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Structural Regulation of Metal Organic Framework—derived Hollow Carbon
Nanocages and Their Lithium—Sulfur Battery Performance
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Abstract Lithium-sulfur battery has attracted extensive research interest because of its high theoretical specific capacity,
low cost and environmental friendliness. However, its practical application is still limited by the low utilization of sulfur,
serious shuttle and polarization effects. To solve these problems, confining sulfur in a highly conductive host, with the assis-
tance of chemical adsorption of intermediate lithium polysulfides (LiPS) by polar sites and catalytic promotion of LiPS con-
version by catalytic sites, can effectively boost the charge transfer and suppress the shuttle and polarization effects, hence
leading to the high utilization of sulfur and the improved performances of lithium-sulfur batteries. Hollow carbon nanocages
have become an ideal host for sulfur encapsulation because of the large inner cavity, high conductivity, and tunable surface
and electronic structures. In this study, three kinds of hollow carbon nanocages with similar size but different composition
and structure of shells were prepared by etching the ZIF8, ZIF67 and ZIF8@ZIF67@ZIF8 precursors with tannic acid solu-
tion, followed by the carbonization. Used as the cathodes for lithium-sulfur batteries after sulfur filling, the sample derived
from ZIF8@ZIF67@ZIF8 shows the best electrochemical performance. Specifically, the specific capacity reaches 1010
mAheg ! at 0.1 C (1 C=1675 mA+g "), and remains 664 mAheg™! at 1 C; after 300 cycles tests at 0.5 C, the capacity is re-
tained at 492 mAheg™!, significantly better than the control samples derived from ZIF8 and ZIF67. The excellent performance
of the former is closely related to its unique structure and composition: (i) the Co species presented in the precursor can im-
prove the conductivity of derived carbon nanocages; (ii) the evaporation of Zn species brings about large specific surface area
and rich micro/mesopores, which is conducive to the sulfur filling and the catalytic conversion of S species by the active Co
species. Therefore, the shuttle and polarization effects are efficiently suppressed and the utilization of sulfur is improved ac-
cordingly, leading to the better performances of lithium-sulfur batteries. This study opens a new avenue to regulate the per-
formance of lithium-sulfur batteries by constructing novel carbon nanocages hosts based on the metal organic framework
(MOF) precursors.
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Figure 1 Morphology evolution during the synthesis of carbon nanocages by MOF pyrolysis. (a) Schematic diagram of the preparation process; (b1, c1,
d1) SEM images of ZIF8, ZIF67 and ZIF8@ZIF67@ZIF8; (b2, c2, d2) SEM images after etching; (b3, c3, d3) TEM images after carbonization
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Figure 2 DF-STEM image of S@ZIF8@ZIF67@ZIF8/NC and corresponding element distribution mappings. (a) DF-STEM image; (b~f) element map-

pings for (b) C, (¢) N, (d) Zn, (e) Co, (f) S
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Figure 3 Electrochemical performances of three cathode materials. (a) Cycling stabilities at 0.5 C; (b) rate capabilities; (c) EIS spectra. Inset is the cor-

responding equivalent circuit
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Figure 4 Electrocatalytic functions of ZIF8@ZIF67@ZIF8/NC and ZIF8/NC, and the electrochemical performances of the corresponding cathodes. (a)
CV curves and (b) EIS curves of ZIFS@ZIF67@ZIF8/NC and ZIF8/NC in Li,S¢-based electrolyte; (c) CV curves and (d) charge-discharge profiles for

S@ZIFS@ZIF6T@ZIF8/NC and S@ZIFS/NC
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min"), FE{E 250 C RACEE—Em (A, DLEFRERMm LSS
JIR SR, 152 E A mAIKIE, 188 S@ZIFS/NC.
HoAh AT BRI R AL 3.
4.2 EhZAEFNMEREMI

