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Abstract

TizC2Tx MXene is one of the research hotspots in the field of energy storage and holds great applica-
tion potential as a negative electrode material for supercapacitors. However, Ti3C:Tx MXene suffers
from inherent drawbacks such as insufficient surface active sites, harmful functional groups hinder-
ing ion transport, and poor cycling stability. In this work, we employed a transition metal ion inter-
calation regulation strategy to introduce Cr3* into TisC2Tx, which effectively enriched the surface
metal atom active sites of the TizC2Tx-Cr film electrode. Meanwhile, Cr3* occupied Ti lattice sites or
vacancies to enhance structural stability, enabling the regulation of surface functional groups and
structural optimization, thus yielding a high-performance Ti3C:Tx-Cr film electrode. Benefiting from
surface modification and structural optimization, the TisC:Tx-Cr film electrode delivered a high spe-
cific capacitance of 334 F-g-1 at a current density of 1 A-g-1, which is 1.35 times higher than that of the
pristine Ti3C:Tx film electrode (247 F-g-1). When the current density increased to 20 A-g-1, the capac-
itance retention rate reached 91%, and after 30,000 cycles at 10 A-g-1, the capacity retention rate
remained as high as 99.3%, demonstrating excellent rate performance and superior cycling stability.
This study optimizes the surface composition and structure of TizC2Tx through interlayer engineer-
ing, providing a scientific basis and technical reference for the application of transition metal ion-
intercalated MXene materials in supercapacitors.
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1. 5|8

BE PRV AR ROFF S22 T AT REVR 0 H TS 5 DL B A 28535 G 1m) ) AN BT e 7F A e 280
HIRT TG REIRIA R, RO T S 28 [ JE H 2 S A A RE VR B 5 A B0R B X L HEZh 22 Trat &
LRI RFER FE A D) SOEAT S5 (1] BT TARE ISR ZORIHAE . WBE W13 BE S5 T FEAE TR AE IR AT
KA, DHZEMRAE 2R RS BRESRI BRI TG (BRI AR B T . Rk
P 2 R, S BOL AE R 2B DA RE, 5 2 OB I RE & ik A7 5 1% dan i AR A7 42 [R]
Bk AR VRS . AT SELIEE REIR IR E e, O 20 B TT R R Y A% oSS, T v
MIRER G AF S HACEOR,  IERHESRBHAE . KU RE STV REVRAE [ K S0P ) SR S

ARG R R L POl e A UL SO IR A, fERERE IS TR S RE R R G
WTERE T RS AN AT AR F o (EBUBY B, T T - 248 K 2 K AR i 7 2 45 AR S R E D Sl 410
BB R AR RERI L) T A AR BARRE R LA TT, AR IR T i A dE mRE R R R
Dyt T N [2]. BT, PR IFRZOHT R SRR, AR AR R A v DR RIS A i bt — 2D
THRERE L, XTSRS N E . S AT R 2 00 B IS S W A

TisCoTx B i L RE AR RLIT 75 I 8 RS P SRR 2550 . IR R SRk, 35 MR
VR JERCH) TR A 1 ARESRNE,  DURAERR Y H ARV P 2 T3 2 O s A R AT AP A L, PRI
WA L7 A AL I P I S5 (0 SRR 3 ] RV HAT I LA F5, (EAFAE PR OGBS, 14 1 TisCoTy
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AAEHALE BRI AR KA, X — AR ZAM[4]. H—, TEVEETIREEIER T, ThCT KA AT
WG R SR, SEOTZERIFER/N . G LR AR AR, 3 imiE R AR B VR A2
PR, e flfb2arEaeh . H—, FEEHRRMHE) R/ FAMHCVLIF)A R ZIHEFE T, TiCoTy R
T2 A BRI AL (—F), OB FUIE S8 %0 3k 2o 0 A 2 M gl = AE AR g [5]. BRIk, sdad i TAE A
FETHRAL TisCoTy i AR I H AL 2 S S B ) 5 B B2 SL[6]

AR, AN RS — P BRSNS, oA 80 TsCoTe i ZMHER IR, HiE K
FERIER, TSRS 5 22 B8 TR 4l 1 A o] BefdyG VAT 2, S ARTE TisCoTx AL 2APE[7] [8]. ASCR
M &2 RSB  Coral N, #il& Cr )2 TisCoTy HE AR (Ti3CoTx-Cr), H Cr' &
I I B s Ay T E S N AL E A TiCoTy AR b, A RO s B B A R s A S 2, (R
348 K P 2 1) 2 () BB o PRl FL AR e AR A S 7, AT T TiaCaTo-Cr MR T 2400 57 PR3 2R 1 e R A
FIPEA R E TE[9] [10]0 TisCoTy-Cr AT 1 A-g ! FRIH 334 F-g ' MR ILHEZE, 5HE Ti;CoTk
FHEG, BRI T 1.35 7%, 10 A-g~! R BE N, JHFF 30,000 K JG5H =iik 99.7% 75 EIRFEZE .
AW FARIE T —FhE MR TisCoaTx MR 46 757%, @i Coont Hagt AT B ek, B g Fa 25 2% FEL AR A
()= O I RE 1 K

2. SEEGER4y

2.1. iR
IREVER(Ti3AICY) . 7S/KEFE A (CrCly-6H,0) EFR(HC). SLEL(LIF). SALEE(LICl). 25T /K(DI
water).

