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 ZE: [HMYH & MoS, /Ti,C. T, & & M kb, 35 0F 55 HAT & 1k v fE. L7 Y LL 00 B AR 40 R 4% An
Tiy C, T, -MXene 442K A i 3K 44 , R IR Ak 24 il 4 MoS, /Ti,C, T, B/ k. FIA X H4Lo6m T i .
X BT AT ST T A S T AU MoS, /Ti, C, T, & & MRk AT 2 4E 38 1 Ak 2% 7 i F 5T
MoS, /Ti;C. T, B &M E R S rERe. [ERIE G AT MoS, JAE RS L, MoS, 44K k145
SMEE Ti C, T, @0k i M s MoS, /Ti; C, T, & & M B FEH % B 10 mA/cm® B Y AR 207 mV,
Tafel £H#% K 46 mV/dec; it 1 000 AEIAR MR % E A #BHEE] 10 mA/em® 14 8L 3% B AT 7% 5
PAEIT 7 mV;3ERE MoS, 5 Ti,C, T, ZIIfFFER M EAEM, B F =& T MoS, /Ti,C. T, Z & M EHH
SEELE I T S SO A MR R R Ak . DR YL DU B AR AH AR 4% Ti, G T, -
MXene 442K J oy if B 44 L SR FH IR AL 27 05 vk 7T 4 2% 4 S B A AL ) 1 MoS, /Ti; C, T, B & Mok 2 & B A
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e P S, & MoS, /Ti; Co T, F &M A4 65 %) & B F A7 SR AL L BT 7 41

A ST S A TE P . MoS, Rk g5 i %
T PR AL P A R e R o) A A e Ak T
U 5T N B 3 A A A 3 145 Bl 48 K R SF 9 Mo,
V18 ok L 285 40 D 30 5 5 O 22 0 % T A A5 RTS8
ME DL A BT SR N T Y 5 MoS,
FH G, MoS, (AE b A5 Bt Ak 40D 4 B2 TG 1 119 45 44 1 15
I P 57 o 7 50 3 A 8 A 3% 1T, A A i Ak BT S
T R B R AR, Ak, MoS, B LA
2 5 B R S AR A A% A B L A R Ak 2 N R
ew HA WG S, SR . MoS, Y45 & B B,
AR A B S PR 25, HAE A T R AR
Ty R A B K AR R L B T AT
PECY L BRSNS ALEH 5 RAAR B i e
[ A RO B 22— N o MosS, 2 78 &
b3 B F (MoS, /GO, L K ¥ MoS, Flik 4
KA Z AT AN K BR (MoS, /CNT) ) 25 |y i 45
B RS 7 Ry I S 0 A T R

Bt . — OB R A 4k i U 4 TR Rk W/ A Ak
P (MXenes) 51 THF5E N BB 32 6",
HA A B ZREE RR R AR
T 14 3 KM RS ol M L K 2B A A (A5 MXenes A
Ry T A AR R B AR Y S R L A, SR S
e B IR Cfr B 0 . B 40 ok BBk 4K 55D M
MXenes 2 [l £ & 19 5% K H A6 A 6 4% i H 5 75t
AR TR & 2 i 1 24 A0 E R A VR R AT 26 B
HH Sy T R T

Ti,C, T, & H Ay v & )71z ) MXenes Z
— 0 R AR SO S A X AT IR AR T, ALC, i
2105 %] Ti,C, T,-MXene 44K -, I ¥ H 504
T AR B R A L (W) Sy 7 IR A L SR P R DO 9 A T
il & MoS, /Ti,C. T, E&#ME. FIH X H&th
TRENS X ST LR AT A RN 3B S T R i R
B MEH O IE B0, 25 48 L o0 R 41 B RN 2L Ol
b FLAR 2 T VR XTI E A bR BT U T A T AR
SE M HEATIRGE

1 KEE
1.1 K7

B BT AR O 1D BB AE R . Tis AIC, 400
F S SN DI g B 4 AT PR w5 20 DU 41 R

B, (NH, ), MoS, , BTt /38R 99. 952, Rl 50
MAALRIE A B A 53) oS b st = B LAk 2 .
Cio Hiy BeNL 2Bt i, 11 22 e Ak AR AL B A IR A
Al s4) FALHER, LiF, 4 Mral, [ 25 £ H AL 2# il R A
FRAT]35) WemimR . H,SO, . i & 20 B0 98.00% .
K BH % Bk 7= iR A R A |l 6) ik bz,
HCL, i 543500 37, 00 % » K H T Bl 25 BR AL 2 38
RIABRAF 7)) JoK O, CoHs OH, 43 4k, 1 1
AT A R A .

