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Abstract

In order to prepare supercapacitor electrode materials with excellent electrochemical properties,
Ti2CTx/c-MOF composites were prepared by in-situ self-assembly of conductive metal-organic
frameworks (c-MOFs) on the surface of MXenes (Ti>CTx). The effects of Ti.CTx content on the mor-
phological structure and electrochemical properties of the TiCTx/c-MOF composites were inves-
tigated. By adjusting the concentration of the Ti;CTx dispersion, the amount of Ti.CT, substrate can
be controlled, so as to control the growth height of c-MOF on Ti.CT, surface, and finally the optimal
morphological structure of Ti.CTx/c-MOF composites was explored. The results show that the
0.25-Ti,CTx/c-MOF composite electrode has a mass specific capacitance of 171 F'g-1 at a current
density of 0.5 A'g-1, which is about 2.5 times that of Ti.CT, and 1.3 times that of c-MOF under the
same conditions, demonstrating excellent energy storage performance. In addition, the symmetric
supercapacitor constructed by this composite material has good cyclic stability, and the initial ca-
pacitance remains above 62% after 5,000 cycles at a high current density of 3 A-g-1. This study
provides scientific guidance and theoretical basis for the preparation of novel Ti;CTx/MOF compo-
sites.
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1. 53|

REVR M AE AR MR JE O N AT RF SR R R ORI 2 — . H RS, R mThRm A, RiEx
. KEMER R, SN ZIRENREMAR S 1] [2] [3]. RGN B B E R R
FEARAN S SR R ARG, TR R T 8 B4 s A AT R R R A KR B T oK . 1 & m e fi
API(MXenes) & —FHT R —4Ep kL. MXenes BG4 8 S it mfb 2R e P 5o K It SRR 1E
DR TE B AL e Bt AR 2. MR GE RE SR AIISAS 2112 B [4] [5] [6]. MXenes #KEHE N
G A S, 72 0.2 Ag T IR N RTLL 2425 F-g U LA 7E 1 Ag Tt BRI RO HE 10,000
PR EARFFTE 90%LA 1-[7]. #RTM0, MXenes 44K i) F HE S R SR AERFAEBR 1] T HAERERI R ¥E . DRI,
7E MXenes 45K i i 5] NELEGURIRL. —EQUKEIONKEE . 4E9K B & COIE SERE IS8 e e AT 10 T
YRR, TR K H a4 L 2 B O MR BE[8] [9]. Liu 25 A [1018 e h 5] 2H 56 A i T4 T 2 4 7 B
BRI SR ") = 4 TiCoT/CNF 5 A7k, 75 0.5 A-g L B HIR 5 % T B 268 F-g tHIEL %S, fE 1 Ag !
167 LI 3 R 3R 78 J5CERL 8000 Y 25 B A FF R N 82.4% . Zheng %5 A [111# %) NiCo,-LDHs@MXene/rGO
A, T LAQTTITRAE T 332.2 mAh-g L LAY, RS ER AR N 45t 5000 YRR IR e i R I 2 R
Frdey 87.5%. DAL FHGEIFR, SN “lIBRAE” ATLCA AP 1k MXenes EHES:, MIfiHF AR HLAL
ERE .

BT M, KA TiCT, 99K F £ 10 R E 4% S k&R A HLE 2218 & ) (c-MOFs) #il %
Ti,CT/c-MOF & &Mk}, I Ti,CT, /7 HOR IR EE, SRl Ti,CT, BRI, Mzl c-MOF [
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FIE TipCT, R ERAKE . c-MOF FEFIAU B4R (it 1 LA . IR 1 “lalkads” K,
AR E T CT, KA I E HES . JE BT F BB T TiCT, 5 &2 X) Ti,CT/e-MOF R & #1k}
RIS S AL SR 2RV SRR, LA R RO 8 R AR Dt 45 25 45 r AR RHI) FEAL A PR BE R

2. SCUGER4Sy
2.1, AHISYEE

AT R F I R AR . BUALAE. EhER. 2,3,6,7,10,11- NEE = N EhIR H . AL, &K,
TKOHE . CIRFE N-FEEEIERG bele . SR o L0 B ER NSy o3 i 4l

ARSI FA AR 045 Bruker A7) D/max-2500 X S £ RATH A, H A JEOL 2 H] JEM-F200 & 54 1
TR, HEE ZEISS 7] GeminiSEM 300 i1 Wi#i. A Horiba 22 7 LabRAM HR Evolution
H 2okt . 55 E Quantachrome /A & Autosorb 1Q MP 4 A 3 L 1H M LR EE 70 M« LA K B R i 2ef
R\ &) CHIBB0E Hifk 2z TAES .

