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aramid nanofibers. It shows efficient lithium-ion transport and remarkable stability
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Biomimetic nacre-like aramid nanofiber-holey
MXene composites for lithium-sulfur batteries

Yuying Wang,1,5 Volkan Cecen,2,5 Shoupeng Wang,1 Lei Zhao,1 Li Liu,1 Xiaonan Zhu,3

Yudong Huang,1,* and Mingqiang Wang1,4,6,*

SUMMARY

Polysulfide shuttle and lithium dendrite formation limit practical ap-
plications of lithium-sulfur (Li-S) batteries. To address these issues,
we propose a nacre-inspired design of MXene/aramid nanofiber
(ANF) separator with "brick-and-mortar" microstructure. The com-
bination of shortened ion transfer distance generated by holes on
MXene and enlarged interlayer spacing provided by ANFs creates
a hierarchical ion path "highway" that modulates the efficiency of
ion transportation while synergistically suppressing the polysulfide
shuttles. Furthermore, benefitting from the introduction of ANF,
the composite membrane has good mechanical properties and
impact tolerance. With simultaneous mitigation of dendrite growth
and polysulfide poisoning of anodes, the cells with nacre-inspired
separator exhibited excellent rate capability to 5 C and had a
possible long cycle life of 3,500+ cycles with capacity decay of
0.013% per cycle to 3 C. This work offers a membrane design strat-
egy inspired by the structure of pearl layers, aiming to resolve mate-
rials performance challenges of high-performance energy storage.

INTRODUCTION

Lithium-sulfur (Li-S) batteries have gathered an enormous amount of attention due

to their high theoretical specific capacity (1,675 mA h g�1) at low cost, combined

with the earth abundance of elements and environmental friendliness.1–3 Despite

these exhilarating advantages, their implementation has been hampered by some

knotty issues relating to soluble lithium polysulfide (LPS) crossover, low sulfur

loading, and uncontrolled lithium dendrite growth upon cycling, resulting in unsat-

isfactory cycle life and inferior Coulombic efficiency (CE).4–6 In the past, many

attempts have been dedicated to alleviating those issues, and one of the widely

applied directions was given to designing the structure of sulfur cathode. It was

shown that encapsulating sulfur into carriers made frommicroporous nanocarbons,7

graphene,8 CNTs,9 metal-organic frameworks,10 or transition metal oxides11 can

effectively minimize LPS release. However, the limited physical adsorption capacity

and binding interaction sites especially under the high sulfur loading still make it

hard to achieve high performance with satisfactory energy density.2,12,13 Another

efficient strategy is constructing a protective layer on the surface of the Li anode,

which can validly block the side reaction between Li and LPS.14 However, the extra

solid-electrolyte layer between the anode and electrolyte will undoubtedly increase

the interfacial resistance, leading to a poor rate capability. Therefore, it seems that

multifunctional separators are a more feasible way for achieving high-performance

Li-S batteries because they not only can serve as an electronic insulator but also

can control the transport of ions.15–17
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Having noticed the potential function of separators, significant efforts and works in

this direction have been applied by using coatings such as carbonaceous mate-

rials, metal-oxide, and ceramic nanoparticles18–21 on a polyolefin separator

because of their excellent LPS suppression. However, the current dilemma is

that the excessively tightly stacked state of coating materials generally hinders

the rapid transmission of Li+ ions inside the separator, especially in the vertical di-

rection since the overall ion path channel is lengthened or blocked, while high ion

transport is critical to have the high energy density in Li-S batteries for practical

applications. Meanwhile, the coating materials generally cannot offer enough pro-

tection for these separators against external impacts due to the characteristics of

mechanical brittleness. Besides these constraints, a rational separator should

also have low shrinkage and good resistance to heat to prevent short circuit and

fire. Therefore, it is still challenging to develop a multifunctional separator that

cannot merely suppress LPS crossover and dendrite growth but that also can pro-

vide efficient ion transport and support the practical cells for long-term cycling

under high sulfur loading.

Looking for a materials design solution for a separator of Li-S batteries, one could

notice that the challenges of contrarian materials properties are not unique to these

devices. In fact, the struggle to create a material with multiple functional properties

is known exceptionally well in the world.22 An example is the ‘‘brick-and-mortar’’

microstructure in the nacre.23,24 Unlike the inherent brittleness of disordered nano-

particle assemblies, the sliding and deflection of highly aligned platelets can dissi-

pate external forces, making nacre excellent in toughness and impact resistance

despite its high inorganic ceramic content (95%).25,26 However, realizing a high-per-

formance Li-S battery remine needs the high efficiency of ion transportation, and

synergistically it can block the polysulfide shuttles.

