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Abstract The iteration of intelligent electronic products has promoted the rapid development of flexible transparent elec-
tronics, greatly stimulating the demand of matched energy storage units. Flexible transparent zinc-ion hybrid supercapacitors
(ZHSCs) not only combine the advantages of high energy density and high power density, but also exhibit excellent trans-
parency, leading a new revolution in flexible electronic technology. Transparent conductive electrode is the most critical
component of ZHSCs, which determines the energy storage characteristics of the whole device. Therefore, it is very im-
portant to develop advanced electrode materials with high specific capacitance and high optical transmittance. Transition
metal carbides/nitrides (MXenes) are considered ideal materials for fabricating ZHSCs due to their high electrical conductiv-
ity and large specific surface area. However, it still faces challenges of small flake size and limited electrochemical perfor-
mance, as well as low synthesis yield, high cost, and difficulty in large-scale application. To address these issues, this work
reports a simple and effective method to fabricate high-yield large-sized TizC2Tx, through in-situ etching approach to prepare
multilayer Ti3C2Tx (MXene) and mechanical shaking strategy. Using Ti3C2Tx electrode as the positive electrode, zinc elec-
tro-deposited indium tin oxide/polyethylene terephthalate (ITO/PET) as the negative electrode, and zinc trifluoromethanesul-
fonate as the electrolyte, an asymmetric ZHSC device was assembled. Experimental results show that when the shaking time
is 1.5 h, the TisC2Tx flake size reaches 5.2 pm with a high yield of 32.4%. The resulting ZHSCs exhibit a voltage window of
1.2 V, a large areal capacitance of 7.79 mFecm2, high power density of 60.0 uWecm™2, high energy density of 1.56
uWheem 2, and high transparency of 62.1%. After bending and folding at 180°, the device retains 94.1% of its capacitance.
Moreover, the ZHSC-30 device maintains a capacitance retention rate of 82.3% after 1000 cycles at a current density of 600
pwAescm 2, demonstrating its stable cycling performance. This work provides a powerful method for the fabrication of
large-sized MXenes for application in flexible transparent ZHSCs.

Keywords zinc-ion hybrid supercapacitors; flexible transparent electrode; MXene nanosheet; large-size; mechanical shak-
ing
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Figure 1 Schematic diagram of the preparation of two-dimensional Ti;C, T, nanosheets via the mechanical shaking
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Figure 3 AFM images of Ti;C,T, sheets at different exfoliated times via the mechanical shaking: (a) 0.5 h, (b) 1.0 h, (c) 1.5 h, (d) 2.0 h, (e) 2.5 h, and (f)
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angles; (e) Capacitance retention (inset: GCD curves); (f) Ragone plots of ZHSC-30 with other reported transparent supercapacitors

IR PEDOBL R ERTIA, A TARRI & KRS TisCoT. fE
RIYEEY] ZHSCs SefFr BT REF R ATERE . S
PERE AR UM R, 27 T 0 52 FH Tt

3 4ig

A TAE R S A 2 v WU % 3 71, )
SEIRRT TisCoT, 17 1= Ze ] %, TisCaTe 90K
BRI R ST 52 pm, JBFF 2.1 nm, P2RIEH] 32.4%. FT
TisCoT, HUARAA RHH 25 () JEX AR B ] ZHSCs I HLE
WA 1.2V, IR EEIET] 7.79 mFeem 2, ThEE
JEM60.0 pWeem 2, HAEEH N 1.56 pWheem 2, i
2N 62.1%. T TiCoT WARAF, Rem2 s T
2912 45, K HEAT 180° M iS5, VA 94.1%MH

H.; Zhang, G. H.; Duan, H. G. Small 2022, 18,202201628.

[5]1 Zhang, G. H.; Liu, X. X.; Liu, H. Z.; Wang, X. H.; Duan, F. Q.; Yu,
H. H.; Nie, Z. Q.; Wei, D. H.; Zhang, Y. P.;; Pan, H. H.; Duan, H. G.
Small 2024, 8, 202300792.

[6] Hao, Z. T.; Zhao, J. F.; Li, H. T.; Li, Z.; Pan, L.; Li, J. Acta Chim.
Sinica 2024, 82, 416 (in Chinese). (BT, B¢, ZHF, 2=
R, W, FIL, SR, 2024, 82, 416.)