2.2. MREHIE

(1) Ti,CT, i %

Ti,CT, W & LB R T 2 B HRIE[12]. BT HF BAT R E0E, N bE A Szg Fhik$ HCI-LiF /N
TR ZIF . K 2.0 g-LiF BIAFEEA 20 mL 9 mol-L ™ HCI RIS VUK 2 et b, HidE 30 min, LU &%
TR . B S 2218 I 21 NN 2 g TR AIC oK, B S BNERIN#AEN 40°C, FREESHE 72 he OBNEE )5,
M EE T K2R SOBES FIERT pH (AR 6 LLE, W&EIETE, EEZE TiL,.CT, MK,

(2) c-MOF-Ni3(HITP), 1] & %,

FREL 40 mg A HLECHA 2,3,6,7,10,11-/NE HE = 2R /N Eh R #h (HATP-6HCI), I 20 mL 25 & 1 /K AT 75
I3 B L 8 A R B e R L R 22 100 mL (B R Y, 9 B TR IR A 4 R o BRI 26.4 mg NiCl-6H,0,
BIN 20 mL 253 TR BEPHA M, BN 1.2 mL FEK. B Ehimle 2 2 E R s, DA2 1312
s FRH LI I N BB ARV, 72 65°C R, AR 1.7 he JRMZSHG, g, H &5 7/K%E 3 Ik,
ToKCEES LIk, o, £ 80°C T 12h, BIW]H|& H Nig(HITP), # k.

(3) Ti,CT,/c-MOF & &k & %

Sy AIAREL 2. 5. 10+ 20 mg f Ti,CT MAZE] 20 mL 2 3B F R T8 A 408, BERE 258 0.1,
0.25. 0.5, 1.0 mg-mL™ FI4r Bl i TiCT, 2 Bl E & B /K EE Nig(HITP), & sl 2, B nf75 5
Ti,CT,/Jc-MOF & &4k} . S+ RHK T 44 A : 0.1-Ti,CT,/c-MOF. 0.25-Ti,CT,/c-MOF. 0.5-Ti,CT,/c-MOF
1 1.0-Ti,CT,/c-MOF.

HIAR IR 1) 2% . 2 FVEIRRAE N SR, BT RS S fn B SR AT VR G A B, INRG 45 70 SR AR i
2% (PVDF) YT N-FJE s BER(NMP), SR 21030kt Forfr, SEPERPRE. S B 70 RURS 45 71 1 B
BN 8:1:1 Kl & 4T HREHA TR TR B, RIKImAA 1 om?®, 75 80°C F T 12 h, FF7E 10 MP
(1 1 77 K FE ) e ARG o

3. XWFE RS
3.1. MRIRIES SR

1R T TipCTyn ¢-MOF. KA Ti,CTy & &I Ti,CT,/c-MOF &K SEM . W& 1(a)Ft
s Al EWEZIE, Ti,CTy 23R R ERE M, XFEEH Nig(HITP), B & e gt 7 A 2% 1],
e 1(b) T 1(c) 2 B 1.7 h il £ 1 Nig(HITP), #£HK SEM K. B W41, Nis(HITP), 2R EBEMRIEE,
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XUEHR 5K FE 10~20 nm, £ 100 nm. 5] 1(d)~(0)J&7~ T AF Ti,CTy & & Ti,CT/c-MOF & &4k}
1) SEM K, ' 0.25-Ti,CT,/c-MOF ¥] SEM ] UG #E L 52 B35 51 K AE TiCT, FERIH
Nig(HITP), BE%1], X Fh2E i BERe 39 0 b R AR SR (3 5 (V& PO i, SCRETE B 50 1 = 4 i 1 DAY 58 55
TR A, IF HIGRETE ORI IR 842 Ti,CT K I o BESE Ti,CT, & &0, c-MOF [AE KK
FEA K, B E T LSRRI R I Ti,CT 0K Ao Xt B T Nig(HITP), 78 Ti,CT, i 4 Kid
. B4, ik HATP-6HCI i i i A B 21 Ti,CT 98K v 321, B 72 1 o SR ) il 12 b 58 1
ERNTENIEEEE=R

. % s Aa L ] 1 i 200 nm
= { 1.0_T12( . ‘.: &G ‘wt’ég ==

Figure 1. The SEM images of (a) MXene, (b)~(c) c-MOF, (d)~(f) 0.1-Ti,CT,/Ni-MOF, (9)~(i)
0.25-Ti,CT,/c-MOF, (j)~(I) 0.5-Ti,CT,/c-MOF, (m)~(0) 1.0-Ti,CT,/c-MOF

