channels, the
discovery of integrated combinations of MOFs hosts for
multifunctional targets is expected.

Results and Discussion

The two-step photoinduced heat-assisted processing
(PHAP) method for the fabrication of MOF-based devices
is illustrated in Figure 2 A and it can be concluded into three
steps: dispersion of MOF nanoparticles (NPs) in monomer
solution (a mixed solution of silicone and 2-hydroxyethyl
acrylate (HEA)), photoinduced shaping and heat-assisted
solidification. Firstly, various kinds of MOF NPs, including
Zr-, Cu-, Zn- and Ce-based MOFs, have been synthesized and
activated. After that, pre-activated MOF NPs with open pore
channels are uniformly dispersed in monomer solution
through ultrasonic. In order to achieve desired shapes,
different molds like quartz hollow tune or Teflon mold have
been filled with the dispersion solution. After immediate
treating with a xenon lamp (wavelengths, 300 to 400 nm) to
irradiate the photopolymerization process, the shaped hydro-
gel with molded shape is peeled off and transferred to an
oven. After heating at 60°C for 12 h, MOF-based devices with
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various shapes (e.g., fiber, hollow tube, membrane) and even
complex devices (e.g., Janus hollow tube, two-part hollow
tube, double-layer or triple-layer membrane) have been
obtained.

Based on this method, various kinds of MOFs can be
readily processed into different MOF-based devices. As one
of the most applicable forms, MOF-based MMMs have been
firstly selected as the desired model to study the feasibility of
this method. Taking UiO-66@Silicone/PHEA (denoted as
UiO-66@SP) as an example, the powder X-ray diffraction
(PXRD) of the UiO-66@SP membrane is consistent with the
original UiO-66, indicating that it can retain the inherent
crystallinity and topology after the two-step PHAP process
(Supporting Information, Figure S1A). Moreover, Fourier
transform infrared spectroscopy (FT-IR) tests have been
conducted to study the components of the materials (Fig-
ure S1B). The peaks at 1730 cm ™! and 1035 cm ' are ascribed
to the stretching variation of C=0 and C-O—C bonds for ester
groups of PHEA. Peaks at 1080 cm™' and 1120 cm™' are
considered as the stretching variation of Si-O-Si bond in
siloxane and peaks at 1500 cm™ and 1580 cm™' are the
benzene ring stretching vibrations of the ligand in UiO-66.
The FT-IR and PXRD results indicate the co-existence of
both UiO-66 and SP, in which the tremendous amount of
polar functional groups might im-
part the membrane with powerful
functions like self-healing, ion con-
ducting or inhibition of polysul-
fides shuttling. The scanning elec-
tron microscopy (SEM) image
shows the good dispersal of
UiO-66 NPs (diameter, ~ 50 nm)
on the surface of UiO-66@SP (Fig-
ure S1C). Besides, the loadings of
UiO-66 can be well-tuned from ~ 8
to ~24 wt% with intact topology
and high uniformity as supported
by the PXRD and SEM tests
(Figures S2 and S3).

To prove the versatility of this
method, we further extend this
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method to various representative
MOFs. Except for UiO-66, differ-
ent MOF systems including Zr-
based MOFs (e.g., NH,-UiO-66,
MOF-808 and MOF-801), Cu-
based MOFs (e.g., HKUST-1),
Zn-based MOFs (e.g., ZIF-8) and
Ce-based MOFs (e.g., Ce-BTB)
have also been explored and char-
acterized by PXRD, SEM and FT-
IR tests (Figures S4 and S5). These
membranes produced from the
two-step PHAP method that inter-

Figure 2. The characterization of different MOF-based devices fabricated through the two-step PHAP
method. A) Diagrammatic depiction of the two-step PHAP method. B) Photographic and SEM images
of MOF-based devices obtained from the two-step PHAP method: fiber, UiO-66@SP; two part fiber,
UiO-66/NH,-UiO-66@SP; hollow tube, UiO-66@SP; Janus tube, ZIF-8/UiO-66@SP; membrane,