Hence, inspired by the natural nacre structure, we report a biomimetic multifunc-

tional composite separator via preparing a multilayered membrane consisting of

the holey Ti3C2Tx (MXene) nanosheet bonded by aramid nanofiber (ANF) instead

of the typical nanoparticle coating. The ultra-strong structural ANF not only serves

as an insulating layer to avoid the contact between two electrodes, but it also acts

as an intercalating and interlocking agent that can enhance the mechanical

strength and expand the interlayer channel to prevent the restacking of adjacent

2D MXene nanosheets. Moreover, benefitting from the significantly shortened

ion transport distance provided by the etching holes on the MXene surfaces, the

composite membrane also displays a high ionic conductivity of 0.42 G 0.02 mS

cm�1 (220% higher than that of MXene, 0.19 G 0.001 mS cm �1), good mechanical

properties with Young’s modulus of E = 5.6 G 0.3GPa (4.0 and 30 times higher

than MXene and Celgard 2400, respectively), high thermal stability (600�C), and
excellent electrolyte wettability. Meanwhile, the composite membrane is also

remarkably effective in depressing the shuttle effect of soluble LPS because of

the strong interaction of polysulfide species with MXene functional groups.27

Such a combination of properties found in the nacre-inspired holey MXene/ANF

(HMA) composite resulted in high efficiency in blocking LPS, efficient Li+ ion trans-

port, and remarkable stability over long-term cycling in a Li-S battery. As a result,

the assembled battery possesses a super rate capability up to 5.0 C, low-capacity

fading rates of approximately 0.013% per cycle over 3,500 cycles, and high revers-

ible specific/areal capacity of 6.1 mAhcm�2 at a high sulfur loading of 6.0 mg cm�2

with sparing electrolyte, which demonstrates intriguing potential for practical

applications.
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RESULT AND DISCUSSION

Characterization of the HMA membrane

The extended ion pathway in restacked 2D materials significantly reduces the elec-

trochemical performance of the MXene-based separators. Therefore, it appears that

etching holes on the MXene sheets is an efficient method of resolving the ion trans-

port issue by creating shortcuts in the restacked layer. The holes on the MXene

sheets of several nanometers in diameter were generated by etching the Ti3C2Tx
surface with H2SO4 solution as reported previously27 (Figures 1A–1C and S1). The

etching process can create the hierarchical nanoporous structure (15–30 nm) (Fig-

ure S1) and various functional groups (–OH, –O groups) on the basal plane of MXene

(Figure S2A), which contribute to the shortened ion pathway in restacked film and

enhanced adsorption energies toward Li2Sx (1 % x % 8).28–30 The mortar of ANF

10–20 nm in diameter (Figures 1D and 1E) was prepared in dispersions in dimethyl

sulfoxide (DMSO).31 The functional groups (C�N, C=O, and COOH) on ANFs

become available to interact with the hydroxyl groups on MXene, which improves

nanofiber-nanosheet stress transfer (Figure S2B). Both holey MXene and ANF

can form a stable suspension in DMSO solvent (Figure 1A). We used a novel

Figure 1. Schematic fabrication process of the HMA membrane

(A) The fabrication process of a holey MXene nanosheet from MXene.

(B and C) TEM images of the as-prepared MXene and holey MXene nanosheets.

(D) The ANF is prepared from commercial Kevlar yarns.

(E) TEM image of the as-prepared ANF.

(F) Photograph of as-obtained ANF, MXene, and HMA membrane.

(G) Schematic of ion transport in different separator.

(H) Cross-section SEM images of HMA membrane.
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vacuum-assisted layer-by-layer assembly process to prepare the nacre-inspired mul-

tilayers of HMA membranes (Figure 1F). This method has nanoscale precision of

structural engineering of nanocomposites with excellent uniformity, which is essen-

tial for elimination of the nanoscale "weak spots" of the membrane.32

The experimental studies in this work are focused on the elucidation of trends in me-

chanical properties and ionic conductivity as they relate to the 2D architecture of the

nanocomposites. Evaluation of the mechanics of the laminar composites in silico

saves time and avoids structural dilemmas when targeting specific properties. An

example is the simultaneous attainment of high ionic conductivity and high stiff-

ness33,34 leading to the opposite structural requirements of materials. The same is

true for high mechanical strength and high ion intercalation capacity,35 an equally