[# 1. (a) MXene, (b)~(c) c-MOF, (d)~(f) 0.1-Ti,CT,/c-MOF, (g)~(i) 0.25-Ti,CT,/c-MOF, (j)~(1)
0.5-Ti,CT/c-MOF, (m)~(0) 1.0-Ti,CT,/c-MOF HJ SEM &

FATEE HR-TEM 3 — 2B 9¢ 1 ¢-MOF #1 2.5-Ti,CT,/c-MOF E-& M RHIES 454 . Wl 2(a) s,
Nig(HITP), KITESL 41 5 SEM 45 R —3, MBI . & 2(b)H, Nig(HITP), 2L 1.91 nm 75 M
N ARG, REGAEESN 1.91 nm AT —4EFLE, X545 Tl 48 O E SR N E R =K1 A
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WIrEHETI A A& o B 2(c) o LA B & B 2 B ) bR K 2R Z4E Nig(HITP), 4544 .
0.25-Ti,CT,/c-MOF &M R HR-TEM K440 1% 2(d)~(HFfm. E& 2(d)dr, A LA EESE 1) Ti,CT, A
JEHRE EAKN c-MOF(B BB, miff 2 T al DU 21K 4 (1 Ti,CT R c-MOF (548, RAMWKD
o RRER IR, Ui BH c-MOF FEFITE Ti,CT, R IMHEN 2 L3S &1 . & 2(f) s, 0.25-Ti,CT,/c-MOF
HEME EAKE c-MOF #2312 1.90 nm & 4% (8 #E, X5 Nig(HITP), #)(100)&a1H . ¥ 2(g)~(0) TEM
JCR MU IR T 0.25-Ti,CT,/c-MOF E &K & e R M 51 704« FffEstE C. N ClL Al Ni 353504
T Ti,CT 4K A Kif, 1M Al FRNO0, HHAEEZI AlZ CE e 4 20k, & X B AT (SAED) AT
SPRIESE T 2 A MRS E R (5 2(p))-

Ti,CT,/c-MOF composites at different magnifications; (g)-(0) mapping element distribution of
Ti,CT,/c-MOF composites; (p) SAED pattern of 2.5-Ti,CT,/c-MOF composites

2. (a)~(c) AEMEZET c-MOF B TEM [&; (d)~() FEEZET 0.25-Ti,CT,/c-MOF E &%}
B9 TEM [&; (9)-(0) 0.25-Ti,CT,/c-MOF £ &#1#}#9 mapping Jt & 7% &l; (p) 0.25-Ti,CT,/c-MOF
S AMRIA SAED [E#

c-MOF KJ XRD il 3(a)f~, 1E 20 = 4.7° (100). 9.5° (200). 12.6°. 16.5°A1 27.3° (001)4b )il F
B AT g, RN G K T Nig(HITP), ik, HTE ab P B A KA FHE[13]. BARRAE 7T
A3 20=4.7", 95°, 12.6°. 16.5°F1 27.3°4b & THIIA]EE 739 4 1.88 nm. 0.93 nm. 0.70 nm. 0.54 nm Al
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0.33nm, 5 TEM MIAZE R —F. 7£ 20 = 27.3° 450, XFRT-(001) SaH FIATH, RN ¢ 7 M FKEA
PR 2, XA B 2R B RRE[14]. ] 3(b) AR T AN Ti,CTy & &/ Ti,CT,/c-MOF &4
PR XRD ERE, & AR XRD 1 B A BEAELE Nig(HITP), S A7E 20 = 4.7°. 9.5°. 12.6°F1 16.5° 4L
FRiElE, WEA 26 =36F1 42°1) TiC KU, R Ti,CT, IS5 Nig(HITP), E4 .
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Figure 3. XRD patterns of (a) c-MOF, (b) Ti,CT, and Ti,CT,/c-MOF composites
& 3. c-MOF. Ti,CT, # Ti,CT,/c-MOF £ &# ¥4 XRD

