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Abstract

TizC2Tx Mxene, with its distinctive physicochemical properties, is widely regarded as a promising
anode material for high-performance supercapacitors. However, its energy storage potential is lim-
ited by inherent shortcomings, such as interlayer restacking and the presence of unfavorable -F
surface terminations. This study reports a surface modification strategy aimed at regulating and
improving the electrochemical performance of Ti3zC2Tx. Through an ion-exchange approach, Zn2+
ions were intercalated into the interlayer gaps of TisCzTx, effectively enlarging the ion diffusion
pathways and exposing more active sites. After this structural modification, the resulting TizC2Tx-
Zn film electrode delivered a high specific capacitance of 361 F-g-1 at a current density of 1 A-g-1,
which is 1.43 times that of the pristine Ti3C2Tx film electrode (242 F-g-1). The electrode also exhib-
ited superior rate capability with 85% capacitance retention at 20 A-g-1, as well as excellent cycling
stability with 99.8% capacitance retention after 10,000 cycles at 10 A-g-1. This work demonstrates
that interlayer engineering can effectively optimize the surface composition and structure of
TizCz2Tx, providing scientific and technical insights into the application of transition-metal-ion sur-
face modification of MXene materials in supercapacitors.
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1. 5|8

TEAIRVEE N, A RRIR LR &R ok BREEE AW B 8 5 F, b B3 I E R Godedt «“ 0l
g, DAHESIEE BRI A R E S KR . BB RIE N It RE S, B ST R,
KAGIHA i M 1 2 a1k Be, fEf e R B RIEE AT ERIER . SR80, (LS A BRI
CEE MG R R RS [ 1] [2]. SUCEIRE, Brae i i F P & g m ol AL e, X
G R BR LA VERER T S s I ER . FURAM R R A B A% DAL B 48, Foh SRR R
AR o LB AR AL PR RE R OGN R (3], I, JFPREAREHER. ARG L KEREE
SRS HE AR R, R IR TR I F 25 AR R R 1Y) EE LR A T (4]

TisCoTx Mxene I EAH “4E R w7+ S oM. FERREMAY:. % TIEBMEND . RIFEY
P DL R AE B ARV BT 2 I 4 PO B PR R B A R A B8 ) R 2 2 28 SRR B S 1-[ 7] 48
1M, TiaCoTx 42K TE il & A7 itk B v 5 DRI YE A AR ) 5 S A E T R AR S, SEUZ PRV, ik
YRR R B, JREEAS & TR 58l J12#([8]-[10]. BhAbh, 78I E s 72 A SR F A0 3R B 3E R/ A B VR & 9
Wz, RIEH STEBOKE F s, 23— 0K T MR mT KA T s R 3 7124 11] [12].
PR 1) R B BRI T TisCoTo 7 5 14 R 2% L7528 A 1R SR I P o DR bt v 55 36 e &85 4 R 92 5 S T T A SR s
PAFE 73 RIFHIRWIERE . N T IRYJUX AN, TN GF TiCTx 5B ey, diE & Bumiyn/
AL 2 PR G, I 1) 46 w2 M BB AL R

TAIETE TisCoTx 49K 3R EyiAUd I & @A APkl 4 TiCoTx/ & @b &5 & ik, fEmitd
BAERIERE . Li S A[13PEE R0 KHIE, TE TisCoTx G0k 3R AR WisOu 99K L, HEE

4

—_
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T WisOuo/ TisCoTy 7 R G5 AR . 7E =AM RS, ZHARAE 1 mV-s ! HFERE FRILH 472.6
Fg ' (i b gy, HAERREZEINA] 100 5 MR IRFFHAIE BN 73.3%. B WigO040/TizCoTy 11K
5 RuO,@CC TERRZH e 1M 5 B A XS R 2 P 25 4 2 A FE B HH 29.6 Whekg ™! B RE B2 FE AT 7.0 kW kg™ 1)
K IFBEE . Kar 25 A\ [ 143818 5 i #] % 17 MXene/NIOMX/NiO)E &44 K. 7E 2 mol-L™' HySO4 H,
AR, MXene L LR TF R 358.5 F-g7!, 1ff MX/NiO &AM EE-0.6~0.4 V IHEALE DA 1 A-g™!
IR, A RERA S 892F gl