important pair of properties for structural batteries. This clash of properties can be

cumulatively described as the load-bearing functionality requiring strong chemical

bonds and dense robust materials, whereas charge transport and storage function-

alities require weak chemical bonds and porous, deformable materials. Thus, we

systematically investigated the effect of ANF content on the mechanical stiffness

and the ionic conductivity of HMAmembranes. Considering the results shown in Fig-

ure 2A, typical 20 wt % ANF-containing HMA membranes have a realistic possibility

of offering a variety of composites with a combination of high strength and high ionic

conductivity. Specifically, ANF (20 wt %) was selected as the insulation layer at both

the top and bottom outermost surfaces, while holey MXene (80 wt %) acted as a mid-

dle absorption layer. The multilayered architecture of HMA could be prepared by

evenly dividing into different numbers of holey MXene and ANF layers, and the

typical lamellar microstructure clearly can be observed through the cross-sectional

scanning electron microscope (SEM) images and the corresponding energy disper-

sive X-ray spectroscopy images (Figure S3). Obviously, a gradual increase in the

number of layers of the membrane gives rise to improved tensile strength due to

the good dispersion. Based on the correlation between the layer’s number and

tensile strength, the range of layers was chosen to be around 155 and used in the

following study (Figure S4). The obtained paper-like, thin membrane was highly flex-

ible, indicating structural integrity (Figure S5). The top view of the SEM image of

HMA presents a smooth surface (Figure S6), and the cross-sectional image reveals

a well-stacked, ordered lamellar structure (Figures 1H and S7). Similar to the

‘‘brick-and-mortar’’ of nacre, the layered organization of the soft and hard structural

blocks offers high mechanical properties to the material. Moreover, the negative

charge of ANF enlarges the interlayer spacing between holey MXene nanosheets

and prevents its restacking, further benefitting the ion transport (Figure 1G).

Notably, the thickness of HMA could be easily changed by adjusting the amount

of the dispersion used for filtration and be simultaneously much thinner than that

of a Celgard 2400 separator with a thickness of 30 mm (Figures S8 and S9). Reduction

of separator thickness is also of importance and needed to avoid high internal

resistance inside the battery and to increase the mass energy density. Moreover,

the HMA also displays a higher heat resistance (Figure S10) and lower thermal

shrinkage (Figure S11) in comparison to the Celgard 2400.

Synergistic effects of holey MXene and ANF of HMA

The weight content of ANF also has a significant influence on the mechanical prop-

erties and ionic conductivity of a composite membrane. Apparently, the tensile

strength of HMA composite membrane is enhanced by the increasing ANF

content36,37 (Figure 2A). The excellent mechanical properties are ascribed to the

extensive hydrogen bonding interactions between the nanofiber and the nanosheet,

where the fibrous ANFs are interconnected to the face of the holey MXene and bind
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the holey MXene nanosheets to each other (Figure 2B).36,37 Meanwhile, the ion

transfer of Li+ in the composite membrane also first increases and then reaches a

maximum value on increasing the ANF ratio to 4:1. This is attributed to the ANF ex-

panding the interlayer space between holey MXene nanosheets, benefitting the ion

transport through the nanosheet (Figure 1G). This phenomenon can be further

demonstrated by XRD results (Figure 2D) as a result of the peak of (002) shift to lower

angle.36,37 However, continuously increasing the proportion of ANF will partially

block the ion transport nanochannel and introduce a physical barrier, leading to a

reduction in efficiency of ion transfer (Figure S12). Based on these parameters, the

optimal weight ratio of holey MXene:ANF was chosen to be 4:1; this composite

was denoted as ‘‘HMA-41’’ and is used throughout this study. The resulting HMA-

41 revealed a unique combination of mechanical and ionic conductivity properties.

The tensile strength (s), Young’s modulus (E), and toughness (G) were 159 G 6.9

MPa, 6.6 G 0.2 GPa, and 3.8 G 0.16 MJ m�3, respectively (Figure S13 and

Table S1), which is competitive and exceeds that of most reported MXene-based

membranes and stacked pristine 2D materials (Figure 2C and Table S2).38–40 Given

theMXenemembrane (E = 1.6G 0.08 GPa) and Celgard 2400 (E = 0.17G 0.01 GPa),

Figure 2. The properties of HMA-41 composite membrane

(A) Characterization of tensile strength and ionic conductivity of HMA membrane with various ANF weights from 20:1 to 2:1. error bar G5%

(B) Schematic of the interior structure of the HMA composite membrane.