K Raman YGIERE Tt T Ti,CT, & &4 Ti,CT,/c-MOF 5 &P RE45 ) (520 . a0 1] 4 Fis, 80y 1360
om AR ERR N D A, USRI AR AR SRS B ST R . TN 1580 omt A AR
W& G 5, HZEIA C = CE ARG, B THE D W5 G W MgEsREE Lh(1o/ls), R LAERG LB A
BT FREEE . Hr, 0.25-Ti,CT,/Jc-MOF A& MK 1o/l {E(1.63)5 ¢-MOF (1.60)f 4L, WZE A
R A K ) c-MOF 45449 540 c-MOF 25t %l . ey 150 em ™t FIMFEWEAE T Ti,CT, M B2 1)
Ti JE T 5K e e 36 BT T RSN, 7 Ti,CT,/c-MOF & &R kA [R5 BB BE & 2 15 2 % B 0,
RHMEI R E S
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Figure 4. Raman spectra of c-MOF, Ti,CT,, and Ti,CT,/c-MOF composites
[& 4. c-MOF. Ti,CT, #1 Ti,CT,/Ni-MOF E&# EIavh S /iEE

¢-MOF. Ti,CT, 1 0.25-Ti,CT,/Jc-MOF & & RHE 77 K 26445 T 1 N, W/ i B 2515 26 0 18] 5(a) s« M
B Al LA, TCi & c-MOF B2 0.25-Ti,CT,/c-MOF & &M RFHIm/ i b i 28 1754 1V g b it 28,
FERRXT T 77 (p/po) 8¢ e X A8 A7 AE W S IR0 J5 B o 1 HL, 5 5 2R P & AL BRI T plpe = 0.7 Ak, X R B
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FbA R b S 428 KB A FLES M - A4S BET 201, 0.25-Ti,CT,/c-MOF B &+ BHI L & TH A A 514.9 m*g 2,
7T ¢-MOF (356.5 m*-g ) Al Ti,CT, (4.5 m*g ) ELR A . #RHE & 5(b) Fom LR At o, N
AMEHGR TR K F 2R B TAKAE Ti,CT KM c-MOF [E41. XFFEFIALRAE T c-MOF H&
FIRFLES 4, IB3RAE T KEMAMREAIFLE S 4. A, c-MOF MIAEERT 1L T Ti,CT, 9K fEHhE. T

BRI AR EHE S
A(a) (b) 0.5,
& 400L —— 025 TiCT,/c-MOF T —— 0.25-Ti,CT/e-MOF
@ —s—¢-MOF € g4l | —— cMoF
) ——Ti,CT, £ | = e,
g 300} o0 P T
L ) £ 03} £ 0o
st 514.9m"/g L 750 0.0025
2 500 \ o § o000y
-E £ 0.2 2 0015
_% ,_z -; 0.001
& 0.0005}
< 100 | ) : 0.1 £ 00000
"? 4.5m /g\ 356.5 m¥/g :.c. 0o 5 10 15 20 2
N
S ot = il ~ 00 g=ts |
é 0.0 0.2 04 0.6 0.8 1.0 1} 5 10 15 20 25
Relative pressure (p/p,) Pore width (nm)

Figure 5. (a) N2 adsorption/desorption isotherms and (b) pore size distribution of c-MOF, Ti,CT,, and
0.25-Ti,CT,/c-MOF composites

[# 5. c-MOF, Ti,CT, % 0.25-Ti,CT,/c-MOF 8 &# | #I(a) R SR/ AR MZFREMb)FLES T

3.2. BBALFE MK

RS LS S VERE IR SR F = MR 2R, %Fe 2 x 2 em?® ISR A0t Bk, Ag/AgCI (ML KCI) B fE
NS, RS E SRR AR T AR A, A B R R #1808 mg-em ™%, 1 mol-L 7t
Na,SO, R IE N AR, TAEHER I14-0.2~0.4V.

K 6(a) R TAE S5 mV-s (I3 N, ¢-MOF. Ti,CT, M Ti,CT,/c-MOF & & Hitk [t CV Hizk. MR
FE, LT RTAEFEGI CV I ZHHE AT,  BH B AR A7 15 & B X 2 AT A . Hod, 0.25-Ti,CT,/c-MOF
AT CV 4 A BRI/ AR, R IR B S K B 28 - AN R 0.25-Ti,CT,/c-MOF
HAHENE CV LK 6(b)Fr, FEHEEMRN, CV Mz RUHEsETE, BB EA R IR X 2 A
REFI AT I . Bl R B AR IE K, CV MR IBWi R S0, UL S 7 75 R AR AR X AR IR R N
I FE A B R M 0.25-Ti,CT,/c-MOF & &b B h 774% ARSI

