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ABSTRACT

The rational design of sulfur barrier/host matarigllays essential roles in
developing high-performance lithium-sulfur (Li-Satkeries. Herein, we developed a
hierarchically fibrous framework to establish a doctive, adsorptive, and catalytic
barrier toward inhibition on polysulfide shuttlirapnd enhancement in Li-S battery
performance. The weaving carbonaceous scaffold wertically-rooted carbon
nanofiber (CNF) tentacles facilitates both shond song-range electrical conduction
as well as efficient exposure of active sites, wkile multiple adsorptive and catalytic
sites enable strong sulfur confinement and expedselfur conversion, thus

contributing to a fast and durable sulfur electeroistry. Attributed to these favorable



features, Li-S cells based on the as-developedaytr achieve excellent cyclability
with minimum capacity fading rate of 0.018 % ov@0Q cycles, high rate capability

up to 3 C, and decent performance under high raistdr loading up to 8 mg cfa
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1. Introduction

Lithium-sulfur (Li-S) batteries are highly expectexpower the next-generation
of energy storage due to the low-cost of sulfughhtheoretical specific capacity
(1675 mAh ¢, and high energy density (2600 Whkg[1-3]. However, their
practical application is challenged by the low #&@aic conductivity of sulfur, large
volume variation upon charge-discharge, and mogtomantly the rapid capacity
degradation caused by the dissolution and migratibrihe intermediate lithium
polysulfides (LiIPS) [4-6]. These polysulfide behag are usually referred to the
so-called “shuttle effect”, representing the magdrstacle in the development of
high-performance Li-S batteries [7,8].

During the past few decades, extensive researdntefincluding the various
structural designs of sulfur cathode and functiantdrlayers, have been devoted to
tackling the above-mentioned problems [9-12]. Takonale behind these strategies
lies in the construction of hosting or barrier metls that can physically/chemically
confine LiPS for the inhibition of shuttle effettntil now, heteroatom-doped (such as
N, S and P) carbon materials and their composiiés polar metal oxides/sulfides
have been demonstrated to chemically trapping UW&Ssulfur immobilization.
[13-15]. Additionally, these carbon-based materalks intentionally constructed with
considerable porosities to physically accommodatel aonfine LiIPS. Such
combination of physical and chemical polysulfides@gtions had shown great
capability of stabilizing the sulfur electrochemystand enhancing the energy

efficiency of Li-S batteries. Beyond that, studmee reported that blocking the LIPS



diffusion offers promising solution to the shuttjinssue when it combines good
adsorptive and electrocatalytic features [16-18f Tooperative fulfillments of strong
LiPS confinement and fast LIPS conversions are eegeto well restrain the active
sulfur species within the cathodic section and seggp the polysulfide shuttling
behaviors, thus contributing to a fast and revégssilfur redox chemistry. However,
the establishment of highly effective LIPS barr@mplying this concept is still

challenging and calls for rational designs at malézvel.

In this contribution, we developed an elaborateeriayer architecture with
hierarchically fibrous conductive network and nmuiki adsorptive/catalytic sites for
the establishment of reliable polysulfide barrieddhe improvement of Li-S battery
performance. The interlayer material was prepanesugh a facile CVD process with
the Ni-etched zeolitic imidazole framework-67 (ZF) serving concurrently as metal
and auxiliary gas sources. The obtained interlajadivers a hierarchical fibrous
structure with carbon nanofiber (CNF) tentacledivally rooted on the self-standing
carbon fabric (CF) matrix, which ensures both shamd long-range electrical
conduction as well as efficient exposure of actites for sulfur redox reactions.
Meanwhile, the pyrolysis of ZIF endows the intedayvith abundant N doping, M
(Co, Ni)-N-C heterostructure, and ultrafine metattgles, which sever as multiple
adsorptive and electrocatalytic sites for efficisalfur immobilization and conversion
[19]. Attributed to these favorable features, thtamed interlayer builds a reliable
barrier that captures and reutilizes LiPS againeir tdiffusion across the separator,

thus contributing to significant inhibition on pshyifide shuttling and enhancement in



battery performance. The Li-S cells based on thdeagloped interlayer achieves
excellent cyclicity with a high capacity retentioh82.4% after 1000 cycles, superb
rate capability up to 3 C, and high areal capazity.04 mAh cnif under raised sulfur

loading, clearly demonstrating the superioritiessoth interlayer design in favoring

fast and durable sulfur electrochemistry.