UiO-66@SP and double-layer membrane, UiO-66/NH,-UiO-66 @ SP.
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weaving MOFs with functional SP,
would possess high robustness
owing to the strong interaction
between them. To verify it, tensile
stress tests are performed to show
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the mechanical strength of these membranes. For instance,
UiO-66@SP membranes with different UiO-66 loadings
present higher mechanical strength (i.e., 8 wt%, 1.6 MPa;
16 wt%, 1.2 MPa and 24 wt%, 0.7 MPa) than pristine SP
(0.5 MPa), indicating the addition of MOFs particles can
increase the robustness (Figure S6). Besides, the possible
relation between the structural parameters (composition,
morphology and size) of MOFs NPs (e.g., UiO-66) and
mechanical properties of the composite membrane have also
been investigated (Figures S7-S10). Furthermore, different
kinds of MOF@SP membranes display good mechanical
strength, suggesting the strong interaction between MOFs
and SP (Figure S11).

Self-healing ability, referring to the property that enables
materials to automatically repair damage and restore to
a normal state, has received extensive attention in various
fields like biomedicine, soft robotics engineering or energy
storage.”>* Processing through the two-step PHAP method,
the obtained materials can combine the advantages of both
functional polymers and MOFs together, which might exhibit
self-healing property. To verify it, a strip of UiO-66@SP
hydrogel and NH,-UiO-66@SP hydrogel are cut in halves and
then positioned to be connected together with each other.
After placing in air at room temperature for 10 min, the
separated two parts are reconnected as a whole (Figure S12).
After heat treatment at 60°C for 12 h, the reconnected
hydrogel strip is transformed into robust membrane and
exhibits high mechanical strength (stress, 0.8 MPa, strain,
144 %) during the tensile stress tests, indicating the strong
self-healing property for the reconnected membrane (Fig-
ure S13). The inert self-healing properties might be possibly
attributed to the constructed hydrogel bonding networks
between MOFs and SP with diverse functional groups (e.g.,
-OH or Si-O-Si groups). Moreover, N, sorption tests have
been conducted to evaluate the porosity of the samples. For
most of MOF-based MMMs, the maintenance of porosity
remains a giant challenge yet still lack alternative methods.
Fabricated through this method, in which the loaded mono-
mers in the pores of MOF NPs can be partially polymerized
and interwoven, large amount of defects might be created to
present remained MOF porosity. Taking ZIF-8@SP as an
example, ZIF-8@SP with various loadings display type II
curves in the N, sorption tests and exhibit Sggy values of 48,
104 and 192 m?g™" for ZIF-8@SP with 8 wt%, 16 wt% and
24 wt% loadings through Brunner-Emmet-Teller (BET)
measurements, respectively (Figure S14). Referring to the
reported Syer values of ZIF-8 (Sper ca. 800-1600 m?g ™), 3430
the obtained values are lower than the theoretical ones, which
might be possibly attributed to the partially occupied pores of
MOF NPs by SP during the two-step PHAP process (Fig-
ure S14).