Xu 25 NS E R A BT, 1 MnSe 99K 7E TisCoTx R M RALAE K, B RAER I
MnSe@TisCoTx ST 45#) o LAk i i 57 5 45 /) (E3/MnSe@TisCaTx-45)7E 1 A-g ™' HREE N L 25k 3
721.4 F-g™'s Yardim %5 \[16]3@ /K #GEA B MXene/WS, 90Kk E &KL, 76 1 mol- L™ HySO4 HfiR T
MXene/WS, H bt A 2058 322 F-g' (5 mV-s HFI 373 F-g (0.4 A-g™").

W9 R IS -4 J2 Re A B8] TiCoTx G0K  IHER:, 3G RJZ IR, MR BT 2 B A% e s A v]
FEAh ) PR A7 ASOR 42 2 (R PR I OB SR T A 22 1 0T, $& T TisCoTy B4 ZEMERE[17] [18]. AHFFTiEIT
TR SREEMHLE A RSN, 65T TisCTwZn MBI 1 A-g~ FHE TS T X 361
F-g=!, BJRUG TisCoTy B M (242 F-g-)iETt 1.43 £i%; AL EZFES] 0.51 F-om?, HRZEETE 20
A-g ' P IRFFZR N 85%, 10 A-g~' R N 1 JTIRIEM 5 R EIRFFR EIA 99.8%. AW FifkiE 1 —
Pl ERE TCoTu MBI 771, 18T Zo? 0 AT B, ot 2 Fi 25 45 AR B iy 38O T e
TR R

2. LIERRSY
2.1. iR

TRESAK(TAIC,) . ZREE(Zn(CHSCOO0),). #hFR(HCI). FALFL(LIF). SULER(LICl). EB T (D)K.
2.2. Ti;C. T, B9 &

$ 1.56 g SACHLON 20 ml FFR PR, AL A, 2 S ke fiibt, FIREAR BRI,
38T/ 48 h, 2 IR IR . S BV 25 B T /K Pedk 3~5 Ik, B0k EIRIER[19]

2.3. TisC,Tx-Zn BIE R

BN 10 mg/ml BUBRALERIA MR 7.5 ml, B0 20 mg B ZFREE, $tdE | h J57E 40°CIRJE T & 48
h, ZIREE KD FIRIN 2 B TR, B2 HhJE R

2.4. BEmGHIFNE L F M BRI

48 o7 55 A (SEM) 5 45 H 7 5B MO BE(TEM) B AERE S (1 B WOE 3 I X S RT3 (XRD) X
FE S I SR ARG R IEAT RAE . I X G2 HL 7 BB RS (XPS) KR i (1 4k 2= IR R AT 0 #T
HLAL A R A VMP3 AL T A, (R RRUE = i s B, oo o, S Hdk
9 Ag/AgCl, LA 3 M BRRIE AR . BEEHEEN-0.6~02 V, ¥ TisCoTx TisCoTx-Zn HEIFL BT
1.0x1.0em?, FHEEHAE TAEEN. A TAE MR E N EIE 1.1~1.3 mg-em 2 JEHE P EHTIEL. DIA
[F) 5 T PR 2 B EAT 1 1L 7 i L (GCD) U &, I DA [ I 2R EAT T IR 2 (CV) Il & . th4h,
£ 0.01 Hz~200 kHz 452y Bl Nl & 7 A fb 2B pt. A GCD kit B th gy, A F:
L
" Ay
KHEC, REFRELEEFEF g, i NEREEA g, ACHREEFES), Av ABEALE (V).
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3. BER5VHE