2. Experimental
2.1. Synthesis of ZIF67@CF and NiCo-LDH@CF

Typically, 249.0 mg (1 mmol) of cobalt nitrate hbydrate [Co(NGQ),- 6HO]
and 328.0 mg (4 mmol) of 2-methylimidazole weresdiged in 25 mL methanol,
respectively. The two solutions were then mixectkjyiunder vigorous stirring. After
that, carbon fabric (CF) was immersed into the whigelution, and aged for 24 hours
at room temperature. The product (denoted as ZIFKBF)@vas collected, washed
with methanol and dried naturally. The NiCo-LDH@@&s prepared by etching the
as-obtained ZIF67@CF in a solution containing 90mogel nitrate in 25 ml ethanol
under stirring for 1 hour.
2.2. Synthesis of Co-CNF@CF and NiCo-CNF@CF

The synthesis of Co-CNF@CF and NiCo-CNF@CF weréopeed through a
CVD process. Typically, the as-prepared ZIF67@CF \waated to 550°C in Ar
atmosphere with a ramping rate of 2 °C ifollowed by switching the Ar gas to
CoH2/H; (95:5 in volume ratio) and maintaining at 550 o€ 30 mins. After that, the

gas was switched back to Ar and naturally cooled/rddo yield Co-CNF@CF.



NiCo-CNF@CF was obtained through the same procsedue with NiCo-ZIF@CF
as precursor. The thickness of the final produ@@INCNF@CF was around 4{m
with an areal density of 1.3 mg &m
2.3Material characterization

Powder X-ray diffraction (D8 Focus, Bruker, Germpmging Cu-Ka radiation
was employed to investigate the crystalline phasehie as-developed samples.
Scanning electron microscopy (SEM) micrographs wesllected on a Hitachi,
S-4800 microscope. Transmission electron microsqd@M) was performed on a
JEM2100F, JEOL microscope. Raman spectra were raatavith a micro-Raman
spectrometer (LabRAM, HR Evolution). X-ray phota#ten spectra (XPS) were
recorded by a Thermal Fisher Scientific ESCALAB ZbB8pectrometer to analyze
the chemical states of the interlayer surface. pexific surface areas of the samples
were calculated by the Brunauer-Emmett-Teller (BEGyation according to the;N
adsorption-desorption isotherms measured by a ¥¥-3800P analyzer. The UV-Vis
spectra was obtained in the 250-800 nm spectrglerarsing a Cary 60 UV-Vis
spectrophotometer.
2.4 Electrochemical measurements

The sulfur@reduced graphene oxide (S@rGO) composés used as the
cathode active material, which was prepared viaehimg-diffusion method. The rGO
was obtained through the hydrothermal reductiomraphene oxide followed by a
freeze-drying process. The S@rGO electrodes wdnecéded by coating the slurry

containing S@rGO, Super P, and polyvinylidene fli®(PVDF) binder in mass ratio



of 8:1:1 in N-Methyl-2-pyrrolidone (NMP) on Al failThe areal sulfur loading was
around 2.Ingcm. The electrodes were cut into wafers in diametdr2omm for cell
assembly. The CR2025-type coin cells were assembleal glove box (HO and
0,<0.5 ppm) with lithium foil and Celgard as anodel aeparator, respectively. The
electrolyte contains 1.0 M lithium bis (trifluorotm@ne sulfonyl) imide in binary
solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyetd (DME) (1:1 in volume)
with 0.1 M LINO; as additive. The electrolyte addition was 40 for each cell.
Galvanostatic cycling was performed on a multi-cterbattery tester (BTS-5V5mA,
Neware) within a cut-off voltage window of 1.7 V &8 V at room temperature.
Cyclic voltammetry (CV) and electrochemical impedarspectroscopy (EIS) were
recorded on electrochemical workstation (PrinceW@nsa STAT 4).
2.5. Density functional theory calculations