1.2 Ti;C,T, By#&

K LiF F1 HCL BIR & 3 200 Tis AIC, #4
BhegrEl AL R, 4 TL,CT, ik A. K1 g
Ti, AIC, By K I A %] 20 mL &% & 2 g LiF 1
9 mol/L By HCl W H 5 IR &Y TE 40 ‘CIHBE
TR 48 h DASE iR . RN 58 S S FH 2 B
TAKEOURS, HE FIEWE R kR E(pHD
KE 6.0, R 5 ¥ W) 4y BT 200 mL 1Y 258 1K
O ZETEER AT AL 2 h IR 3500 r/min &
> 30 min JFH FVEWR R E) Ti,C, T, BRI, %08
TR TG T, 99k R BN 2 mg/mL.

1.3 MoS,/Ti;C, T, EE&#M A H &

$ 40 mg 1Y Cyo Hy BN fiIA 20 mL (1 Ti; G, T,
BIEP L BERE 1 h S I AGE 589 (NH, ) MoS, ,
FAAL PR 15 min RS 5 BOR . M MA 3 mL
) HCL %0 Ak 22 I 4 h )5 FL2S i 3 sk D i
Yy 10 I 258 oK e K 2 BEvE % =k, Hoas
TH# 12 h J515 5] MoS, /Ti,C, T, &M E. 7E
HFE ST LB AR E Ti,C T, BIFHR.
44l MoS,

1.4 HRERE

KM X G2 fi7 5 X (X-ray diffractometer,
XRD; H'5 D8 Advance) 53 M1 EE i B W) 40 F1 45 4
20 MR L B 10°~80°, FAH # JE 4 5(°)/min,
K X G 20t B F 8 4% (X (X-ray photoelectron
spectrometer, XPS; 15 ESCALAB 250X1) 43 #
FE S AL 25 B PR 45 A RS, LR (O 1 s
HUE (4556 284. 8 eV) K UEFT A XPS K,
K # H F B #4858 (scanning electron micro-
scope, SEM; %5 MIRA4 LMH) 135 5 H F 5 1%
%% (transmission electron microscope, TEM; #l 5

H600) 73 Hr B ity B SOW 45 4 R B >R T e £ 2
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WL b5 Y 3 35 % 5 5% Chigh-angle annular dark-
field scanning transmission electron microscopy.
HADDF-STEM; 5 Talos F200X) 43 #7 £ i 1)
JC 3R H A AT
1.5 BAFENK

BT A AR 2 I 4 7R Zahner B AR 2 TAE
i B SE A, SR P B A = H B A R IR AT H b A
B H L, L 0.5 mol/L 19 H, SO, ¥ W AE o HL i
W, DL R ot ) 3 B AR TAE AR, DL Ag/
AgCl ML Ry 2 L i, U S8 0 g Xl i, R
2 PE A IR % 15 (linear sweep voltammetry,
LSV A i 4 v A A v R L I 2 IXC 8] 2 0~
—0.7 V. A RN 5 mV /s, B RTINS R 4G
e RS 2 HEE A8 07 4 O R 48 B ARCAR X T T 3 A e
(reversible hydrogen electrode, RHE) i Hi #z HL v/

Erne = E nynger + Efgng +0.059pH (1)

s Eqpe 0 AR XS T 0] 390 S0 A 5 1Y F B A7
E sgacr FEL Ag/AgCl 2 LU HL AR A5 1 Ji 1 L
57 3 Ehg/nger TE 25 CHFH 0.197 V,

