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Experimental Section

Fabrication of SSMWNA and S/D-MWNA: The MWNA was fabricated by a one-pot carbonization
of the Ni foam@MOF arrays as well as growing carbon nanotubes via chemical vapor deposition
(CVD) method, where Ni foam@MOF arrays were synthesized according a previous report.
ITypically, Ni foam was first treated with 3 M HCI solution for 30 min to remove the pollutions
and Nickle oxide on the surface and then washed with deionized water for several times. After
that, 3 pieces of Ni foam (2*4 cm?) were immersed into a mixture of Zn(NO3),-6H,0 (0.075 M)
and hexamethylenetetramine (0.25 M) dissolved in 30 mL methanol and 3 mL of 2 M solution
HNO; aqueous solution. The HNO; aqueous solution is to control the PH value as well as
preventing the oxidization of Ni-foam during hydrothermal reaction. For Zn(NOs), 6H,0 and

hexamethylenetetramine, they are the raw materials for the fabrication of Zn-nanowall array (Zn-



NWA) with nanowall arrays structure, which acts as self-sacrificing template for fabricating Co-
MOF with nanowall arrays structure. Soon after, the mixed solution was sealed and heated at a 60
°C oven for 48 h. After cooling to room temperature, the obtained white products were washed
with water for several times and then simply immersed into 250 mL of 0.01 M 2-methylimidazole
aqueous solution and 40 mL of 0.5 M Co (NO3),-6H,0 methanol solution for 6 h and 24 h step-
by-step. The products obtained from this step were labeled as Ni foam@MOF arrays after washed
with methanol for several times. The Ni foam@MOF arrays were subsequently transfer into a tube
furnace, whose temperature was quickly heated to 550 °C with a heating rate of 20 °C min! under
a mixed flow of Ar (100 mL min-") and H, (10 mL min!). The temperature was kept at 550 °C for
10 min and then another C,H, flow with a flow rate of 15 mL min’!' as carbon precursor was

pumped in to grow carbon nanotube for another 2 h. In order to remove the residua Zn species and

improve the samples’ electrical conductivity, the temperature was further increased to 950 ° C

with a heating rate of 20 °C min! under the Ar flow and kept for 1 h. The MNWA was obtained
after naturally cooling to the room temperature. The density of materials coated on MNWA except
Ni foam is around ~4 mg cm. For comparison, The D-MNWA was synthesized by removing the
Ni foam with 3M HCI and broken the arrays structure via grinding. The S/MNWA and S/D-
MNWA were obtained via directly absorb 20 mg mL-! sulfur dissolved CS, and then naturally
remove the solvent at room temperature. The sulfur contents are around 50 wt.% and 70 wt.%
(determined by TGA results), respectively, for SSMNWA cathodes with sulfur loadings of 4 mg
cm? and 10 mg cm2. The sulfur content of S/D-MNWA composite is around 50 wt.%.

Materials Characterization: The morphologies and structures of the samples except Li anodes
were characterized by Hitachi S-4800 field emission scanning electron microscope (FE-SEM), and

Tecnai G2 F20 S-TWIN and FEI Quanta FRG 200 F transmission electron microscopy (TEM)



equipped with energy dispersive spectroscopy (EDS). The morphologies of Li anodes were taken
using a Hitachi 3400N environmental scanning electron microscopy. The Bruker D§ Advance X-
ray diffraction (XRD) with Cu-Ka radiation was used for crystal structure analysis and the XRD
dates were collected from 10 ° to 70 © in 20 at a scanning rate of 1° min-!. The sulfur contents in
the composites/electrodes were determined by SDT Q600 thermogravimetric analyzer (TGA)
under a nitrogen atmosphere from room temperature to 600 °C with a heating rate of 10 °C min!.
The Folio Micromeritics Tristar Il Brunauer-Emmett-Teller (BET) surface area analyzer was
employed for detail pore structure investigation. Except the SEM images and related EDS results,
such materials characterizations as XRD, TGA, BET of MNWA and S/MNWA
composites/electrodes were obtained from the samples with Ni foam removal.
Electrochemical measurements: The electrochemical performance of the S/MNWA (sulfur
loading: ~4 mg cm™ and ~10 mg cm?) and S/D-MNWA electrodes (sulfur loading: 3.0~3.5 mg
cm?) were tested with CR2032 coin cells, constructed in an Ar-filled glove box. The S/MNWA
composite was used as cathode directly, while S/D-MNWA cathode were fabricated by casting the
slurry (solvent: 1-methyl-2-pyrrolidinone (NMP)) containing 80 wt.% S/D-MNWA, 10 wt.%
acetylene black, and 10 wt.% Polyvinylidene fluoride (PVDF) onto aluminum (Al) foils and dried
at 70 °C for 12 h under vacuum. The cathode and Li anode were separated by a celgard 2325
membrane. The electrolyte used in this study is 1 M bis(trifluoromethylsulfonyl) imide (LiTFSI)
in 1, 2-dimethoxymethane (DME) /1, 3-dioxolane (DOL) (1:1 v/v) with 2 wt.% LiNOj; additive.
The ratio of electrolyte to sulfur (E/S) are 15 uL mg! and 6 pL mg™! for the electrodes with sulfur
loadings of 4 mg cm and 10 mg cm2, respectively.