K 1 R T TisCaTx A TisCaTx-Zn £ ) SEM 5 TEM EIE . 114 1(a) BTz , KA 2R R/ 9610 #E (HCI/LiF)
1A R Zoh ] 5 B BZE TiCoTx PKE A RE T, & 20> E FHlEBM)E, TisCTx-Zn FEM(E 1(b) R
SPUNRTEDGCH 1B Z PR 450 45 R, Zo> 1 5 AAUREF T TisCoTo i F RUFIERERESR,
[FI A 2K T 2R BEE (B 1(d)~(e)- Bl 1(0) 5 E 1D 58 TixCoTx 5 TisCoTx-Zn 49K v 1) 51 73 Wi
SrH BT R . TS B TisCoTy HI(002)Aa H A PEZI N 1.26 nm, T TizCoTy-Zn [11(002)dn A ERZ) N 1.34
nm, H—PUFSE Zn? 6 Z B )G TisCoTx-Zn HIZAIFERE K o

Figure 1. (a) (d) Top and cross-sectional view of SEM image of TizC2Tx film; (b) (e) Top and cross-sectional view of SEM
image of Ti3C2Tx-Zn film; (c) (f) HRTEM image of Ti3C2Tx film and Ti3C2Tx-Zn film

1. (a) (d) TisC2Tx FEAEEAI SEM Elf&. (b) (¢) TisCoTx-Zn EHEFAEE A SEM Elf&. (c) (f) TisCaTx M TizCoTx-
Zn 45K K #9 HRTEM [Elf%

K2 JEoR 1 TisCoTy 5 Zn? RIEEM TisCoTx (TisCaTo-Zn) UM AT B 5 R AL 2R AL IR, 65
() XRD 3% EI () i 70 R XPS 4xilfhe [ 2(a) 1, TisCoTx HBURBLHI(002)FF HERT T, 3oF o7 L S AU ) —
Y SZAIRGEH, 5 2 HIRIETL 1 TisCoTx i XRD EIARML, B TisCoTo B BRI (2010 Zn?" 42 Bk 1k
Ja B TisCoTx-Zn, FH(002)RT 5 W A AR A 4%, R W] Zn® M5 ABEK T TisCoT /R (BB, UEW] Zn? HeZh
RN TiCoTy B 208 o RIS, TisCoTy-Zn J(002)U5 58 FE AT BEARAB T ATS DR PR BE, U e /5 44
FBURE T MXene HOZIRETHRAE, RAEB RS T,

~ | 002 -~
3 3
< -]
N’ N’
2 . :
B (002) Ti;C,T,-Zn 8
= =
Ll L]
(006)
(008) (0010) .
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Figure 2. (a) XRD patterns and (b) High resolution XPS spectrum of Ti3C2Tx, TisC2Tx-Zn
B 2. TisC2Txv TisC2Tx-Zn KJ(a) XRD FEEIF(b)E 5 ##3 XPS &
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K 2(b), PIRIAERIEIRG ] Ti2p. Cls. Ols. F Is % MXene FifiElg, E W TisCoTx-Zn J3{RHE T
TisCoTx FIFEAAEH . 5 TisCoTu ML, TizCoTy-Zn FIEE FFE T Zn 2p RRAEIE (45 A AEL 1023.1 eV
1 1046.2 eV ib), BHAEH Zn RIS AMELER T . FR, TisCoTe-Zn TAK T B F1E4 1 F 1s 58EE
BEREAC, A EVEREAR L TRC T AE WAL T o 1Ak, TisCoTe-Zn 1 Ti 2p. O 1s TR 550K
AR, BN Zn2 B 5 NATREEAR T TisCoTx IR U IE A, 1 4 5 224 M JL B b 2 M R AR AL R it
T ORERARE