PR LSV il 2 AT etk 4G R R
IR (TafeD 3, R oL AL BHATIE Celectrochem-
icalimpedance spectroscopy, EIS) #F 55 44k 71 i) Ha,
T e 7 2y 03 2 R Pk L D Y H AR H 67 A X T AT 5
AR 0.2 VBRI E DY 0.1 Hz~100 kHz,
PR 9 10 mV, KGR 2 3% Ceyelie voltam-
metry, CV) I 3 4 Ak 0] 19 F, i A0 B2 0 P 43 4
R 50 mV /s, M HL A7 X R]AH X AT 5 S AR
N —0.3~0 V, FHIARE 1 E R CV Lk
b B SUH, J2 L 25 (double layer capacitance, Cyp) s
32, A7 DX ] AFDOE AT 30 S A O 0. 1~0.3 'V,
A0 20,40,80,120 F1 160 mV /s,

2 HRESW

2.1 HHMERRLESHT
2.1.1 XRD 43#r

FI gk Ti, AIC, 1 Ti,C, T, By X 517 57 &
WM 1) PR, SERER Ti, AIC, #HI, &%)
PSR Ti,C, T, 7E 39° M iy AL 0 43805 %
(004) iy T X J07 14 A7 5 e o 88 % A= 1 B I ) Ok 35
MTEAL, IF AR R B X LB Ti; AIC, iy Al

2B 58 4 20 b, J2 DB O OR, B O T T 4E
Ti, C, T, g4k Fs,

wE 1(b) fias . 78 MoS, il MoS, /Ti;C, T,
HAME XRD B 3% K & 35 MosS, 1 fiT
S X FE W LE B MoS, PLAE & ST A 7E
A MoS, /Ti;C. T, B-&MEHE 20= 60. 8"t
TEAE— /N, % T Ti, C, T, 9 (110) i, 1% %
W Ti,C, T, B8 II5IA.

3 S TG
o —
8 N2
o = A
= g
= -~ |z S TIAIC
= —~ = ~|S ~ oo _ ILAlG
g 2g(T 588= =
T AL I 0 5
10 20 30 40 50 60 70 80

20/(°)
(a) TiAIC, 5 Ti:C.T, 9 XRD K35

MoS, /T1;C,T,

(110)

|
?
r

e
o <
= MoS,
1? e !
= =
= TG,
X
10 20 30 40 50 60 70 80

260/(°)
(b) MoS, 5 MoS, /Ti;C,T, ) XRD Kl

1 Ti; AlC, \Ti; C, T, \MoS, #=
MoS, /Ti;C, T, #5 XRD A%
Fig. 1 XRD patterns of Ti; AlC, . Ti;C, T,
MoS, and MoS, /Ti; C, T,

2.1.2 SEM 5 TEM 434

Ti; AIC, 1) SEM Kl W&l 2 (a) s, MK
2(a) ] LA L BT IRAR Tis AIC, R HORGE 4, &
2(b) A Zad LiF+HCL ZI i e 75 b #7532 19 53
WOERE R 6 Ti,C, T, B9 SEM K H, 1l LAk B
Ti; C, T, AN By 48 Kk Rk 454, X R W] LiF
I HCL fefg 2 Ti, AIC, By e 482 I il — 4k 1
Ti,C, T, 49K F, WK 2 Frxw, Ti,C, T, %
MoS, JEBRREE T A B 2454 (0 H R B &
2 1 HLURE B A BT 38 i T s ok B AR S AS B A 4R
4 1A SR SOk L 3X B MoS, ¥5) HiL 4 #ife Tiy C, T,
b 52 M. 4 MoS, &4 T M A A R B

F A5 M 3k http://cslgxbzk. csust. edu. en/cslgdxxbzk/home



%19 %% 344 fe b U, & MoS, /Ti; Co T, H A #6841 & & LA SRR R 43

REEH A 2D PR,

Sk HIE B H ¥ BB (TEM) X MosS, /
Ti,C, T, EAMEHIE S K& MoS, 143 HUK B ik
frE—4 FAE, MoS, /Ti,C, T, & &M B A A
58 F B TEM B & 3 fis. il LA H.
MoS, /Ti,C. T, &M ERFE R 2451 . 5 SEM
BA—2. A fEER TEM B R Pk Z B S
MoS, KB & fh k% 2 80, R EZ G # B 1) Mos,

M AR AL X 5 XRD EE 245 1R — 3

MosS, /Ti,C. T, & & # ¥y HADDF-STEM
PELFIAR I B 76 R 4 A AN 181 4 firos . mT LLE
Mo.S.C K Ti JUE 342 oy A A2 5 6 B BRI
#E— IR S MoS, #5787 Ti,C.T, 99K Fr
FL X HET TiCT, 990K R R H 5 W EKE
e A, JL TV S B 5, A3 MoS, 409 K Uk 1 5]
oA K TE Ti,C, T, 400k £ E2Y .