(C) Comparison of strength and modulus of reported MXene-based membrane materials.

(D) XRD patterns of HMA with different ANF contents.

(E) Multiparameter comparison of various membranes based on glyph plots.
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it shows a 4.0-fold and 35-fold higher Young’s modulus. Ionic conductivity of HMA-

41 is 0.42 G 0.02 mS cm�1, which is 220% higher than that of MXene/Celgard 2400

of 0.19 G 0.001 mS cm �1 and slightly higher than Celgard 2400 of 0.35 G 0.02 mS

cm �1 (Figure S14), indicating synergistic enhancement of properties of the ion path

‘‘highway’’ from holey MXene itself and the large nanoscale channels with negative

charge imparted by ANF (Figure 1G). The good electrolyte wettability, high

porosity, and high electrolyte uptake of HMA-41 further decrease internal resis-

tance, which is also needed to obtain superior charge and discharge rate (Figure S15

and Table S3).

The shortest ion transport distances originated from the porous structure on the

MXene surface, and the coexistence of space charge brought by the insertion of

the ANF interlayer32,41 is expected to enhance the ion selectivity and promote the

ion transport.41,42 We demonstrated that HMA-41 separators effectively suppressed

the transport of LPS from cathode to anode compartments. An H-type glass cell was

employed to visualize the role in preventing the diffusion of LPS solution (0.5 M Li2S4
in 1,3-dioxolane/dimethoxyethane [v/v = 1/1] solvent). Driven by the concentration

gradient, LPS quickly diffused across the Celgard 2400, and the right chamber

turned from colorless to dark brown within a few hours (Figure 3A). In contrast, the

diffusion of LPS was significantly blocked by the HMA-41 membrane, and the right

chamber remained colorless even after 48.0 h (Figures 3B and 3C). This phenome-

non can be further demonstrated by the self-discharge study, in which HMA-41

has a stable voltage curve, while a decreasing curve was observed in Celgard

2400 (Figure S16).

Electrochemical characterization

These key performance assessments from separator are necessarily required for

high-performance Li-S batteries, which including tensile strength, tensile modulus,

thermal stability, ionic conductivity, electrolyte wettability, and Li-ion diffusion coef-

ficients. Since battery performance varies with these metrics, the total area enclosed

by the glyph plot can be used as a cumulative capability criterion for reflecting and

optimizing the performance of batteries. The evaluation displays the batteries with

HMA-41 have across-the-board performance exceeding that of the MXene/ANF,

MXene/Celgard 2400, Celgard 2400, and most of the current separators in Li-S

Figure 3. Polysulfide-blocking capability of the HMA-41 separator

(A) Diffusion of LPS in H-type cell through Celgard 2400 and HMA-41 separator.

(B and C) Schematic representation of Celgard 2400 and HMA-41 ion-selective separator that acts as an ionic sieve against LPS.
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batteries, indicating the HMA-41 is a good candidate as a separator for Li-S batteries

(Figure 2E).

Moreover, as the HMA-41 separator impeded the side reactions between anode and

LPS, the discharge capacity increased due to the active material loss being reduced.

Therefore, the initial discharge capacity of 1,340 mAh g�1 was achieved on the cell

with HMA-41, much higher than that of cell with Celgard 2400 of 1,084mAh g�1 (Fig-

ure 4B). Consistent with the CV curve (Figure 4A), the charge/discharge curve con-

sisted of one oxidation plateau and two reduction plateaus, representing the redox

reactions of a Li-S battery.20 The highly efficient Li+ transport through HMA-41 can

translate into superior rate capability of an Li-S battery (Figures 4C and S17). With

the current rates varying from 0.1 to 5.0 C, the capacities of 1,340, 1,248, 1,095,

995, 893, and 818 mAh g�1 were observed, much superior to cells with Celgard

2400, MXene/Celgard 2400, and MXene/ANF. Although the voltage plateaus of

cells with an HMA-41 separator decrease obviously at the high current rate, the

sloping shape was almost unchanged (Figure S17), and a high capacity of around

62.5% was retained, which evidenced the fast ion transport. When the current rate

Figure 4. Electrochemical performance of the Li-S batteries

(A) CV profiles with HMA-41 at a scan rate of 0.1 mVs–1.

(B) Galvanostatic charge-discharge profiles of HMA-41 and Celgard 2400 separator at a rate of 0.1 C.

(C) Rate performance of Li-S batteries ranging from 0.1 to 5.0 C with HMA-41, MXene/ANF, MXene/Celgard 2400, and Celgard 2400 separators.