2.2. Ti;C. Ty BIHI &

1 1.56 g FALFN 20 mL ERFRH g4, SERALBRFR MR, e RSt HE, [RIRPREBRERER NN,
38T/ 48 h, ) IR IR . S VAT 26 B T/ Pedk 3~5 I, Lk BRI 1],

2.3. TizCaT-Cr & R

U EE N 5 mg/mL FIBALERIETR 15 mL, A0 10 mL 3N 3 mg/mL FIEALER TR, HiHE 1 h J51E
40°CIIE FEE 48 h, ZIREBE T/KBEERINE B 7K, B e s .

2.4. BEmGHIFNE L F M BRI

F 14 7 P (SEM) R 5 R T 2 MBS (TEM) R AERE 5 10 A0 3 . 85T X SHRATE (XRD)S
B ) SR AR ZE R AT RAE . I X G20 v BE 1S (XPS) R ity (1 4k 22 B Bk AT 0 #

HLAb 22 R VMP3 HAL 2 TR, (I bRUHER) = Al fb 2225 B, b Ao iibe, S Ll
9 Ag/AgCl, UL 3M BRAERHMI . BIEE DB EN-0.6~02V, DLAIEIS 1B BT 7 ERT
JHL(GCD) &, H DA AR 34T T IEH R 205(C VI E . 14k, 7E 0.01 Hz~200 kHz 131335
P& T AL BB
3. &RE5itie

Bl 145 H T TisCoTy M1 TisCoTo-Cr A5 SEM EE L TEM ElfE . MK 1(a)n] I H, FIH R/
A B (HCYLIF) i 2 20 ik i £ 1) 52 )2 TisCoTy K R TG, ESJE R 1 Cr i )= i 4 1) TisCaoTy-
Cr &R W5 2 EAK A 85018 1(b). 45RERH, Cr 5] NMEMJE I TisCoTx-Cr 38 )2 1 45 #4178
2RI AIRHERUIRES . B2 BRSO R(E 1(d)~(e). El 1(0) 5K 1(DER T TizCoTx Al TisCoTx-
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Cr K A a0 HER B T B S, b TisCoTy FI(002) A4 TH 1A BE K Z1 4 1.25 nm, TisCoTy-Cr F1(002) &

AR KZN 1.41 nm, #E— B8 Cr 5] NMEM 5 ) TisCaTx-Cr 7 F J2 8] FE 55 15 2145 250 K.

©

Ti,CLT,

d(002)=1.25nm J y

Figure 1. (a, d) Top and cross-sectional view of SEM image of TisC2Tx film; (b, e) Top and cross-sectional view of SEM
image of TisC2Tx-Cr film; (c, f) HRTEM image of Ti3C2Tx film and TisC2TxCr film
& 1. (a, d) TisCoTx FEABER SEM EIfR. (b, ¢) TisCoTx-Cr FEAMBEH SEM E&R. (c, ) TisCoTx F TisCoTx-Cr 44
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Figure 2. (a, b) XRD patterns and High resolution XPS spectrum of Ti3C2Tx, Ti3C2Tx-Cr; (¢, d) High resolution XPS spectrum

of Ti 2p, O 1s of TisC2Tx-Cr

2. TisCaTxy TisCoTx-Cr B9 (a) XRD iEEIFA (b) XPS £iExTtL. (c, d) TizCaTx-Cr # Ti 2p #1 O 1s KI5 ##% XPS

g

K2 BRT TisCTx 5 Critittt TisCoTx(TisCaTx-Cr) A4 BHIYIM 5 RIM AR AEE R, B85 @)
XRD B A(b) /0 P 5 XPS 4xith. K] 2(a)F1, TisCoTx HIIARATRI(002) B AERT ST U6, %of B B R fty — 2

ARG, 52 ARG TizCoTx ) XRD BEIAHEL, R Ti:CoTx BRI [12] [13]. CrfE &1k
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PEJG ) Ti3CoTy-Cr, H(002)f7 0 ) A A W%, KB Co RIS AR T TiCo T M2 RIEE, UEBH Crik
Thid ZHEN TiCoTe FJZ 2 1Al [AIIS, TisCaTy-Cr I(002) 55 BE IS AT B AR AEIE T AR FroR Bt 100 A ik i
MEMIIREE T MXene FIJZAREHIFEAE, AR RIS .