DFT calculations were performed using the Viennaiitio Simulation Package
(VASP) program. The electron-ion interaction andhenge-correlation energy were
described using projected augmented wave poterin generalized gradient
approximation with the Perdew-Burke-Ernzerhof (PBt)ctional, respectively. A
plane-wave cut off energy of 400 eV was appliede Kkspace was sampled using a
2x2x1 Monkhorst-Pack grid. A vacuum height of 1%As used between successive
slabs. L3Ss was employed as representative of LiPS. The Ni @adhanoparticles
were modeled on (111) surface as it is the maistaryorientation as revealed by
XRD and HRTEM. Meanwhile, the LIPS adsorption onrrplic N was studied

because it is the main state observed in XPS dsalls all the calculations, the



ground-state atomic geometries were fully relaxgdrinimizing the forces on the
atoms smaller than 0.03eV/A. The binding energi€s) between LiSsand the
adsorptive sites are defined as follows:

Ey = ELi,s./stab — Esiab — ELi,s,

where Ey; s, /s1a0 TEPresents the total energy of adsorbed systgg, is the
energy of a clean relaxed Ni/Co or NC sldh,, s is the energy of isolated 4Ss. A

more negativek , sindicates a stronger interaction with&.

3. Resultsand Discussion

The synthesis of the interlayer material was schieaily illustrated in Fig. 1.
The basic idea of this scenario lies in the contimnaof doping chemistry and
hierarchical architecture to achieve a multifuncéib matrix for improved sulfur
electrochemistry (Fig. 1a). A lightweight carboibiia (CF) with areal density of 1.0
mg cm® was employed as the substrate for the construatfodesired interlayer
functionalities. The pristine CF delivers a crismsed fibrous framework with
relatively smooth surface as shown in Fig. 2a aigl B1, offering a favorable
mechanical robustness and 3D long-range conductfert sulfur electrochemical
reactions. After the solution-based MOF growth (detils in Experimental), ZIF67
nano-polyhedrons were tightly and uniformly embetide the CF surface as shown
in Fig. 2b. The successful loading of ZIF67 crystas also confirmed by XRD
patterns (Fig. S2). Upon the Ni-etching, the ZIp®lhedrons serve as the sacrificial

template and transform into the hollow-structuredlypedral assembly of



NiCo-layered double hydroxide (NiCo-LDH) nanosheassshown in Fig. 2c [21].
Such transition can be further supported by thaantsvcolor change from ZIF67 to
NiCo-LDH, while a small size reduction was percéivas shown in Fig. S3.
Subsequently, the obtained NiCo-LDH@CF was performéth a CVD process,
during which the metal ions were reduced by theuctde atmosphere from the
decomposition of Co-ZIF as well as the CVD gas. akdormed metal nanopatrticles
in turn catalyze the growth of carbon nanofiber E}Nourced by the N-contained
decomposition gas and,id; in CVD gas, rendering the abundant CNF tentackelt w
aligned on CF fibers as shown in Fig. 2d-f. The CME& around 20 nm in diameter,
while the thickness of CNF layer on CF substra@nd 25um. The CNF tentacles
are expected to offer good short-range electromwction for sulfur redox reactions,
and meanwhile constructing higher porosity for ptsissulfur confinement. The
element mapping confirms the uniform distributidnNd, Co, O and N, which also
implies the heteroatom N doping and partial oxiticka in the obtained
NiCo-CNF@CF (Fig. 2g). The morphological evolutimas further investigated by
TEM observations. As shown in Fig. 3a-c, the ZIE6ystal shows a solid polyhedral
structure, while the Ni-etching converts it int@ thollow polyhedrons assembled by
plentiful thin nanosheets. Subsequently, the CVdcess cultivates numerous
N-doped CNF embedded with ultrafine Ni and Co plet as confirmed by the
interplanar spacing, selected area electron diflac(SAED) pattern and element
mapping (Fig. 3d-g).