(€) MoS, /Ti;C,T,

(d) MoS,

2 Ti; AlC, . Ti;C, T, \MoS, /Ti;C, T, #= MoS, # SEM A
Fig. 2 SEM images of Ti; AlC; . Ti;C, T, ,MoS, /Ti;C, T, and MoS,

B3 MoS,/Ti;C, T, # TEM B
Fig. 3 TEM images of MoS, /Ti,C, T,
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(a) MoS,/Ti;C,T, i) HADDF-STEM [

(d) O TER WSS IE

(b) Mo JT R W 5 [&]

(e) Ti JCHR WL

(c) S TER WG

(f) C TR BT E

B4 MoS,/Ti;C, T, 49 HADDF-STEM B % 48 & ¢ 7T % we 44 B
Fig. 4 The HAADF-STEM image of MoS, /Ti;C, T, and its elemental mapping

2.1.3 XPS 4 #r

AHE 5T i XPS # — £ WF5%E T MoS,/
Ti,C, T, 2/ MEHHTTEARAME .

MoS, /Ti;C, T, B -& MEHY 215 K an & 5(a)
fis. ATLAE . MoS, /Ti,C, T, B4+ ¥ h Ti.
Mo, S, C. F f1 O J0 & H M. H ', MoS,/
Ti,C.T, S H Mo W EF LK 2.6 : 1, LA
B A MoS, ' S 5 Mo (3L 5 F L 3X i
Bl MoS, /Ti,C. T, E5MEH I MoS, EA+H
AR A S JHT

MoS, /Ti;C. T, A MER Ti 2p % Bl W&
S5 fiR, A LLE . 45/ BB 7E 455. 3 (461.4)
eV.456.1(462.1) eV,457.2(463.4) eV,459.0
eV Hl 460.0 eV Ab 1y %EAE 05 43 5 XF i Ti— C.
Ti** T . TiO, . Ti—F %,

MoS, il MoS, /Ti,C, T, B &K # Mo 3d
EEWE 5 Ce) fras, o LLFE B, £ MoS,/
Ti;C, T, WEE T, 455 BBTE 229.8 eV Fl 232.9
eV Ab f XL X ¥ Mo' ™ 3d W 5 1 45 & RE 3 i 1)
230.5 eV 1 233.6 eV A Ay XLIEJE T Mo™™ 3d U,
BEAh.235.7 eV Ab SR H Mo® " B R AE 14, 33X 36 B
Mo FAAERR o A AL B O .

MoS, Hll MoS, /Ti,C, T, &M KIS 2p 1%

EanE 5w, Al LLAE . MoS, /Ti,C, T, 1)
S 2p EREW 4y Ry WA W, Hop L 25 A BT
162.3 eV Ml 163.5 eV &b [ 55 AF 16 XF 17 i 0 fiy
SR LT 163.6 eV Fl 164. 8 eV &b iy 45 fiF i
XM EE ST . BLARFRERM R S AT LMES
T P AT A5 08 o D e AT

AN NE 5 Ce) FI 5 Cd) b nl LFE . 5 4l
MoS, # . MoS, /Ti;C, T, Hi) Mo'" 3d XL [i]
e 1 0.3 eV, S 2p Wt ) B & 19 45 5 RE J7 ]
Fogh, AR BN B, &5 A Rem E = A BB
hE B MoS, /Ti,C. T, H MoS, WH 7% E T
B0 X ULEA MoS, 5 Ti,C, T, 2[4 7 5 A I
YER, 45 7 M MoS, # % %] Ti,C, T, , 73
MoS, H 1 HL % B FEAIG
2.2 EBBEFEMBEDH

1£ 0.5 mol/L ) H,SO, & T, % FH = ik
& & % Ti;C, T, . MoS, . MoS, /Ti;C, T, il Pt/C
B 4350 20. 00 %) 14 B A8 4k B &0 Pk 8 1E 4708
i AR S B LSV 4k, aniE 6 () o, VR
L 1 P/ C AR B A i G 1 r A AL T 1, L Fe
WL IRE] 1 mA/cm® B B bR 1 B A7 53T T2,
T 41 mV i3 A SEREIA E] 10 mA/em” (YL
R AR S SCER 27 ] R RE A — 26 TL G T,
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w19 8% 3 4 B SUL & MoS, /Tis Co T, S48 ) % 7 L AT S AC 12 e 5T 2 45