# S@ZIF8/NC (5t S@ZIF8@ZIF67@ZIFS/NC
S@ZIF6T/NC). A% £ )i (PVDF) A £ bk JE 44 HE o7 &
Eb 8111 RA, DL N-HIIEMEMS B (NMP) AT, i
P48 h JEIRBUEEA 10 mm HIETBGBEE L, T
60 CTJ24 h 192 IEMRF, BRI E Y 1.0 mgeem 2.
7E 2032 B R A Ak e e e, A HL Il
ETKTEERTFER PR, BB 1 molL™! XL
=P B I TV B4 (LITFSTY — W B (DME)- — 5 e
(DOL) (fAFREL 1 1 1), He &4 2% (w)ff) LiNOs; i
9 Celgard 2500; *F Ltk N & J& # . 1E
NEWARECT3008 £ ji i fyth il &35 & b7 H i 7e
TR, HETEE 1.7~2.8 V. EMRRHT, J57E 0.1
Asg VB 5 BEILIEAL L. 7E VMP3 HLAL S AR,
I (Bio-logic) AT EIAMR 2K, HFEHETLER 1.7~
2.8 V, N 0.1 mVes™". 75 HL i fFF % B R A TR
X EIS #%, #RiE N 5 mVv, SEJEHE Y 100 kHz~10 mHz.
4.3 EELMERENR

HY ZIF8@ZIF67@ZIF8/NC (¢ ZIF8/NC)F1 PVDF 1%
it 8 1 2 R4, DL NMP NIEF, Hifk 48 h JGiREE
A% b, 70 CEA T4 24 h 5133 TAE R, B F A
[ i TAE AR L Celgard 2500 {ERE. LA 0.3 molsL™!
LixS¢/1 molsL™" LiTFSI (¥ 71’y DME&DOL, fAFILL
111, & 2% (w) LINO:)E MR, 43 o PR, i@
it CV yEIR LTS

References

[1] Li, X.; Sun, X. L. Adv. Mater. 2018, 28, 1801323.

[2] Yin, Y.-X.; Xin, S.; Guo, Y.-G.; Wan, L.-J. Angew. Chem. Int. Ed.
2013, 52, 13186.

[3] Fu, A.; Wang, C.; Pei, F.; Cui, J.; Fang, X.; Zheng, N. Small 2019,
15,1804786.

[4] Wang, X.; Li, Y. B.; Du, L. Y.; Gao, F. J.; Wu, Q.; Yang, L. J.; Chen,
Q.; Wang, X. Z.; Hu, Z. Acta Chim. Sinica 2018, 76, 627 (in
Chinese). (EUll, ZE N, HEE, SmA, Rk, MILE, BRI,
TEE, W, ¥ FR, 2018, 76, 627.)

[5] Fang, R. P;; Zhao, S. Y.; Sun, Z. H.; Wang, W.; Cheng, H. M.; Li, F.
Adv. Mater. 2017, 29, 1606823.

[6] Diao, Y.; Xie, K.; Hong, X. B.; Xiong, S. Z. Acta Chim. Sinica 2013,
71, 508 (in Chinese). (%, WL, Pk, REALIE, L5 F4R,
2013, 71, 508.)

[7] Cheng, X.; Shen, Z.; Jiao, L.; Yang, L.; Wang, X.; Wu, Q.; Hu, Z.
EnergyChem 2021, 3, 100066.

[8] Dai, L.; Chang, D. W.; Baek, J.-B.; Lu, W. Small 2012, 8, 1130.

[9] Wu, Q.; Yang, L.; Wang, X.; Hu, Z. Sci. China Chem. 2020, 63, 665.
[10] Wu, Q.; Yang, L.; Wang, X.; Hu, Z. Adv. Mater. 2020, 32, 1904177.
[11] Hu, Z.; Wu, Q.; Chen, Y. Q. In Frontiers of Advanced Materials
Research in China: Annual Report (2021), Chemical Industry Press,
Beijing, 2021, Chapter 9 (in Chinese). (M1, %58, BREKEE, +
AR AT B R (2021), 5 TR, dbnt, 2021, 50
)

Wu, Q.; Yang, L.; Wang, X.; Hu, Z. Acc. Chem. Res. 2017, 50, 435.
13] Zhang, J.; Wang, K.; Guo, S.; Wang, S.; Liang, Z.; Chen, Z.; Fu, J.;
Xu, Q. ACS Appl. Mater. Interfaces 2014, 6,2192.

—r—
—
[}

—

http://sioc-journal.cn 901



o F 5 R

it

[14] Lyu, Z.; Xu, D.; Yang, L.; Che, R.; Feng, R.; Zhao, J.; Li, Y.; Wu,
Q.; Wang, X.; Hu, Z. Nano Energy 2015, 12, 657.