XRD measurements were conducted to further inva&ithe composition of the



products. As shown in Fig. 4a, a strong peak atrad®5 can be observed for both
NiCo-LDH@CF and NiCo-CNF@CF, which is assigned e {002) reflection of
graphitic carbon [20]. Additionally, NiCo-LDH@CF kibits a small peak at ~12
ascribed to the (003) lattice plane of NiCo-LDHnfioming the formation of LDH
nanocrystal after the Ni-etching [21]. By contragijs LDH diffraction peak
disappears in NiCo-CNF@CF pattern while new peaksrge at around 44
manifesting the decomposition and conversion ofNIDH into metallic Co and Ni
(PDF#89-7093 and 70-0989, respectively) [22,23]rd&doer, the porous characters of
NiCo-LDH@CF and NiCo-CNF@CF were studied by adlsorption-desorption. The
isotherms show a stronger adsorptive behavior dEBONCNF@CF than that of
NiCo-LDH@CF, indicating the considerable porositphancement after CVD
process (Fig. 4b). This is also supported by thghdm specific surface area of
NiCo-CNF@CF (95.7 fg?) than that of NiCo-LDH@CF (34.1 7gY). The pore
distribution reveals that the primary enhancemigst in the microporous range (Fig.
4c), which is expected to strengthen the physigkilisconfinement toward inhibition
on polysulfide shuttling. The higher surface arksa #avors the efficient exposure of
active sits as well as offering abundant electreldetrolyte interfaces for sulfur
conversion reactions. Apart from that, the porosityZIF67@CF and Co-CNF@CF
were also investigated as shown in Fig. S4. As ZHe67 delivers an intrinsic
microporosity, the CVD treatment also constructsiderable CNF on the obtained
Co-CNF@CF (Fig. S5), and meanwhile endowing it witlkreased mesoporous

structures. Given this, the Ni-etching is compreteehto introduce Ni species into the



substrate and simultaneously drive the metal spetmeards the surface, which
enhances the intrinsic catalytic activity and tla¢atytic exposure respectively for a
more efficient CVD process [24]. The porous struetparameters of different
interlayer materials are summarized in Table Slher&fore, the as-developed
NiCo-CNF@CF delivers luxuriant CNF arrays with hegiporosity and larger surface
area than those of Co-CNF@CF obtained by sole Geeb&VD. Beyond that, both
Ni and Co are expected to establish adsorptivecatalytic sites to favor fast and
stabilized sulfur electrochemistry, which will besclissed in later sections.

The surface chemistry of the as-developed NiCo-CHIF@vas investigated by
X-ray photoelectron spectroscopy (XPS) analysise ®PS survey confirms the
existence of Ni, Co, O and N in NiCo-CNF@CF (Fi®),Svhich is consistent with
the element mapping results. The element conteats Wsted in Table S2. The C 1s
spectrum confirms the heteroatom N doping in thbaa lattice by showing the C=N
and C-N bonding at 285.8 and 288.5 eV, respectiélig. S6b) [25]. The
high-resolution Ni 2p spectrum can be deconvolved several sub peaks assigned to
Ni°, Ni**, and satellite as shown in Fig. 4d [26]. Meanwhite Co 2p spectrum also
exhibits the multiple valence states of Co i, Goc0*" and CS" (Fig. 4e) [27]. These
results confirm the existences metallic Ni and @iNiCo-CNF@CEF in line with the
TEM observations, as well as their partial oxidatim surface. The chemical states of
N are revealed in N 1s spectrum in Fig. 4f, whieim e differentiated into four
sub-peaks corresponding to pyridinic N, N-Co/Ni #hoig, pyrrolic N and graphitic N,

respectively, suggesting the formation of M-N-C mhioation [28]. The M-N-C



coordination have been extensively studied as tieeasites for oxygen redox
catalysis, which is also expected to catalyze thiiisredox reactions in view of the
considerable similarities between sulfur and oxygdactrochemistries [29,30].
Furthermore, the N-doping also endows the carbanecskeleton with higher polar
lattice and the resultant higher affinity to LiRfhile the metallic nanoparticles, metal
oxides and the M-N-C structures could also servemattiple adsorptive sites to
chemically confine sulfur species and catalyzing $lilfur conversions toward fast
and durable sulfur electrochemistry.