K 2(b), PIRIEERIEIRGINE] Ti2p. C1s. O ls. F 1s % MXene $51E0&, F W TisCoTx-Cr 31 H T
TisCoTx MFEARNF L. 5 TiCoTo A, TizCoTy-Cr BIIEE A HE T Cr 2p FHIFIE(SE A REL 577 eV M
587 eV ib), BEEAEW Cr GE MW AMELRT . FE, TixCoTx-Cr FAR T & FAEHIN F 1s 5058 8%
BEAIG, 8 H AL 22 1 REAH R TisCoT BRI T W] 2(c) 5] 2(d) 7R, TisCoTx-Cr 1 Ti2p. O 1s g
T 55 R AR AR L, 7R Cr I BI NTTREMUAE 1 TisCoTx MR M i 53 B, 1X 8 5 820 At FL b 24 1k
REAZ ML IR AL 1 R B AR
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Figure 3. (a) GCD curves and (b) CV curves of Ti3C2Tx-Cr; (c) specific capacitance versus at different current densities of
Ti3C2Tx and Ti3C2Tx-Cr samples prepared in different proportions; (d) EIS spectrums of TizC2Tx and Ti3CaTx-Cr; (e) cycling
performance of Ti3CaTx-Cr electrodes at a current density of 10 A-g™! (30,000 charge-discharge cycles)

3. (a) TisCoT-Cr EBAREY CV HAZEAN (b) GCD Rh%k; (o) EARRREE THLLERAXLXE; (d) EIS i&; (o)
TisCoTx-Cr FBLARTE 10 A-g™' (30,000 R FEHUEBAEER) T RO TR 1 At
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3R T TihCoTx 5 Cr il 2B 1 J5 1) TisCaTy-Cr 78 3M FiER FEL MR I B fb 22 PR H . 1] 3(a)

N TisCoTy-Cr WE L FEBOE 2R, (FH GCD Mz kit S maEth s, AT
c i
"AV

XH C, AR ELLERFE g, § NEREEA g, ACHBCERTEI(s), AV NBEALEH(). £ 1~20
A-g ' AEHE LT, TisCoTy-Cr IR AR K L HL 25 730 8 334,327,317, 312,308, 305.6.305.3 F-g~',
TE 15 FL R 20 A-g !V ST BRI AR M R4 16 = A B, Ut B L LA 000 55 ) AP JER 8 A R £ 588 I M
Kl 3(b) NIEMRZ(CV) I Z: 7E 1~100 mV s 93 T, TisCoT-Cr 1) CV 1255 2 AR FN BRI
AR R, HAERETR T BIAE, R BRI [ 14]. 15 3(c) N TisCoTx 5 TisCaTy-Cr fi5 3%
PEREXTEL: HURZE I 1 A-g ' % 20 A-g ' I, TisCoTx-Cr LR {RERLE 300 F-g ' LE, HBR{RFFR
5 81%, 1M TisCoTy ML ZRMEZ 150 F-g' /i fi. RRWAETTIN Cov g REETF T AR R kg,
VAN T4 ZE R T 2 EEE, itk 7 B AL i .

Kl 3(d) N HAL = BRBTHE(EIS), TisCaTy-Cr (il X 2 (B AR T /N, ARSI X AR} 2 TEBE, 15 B s e 72
FBH(Re) AR B 79 HICGE R AR, O EE R, Crt et Ja AR A PP 5535 Bk . 1] 3(e) N Fa
SEVEINE, 7E 10 A-g~ IR E T 40 30,000 (K78 AR PR 5, TisCoTy-Cr Y EL LA CRIFF 505 99.3%,
TR T TisCoTy, WEMH COH@ZBME BANE| 7 E S, Tt 7 4itfaeth. BackE, @idslA '
Je W3 2 RO F R S AR, BB A T TisCoTy 7 3M BRER FL FF i b 2t e, R LAE s i
REEE 0 FEL 2 38 R B FH AR A T S B0 A4

4. &g

AW FUIE I U 4 R Ol B O SRS, Ihfil & T R TisCoTw-Cr K, 7E1A-g'H
VA BN EE AR IA 334 Fog™!, IRAE 20 Al iR UL T N AR IFRATIA 91%, HAE 10 A-g™! LS
T4t 30,000 KA G A RRFERFIA 99.3%, Cr 5] ANAMUIE K T TisCoTx HIZREE . 0] 1 F 2 HE
Z, AP T REERAIIFFEE TSRS s AR E R TREERIT Ti;CTx MXene HIR 245>
SEEA, it IS R B TR S Ti:CoT, MXene FORHE 1t GE 48 2% 2% 28 v i 23R AL 1 B L
BHEARIE SHA S %,
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