[15] Wang, L. W.; Feng, R.; Xia, J. Z.; Chen, S.; Wu, Q.; Yang, L. J.;
Wang, X. Z.; Hu, Z. Acta Chim. Sinica 2014, 72, 1070 (in Chinese).
(ELf, Him, EiErr, BRik, R, MyE, L85, L,
#2237, 2014, 72, 1070.)

[16] Han, J.; Xu, G; Ding, B.; Pan, J.; Dou, H.; MacFarlane, D. R. J.
Mater. Chem. A 2014, 2, 5352.

[17] Fang, X.; Zang, J.; Wang, X.; Zheng, M.-S.; Zheng, N. J. Mater.
Chem. 42014, 2, 6191.

[18] Ke, F. S.; Wu, Y. S.; Deng, H. J. Solid State Chem. 2015, 223, 109.

[19] Jiang, H.; Liu, X. C.; Wu, Y.; Shu, Y.; Gong, X.; Ke, F. S.; Deng, H.
Angew. Chem. Int. Ed. 2018, 57, 3916.

[20] Wu, Y.; Jiang, H.; Ke, F. S.; Deng, H. Chem. Asian J. 2019, 14,
3577.

[21] Yang, S.J.; Kim, T.; Im, J. H.; Kim, Y. S.; Lee, K.; Jung, H.; Park,
C.R. Chem. Mater. 2012, 24, 464.

[22] Song, X. K.; Guo, L. L.; Liao, X. M.; Liu, J.; Sun, J. H.; Li, X. P.
Small 2017, 13, 1700238.

[23] Guan, B.Y.; Yu, L.; Lou, X. W. 4dv. Sci. 2017, 4, 1700247.

[24] Xiao, J.; Zhao, C.; Hu, C.; Xi, J.; Wang, S. J. Power Sources 2017,
348, 183.

902  http://sioc-journal.cn

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

[25] Liu, S.; Wang, Z.; Zhou, S.; Yu, F.; Yu, M.; Chiang, C.-Y.; Zhou, W.;
Zhao, J.; Qiu, J. Adv. Mater. 2017, 29, 1700874.

[26] Liu, C.; Huang, X.; Wang, J.; Song, H.; Yang, Y.; Liu, Y.; Li, J.;
Wang, L.; Yu, C. Adv. Funct. Mater. 2018, 28, 1705253.

[27] Wang, M. J.; Mao, Z. X.; Liu, L.; Peng, L.; Yang, N.; Deng, J.; Ding,
W.; Li, J.; Wei, Z. Small 2018, 14, 1804183.

[28] Zhang, W.; Jiang, X.; Zhao, Y.; Carne-Sanchez, A.; Malgras, V.;
Kim, J.; Kim, J. H.; Wang, S.; Liu, J.; Jiang, J. S.; Yamauchi, Y.; Hu,
M. Chem. Sci. 2017, 8, 3538.

[29] Abdul Nasir Khan, M.; Kwame Klu, P.; Wang, C.; Zhang, W.; Luo,
R.; Zhang, M.; Qi, J.; Sun, X.; Wang, L.; Li, J. Chem. Eng. J. 2019,
363,234.

[30] Wang, Q.; Zhang, Z.; Shi, S.; Wu, F.; Zhang, Z.; Li, G; Suo, Y. J.
Electroanal. Chem. 2021, 894, 115397.

[31] Wu, H.; Qian, X.; Zhu, H.; Ma, S.; Zhu, G.; Long, Y. RSC Adv. 2016,
6, 6915.

[32] Zhang, H.; Hwang, S.; Wang, M.; Feng, Z.; Karakalos, S.; Luo, L.;
Qiao, Z.; Xie, X.; Wang, C.; Su, D.; Shao, Y.; Wu, G. J. Am. Chem.
Soc. 2017, 139, 14143.

[33] Chen, H.; Shen, K.; Tan, Y.; Li, Y. ACS Nano 2019, 13, 7800.

[34] Tang, J.; Salunkhe, R. R.; Liu, J.; Torad, N. L.; Imura, M.;
Furukawa, S.; Yamauchi, Y. J. Am. Chem. Soc. 2015, 137, 1572.

(Cheng, B.)

Acta Chim. Sinica 2022, 80, 896—902




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