Based on the superior advantages like self-healing prop-
erty of the materials, more elaborate devices could be further
explored with this versatile two-step PHAP method. Aside
from the single-layer membrane, double-layer membrane like
UiO-66/NH,-UiO-66@SP can be fabricated through the two-
step PHAP method based on the template of first-layer
membrane (Figure 2B). SEM image shows the cross-section
of UiO-66/NH,-UiO-66@SP is tightly connected without any
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gaps or cracks (Figure 2B). Furthermore, a kind of triple-
layer membrane based on ZIF-8@SP, HKUST-1@SP and
NH,-UiO-66@SP has been facilely produced through the
similar strategy (Figure S15). Except for membrane, fiber,
another processing form, can be easily achieved by applying
a tube mold and treated under similar processing steps
(Figure 2B). The obtained UiO-66@SP fiber is flexible with
uniformly distributed UiO-66 NPs on the surface as proved by
the SEM tests (Figure 2B). In addition, if a template is placed
in the middle of tube mold, a kind of hollow tube (inner
diameter, ~0.5 mm; out diameter, ~1.5 mm) can be pro-
duced. It displays high tensile stress as verified by the
preliminary tensile test with a piece of hollow tube holding
a weight (~1 kg) downside (Figure S16). Besides, to enrich
the diversity of the hollow tube, three kinds of forms (i.e.,
double-layer, two-part and Janus hollow tubes) have been
successfully fabricated with the powerful method (Fig-
ures S17 and S18, for further detail see the Methods section
in the Supporting Information). Different parts of them are
tightly connected as a whole without any gaps or cracks as
observed in the photo and SEM images (Figure 2B). The
advantages of this powerful method combining with the
tunability of MOFs or polymers might largely enrich the
processing forms as multidimensional devices to meet the
desired applications like Li-S separators.

Produced through this powerful method, the obtained
membranes with self-healing, high robustness and remained
MOFs porosity might be promising candidates as separators
in Li-S cell. The advantages of these MOF@SP membranes
are listed below: 1) the functional groups of -OH, Si-O-Si and
C-O-Cin the photopolymer can provide excellent mechanical
properties and Li* compatibility;*"! 2) the open metal sites or
functional groups of MOFs can help to inhibit the shuttling
effect of polysulfides!™ and 3) the pore structures of multi-
dimensional devices might be specially designed as stepped
channels that are beneficial for Li'/electrolyte transfer and
polysulfides inhibition.

As a proof-of-concept, we set out to explore the applica-
tions of these stand-alone devices in Li-S battery. To inves-
tigate it, NH,-UiO-66@SP-based membrane is selected as the
desired example to be applied as separator in Li-S cell. In
order to increase Li" conductivity and improve blocking
effect of polysulfides, poly(sodium-p-styrenesulfonate) (PSS)
modified MOF NPs has been further studied. NH,-UiO-66
with different PSS loadings have been successfully synthe-
sized as proved by PXRD and FT-IR tests (Figure S19). The
PSS loadings of PSS@NH,-UiO-66-n (n=1 to 4, for further
detail see the Supporting information) are determined to be
from 5.22 to 15.64 wt% by energy dispersive spectrometer
(EDS) spectra (Table S1). In addition, PSS-modified MOFs
are decorated on PP with different casting thicknesses (250 to
1000 um, casting thickness of the precursors) through the two-
step PHAP method. Taking PSS@NH,-UiO-66@SP@PP-2
(denoted as PNSP-2) with 250 um casting thickness for
example, the top-view SEM image of separator shows that
the macro-pores of PP are fully covered and the cross-section
image of PNSP-2 presents a measured thickness of ~12 um
for the coated membrane (Figure S20). PXRD test of
PNSP-2 displays remained crystalline phase of NH,-UiO-66
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(Figure S21A) and N, sorption curve of PSS@NH,-UiO-
66@SP exhibits a Sgpy of 79.72 m*g ', indicating remained
structure and porosity of NH,-UiO-66 in the separator
(Figure S22). Notably, the tensile strain of PNSP-2 is ~26 %
increase when compared with PP (Figure S21B).