The electrochemical evaluations were performedaim-cell configuration by
using S/rGO as cathode active materials. The S/oBRposite was prepared via
conventional melting-diffusion method (see detaiisExperimental) with a sulfur
content of ~71 wt.% as determined by TGA (Fig. SHe SEM image and element
mapping demonstrate the uniform sulfur distributiorthe obtained composite (Fig.
S8). Fig. 5a shows the CV curves of Li-S cell WNICo-CNF@CF interlayer at
initial cycles. Two cathodic peaks can be obsersed®.30 and 2.02 (vs. 1Li,
hereinafter inclusive) corresponding to the elesttemmical reductions of element
sulfur to high-ordered soluble 1S, (4<x<8) and further into low-ordered insoluble
LioSy/Li,S, respectively, while the anodic scanning revealsoverlapped peak at
around 2.38 V ascribed to the oxidization of supecies. It is worth noting that the
CV profiles well overlapped upon the initial cyclesignifying the good
electrochemical reversibility of Li-S cells based NiCo-CNF@CF interlayer. The

CV curves of cells with Co-CNF@CF, NiCo-LDH@CF ad@t-67@CF modified



separators are also presented in Fig. S9, whicl shnilar profiles but with smaller
peak densities and larger peak potential gaps,yimgplthe superior reaction kinetics
of NiCo-CNF@CF based cells. Consistently, the \gw@tarofile shows a two-plateau
discharge curve and a slope charge curve due tmtifie step sulfur electrochemistry
(Fig. 5b). The voltage profile well maintains itsape and plateau potentials over 100
cycles with a stabilized capacity at 1108.9 mAh guggesting a decent reaction
kinetics and cycling stability. The charge-discleargurves of the cell with
NiCo-CNF@CF at different current rates were alsespnted in Fig. 5¢, which well
maintains the distinct two-plateau profile at rdiseirrent rate up to 3 C despite of the
somewhat widening of the potential gap betweengehand discharge plateaus. By
contrast, cells based on Co-CNF@CF, NiCo-LDH@CF Aheb7@CF interlayers
shows considerably severer electrochemical pol@mizavith larger potential gaps at
raised rates (Fig. S10), further indicating theesigrity of NiCO-CNF@CF interlayer
in facilitating the sulfur redox reactions. Suchhancement in reaction kinetics is
embodied by the much superior rate capability cENCNF@CF-based cell with
considerably higher capacity of 625.9 mAhat a current rate up to 3 C than those of
Co-CNF@CF (523.7 mAh™H, NiCo-LDH@CF (368.3 mAh Q) and ZIF67@CF
(208.3 mAh @) as shown in Fig. 5d. The EIS spectra before died aycling reveal
the significantly smaller charge-transfer resistafar the cell with NiCo-CNF@CF
interlayer, which accounts for its fast reactiondtics and good rate capability (Fig.
5e and Fig. S11). The cycling performances foreddht interlayers were evaluated by