(D) The decay per cycle comparison of Li-S batteries with various MXene-based Li-S batteries.

(E) Cycling performance of Li-S batteries with HMA-41 separator at a rate of 3.0 C after 3,500 cycles at the sulfur loading of 1.2 mg/cm2.

(F) Galvanostatic charge-discharge profiles of HMA-41 at a rate of 0.1 C at different sulfur loadings.

(G) Rate performance of Li-S batteries with HMA-41 at different sulfur loadings.

(H) Cycling performance comparison of Li-S batteries with HMA-41 separator at different sulfur loadings.
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was recovered to 0.1 C, a high capacity of 1,276 mAh g�1 was obtained and almost

kept stable in the following 100 cycles, whereas 1,230 mAh g�1, 1,165 mAh g�1, and

958 mAh g�1 were detected for the cells with MXene/ANF, MXene/Celgard 2400,

and Celgard 2400 separators, and only 1,098 mAh g�1, 1,011 mAh g�1, and 648

mAh g�1 can be maintained after 100 cycles, respectively (Figure S18). Penetration

of LPS across separators also had detrimental effects for CE, with only 85% being re-

tained for the cell with Celgard 2400 after cycling 100 times at 0.1 C compared to

99% with HMA-41 (Figure S18). Moreover, the capacity decay rate per cycle was

also increased from 0.08% for HMA-41 to 0.31% for Celgard 2400, exhibiting a

higher cycle stability of HMA-41. Meanwhile, the cycling stability as well as the CE

could be further improved by increasing the thickness of HMA-41, while the long

diffusion path length and internal resistance will weaken the initial capacity of batte-

ries43 (Figure S19). The effect of HMA-41 on the battery’s electrochemical kinetics

before and after cycling is also evaluated by electrochemical impedance spectra

(EIS) measurement (Figure S20). The EIS spectra for the batteries with Celgard

2400, MXene/Celgard 2400, or HMA-41 separators before and after cycling are

modeled with equivalent circuits. Prior to cycling, the batteries with HMA-41 had

a lower resistance compared to Celgard 2400 andMXene/Celgard 2400, which is ex-

pected from the shorter ion transfer distance and expanded ion channel in the sepa-

rator (Figure S21A). Also, the Rct value of the cells with HMA-41 and MXene/Celgard

2400 decreased after 100 cycles (Figure S20B) due to electrolyte infiltration and

chemical activation of the active materials.44 However, cells with Celgard 2400

displayed two semicircles after cycling, where the first semicircle of Rsf//CPEsf was

associated with the formation of a solid Li2S2/Li2S insulating layer on the lithium

anode,45 while the second semicircle of Rct//CPEct was derived from the charge

transfer resistance. In contrast, the cell with HMA-41 only display one semicircle (Fig-

ure S20). The battery based on the HMA-41 also possessed extremely long cycle life

with a low-capacity decay of 0.013% per cycle over 3,500 cycles at 3 C (Figure 4E).

Comparing to reported MXene-based and other multifunctional ones including car-

bon-based, functional groups-based, and inorganic substance-based separators of

Li-S batteries, the HMA-41 separator exhibited a remarkable advantage in

improving the cycle life and capacity retention over long term at various current rates

(Figure 4D and Tables S4 and S5). In order to obtain the high energy density of Li-S

batteries for practical application, the cells with high sulfur loading of 3.0, 4.5, and

6.0 mg cm�2 with a control E/S ratio of 8:1 were also prepared (see experimental

procedures). Notably, a high reversible specific/areal capacity of 6.1 mAh cm�2 at

0.1 C was achieved at a sulfur loading of 6.0 mg cm�2 (Figure 4F). Similar to the

case of low sulfur loading, the capacity of the cell recovered to 5.4 mAh cm�2

when the current rate was switched back to 0.2 C due to the fast ion transfer and

the strong ability to suppress LPS crossover (Figure 4G). In the following 200 cycles,

the cell still exhibited excellent cycling stability, which is highly competitive with

most cells with sulfur content R3.0 mg cm�2 (Figure 4H and Table S6).