To evaluate the Li-S cell performance, PNSP with differ-
ent thicknesses (casting thickness, 250 to 1000 um and
membrane thickness, ~ 12 to ~22 pm) and PSS loadings are
applied as separators to investigate their cycling performance
by galvanostatic charge—discharge tests at 0.5 C. For the
casting thicknesses of 1000, 500 and 250 pm, PNSP-2-based
Li-S cells present initial capacity of 975.6, 800.2 and
1279.2 mAhg ! and the capacity of them fade to 241.4, 205
and 554.6mAhg ' after 700 cycles, respectively (Fig-
ure S23A). For the casting thickness of 75 um, Li-S battery
displays an lower initial capacity of 765 mAhg™' and de-
creases to 415.7 mAhg ™! after 550 cycles (Figure S23A). This
indicates 250 pm as the moderate thickness to be the best one.
The reason might be the thicker of coating layer, the higher
mass transfer resistance and larger battery polarization would
be achieved (Figure S24). In addition, Li-S batteries assem-
bled with the pure polymer-based separator shows much
poorer performance when compared with MOF-loaded ones,
which further prove the viral roles of MOFs (Figure S23C).
Besides, PNSP-n (n=1-4) with different PSS loadings are
applied to investigate their cell performance. The initial
capacity of PNSP-1, PNSP-3 and PNSP-4 are 1175.9, 1085.3,
1246.6 mAhg ! and decreased to 484.4, 407.6, 405.2 mAhg !
after 700 cycles, respectively, which are lower than PNSP-2
(Figure S23B). Besides, the results show that the addition of
PSS can reduce the cell polarization (i.e., AE, PNSP-1,0.33 V;
PNSP-2, 0.24 V; PNSP-3, 0.22 V and PNSP-4, 0.20 V), imply-
ing PNSP-2 to be best one with high capacity and low cell
polarization (Figure S25). Therefore, the best PSS loading
and casting thickness have been well-defined for single-layer
membrane based on the above mentioned results and the
following samples are based on the similar fabrication
conditions.

Due to the strong interaction between MOFs and SP, the
PNSP-2-based separator might have self-healing properties
that can endure damage arising from different factors like
lithium dendrites penetration. To simulate and even enlarge
the possible damage during the cycling process of Li-S cell,
a violent penetration experiment has been conducted, during
which the PNSP-2-based separator is almost cut in half
(Figure S26). After UV treating for 15 min, a reconnected
separator is obtained (Figure S26). The separator can be
further assembled in Li-S cell to test the cycling performance.
Interestingly, the initial capacity can be still remained at
925.2 mAhg ™' and the cell can still continue the discharge—
charge cycling tests for more than 100 cycles (Figure S26). In
contrast, the pure PP separators with similar cutting treat-
ment results in intermediately short-circuit. This result proves
the high robustness and self-healing properties of the
separators obtained from such a powerful two-step PHAP
method, which would provide strong protection to avoid
a series of safety issues like lithium dendrites penetration to
ensure the long cycling life under harsh conditions.
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Based on the successful fabrication and superior perfor-
mance of single-layer separator, MOF-based triple-layer
MMMs with stepped channels can be also obtained through
the two-step PHAP method. MOF-based triple-layer MMMs
with stepped channels might efficiently suppress the cell
polarization through reversible and fast transfer of Li*/
electrolyte and possess polysulfides inhibition functions.®!
To produce this device, two kind of MOFs with different pore
apertures (i.e., NH,-UiO-66, ~ 5 A and Ce-BTB, ~ 10 A) are
selected and fabricated through the layer-by-layer PHAP
method. Ce-BTB possesses 1D hexagonal channels (the
aperture window is ~10 A) (Figure 4A), which would be
beneficial for Li*/electrolyte transfer yet still lack in the
inhibition of polysulfides shuttling (polysulfides, 0.51 to
0.68 nm). In contrast, NH,-UiO-66 presents interconnected
tetrahedral and octahedral cages whose faces comprise
a triangular aperture (size, ~5 A), which might have opposite
effect on Li'/electrolyte transfer and polysulfides inhibition.
Triple-layer membrane, as a powerful processing form that
PSS@Ce-BTB@SP-2 is casted onto both ends of PSS@NH,-
UiO-66@SP-2, has been successfully fabricated as a desired
model. In addition, single-layer membranes like PSS@NH,-
UiO-66@SP@PP-2 (PNSP-2) or PSS@Ce-BTB@SP@PP-2
(PCSP-2) and double-layer membrane based on them have
also been fabricated as contrast samples. The cross-section
SEM and elemental mapping images show apparent sepa-
rated layers for the triple-layer membrane, in which Ce and
Zr elements are uniformly distributed in each layer (Fig-
ure 3A,B). In order to study the polysulfides permeation
ability of these separators, the shuttling experiments are
tested. As shown in Figure S27, the deep red polysulfides
solution is placed in 1.5 mL glass vial and the bottle mouth is
covered by different membranes. After that, the vial mouth is
immersed in the DOL/DME solution (v/v, 1:1). Interestingly,
polysulfides permeation test shows that neither PNSP-2 nor
triple-layer membrane can efficiently restrain the shuttling of