galvanostatic cycling at 0.2 C (Fig. 5f). The résslhows a much higher cycling



stability for NiCo-CNF@CF than other interlayersthwvia high capacity of 1108.9
mAh g' after 100 cycles (967.3 mAh'g819.0 mAh ¢ and 504.9 mAh 7§ for
Co-CNF@CF, NiCo-LDH@CF and ZIF67@CF, respectively)Notably,
NiCo-CNF@CF also enables a higher coulombic efficjethan other interlayers
upon the cycling, suggesting its superior inhilsitan polysulfide shuttling. To further
explore the cyclability, cells with different intayers were measured for a long-term
cycling as shown in Fig. 5g. An excellent capac#yention of 81.5 % over 1000
cycles can be achieved for NiCo-CNF@CF correspandina minimum capacity
fading rate of 0.018% per cycle, which is signifitg higher than those for other
interlayers (capacity retention of 62.3 %, 49.7 %@ 80.0 % for Co-CNF@CF,
NiCo-LDH@CF and ZIF67@CF after 1000 cycles, respebt), further confirming
the well-regulated polysulfide shuttling and stedeitl sulfur electrochemistry in
NiCo-CNF@CF-based configuration.

Additionally, cells without interlayers or withure CF modified separatavere
also characterized as shown in Fig. S12 and Fi§, &ispectively, which reveals
much poorer rate capability and cyclability tharogé with the as-developed
NiCo-CNF@CF, Co-CNF@CF, NiCo-LDH@CF and ZIF67@CFteilayers,
certifying the great benefit for electrochemicalpimovement by these interlayer
construction. Given this, cells with NiCo-CNF@ CFrevdurther employed at raised
sulfur loadings to pursue higher energy density prattical viability. As shown in
Fig. 5h, the as-developed NiCo-CNF@CF interlayecdpable of fulfilling decent

sulfur electrochemistry even under a high sulfiadiag of 8 mg cii with a high



areal capacity of 7.04 mAh ¢frand good cycling stability. The charge-discharge
curves exhibit the well-maintained two-plateau dage profiles under raised sulfur
loadings, confirming the good reaction kineticsdahsn this interlayer design (Fig.
S14). These results strongly demonstrate the gy potential in developing
high-energy and practical viable Li-S batteries.idt also noteworthy that the
electrochemical performance achieved in the presgategy is highly competitive
among the recently published Li-S batteries witterilayer designs, which further
confirms the great superiority of the as-developi@o-CNF@CF interlayer (Table
S3).

In order to understand the underlying mechanisnséch improvement in sulfur
electrochemistry, an optical observation was peréat to investigate the LIPS
adsorption behavior. As shown in Fig. 6a, the bl&mRS solution shows a light
brown color, while a colorless solution can be aebhd after immersing
NiCo-CNF@CF for 3 hours. The UV-vis spectra alsoftm the great decrease of
LiPS after adsorption by showing a significantlyakened peak at around 280tm
and 415 cnt, which are referred to the 49/Li»Ss and LbS, species, respectively
[31]. Moreover, the chemical interactions betwedS_and NiCo-CNF were studied
by XPS analysis. As shown in Fig. 6b, the Li spauttrof LIPS shows a peak at 54.9
eV ascribed to the Li-S bonding, while a new pegflenring to the Li-N/O bonding
emerges at 55.8 eV for NiCo-CNF@CF after the LiRiSogption, signifying the
formation of the “lithium bond’-like configuratiorf38]. In addition, the S 2p

spectrum of LIPS shows two pairs of peaks locadin$61.3 and 162.8 eV ascribed to



the terminal sulfur (8") and bridging sulfur (&) respectively (Fig. 6¢c) [32]. After
adsorption, a considerable shift of these peaksavhigher binding energy range
can be perceived, suggesting a reduction of eleati@mud density due to the electron
transfer between LIPS and metal-based species laaswbe formation of the N-Li-S
configuration [33]. Apart from that, new peak parserge at 166.7 and 168.4 eV in S
2p spectrum after adsorption by NiCo-CNF@CF, whean be ascribed to the
formation of thiosulfate and sulfate species respely [34]. This is likely to
originate from the sulfur oxidization by the oxin&t species on NiCo-CNF@CF
surface, which could favor the chemical sulfur doement through a sulfur
incorporation mechanism [35]. Beyond that, therad@ve chemistry between LIPS
and active sites in NiCo-CNF@CF was further revetéle computational calculation.
As shown in Fig. 7, metallic Ni and Co deliver stgoadsorption to LE5s with a high
binding energy of -6.83 and -7.20 eV, respectivBlganwhile, the “lithium bond”
and Lewis base-acid interaction between LIPS andoMiNF@CF can be clearly
revealed by the geometrically stable configuratwdriiPS on M-N-C and N-C sites
with considerable binding energies. FurthermoreMS&nd EDS mapping after
cycling were characterized as shown in Fig. Sl15jchwireveals a clear sulfur
coverage in contrast to the fresh state, furthemficning the effective sulfur
adsorption as well as conversion reactions on ti@oMNF@CF surface. These
results cooperatively confirm the strong interatsio between LiPS and
NiCo-CNF@CF, which serves as chemical trappers ifi@mobilizing the sulfur