[7] Lipatov, A.; Goad, A.; Loes, M. J.; Vorobeva, N. S.; Abourahma, J.;
Gogotsi, Y.; Sinitskii, A. Matter 2021, 4, 1413.

[8] Pan, F.; Shi, Y. Y.; Yang, Y.; Guo, H. T; Li, L. X.; Jiang, H. J.; Wang,
X.; Zeng, Z. H.; Lu, W. Adv. Mater. 2024, 36, 202311135.

[9] Shimada, T.; Takenaka, N.; Ando, Y.; Otani, M.; Okubo, M.;
Yamada, A. Chem. Mat. 2022, 34, 2069.

[10] Mao, K.; Shi, J. J.; Zhang, Q. X.; Hou, Y. X.; Wen, L.; Liu, Z. Y,;
Niu, K.; Liu, N. S.; Long, F.; Gao, Y. H. Nano Energy 2022, 103,
107791.

[11] Fan, W. J.; Wang, F. X.; Xiong, X. S.; Song, B. Y.; Wang, T.; Cheng,
X.B.; Zhu, Z.; He, J. R.; Liu, Y. K.; Wu, Y. P. Npg Asia Mater. 2024,
16, 18.

[12] Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J. J.; Heon, M.;
Hultman, L.; Gogotsi, Y.; Barsoum, M. W. Adv. Mater. 2011, 23,

%ﬂ%%z’ 1212]:,%/&%%}% EI,] EEAJC?@%‘E‘ H[ﬁﬂi@”i [13] i(LIaIO%iSO]g.. Lukatskaya, M. R.; Gogotsi, Y. Nat. Rev. Mater. 2017
R BLAF B BE, IR F— P4 8 73 &R 216008, e R B DoBoRS, 1 Ak Tew Mafer S5

EFE

References

[1] Hu, C; Li, L.; Shen, G. Chin. J. Chem. 2021, 39, 2141.

[2] Zhang, C. F.; Nicolosi, V. Energy Storage Mater. 2019, 16, 102.

[3] Sheng, K. K.; Lu, Y. F.; Fan, W. T.; Liu, Y. L. Chin. J. Chem. 2024,
42,1523.

[4] Chen, T. W.; Shuang, Z. W.; Hu, J.; Zhao, Y. L.; Wei, D. H.; Ye, J.

Acta Chim. Sinica 2025, 83, 463—470

© 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

[14] Jung, M. Y.; Lee, C.; Park, J.; Son, J. W.; Yun, Y. J.; Jun, Y. Chem.
Eng. J. 2024, 490, 151556.

[15] Purbayanto, M. A. K.; Chandel, M.; Birowska, M.; Rosenkranz, A.;
Jastrzebska, A. M. Adv. Mater. 2023, 35, 202301850.

[16] Kiruthika, S.; Sow, C.; Kulkarni, G. U. Small 2017, 13,201701906.

[17] Gu, P. C.; Song, S.; Zhang, S.; Wei, B. B.; Wen, T.; Wang, X. K.
Acta Chim. Sinica 2018, 76, 701 (in Chinese). (BUMSHE, 43, 5K
JE, Fdy, O, FAERL, F IR, 2018, 76, 701.)

[18] Qian, Y.; Wei, H. W.; Dong, J. D.; Du, Y. Z.; Fang, X. J.; Zheng, W.
H.; Sun, Y. T.; Jiang, Z. X. Ceram. Int. 2017, 43, 10757.

http://sioc-journal.cn 469



o F 5 R

it

[19] Bao, W. Z.; Tang, X.; Guo, X.; Choi, S.; Wang, C. Y.; Gogotsi, Y.;
Wang, G. X. Joule 2018, 2, 778.

[20] Shin, H.; Eom, W.; Lee, K. H.; Jeong, W.; Kang, D. J.; Han, T. H.
ACS Nano 2021, 15, 3320.

[21] Han, F.; Luo, S. J.; Xie, L. Y.; Zhu, J. J.; Wei, W.; Chen, X.; Liu, F.
W.; Chen, W.; Zhao, J. L.; Dong, L.; Yu, K.; Zeng, X. R.; Rao, F.;
Wang, L.; Huang, Y. ACS Appl. Mater. Interfaces 2019, 11, 8443.

[22] Gu, S. H.; Jiang, H. L.; Li, X. C.; Dai, Y.; Zheng, W. J.; Jiang, X. B.;
He, G. H. Energy Storage Mater. 2022, 53, 32.