——PNSP-2 ~———PCSP-2
——PNSP-2 _ oS-
8 — PCSP-2 —— Double-layer —— Triple-layer
< Double-layer [~
% 6 —— Triple-layer =
S o
£ s
£ 4 =
E tta?a:___._ S
e e =
2
0 | i ' .
0 1000 2000 3000 0 40 60 80
Time (s) Time (h)

Figure 3. The characterization and symmetric cell tests of the triple-
layer membrane. A) SEM image of the cross-section for the triple-layer
membrane. B) EDS mapping image of the cross-section for the triple-
layer membrane (Ce (orange), Zr (blue)). C) Chronoamperometry
profiles for different separators. D) Galvanostatic cycling of symmetric
lithium cells with different separators.
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polysulfides for more than 24 h, while PCSP-2 A Ce-BTB
with similar thickness can only inhibit polysul- o :MQ,
fides shuttling for less than 24 h (Figure S27). All Y Y 9D Q . P
of the results are far superior to PP, in which the LS % @ al 2.9 5 - | pf,:;':?zr;?:n electrolyte
permeation phenomenon occurs after only 1h & iy o1 Mo o3 - ‘ AL
and the color of electrolyte solution changes to ’5'“-‘1“%' ° > /_: N ” -
brown after 4 h (Figure S27). @ ’P - 00 9 P — %?iﬁ;’y

Based on the above results, single-layer
(PNSP-2 or PCSP-2), double-layer and triple- NHH0-68 @ Folysulfides ®, Lithium lons
layer membranes coated onto PP are assembled B c 240 Trotedaver
as separators in coin cell with KB/S as the cathode bl b eg ool 28} Doubledayer
materials and Li metal foils as anodes. To inves- — 30l Egg:g s 2.6 :E2§§I§
tigate the electrochemical behavior of all of these § e . o 24
separators for Li-S cell, regular electrochemical : 201 A.‘ . v % 2.2
tests, such as galvanostatic discharge—charge, ' A > 20
cyclic voltammetry (CV) and electrochemical o L7 18
impedance spectra (EIS) have been conducted. " PP P L
CV tests are performed to study the conversion of moo Y Bonm O O A apacity (mah oty 01600
polysulfides in the cell. Taking PNSP-2-based Li-S P )
cell as an example, it exhibits two reduction peaks ~ ~"*" ; ;:ﬂ:n:?:;:ar
centered at 2.23 and 2.04 V, representing the gﬂ"osga ¥ ipcars
reduction of elemental sulfur to soluble high g0 "MN
order polysulfides (Li,S,, 4<n<8) and their £ a0 N >
further reduction to solid lithium sulfides (Li,S,/ § coof e i i)
Li,S), respectively.®! The broad anode peak at = 40
about 2.35V indicates that Li,S, or Li,S is 200
[} 100 200 500 600 700