species and inhibiting their diffusion behaviorgoss the separator for enhanced



sulfur electrochemical reversibility.

For a proof of concept, the diffusion behavior @& was observed in a H-type
cell configuration with/without NiCo-CNF@CF inteylar. As shown in Fig. 6d. the
cell with the conventional Celgard separator undesgsevere LiPS penetration which
leads to a dark brown color in the opposite chamBgr contrast, the opposite
chamber well maintains a clear and transparenttisnaluvhen incorporated with
NiCo-CNF@CF interlayer, which strongly indicates great capability of confining
LIPS and restraining their diffusion across the asefor. Benefiting from these
attributes, the NiCo-CNF@CF interlayer establishas reliable barrier that
significantly inhibits the shuttle effect, which sghematically illustrated in Fig. 6e,
and contributes to the resultant excellent cydighibr the according Li-S batteries.

In addition to LiPS adsorb ability, the sulfur dleecatalysis also plays a great
contribution to the improvement of sulfur electrentistry. As sulfur redox reactions
involve the liquid-solid phase conversions of sulfpecies, the kinetics could be
reflected by the deposition behavior of,&j the conversions behaviors between
different soluble LIPS as well as the oxidizatidrLS to form soluble sulfur species,
which are expected to be regulable by varying titeractive chemistry between
sulfur species and the substrates [36,37]. Figh®avs the LiS deposition profiles on
different interlayer surfaces. The depositions weerformed by potentiostatic
discharge at 2.05 V in LiPS-contained electrolyithwells previously discharged to
2.06 V to consume most of the high-ordered LiPS €hpacity contributions from

the progressive reduction of high-ordered LiPS #ral precipitation of LiS were



mathematically modeled and identified in dark aigtitl colors, respectively [38,39].
Remarkably, cell based on NiCo-CNF@CF exhibits strengest current response
with the highest deposition capacity of 242 mAh (galculated by integral of the
current and based on the weight of sulfur in catiedlthan those for other interlayers
(190, 153 and 69 mAh']gfor Co-CNF@CF, NiCo-LDH@CF and ZIF67@CF,
respectively), indicating its best capability obproting the conversion of LIPS into
insoluble LpS. Apart from that, symmetric cells were also asdethwith interlayer
materials as identical electrodes in LiPS-contairdectrolyte to monitor LIPS
conversions. The CV profiles apparently show thrgdst and sharpest redox peaks
with the smallest redox polarization for NiCo-CNF@&(-ig. 8b), demonstrating its
great capability of catalyzing the LiPS conversiattsibuted to the multiple catalytic
designs. The EIS spectra confirm the facile redeactions on NiCo-CNF@CF
surface by showing the smallest electrochemicaista@sce under the symmetric
configuration (Fig. 8c). Beyond that, the sulfidgidation behavior on different
interlayer surfaces was further studied by LSV téghe in a three-electrode
configuration with 0.1 M LiS/methanol and Ag/AgCl electrode as electrolyte and
reference, respectively [40]. As shown in Fig. 8dlfide oxidation undergoes a
sluggish kinetics on glassy carbon with minimumrent response even under a
relatively large overpotential. Comparatively, ths-prepared interlayer materials
exhibit various degrees of kinetic improvement withre sensitive current responses.
Among them, NiCo-CNF@CF delivers the smallest opsééntial at around -0.45 V

and largest oxidation current, evidencing its beffectiveness in lowering the



activation energy of the sulfur conversion fromiadli,S to soluble LiPS. These
results together confirm the significantly catalyzeonversion reactions of sulfur
species on the delicately designed NiCo-CNF@ CFasarfwhich enables to the fast

and efficient sulfur electrochemistry in the acaogdLi-S configurations.