R AE AL TG M T 2 AR TE . L 6 Rl LU L 46
MoS, (1 4 i #4257 mV, i K T MoS, /
Ti,C, T, EAM B (155 mV) iy, H K& i A7 1)
B, MoS, /Ti; C. T, & 4 kHRY A & v it %5 5

PRI A, 2 U % B 3K #) 10 mA/em® B, Mo, /
Ti,C, T, & & M EHAY i fi A2 AL K 207 mV, 1 4f
MoS, W75 % 455 mV, XKW MoS, /Ti,C, T, &
ARG BT SRS T 2 T Al MoS, 1,

AT 5 B

1
800 700 600 500 400 30
55 HEleV

(a) MoS, /Ti,C4T, 1 42 1% [

1 ]
200 100

1 1 1 1 1 1 1 J
240 238 236 234 232 230 228 226 224

bt 1=t
it fikleV

LEROEYE S

468 466 464 462 460 458 456 454 452

X
% b MoS, /Ti;C,T,
Z 2

-~

255 HeleV

(b) MoS, /Ti,C,T, 9 Ti 2p 1A

MoS,

1 1 1 1 1
168 166 164 162 160

b4 1=t
it figleV

(¢) MoS, Fil MoS, /Ti;C,T, 1 Mo 3d i &l (d) MoS, F1 MoS, /TisC,T, [ S 2p &
5 MoS, # MoS, /Ti;C, T, # XPS # B

Fig. 5 XPS survey spectrum of MoS, and MoS, /Ti,C, T,

HRAE 55 JE R (TafeD) J5 2 , T B 4% 1k il 26 25 i
JUF A B Tafel R B, Tafel £ /N, & B
BT S RN 31y 7 2 3 R BRR  FEAS E i Ak AT S0
PR B, Bk Pt/C. MoS, /Ti,C, T, . MoS, #I
Ti;C, T, B Tafel REZ 535K 26.46,122 Fl 392
mV/dec, WE 6 (b) frw, HH, MoS, /Ti;C, T,
A MR Tafel & F B B AL T 46 MoS, #I
Ti,C, T, M Tafel #H3,X £ MoS, /Ti,C, T, &
SRR AR A A MR RE . L AN AR R
1 Z& W Mt & & W Chydrogen evolution reaction,
HER) zh F1 24 2 B #18*°) , HER #9 )2 1o AL B 3 22
WEE =12 . 1) Volmer W [t £ %85 2) Hey-
rovsky WA B 3) Tafel T 4H A, t MoS, /
Ti,C, T, &M B Tafel Kl T %0, HAE B 4L
Mr & S R I B P B Volmer-Heyrovsky #LEE, R
WA BN Heyrovsky .

R T W E A bR A AR Bl ) 2
Bk, XF MoS, /Ti,C, T, 4 MoS, #1471 EIS
WA, 75 3 Nyquist il 2, 7 fr s B b2 [

FL L% 2/ (mA - cm™)

Funi:RhAY

2 -

0
-2
-4
-6
-8
-10
-12
-14
16}
—18F

-500 -400 -300 -200 -100
HL AV /mV
(a) LSV Ik

0.67

Ti;C,T, 392 mV/dec
0.5 MoS, 122 mV/dec

04

03 MoS, /TisC:T, 46 mV/dec

024 -

0.1F Pt/C 26 mV/dec
____'/K

0.0

-0.5 0.0 0.5 1.0 1.5 2.0

lef I8 7B B/ (mA - em )]
(b) Tafel 7
B 6 MoS, #= MoS, /Ti;C, T, #
LSV # & % K Tafel 4+ %
Fig. 6 LSV curves and its Tafel

plots of samples
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() AR R T R R L 7 B B BHL BT (RO 19 K/ ﬂﬁ
B 1) A B/ BT AR R BN, L PR fE

i, MK 7 ATLAFE . MoS, /Ti,C, T, KR Hi2
/N T4l MoS, i, X 8 MoS, /Ti,C, T, BA
HREBEmEBEE, PRRALTEHRET
Ti,C.T, WGl AW K e S T2 G MBS H
PE. AN, XPS 43 B 45 SR K W] MoS, #1 Ti;C, T,
ZRAFAE SR A AR, X 5 3 MoS, iy HL ¥ %
FEREAL, fH1 £5 MoS, 'FHIE% T M MoS, |