Electrochemical impedance spectroscopy (EIS) was tested at an open-circuit condition

with a frequency range from 5.0x10° Hz to 1.0x102 Hz on a versatile multichannel potentiostation



3/Z (VMP3). Cyclic voltammograms (CV) were tested on same instrument and the data were
collected under a scanning rate of 0.1 mV s-! between 1.7 V and 2.8 V. The charge-discharge tests
were carried out using a LAND CT-2001A system and Arbin BT-2000 battery testing equipment
with voltages arrange from 1.7 V to 2.8 V at room temperature. Unless mentioned otherwise, the
specific capacities mentioned in this work were calculated based on sulfur and the voltages were
respected to Li*/Li (vs. Li*/Li).
Electrolyte uptake and porosity: The electrolyte uptake of the S/MNWA and S/D-MNWA
electrodes was determined by the following method: firstly, using S/MNWA and S/D-MNWA
electrodes to assemble two coin cells with excess electrolyte and let them stand for 12 h. After
that, the cells were disassembled and the electrodes were subsequently taken out, wiped out the
surface electrolyte with a tissue paper, and quickly measure the thickness and weight.

The electrolyte uptake of the samples can be obtained based on the weight difference
between the dry and wet electrodes by the equation as follow:

w,,
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Electrolyte uptake =

Where W, Wary are the weight of wet electrodes and dry electrodes, respectively. Wygent
collector are the Ni foam and Al foil in S/MNWA and S/D-MNWA electrodes, respectively.

The porosity of S/MNWA electrode was calculated by the equation as follow:
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The porosity of S/D-MNWA electrode was calculated by the equation as follow:
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Where p is the density of the electrolyte, S is the geometric area of the electrode, Ty is the
thickness of wet electrode and T yrrent collector 1S the thickness of Al foil.

Electrical conductivity: The electrical conductivity of the MNWA, S/MNWA and S/D-
MNWA electrodes were measured via pressing the materials/electrodes between two steel pieces
with a pressure of 0.1 MPa and testing the resistance (R) by a digital multi-meter (Fluke 15 B).
The electrical conductivity was calculated by the following equation:

x=L/RA (4)

where L and A are the thickness and sectional area of the pressed samples.

Visualized adsorption test: Li,S, solution was prepared according to previous report by mixing sulfur
and Li,S with a molar ratio of 3:1 in DME followed by vigorous magnetic stirring. 2 1 mL Li,Sy4

solution with a concentration of 10 mM and 10 mg absorbed materials were used for adsorption test.



Figure S1. SEM images of (a)~(b) Ni foam, (c)~(d) Ni foam@ Zn-NWA (e)~(f) Ni foam@MOF

arrays at different magnifications. The insets are the corresponding optical images.
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Figure S2. (a)~(d) SEM images of S/MNWA electrode at different magnifications and (e)
corresponding EDS elemental mapping of C, S, Co and Ni elements collected from the area in (d).

(f) EDS spectrum of S/MNWA.
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Figure S3. SEM images of MNWA-NR at different magnifications.
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Figure S4. (a) Nitrogen adsorption-desorption isotherms, (b) Pore size distribution curves of
MNWA-NR. (¢)TGA curvers of MNWA-NR with 4 mg cm and 10 mg cm sulfur loadings. (d)
XRD patterns of MNWA-NR before and after 4 mg cm and 10mg cm sulfur impregnated.
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Figure S5. CV profiles of the S'MNWA electrode for 5 cycles.
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Figure S6. (a) Electrolyte uptake and porosity and (b) electrical conductivity of S/MNWA and
S/D-MNWA electrodes.

Table S1. Comparison of this work with recent publications from the Li-S literature with high
sulfur loadings around 4 mg cm2. A: Material. B: Sulfur content based on whole cathode (not
including current collector). C: Areal sulfur loading (mg cm2). D: Current density (C, 1C=1672
mA g!). E: Initial specific discharge capacities (mAh g-!, the data were recorded from the cycle
number in the bracket for some batteries with obvious activate process). F: Cycle number G:
Specific discharge capacity after cycling. H: Capacity retention. I: Capacity attenuation rate per
cycle. (ACC: Activated carbon cloth; CF: Carbon fiber; ACF: Activated carbon fiber; CP: Carbon
paper; CNT: Carbon nanotube; G: graphene; NS-GS: N,S co-doped graphene sponge; GA:
Graphene aerogel; GO: Graphene oxide; Amy-GO: Amylopectin wrapped graphene oxide; PC:



Porous carbon; N-PC: N-doped porous carbon; SP: Super P; KB: Ketjen black: A-KB: Activated
ketjen black; LDH: NiFe layered double hydroxide; PPy: Polypyrrole; PAN: polyacrylonitrile; PP:

polypropylene;)

A B C D E F G H I
This work 50% 4 0.5 854 100 822 969% 0.04%
This work 0% 4 05 854 200 739 7% 0.07%
This work 0% 4 05 854 300 667 78% 0.07%
This work 0% 4 05 854 400 617 72% 0.07%
S/Amy-GO 3 52% 4 013 870 100 580 G709, 033%
S/KS-6 4 63% 45 001 612 15 580 950, 035%
S/GA 3 49% 5 006 1662 50 539 300, 359%
S/GA 3 73% 5 006 1310 50 481 370, 127%
S/GA 3 74% 5 006 1190 50 716 0o, 0.80%
S/PPy (8.4mmol
FeCl, additive) 46% 45 006 1043 30 510 499, 1.70%
S/ACC (ALO;
rotected L7 — 5 004 980(4) 100 640 505  0.35%
S/KB $ 64% 47 02  900(4) 90 710 790, (23%
S/N-PC * 58% 4 02 750 200 600 g0% 0.10%
S/N-PC ° 58% 4 02 800 200 650 gyo5 0.09%
Li,S¢NS-GS 10 67% 46 02 1200 100 822 905 032%
S/SP (CNT
interlayer, PC
interlayer on 60% 42  — 1242 200 840 gor  0.16%
separator) !
Pure S (g-C5Ny
interlayer on 60% 5 — 1135(3) 40 902 799, 0.51%
separator) 2
S/Carbon felt 3 — 46 033 1120 100 550 490, 051%
S/GA 14 67% 4 0.1 1050 75 810 779, 030%

S/CoySg 13 60% 4.5 0.05 956 60 778 81% 031%



S/Co0ySg 13 60% 4.5 0.2 933 150 600 4% 0.24%

S/g-C3N, 16 60% 4 02 975 50 600 205 077%
S/g-C3N, 16 60% 5 02 84 50 620 7305 055%

S/G 17 90% 43 0.1 1077 50 746 690  0.61%
S/CNT(LDH/G

63% 43 0.14 1078 100 800 0 0
separator) 18 74%  0.26%

S/PAN-KB  72% 44 05  6008) 100 513 geon  0.15%

S/PC (C interlayer
60% 41 005 810(12) 50 730 op 0.20%
on separator) 20 :

S/CP 2! 29% 44 005 1116 40 750  ¢79  0.82%
LSJONTIACE@ oo 48 05 s00 100 696 ST%  0.13%
MnO, %2 ’
S/A-KB 2 2% 4 01 995(5) 100 891 90v%  0.10%

S/G/CNT (PP/GO/

Nafion separator) 24 A% 4 02 1225 30 968 799 0.70%

S/CNT/CF (layer
60% 4 0.1 986 100 621  g30, 0.37%
by layer) » :
S/ACF 2¢ 64% 4.6 0.5 991 200 753 76%  0.12%
S/PC 27 49% 4 0.1 908 100 739 g1% 0.19%

S/G/CNT 2 76% 47 0.1 6303) 200 442 7000 0.15%
S/ICNT/MoP/GO 2 55% 4 02 950 200 708 750, 0 13%

—
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Figure S7. Visualized absorption of Li,S, on MNWA-NR (a) before and (b) after 2 h standing.
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Figure S8. Charge /discharge profiles of S/D-MNWA electrode at various current densities.
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Figure S9. (a) Schematic diagram of the S/D-MNWA electrode during lithiation. (b)~(d) SEM
images of S/D-MNWA electrode after cycling at different magnifications. (e) Optical image, (f)

cross-section and (g) surface morphology of the Li anode coupled with S/D-MNWA electrode
after cycling.



Figure S10. Optical images of the separators coupled with (a) S/MNWA electrode and (b) S/D-

MNWA electrode after cycling.
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Figure S11. (a) EIS plots of SSMNWA and S/D-MNWA electrodes after cycling. Inset is the
equivalent circuit. (b) Relationship between Z’ and square root of frequency (w'?) in the low-

frequency region.

Table S2. Kinetic parameters of S/MNWA and S/D-MNWA electrodes after cycling.

Kinetic 5 > >
D (cm?s)
parameters ~ Rs(Qcem ) Ry(Qem ) Ry (Qem ) °
S/MNWA 7.26 2.57 2.68 2.48 5.84x 10710
S/D-MNWA 7.80 44.10 104.32 6.36 8.99x 10!
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