4. Conclusions
In summary, we have developed a hierarchical fisrfpamework with multiple

adsorptive/catalytic sites as interlayer for imgo\WLi-S batteries. The carbon fabric
aligned with massive CNF tentacles establishesnawtive network favoring both
long- and shot-range electron transfer, while tig Iporosity and large surface area
contribute to physical sulfur confinement and édfit exposure of active sites.
Moreover, the N-doping and metal particles as wasllthe Ni/Co-N-C coordination
serve as multiple adsorptive and catalytic sited themically immobilize the LiPS
and simultaneously expedite their conversion reasti Attributed to these
superiorities, the as-developed NiCo-CNF@CF inyerabuilds a powerful barrier
against the polysulfide shuttling, thus leading fiast and reversible sulfur
electrochemistry. The according Li-S cell achieygobd rate capability up to 3 C,
excellent cyclability over 1000 cycles, and deceytling performance under high
sulfur loading up to 8 mg cf This work provides an elaborate interlayer
construction towards the mitigation on polysulfidauttling and enhancement in
sulfur redox efficiency, holding a great potentialpromoting the development of

high-performance of Li-S batteries.
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Fig. 1. (a) Designing strategy and (b) schemalicstitation for the development of
NiCo-CNF@CF interlayer.



Fig. 2. SEM images of (a) CF, (b) ZIF67@CF, (c) BHLDH@CF, and (d-f)
NiCo-CNF@CF; (g) element mapping of NiCo-CNF@CF.



Fig. 3. TEM images of (a) ZIF67, (b, c) NiCo-LDHi-€) NiCo-CNF@CF; (f) SAED

pattern and (g) element mapping of NiCo-CNF@CF.



a b 150 C 12
C (002) —e— NiCo-CNF@CF = . —e—NiCo-CNF@CF
E120- —=— NiCo-LDH@CF Vi g /; —=— NiCo-LDH@CF
3 / (%) 8 o 81\
o NiCo-CNF@CF < 90 74 - [\
< =) o4 £ |
2 |NiCo-LDH e oA £ \
2 o3 S 607 el - 44
= NiCo-LDH@CF £ paseett s It
B > 30 e cashll /r-::i:i:’j %
oM Lot 0.
10 20 30 40 50 60 70 80 90 0.0 0.2 0.4 0.6 0.8 1.0 1 10
2 Theta (degree) Relative Pressure (P P,") Pore Diameter (nm)
d e f
Ni 2p Co 2p N 1s
- NiZ* 2Pse ; 2ps ’; Pyrrolic N
c i S| ]
:; Sateliite 2p,, Ni® = Satellite 2
@ 2 2 - Pyridinic N
g g g Graphitic N
£ £ =

880 870 860 850 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 4. (a) XRD patterns, (b) isotherms and (c)epdistribution of NiCo-LDH@CF
and NiCo-CNF@CF; (d) Ni 2p, (e) Co 2p and (f) Nspectra of NiCo-CNF@CF.
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Fig. 7. First-principles calculations illustratirthe chemical interactions between

LiPS and NiCo-CNF@CF.
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Fig. 8. (a) LS deposition profiles, (b) CV and (c) EIS profiessymmetric cells,
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Highlights

e CNF tentacles were vertically constructed on CF matrix as conductive
framework.

e NiCo-CNF@CF physically and chemically confines LiPS species.

e NiCo-CNF@CEF efficiently catalyzes LiPS conversions.

e NiCo-CNF@CEF establishes a reliable barrier against LiPS shuttling.

e Significantly improved Li-S performance was achieved by NiCo-CNF@CF
interlayer