Ti,C.T, WNEHRYG, X — 2k T Fmd+
()5 B sl
1 000
® MoS, /Ti;C,T,
800~ |e MosS, . R .
S 600/ . ’
N 4000 . ‘
200} ..'.
0 460 860 1 éoo 1 600

Z'1Q)

B 7 MoS, #= MoS, /Ti;C, T, # Nyquist ¥ &
Fig. 7 The Nyquist plots of MoS, and MoS, /Ti;C, T,

H Ak 27 15 PR T FR Celectrochemical active sur-
face area, ECSA) 42 %2 W {8 1k 1% P E"Jﬁfﬁ%
Z—. BT ZERE Cy A2 15 M R
TE FE S PRI AT DG ot il Cy BESTRE B 1Y) B Ak 22 06
PEm A, MoS, 5 MoS, /Ti,C, T, & 6] #1 3 #
REE)CV &P 8 frx . Bl 2k (4 v i) f 4
0.2V Jr X5 1 Y HL 3 25 BE 2508 Ajoo v B9 —2F R YL
AR B o A7 R S Ry AR R L 22 R A R 4 A
AT M 2, R 9 TR, B A MK Mos,/
Ti;C, T, B Cy 5K 9. 4 mF/cm?®, 18 K T4l MoS,
(0. 76 mF/cm”), X £ U] MoS, /Ti,C. T, BA
HRM AL EE A, EARRH LA T
MoS, ¥21A K7 Ti,C, T, 4K i i . 2425
EAOREE A

FESCBR I 06 P R M R A A b ) Y
HEESH., ACE X 1 000 & CV L HTE
) LSV Ak il 26 Sk D7 i Ak 590 00 4 25 F e L 45
A 10 fiw .,

ME 10 °] LIA H,MoS, /Ti,C, T, £id 1000

W CV MR R L 7E 10 mA/em® A HL 3% B 101
AL T 7 mV., MoS, REEFEZ T CV il
ZJa, HAE 10 mA/em® [ #3193 o A7 38
Iy 23 mV,XEKY MoS, /Ti;C, T, Z&MEA
AEGMBEARREE., LRARL T AN T
Ti;C, T, § MoS, Z [a] iy i A B /E I & /5 1
MoS, HIIE AR e .

251
2.0F
S 15F
£ 1of
s L
i 0.5
i‘E( 0.0F —20 mV/s
%3 -05r —40 mV/s
w -10r —380 mV/s
82 -151 —120 mV/s
2.0 —160 mV/s
_ .5 1 1 1 1 1 1 1 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
L /V
(a) MoS, /Ti;C,T,
04r
& 031
% 021
T ot
152( 0.0F —20 mV/s
x5 —40 mV/s
g 0Ir —80 mV/s
2 ook —120 mV/s
0- —160 mV/s
-0.3
0.05 0. lO 0. 15 020 025 030 0.35 0.40 045
LV
(b) MoS,

B 8 MoS, #= MoS, /Ti;C, T, # CV ¥ £

Fig. 8 The CV curves of MoS, and MoS, /Ti;C, T,

201

1.6F

9.4 mF/cm?

0.8

Ajoa/ (mA -ecm™)

L
2

04F
0.76 mF/cm?