6(c) T A 0.25 Ti,CT/c-MOF 5 & HIMLTE 0.5~6 A-g L LB R 19 GCD fh4k. 7o 2k e A
7] P 25 FE I B R b AR = AT, T R AR ST & Y% ST A MR AR A R0 H 2 FL A (R [ 15]
X AT LR 6(d)Hh =R RLAE 0.5 A-g7t HLILEE B R GCD Hi £k 15 FIRESE . #£-0.2~0.4 V [{fH
HLIR AR R R, 0.25-Ti,CT,/c-MOF A e (K M 7e il f it ], R th AR R i i A7 6 o LU AR
It FL I AR 2R G ) B(e) T 7E 0.5 Ag LR E N, TiCT, XA 67.1 F-g MR E L, £
I 5 2 1) LT A7 R AT 0 IX AT B A2 BT T CT R W AR 2 2 T S SRS . AHEL 2, c-MOF
HA 1262 F-g (B RELHZ, iU 4k c-MOF JZ 2 HE ALY i B FLIBE 38y FRLRF AP B2 43 1 0 22 (i 1k
B skio A NIZF M, 0.25-Ti,CT,/c-MOF E &M B A A 171 F-g MR 2, KLNMFIZ&E T
Ti,CT, MR 2.5 £, c-MOF ) 1.3 fi5. iX—&5 5K 8 0.25-Ti,CT,/c-MOF E &M R 78 5 K% T Ti,CT, Al
c-MOF Z [A] ¥R, c-MOF 7€ Ti,CT, 4K b R AL F 2SI R 5 450, $24t 7 KR 7ol K th sk
AR, AT T AR B
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(@) (b) (c)
25 10 05
~0I-TLCT/c-MOF 0 T
~ 20l 2 —smv- 10mv-
“ 20F  025.Ti,CT/c.MOF o~ 8 g s = 04
%0 15| Y —ZOmV-sl % .
b ——40mV-s"
5 10 < 4 <03
05| Z )
= 2 A < 02
= 00l g o @
Z ool 2 2
3 0. 2 B 01
3 -
-10f = =
-1 o 4 < 0.0
-15} 4 - = g0
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Figure 6. The electrochemical properties of c-MOF, Ti,CT,, and Ti,CT,/c-MOF composites. (a) CV curves at a scan
rate of 5 mV-s *; (b) CV curves of 2.5-Ti,CT,/c-MOFat different scan rates;(c) GCD curves of 2.5-Ti,CT,/c-MOF at
different current densities; (d) GCD curves at a current density of 0.5 A-g™; (e) specific capacitance vs current density
curves; (f) Nyquist plots

6. c-MOF. Ti,CT, & Ti,CT,/c-MOF E&# KA FIEEE. (a) 5mV-s  FTETH CV fhsk; (b) FRIFTET
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Figure 7. The electrochemical properties of 0.25-Ti,CT,/c-MOF symmetric supercapacitor. (a) CV curve
at different scan rates; (b) GCD curve at different current densities; (c) specific capacity vs current density
curve; (d) 5000-turn cycling stability and coulombic efficiency
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K 6(f AT/~ A ¢-MOF . Ti,CT, Ml Ti,CT,/Jc-MOF & & Hi#l i) EIS Mik&E . Hr, 0.25-Ti,CT,/c-MOF
A AR I /N AT RS BEPT(Re) - X FEIATH T A MR B A M = 4RSI 450, (615 f A
B FEE GRS BRI S AL B 1), S 1 R B AR R R R T R R B 2 . c-MOF
1 R #K, AW AAE 1.4 Q, RPHMRFAIFHEME, X5 DU R ST R AR —2[16].

N TSI 0.25-Ti,CT/Ni-MOF & &M RV SEhrtEfe, FRATR EEFPRLEAT 1 B R AR AR 2R 18
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RS ERESE, P 7(b)Fias, AT R GCD 2y I R UF ISR = MR . SRR R AR T
Y = A R AN R U4 2R () 7(c)). TE 3 AQTIHIRHIREE N, £ 5000 MR AERIER R, 2
HIRFERN 62%, FECRCRIGANRT 100%, MARHL T 380F R UFM9E R Ao AN it F A3 dw (] 7(d))

4, g5ig

A SCAE i) £ 19 30 W R 1 4 MXene(Ti,CT,) LRt E, SRAAR R AL B 425754E Ti,CT, R A K
c-MOF, % 1 Ti,CT,/c-MOF E & kL. 8 T ANF TipCT, & EX &AM B30 451 K ri A Sk RE 52
M, WEFCEE RSN, B S EHEEA L Ti,CT, Emi ez, HF, 0.25-Ti,CT,/c-MOF & &k} A
R ARSI AL R . AR & AR, 7E 0.5 AT HIRHE N EA 171 Fgt MR B
7. YLBE R IR AL AR S, AR N 0.5 Agt iy, HUHIZAE N 29.3 Fg7h. #E 3 AgT I HI
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