converted to sulfur during charging (Fig-
ure S28A). This phenomenon is further con-
firmed by galvanostatic discharge—charge curves
(Figure S28C). By the way, all the samples display
two cathodic peaks at 2.3V and 2.0 V and the
overlapping two anodic peaks at 2.3-2.4 V con-
firm the two-step redox reactions as shown in the
voltage profiles (Figure S29). In addition, the
weak scan peaks and increased cell polarization could be
attributed to the poor Li" transfer efficiency and polysulfide
diffusion. Besides, the EIS of the cell has been tested against
all these Li-S cells with different separator systems and
present similar Nyquist plots. The results show that the R,
values of triple-layer-based cell has the lowest value (7.2 Q)
than that of double-layer (10.71 Q), PNSP-2- (8.46 Q),
PCSP-2- (12.926 Q) and pure PP-based (14.14 Q) cells,
implying a much more rapid electron transfer efficiency
between electrode and electrolyte (Figure S28B; Figure 4B).
Combined with the slope of the low frequency region, it can
be seen that PCSP-2-based Li-S battery is more beneficial for
the Li* diffusion in the battery. However, the semicircle in the
intermediate frequency region, reflecting the charge-transfer
resistance R, at the eclectrode interface, shows that the
addition of Ce-BTB slows down the dynamic conversion
process of polysulfides and cause excessive polarization. The
galvanostatic discharge—charge curves of the polarization
voltage shown in the second cycle also confirms this
conclusion (Figure 4C).

Furthermore, the rate performance of the cell is evaluated
by galvanostatic charge—discharge at various rates from 0.1 to
2 C within a potential window of 1.7-2.7 V (Figure S28D). It
can be seen that the triple-layer membrane-based Li-S cell
shows an initial capacity of 1296.5 mAhg™" at 0.1 C, which is
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Figure 4. The performance of different separator-based Li-S cells. A) Representation
of a triple-layer separator in the Li-S cell. B) Electrochemical impedance spectra of
different separator-based Li-S cells. C) Galvanostatic charge—discharge profiles at the
second cycle of different separator-based Li-S cells. D) Long-life cycling tests of
different separator-based Li-S cells at 0.5 C.

350 mAhg™' larger than that of PP-based Li-S cell. The
additional capacity for triple-layer-based Li-S cell might be
attributed to the efficient inhibition of polysulfides shuttling.
With the increased current densities (i.e., 0.2, 0.5, 1 and 2 C),
triple-layer-based Li-S cell delivers capacity of 1037.1, 913.9,
840.6 and 766.6 mAhg" at the rates of 0.2, 0.5, 1 and 2 C,
respectively, which is also superior to PP (i.e., 667.5, 550.7,
391.1 and 301.8 mAhg ' at the rates of 0.2, 0.5, 1 and 2 C,
respectively; Figure S28D). Finally, the capacity of triple-
layer-based Li-S cell can return to 1083.5 mAhg™" at 0.1 C,
showing high rate performance. In contrast, the PNSP-2-
based Li-S cell displays capacity of 1146, 949.8, 853.8, 773.6
and 700.7 mAhg™"' from 0.1 C to 2 C and the capacity returns
to 996.9 mAhg™' at 0.1 C, which is lower than triple-layer-
based Li-S cell.

The cycle stability is vital for the long-term application of
Li-S battery. To further evaluate the long-term cycling
stabilities, triple-layer membrane-based Li-S cell is carried
out at 0.5 C. It has an initial capacity of 1365.0 mAhg ' and
the capacity in the 100", 300™ and 500" cycles are measured to
be 843.9, 814.9, and 739.1 mAhg™", respectively (Figure 4 D).
The performance is better than both single-layer and double-
layer membrane-based cells (double-layer, 618.8 mAhg™';
PNSP-2, 621.1 mAhg'; PCSP-2, 4994 mAhg™!, at 500", re-
spectively) and is superior to most of reported MOF-based
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separators (Table S2).'""! Besides, the capacity of triple-layer
separator-based Li-S cell shows a stable curve from 100" to
700™ cycle (0.03% fading per cycle; Figure 4D). As compar-
ison, PP-based Li-S cell only exhibits an initial capacity of
979.4 mAhg ' and rapidly decreases to 366 mAh g~ with only
37% capacity retention after 700 cycles (Figure S27¢). The
triple-layer-based Li-S cell shows a high practical gravimetric
energy density of 678 Whkg ' based on the total cell weight at
0.5 C. This result is moderate among reported practical
gravimetric energy density as shown in Table S3.