[23] Shang, M. W.; Shovon, O. G.; Wong, F. E. Y.; Niu, J. J. Adv. Mater.
2023, 35,202210111.

[24] Malaki, M.; Maleki, A.; Varma, R. S. J. Mater. Chem. A 2019, 7,
10843.

[25] He, Y. Q.; Zhao, L. L.; Guo, X.; Yang, X. Y.; Luo, B. H.; Liu, M. X.
Chem. Eng. J. 2024, 485, 149949.

[26] Zhang, X. Y.; Zhang, W.; Zhao, H. T. Ultrason. Sonochem. 2022, 86,
106024.

[27] Che, X. P.; Zhang, W. H.; Long, L. F.; Zhang, X. F.; Pei, D. F.; Li,
M. J; Li, C. X. ACS Nano 2022, 16, 8881.

[28] Ma, J.; Cheng, Y. J.; Wang, L.; Dai, X. H.; Yu, F. Chem. Eng. J.
2020, 384, 123329.

[29] Liu, Y. C.; Tang, Q.; Xu, M.; Ren, J.; Guo, C.; Chen, C.; Geng, W.
J.; Lei, W. W.; Zhao, X. L.; Liu, D. Chem. Eng. J. 2023, 468,
143439,

[30] Lu, Z.; Wei, Y. Y.; Deng, J. J.; Ding, L.; Li, Z. K.; Wang, H. H. ACS
Nano 2023, 17, 12934,

[31] Gao, Q. S.; Pan, Y. M.; Zheng, G. Q.; Liu, C. T.; Shen, C. Y.; Liu, X.
H. Adv. Compos. Hybrid Mater. 2021, 4, 274.

[32] Parker, T.; Zhang, D. Z.; Bugallo, D.; Shevchuk, K.; Downes, M.;

470  http://sioc-journal.cn

© 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

Valurouthu, G.; Inman, A.; Chacon, B.; Zhang, T.; Shuck, C. E.; Hu,
Y. J.; Gogotsi, Y. Chem. Mater. 2024, 36, 8437.

[33] Shuck, C. E.; Sarycheva, A.; Anayee, M.; Levitt, A.; Zhu, Y. Z.;
Uzun, S.; Balitskiy, V.; Zahorodna, V.; Gogotsi, O.; Gogotsi, Y. Adv.
Eng. Mater. 2020, 22, 8.

[34] Azadvari, R.; Mohammadi, S.; Habibi, A.; Ahmadi, S.; Sanace, Z. J.
Phys. D-Appl. Phys. 2024, 57, 045501.

[35] Kim, S.; Gholamirad, F.; Yu, M.; Park, C. M.; Jang, A.; Jang, M.;
Taheri-Qazvini, N.; Yoon, Y. Chem. Eng. J. 2021, 406, 126789.

[36] He, N. F; Patil, S.; Qu, J. G; Liao, J. Y.; Zhao, F.; Gao, W. ACS
Appl. Energ. Mater. 2020, 3, 2949.

[37] Amiri, A.; Naraghi, M.; Polycarpou, A. A. J. Energy Chem. 2022,
70, 480.

[38] Zhao, J. X.; Lu, H. Y.; Wei, X. J.; Gao, Y. Y.; Song, Y. Z.; Xu, B. A.
J. Energy Storage 2023, 66, 107481.

[39] Soram, B. S.; Dai, J. Y.; Kshetri, T.; Kim, N. H.; Lee, J. H. Chem.
Eng. J. 2020, 391, 123540.

[40] Soram, B. S.; Thangjam, 1. S.; Dai, J. Y.; Kshetri, T.; Kim, N. H.;
Lee, J. H. Chem. Eng. J. 2020, 395, 125019.

[41] Yuan, Y. J; Jiang, L.; Li, X.; Zuo, P.; Zhang, X. Q.; Lian, Y. L.; Ma,
Y. L.; Liang, M. S.; Zhao, Y.; Qu, L. T. Adv. Mater. 2022, 34,
202110013.

[42] Liang, J.; Sheng, H. W.; Wang, Q.; Yuan, J.; Zhang, X. T.; Su, Q.;
Xie, E. Q.; Lan, W.; Zhang, C. F. Nanoscale Adv. 2021, 3, 3502.

[43] Ginting, R. T.; Ovhal, M. M.; Kang, J. W. Nano Energy 2018, 53,
650.

(Cheng, B.)

Acta Chim. Sinica 2025, 83, 463—470




<<
  /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