Dendrite suppression

The uncontrolled lithium dendrite growth upon charging is another major issue of

Li-S batteries. HMA-41 membranes were also assembled into symmetric Li/

separator/Li coin cells to further exemplify the suppression of lithium dendrites (Fig-

ure 5). At a current density of 3mA cm�2, the control cell with Celgard 2400 showed a

steady increase in its voltage profile from the 1-h cycling at 0.1 V to the 300-h cycling

at 0.02 V (Figure 5A). As for the cell with HMA-41, a flat voltage profile was main-

tained at 0.1 V from the 1-h cycling to the 450-h cycling (Figure 5A). The steady

voltage profile for cells with HMA-41 suggests that lithium dendrites were effectively

suppressed. To investigate the evolution of the voltage profiles in detail, the cycling
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of the cells with HMA-41 and Celgard 2400 separator was further enlarged (Fig-

ure 5B). The constant cycling voltage profiles at both the charging and discharging

states can be well maintained without apparent amplification in hysteresis for cells

throughout the whole cycle with HMA-41, whereas batteries with Celgard 2400 ex-

hibited pronounced oscillating voltage profiles with higher overpotential at the

stage of stripping/plating promoting the growth of dendrites. When the current

density further increases to 5 mA cm�2, this phenomenon becomes more pro-

nounced, and Celgard 2400 exhibits a gradual increase of the hysteresis, which is

caused by the unstable electrode/electrolyte interface due to the repeated growth

of dendrites. (Figure 5C). In contrast, the cell with HMA-41 still operates stably for a

more extended period (Figure 5D). Celgard 2400 and HMA-41 separators were

pressed into the soft lithium electrode. A cell was subjected to multiple fast,

incomplete charge-discharge cycles following the capacitance fade and the battery

voltage similar to the experimental series in Figure 5C. The shortening of the battery

resulted in a drastic reduction of both. The nanoscale morphology of nacre-like

HMA-41 membranes directly correlates with the ability to suppress dendrites

(Figures 5E and 5F). We examined that the average distance between the ANF

mesh in the outermost layer of the HMA-41 membrane determines dendrite

Figure 5. Cycling stability of the Li-S batteries with HMA-41 separator

(A and B) Comparison of the cycling stability of the HMA-41 and the Celgard 2400 separator at a current density of 3 mA cm�2 with a stripping/plating

capacity of 1 mAh cm�2.

(C) The cycling stability of the HMA-41 and the Celgard 2400 separator with various current densities from 0.5 to 5.0 mA cm�2 with a stripping/plating

capacity of 1 mAh cm�2.

(D) Long-term cycling of HMA-41 separator over 1,200 h.

(E–H) SEM images of the lithium electrode with HMA-41 and Celgard 2400 separator after 450-h cycles at a current density of 3 mA cm�2 with a stripping/

plating capacity of 1 mAh cm�2.
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suppression. Despite the formation of dendrites promoted through high charging/

discharging cycles, the Li electrode surface from HMA-41 remained consistently

flat (Figures 5E and 5F) in comparison to the rough and heavily dendritic electrode

surface from Celgard 2400 (Figures 5G and 5H), further demonstrating the advan-

tages of HMA-41 membranes.

In conclusion, a multifunctional biomimetic HMA-41 separator integrating a hierar-

chical ion ‘‘highway’’ and nacre-like architecture has been introduced for Li-S cells

to mitigate the loss of active material, eliminate obstacles of ion transport, and sup-

press dendrite growth on the anode. The physical and chemical barrier provided by

the coexistence of negative charges of the HMA-41 separator, efficient Li+ transport,

as well as the lithium dendrite growth suppression leads to the exceptional electro-

chemical performances observed in the Li-S battery. This nacre-inspired HMA-41

separator provides important clues in the future development of Li-S batteries and

may be broadly adapted in other energy-storage technologies.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to,

and will be fulfilled by, the lead contact Mingqiang Wang (mqwang@hit.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that data supporting the findings of this study are available

within the article and the supplemental information. All other data are available

from the lead contact upon reasonable request.

Materials

Ti3AlC2 (98%, 400 mesh) was purchased from Jilin 11 Technology Co. Bulk Kevlar 69

was purchased from Dupont Company. Hydrochloric acid (37 wt %) was provided by

Xilong Scientific Co. Lithium fluoride (99.99%, metals basis), KOH, DMSO (99.7%),

polyvinylidene fluoride binder, N-methylpyrrolidone, lithium bis(trifluoromethane-

sulfonyl)imide, 1,2-dimethoxyethane, 1, 3-dioxolane, lithium nitrate, lithium sulfide

(Li2S), and sulfur were purchased from Sigma-Aldrich. All chemical reagents were

used as received without any further purification.

Synthesis and characterization

Full experimental procedures are provided in the supplemental experimental

procedures.
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