3 R TAERRHE=HARAR R TisCoTe 5 Zo* i 211 f5 1) TisCoTx -Zn #£ 3 mol/L iR F A
AL 2E M REST L . 18] 3(a) B T#E—0.6 V 2 0.2 V (AN T Ag/AgCl)HL A7 [ P9 143 4 20 mV/s 1)
MPEIRR 22, PTLAE H TisCoTx-Zn MR HARE A BRI & RS L2, Rl
BT TisCoTxo R FIN Zo? 2B )G, WM A EER . K 3(0)B/R T TisCoTx-Zn HEH
AEAS FEHARE R T IRt 4. A RE R, S R0 53 7 W) FEAR 5 B OT miim e, %
HAAE R A RS2 B i [21]. B 3(c) NZHARTE 1 Arg™! &2 20 A-g ! HLUA B L P (9 1E I T
L2 o TisCoTo-Zn HIAR IR 70 755 Fi i 2k 52 300 I 5k 2 1 ARp A E S H: DA R 2547 Dy 32 3 0 L A A7 A AL
Hil[22] [23]0 HAb, BRfSAER IR BE R, 1 FARAT) REORARF i FE XS FR (W 70 5 L 2, AT 1 B0 S ) LA
SO E[24] [25]. AHHTYEREXTLG, TFE T BAREARTE 1 Ag & 20 A-g! HLIA S YRR A 1 L FE AR
P 3(d)FR. GiREW, TisCoTx-Zn EEHAE 1 A-g? FTEGRELBEE, & 361 Fg!, BEaT
Ti:CoTx BRI (242 F-g7"), A LLEZIEF] 0.51 F-rom 2. MHIRHEEHE 20 A-g' I, TisCoTx-Zn BT
LA ORFFHN 85.0%. XKL 5IN Zo? B REEH TR 3 ERE, AT Zo? MR TS H
VB R B AN 3 1 i 2 1) 2 Bl JZ AR FH B OK 1 2 TRl e, ARk 1 B8 A nd il .

20 0
o Wmv |~ Ti,C,T,-Zn
p on
< 101 < 151
= £
z 2 9 —_———a )
g o0 51 7
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E E -154 2 m !
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] B S
3 " G301
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Figure 3. (a) CV curves of Ti3C2Tx and Ti3C2Tx-Zn thin-film electrodes at 20 mV-s™!; (b) CV curves of TizC2Tx-Zn; (d) GCD
curves of Ti3C2Tx-Zn (d) specific capacitance versus at different current densities of Ti3C2Tx and Ti3C2Tx-Zn samples prepared
in different proportions; (e) EIS spectrums of Ti3C2Tx and TisCoTx-Zn; (f) cycling performance of TisC2Tx-Zn electrodes at a
current density of 10 A-g™! (10000 charge-discharge cycles)

3. (a) TisCaTx, TisCoTx-Zn EEREARTE 20 mV-s™! THI CV BiZk. (b) TisCaTx-Zn ELARAY CV HIZEF (c) GCD HhZk;
(d) ERERREE THLLBEAXEXER; (e)EIS#E; (f) TisC2Tx-Zn BARTE 10 A-g™' (10,000 XX FEREEEIF) THITEIS
MERE

] 3(e) WHL - BEBTHE(EIS), TisCoTw-Zn B E AR AN, EIX KR IE TR E, $iH
H AR AR B ST HORRER, g 587 Httkc R Z0a, RIHIAENH
FRPE[26][27]0 4 3D NIERFEMENNR, 76 10 A-g~! R ZFE R 40 10,000 RFEHHAE G, TisCaTy
-Zn FIEL AR 2 A 99.8%, AT TisCaTy[28][29]. iFHH Zn 4 2 a1 Bams] 1 1 B M, 177+
T4t ME[30]. BACRE, @I TN Zn®)E B E SN AR B RIER, B T TiCoTx 78
3M BRER FARVR P T AL SRR, D FUTE i 1 R 2 F 25 8 R IR S AR AL T SR ER AR

4. &g

AW FOE I U 4R Zo2 S B SR, RN T P RE TisCoTy-Zn MEHAR, 76 1A-g'H
WA LAk 361 Frg!, THFAEL A F] 0.51 Frem2, JH7E 20 A-g! i LSS B N o A AR AT 04
85%, HAE 10 A-g™! UL FAE 10,000 RIEH G B RERFFREIE 99.8%, Zn> BIGIAMNUIE K T
Ti:CoTx FZFEE . #f 7  EHES, s T REERIFEE T &AL Sl ATl 2 ] TR
BT TisCoTx MXene MR 5L, il i 48 2 74 2 S TisCoTx MXene #RME =i 1 R
G RN IR T HE R RIE S H AR S %

SE
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