0.0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

HHGER/ (mV-s™)

B9 MoS, # MoS, /Ti;C, T, # % ifk
&L A 4 R R T A

Fig. 9 Scan-rate dependence of the current density of

MoS, and MoS, /Ti;C, T,

F A5 M 3k http://cslgxbzk. csust. edu. en/cslgdxxbzk/home



%19 45% 34 e P S, & MoS, /Ti; Co T, F &M A4 65 %) & B F A7 SR AL L BT 7 47

3

2
~ O [—EkA
'z 2R 1 000 K CV
S —4r 55 IR
< -6F
Ege
= —10f
= —12F
{f —14F
o -16fF
= -18f

-20 ' 1 ) ) f ) ) :

-0.40 -0.35-0.30-0.25-0.20-0.15-0.10-0.05 0.00

ERbAAY
(a) MoS, /Ti;C,T,
2 -

LY 2 B/ (mA - em™)
|
[oe]

_10 — IR TS
12 1000 CV
it IR JE RS
16 . , . . )
-0.50 -040 -030 -020 -0.10  0.00
EERIAAY
(b) MoS,

10 MoS, /Ti;C, T, #2 MoS, £ 1 000 &
CV MR A7 & LSV w1 &

Fig. 10 LSV curves of MoS, /Ti;C, T, and MoS,
initial and after 1 000 CV cycles
&it

DI A8 50 R B F1 Ti, C. T, 48 K 24 i 3K

P38 o W A A B B & T MoS, /Ti,C. T, &
A E. BHET®EE N 10 mA/em® B, MoS, /
Ti,C, T, E& MBI B AR 207 mV, B FEIR
R 46 mV/dec, H oA A0 AT S M AR I AL T 2
MoS, 1, X EFEZIHHEF MoS, 5 Ti,C, T, ZI[EfF
TESRAH BAE . GE 98 A 20 i 2 G AR 3 i
VI V7 P B i (5 R I S 1 AR A 3 A R
R I 0 IR AR T

(1]

[2]

(5% k)

BICAKOVA O,STRAKA P. Production of hydrogen
from renewable resources and its effectiveness[J]. In-
ternational Journal of Hydrogen Energy,2012,37(16) .
11563-11578. DOI: 10. 1016/j. ijhydene. 2012. 05.
047.

MONTOYA J H,SEITZ . C,CHAKTHRANONT

P, et al. Materials for solar fuels and chemicals[]].

(3]

[4]

(6]

7]

(8]

[9]

[10]

[11]

Nature Materials,2017,16(1):70-81. DOI:10. 1038/
nmat4778.
CHENG N, STAMBULA S, WANG D, et al. Plati-
num single-atom and cluster catalysis of the hydro-
gen evolution reaction[ J]. Nature Communications,
2016,7:13638. DOI:10. 1038/ncomms13638.
EAREE L RIRR AT A A AL BT S AL R A Y
HERELT]. Ak T3k &, 2021, 40 (10) : 5523-5534. DOI:
10.16085/j. issn. 1000-6613. 2021-0763.
WANG Chunxia, SONG Zhaoyi, NI Jiping.et al. Pro-
gress of electrocatalytic hydrogen evolution reaction
catalysts[ J]. Chemical Industry and Engineering Pro-
gress, 2021, 40 (10): 5523-5534. DOI: 10. 16085/j.
issn. 1000-6613. 2021-0763.
VOIRY D, YANG J, CHHOWALLA M. Re-
centstrategies for improving the catalytic activity of
2D TMD nanosheets toward the hydrogen evolution
reaction[ ] |. Advanced Materials,2016,28(29):6197-
6206. DOI:10. 1002/adma. 201505597,
SUN X,DAIJ,GUO Y Q.et al. Semimetallic molyb-
denum disulfide ultrathin nanosheets as an efficient
electrocatalyst for hydrogen evolution[]J]. Nanoscale,
2014,6(14):8359-8367. DOT:10. 1039/c4nr01894j.
HINNEMANN B,MOSES P G,BONDE J,et al. Bio-
mimetic hydrogen evolution: MoS, nanoparticles as
catalyst for hydrogen evolution[J]. Journal of the
American Chemical Society. 2005, 127 (15).: 5308-
5309. DOI:10. 1021/ja0504690
JARAMILLO T F,JORGENSEN K P,BONDE J,et
al. Identification of active edge sites for electrochemi-
cal H, evolution from MoS, nanocatalysts[J]. Sci-
ence, 2007, 317 (5834):100-102. DOI: 10. 1126/sci-
ence. 1141483.
JOYNER J,OLIVEIRA E F,HISATO Y.et al. Gra-
phene supported MoS, structures with high defect
density for an efficient HER electrocatalysts[J]. ACS
Applied Materials & Interfaces,2020,12(11):12629-
12638. DOI:10. 1021 /acsami. 9b 17713.
HERNANDEZ R K,LIU J J,TU Rset al. Effect of
microstructure on HER catalytic properties of MoS,
vertically standing nanosheets[ ]J]. Journal of Alloys
and Compounds,2018,747:100-108. DOI. 10. 1016/
j. jallcom. 2018. 02. 347.
MAMMOOTTIL ABRAHAM A, BHARATH G,
HAI A, et al. Preparation of MoS,/graphene nano-

