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Figure S1. The SEM (a) and HRSEM (b) images of NiZn-MOF.

As shown in Figure S1 a, NiZn-MOF composites exhibt a flower-like structure 

with a diamerter of about 3.5 ~ 2.5 um. The HRSEM image (Figure S2 b) indicates 

that NiZn-MOF composites are consisted of abundant nanosheets, which is beneficial 

to expose more active sites.
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Figure S2. (a-b) The TEM images of C/Ni3ZnC0.7 nanospheres. (c-d) The TEM images of 

C/Ni3ZnC0.7-P5 nanospheres. (e-f) The TEM images of C/Ni3ZnC0.7-B1 nanospheres. The inset is 

the corresponding HRTEM image of figure f.

As shown in Figure S2, C/Ni3ZnC0.7, C/Ni3ZnC0.7-P5 and C/Ni3ZnC0.7-B1 

nanospheres are composed of 8-15 nm nanoparticles with typical hollow structures. 

Such ultrathin nanoparticles and hollow structure contribute to dense exposure of 

active sites. The graphitized carbon shells might come from the catalytic 

graphitization behavior of C/Ni3ZnC0.7 nanoparticles, which is positive for charge 

transfer process. 

Besides, after the NaBH4 etching process, a bit of nanosheets are appearing on 

the surface of C/Ni3ZnC0.7-B1. And the area with nanosheets is specifically chosen as 

shown in Figure S2 f. The close look of the nanosheet (Figure S2 f) indicates that it 

can be divided into two parts (donated as area 1 and 2). The amorphous area (area 1) 

should be attributed to amorphous nickel borides (NixB), which comes from the 

reaction between the Ni3ZnC0.7 and NaBH4. However, it should be noted that the 

crystalline structure of some nanoparticles in area 2 became robust under electron 

irradiation. And the short-range lattice fringe of 0.205 nm is corresponding to the (120) 
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planes of Ni3(BO3)2
1. The formation of Ni3(BO3)2 is attributed to the hydrolysis of 

NaBH4. The NaBH4 itself could hydrolyze to obtain H3BO3 and such hydrolysis 

process could be accelerated by metal borides.1,2 Therefore, once the amorphous NixB 

forms, the generation of borate anions (BO3
2-) would be enhanced to accumulate 

around the nearly formed NixB, followed by turning the amorphous NixB to 

Ni3(BO3)2
1, 2.
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Figure S3. (a-b) The XRD patterns of C/Ni3ZnC0.7 nanospheres, C/Ni3ZnC0.7-P5 nanospheres and 

C/Ni3ZnC0.7-P6 nanospheres.

Although P atom is larger than C in atomic radius, the loss of Zn results in 

decreased lattice parameters,3 attested by the slightly positive shift of XRD peaks in 

C/Ni3ZnC0.7-P5 and C/Ni3ZnC0.7-P6 (Figure S3 b).
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Figure S4 (a-b) The SEM images of C/Ni3ZnC0.7-B2 nanospheres. (c-d) The SEM images of 

C/Ni3ZnC0.7-B4 nanospheres.

As shown in Figure S4 a and b, when increasing the concentration of the NaBH4 

solution to 0.02 mol L-1, more nanosheets appear on the surface of the C/Ni3ZnC0.7-

B2 nanospheres, rendering slightly collapse of spherical structure. Further increasing 

the concentration of the NaBH4 solution to 0.04 mol L-1 (Figure S4 c and d), 

C/Ni3ZnC0.7-B4 are almost covered by plenty of nanosheets.
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Figure S5. (a-b) The XRD patterns of C/Ni3ZnC0.7 nanospheres, C/Ni3ZnC0.7-B1 nanospheres and 

C/Ni3ZnC0.7-B4 nanospheres.

When the concentration of NaBH4 solution is 0.04 mol L-1, C/Ni3ZnC0.7-B4 is 

covered by plenty of smooth nanosheets and presents a broad XRD peak at 44.4o, 

supporting the existence the amorphous NixB phase (Figure S4 c-d and S5 a-b)1,4. As 

the concentration of NaBH4 solution decreases to 0.01 mol L-1, the nanosheets 

become tiny as well as less and out of XRD detection range (Figure 1e-f, and S5 a-b). 

The amorphous NixB phase indicates NaBH4-etching process makes some Ni cations 

out of Ni3ZnC0.7 lattice, rendering a Ni vacancy-rich structure. Besides, the loss of Ni 

leads to a slightly decreased lattice parameter,3 attested by the slightly positive shift of 

XRD peaks in C/Ni3ZnC0.7-B1 and C/Ni3ZnC0.7-B4 (Figure S5 b).
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Table S1. The elemental content measured by EDS.

Samples C (at/%) O (at/%) Zn (at/%) Ni (at/%) P (at/%) B (at/%)

C/Ni3ZnC0.7 74.07 2.56 5.81 17.56 - -

C/Ni3ZnC0.7-P5 26.33 10.99 14.51 46.78 1.38 -

C/Ni3ZnC0.7-B1 48.84 16.64 4.85 13.91 - 15.75
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Figure S6. The content of Ni2+ species in different samples obtained by XPS.
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Table S2. The content of Ni2+ and Ni(0) species in different samples obtained by XPS.