To investigate the superiority of triple-layer-based sepa-
rators over both single-layer and double-layer separators,
chronoamperometry (CA) and lithium-ion diffusion coeffi-
cients tests have been conducted. The Li ion transference
number (t;,) is evaluated via the combination of CA to study
the Li* transfer ability.**” The t;;, of the separators are
measured through the Li|separator|Li symmetric cell at
room temperature. The triple-layer membrane-based separa-
tor exhibits a t;;, of 0.55, which is higher than PNSP-2 (0.40)
and double-layer separator (0.43), yet slightly lower than
PCSP-2 (0.70). These results confirm the hypothesis that
triple-layer separator with stepped channels would provide
a large amount of available lithium-ion flux and raises the
lithium ionic mass transfer rate between electrolyte (Fig-
ure 3C). In order to further study the polarization phenom-
enon caused by Li" transmission, galvanostatic cycling
performances of symmetric Li|Li symmetric cells are
charged/discharged at current density of 0.3 mAcm % As
shown in Figure 3D, compared with the other three mem-
brane samples, the polarization voltage of the triple-layer
separator-based Li|Li symmetric cell is only slightly larger
than PCSP-2-based Li-S cell, indicating the low Li" trans-
mission resistance. As mentioned above, triple-layer separa-
tor-based cell displays higher performance than PCSP-2-
based Li-S cell, while the opposite results have been detected
for the t;;, values.¥l To distinguish the weird phenomenon,
the lithium-ion diffusion coefficients of the Li-S battery are
calculated based on the Randles-Sevcik equation (for the
calculations see the Supporting Information; Figure S29). The
lithium-ion diffusion coefficients indicate that the triple-layer
with stepped channels separator-based Li-S battery provides
the cell with stronger lithium-ion transfer capability (Dy;. =
5.63x 107 to 5.63 x 10~ cm*s™") when compared with that of
PNSP-2 (Dy; =4.31x10® to 3.52x10° cm?s™'), PCSP-2
(D1 =1.85x10°® to 2.04x10°cm?s") and double-layer
(D1 =3.59%x 10 to 3.10x10°cm?s™!). Above all, the
specially designed triple-layer membrane-based separators
can efficiently suppress the cell polarization, facilitate fast
Li*/electrolyte transfer and inhibit polysulfides shuttling,
which possesses higher performance than both single-layer
and double-layer-based separators. Besides, a batch of Li-S
cells with higher sulfur loading (S content about 2.4 to
3 mgcm %) were assembled. Taking triple-layer separator with
the optimized S content (2.4 mgem ) as an example, the
initial capacity is 1161.2 mAhg ' at 0.05 C and decreases to
691.1 mAhg™" after 29 cycles at 0.1 C, which proves the
applicability of the triple-layer separator in Li-S battery with
high S contents (Figure S30).
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Conclusion

In conclusion, a two-step photoinduced heat-assisted
processing (PHAP) method that can combine photoinduced
shaping and heat-assisted solidification in a protocol has been
proposed. The method enables shaping of MOFs into diverse
devices (e.g., fiber, hollow tube, Janus hollow tube and
double-layer/triple-layer membrane, etc.). For the first time,
a kind of MOF-based triple-layer separator with stepped
channels has been readily fabricated through the multidimen-
sional fabrication of various MOFs. The powerful separator
exhibits boosted specific capacity (1365.0mAhg') and
cycling performance (0.03% fading per cycle from the 100™
to 700" cycle) that is superior to pure PP, and single- and
double-layer membranes. This is possibly due to the advan-
tages of the MOF-based triple-layer membrane with stepped
channels that can efficiently inhibit polysulfides shuttling,
facilitate the fast transfer of Li*/electrolyte and suppress cell
polarization, as supported by sufficient characterization and
comparative experiments. This work sheds fresh light on the
exploration of functional MOF-based devices and brings new
insight to the separator design for advanced Li-S batteries and
analogous applications.
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