Samples
Ni2+ ration in Ni 2p 

region (%)

Ni(0) ration in Ni 

2p region (%)

The ratio of 

Ni2+ to Ni(0)

Ni3ZnC0.7 19.12 66.69 0.29

Ni3ZnC0.7-P5 27.68 56.62 0.49

Ni3ZnC0.7-B1 50.83 15.76 3.23

Ni3ZnC0.7-Li2S6-24h 43.52 30.44 1.43

Ni3ZnC0.7-Li2S6-72h 29.75 51.89 0.57

Ni3ZnC0.7-P5-Li2S6-24h 21.65 62.80 0.34

Ni3ZnC0.7-B1-Li2S6-24h 45.40 29.13 1.56
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Figure S7. (a) High-resolution Zn 2p XPS spectra of C/Ni3ZnC0.7 nanospheres before Li2S6 

adsorption test, after adding in Li2S6 solution for 24 h and 72 h. (b) High-resolution Zn 2p XPS 

spectra of C/Ni3ZnC0.7-P5 nanospheres before and after adding in Li2S6 solution for 24 h. (c) 

High-resolution Zn 2p XPS spectra of C/Ni3ZnC0.7-B1 nanospheres before and after adding in 

Li2S6 solution for 24 h.
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Figure S8. (a) High-resolution S 2p XPS spectra of C/Ni3ZnC0.7 nanospheres after adding in 

Li2S6 solution for 24 h. (b) High-resolution S 2p XPS spectra of C/Ni3ZnC0.7 nanospheres after 

adding in Li2S6 solution for 72 h. (c) High-resolution S 2p XPS spectra of C/Ni3ZnC0.7-P5 

nanospheres after adding in Li2S6 solution for 24 h. (d) High-resolution S 2p XPS spectra of 

C/Ni3ZnC0.7-B1 nanospheres after adding in Li2S6 solution for 24 h.

Owing to the chemical interaction between polysulfides and metal active sites, 

thiosulfate and polythionate species located at 167.5 eV and 168.6 eV are generated at 

the surface of these three samples (Figure S8 a-d).5 The generation of thiosulfate 

comes from the oxidation of S4
2- by Ni2+, thereby contributing to the decrease of Ni2+ 

species and increase of Ni(0) species (Figure S6 and Table S1).5 Such thiosulfate 

could anchor long-chain polysulfides to yield polythionate and Li2S2/Li2S, which 

provides a new path for accelerating the conversion of polysulfides.6



12

Figure S9. CV curves of symmetric cell with identical electrodes of NixB/Ni3(BO3)2 using Li2S6 

electrolyte or Li2S6-free electrolyte at a scan rate of 10 mV s-1.

The NixB/Ni3(BO3)2 nanosheets were synthesized by adding the NaBH4 into the 

Ni(NO3)2 solution according to the previously reported work.7 And the symmetric 

cells were assembled by using NixB/Ni3(BO3)2 electrodes as working and counter 

electrodes, 40 μL Li2S6 solution (1.2 mol L-1, based on element S) as the electrolyte, 

and pure PP as the separator. As shown in Figure S9, the redox current of 

NixB/Ni3(BO3)2 (2.5 A g-1) is much lower than C/Ni3ZnC0.7-B1 (7.9 A g-1), indicating 

that the enhanced catalytic activity mainly comes from the Ni vacancies and 

optimized Ni2+/Ni(0) structures rather NixB/Ni3(BO3)2 phase.
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Figure S10. (a-d) The contact angles of pure PP, C/Ni3ZnC0.7@PP, C/Ni3ZnC0.7-P5@PP and 

C/Ni3ZnC0.7-B1@PP, respectively.
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Table S3. EIS fitting results of pristine cells with C/Ni3ZnC0.7@PP, C/Ni3ZnC0.7-P5@PP and 

C/Ni3ZnC0.7@PP and pure PP separator.

Sample Rs/Ω Rsurf/Ω Rct/Ω

Pure PP 2.01 19.45 15.86

C/Ni3ZnC0.7@PP 2.76 14.13 6.65

C/Ni3ZnC0.7-P5@PP 1.94 12.85 6.02

C/Ni3ZnC0.7-B1@PP 1.95 11.01 5.08
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Figure S11. EIS fitting results of cells with C/Ni3ZnC0.7@PP, C/Ni3ZnC0.7-P5@PP and 

C/Ni3ZnC0.7-B1@PP and pure PP separator after cycling.

Table S4. EIS fitting results of cells with C/Ni3ZnC0.7@PP, C/Ni3ZnC0.7-P5@PP and 

C/Ni3ZnC0.7-B1@PP and pure PP separator after cycling.

Sample Rs/Ω Rsurf/Ω Rct/Ω

Pure PP 4.26 4.14 21.66

C/Ni3ZnC0.7@PP 4.84 1.73 6.76

C/Ni3ZnC0.7-P5@PP 4.81 2.31 2.00

C/Ni3ZnC0.7-B1@PP 4.11 0.48 2.33

After cycling, the internal resistances Rs of all these cells increase (Figure S11 a-

b and Table S3), but the cell with C/Ni3ZnC0.7-B1@PP exhibits smallest internal 

resistance Rs (4.11 Ω). Besides, the C/Ni3ZnC0.7-B1 modification layer contributes to 

the smaller Warburg coefficient (σ4=1.84), demonstrating the fast solid-diffusion of Li 

ions going through the solid C/Ni3ZnC0.7-B1 modification layer. More importantly, 

the cell with C/Ni3ZnC0.7-B1 modification layer also exhibits much decreased charge 

transfer resistance Rct (2.33 Ω). The fast-paced charge transfer behavior is conductive 

to boosting the conversion kinetics of polysulfides.
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Figure S12. The cycling performance of the cell using pure PP separator.
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Figure S13. Cycling performance of the cell using C/Ni3ZnC0.7-B1 modified PP separator at 

1.0 mA cm-2 with a sulfur loading of 4.0 mg cm-2.
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