structures and their supercapacitor and hydrogen

F A5 M 3k http://cslgxbzk. csust. edu. en/cslgdxxbzk/home



48

kg ®ILXFFHROERAHF R

2022 % 9 A

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

evolution reaction (HER) performances[ ] ]. Journal
of Physics D: Applied Physics+2020.53(6) :065501.
DOI: 10. 1088/1361-6463/ab5873.

TING L R L.DENG Y L,MA L,et al. Catalytic ac-
tivities of sulfur atoms in amorphous molybdenum
sulfide for the electrochemical hydrogen evolution
reaction[ ] ]. ACS Catalysis» 2016, 6 (2) : 861-867.
DOI1:10. 1021 /acscatal. 5b02369.
MORALES-GUIO C G,HU X L. Amorphous mo-
lybdenum sulfides as hydrogen evolution catalysts
[J]. Accounts of Chemical Research,2014,47(8):
2671-2681. DOI:10. 1021/ar5002022.

LIU Z Q,ZHANG X M, WANG B, et al. Amor-
phous MoS, -coated TiO; nanotube arrays for en-
hanced electrocatalytic hydrogen evolution reaction
[T]. The Journal of Physical Chemistry C, 2018,
122 (24):12589-12597. DOI: 10. 1021/acs. jpcc.
8b01678.

HU W H,SHANG X,HAN G Q,et al. MoSx sup-
ported graphene oxides with different degree of oxi-
dation as efficient electrocatalysts for hydrogen evo-
lution [ J]. Carbon, 2016, 100: 236-242. DOI: 10.
1016/j. carbon. 2016. 01. 019.

YE Z F.YANG J.LI B,et al. Amorphous molybde-
num sulfide/carbon nanotubes hybrid nanospheres
prepared by ultrasonic spray pyrolysis for electro-
catalytic hydrogen evolution [ ]J]. Small, 2017, 13
(2):1700111. DOT:10. 1002/smll. 201700111
NAGUIB M,MOCHALIN V N,BARSOUM M W,
et al. MXenes:a new family of two-dimensional ma-
terials[ J ]. Advanced Materials, 2014, 26 (7): 992-
1005. DOT:10. 1002/adma. 201304138.

YU M Z,ZHOU S, WANG Z Y, et al. Boosting
electrocatalytic oxygen evolution by synergistically
coupling layered double hydroxide with MXene[]].
Nano Energy, 2018, 44 181-190. DOI: 10. 1016/j.
nanoen. 2017. 12, 003.

YUE Q,SUN J,CHEN S, et al. Hierarchical meso-
porous MXene-NiCoP
splitting[ J]. ACS Applied Materials &. Interfaces,
2020,12(16):18570-18577. DOI: 10. 1021/acsami.
0c01303

WANG H, LIN Y P, LIU S Y, et al. Confined

electrocatalyst for water-

growth of pyridinic N-Mo,C sites on MXenes for
hydrogen evolution[J]. Journal of Materials Chem-
istry A, 2020, 8 (15):7109-7116. DOI: 10. 10 39/

[21]

[22]

[23]

[24]

[26]

[27]

[28]

(29]

d0ta01697g.

ALHABEB M., MALESKI K. ANASORI B, et al.
Guidelines for synthesis and processing of two-
dimensional titanium carbide (Ti;C, MXene) [ J].
Chemistry of Materials, 2017, 29 (18) . 7633-7644.
DOI:10. 1021 /acs. chemmater, 7b02847.

LIPATOV A, ALHABEB M, LUKATSKAYA M
R, et al. MXene materials: effect of synthesis on
quality, electronic properties and environmental sta-
bility of individual monolayer Ti;C, MXene flakes
[J]. Advanced Electronic Materials, 2016, 2 (12):
1600255. DOT:10. 1002/aelm. 201600255.
LONKAR S P, PILLATI V V, ALHASSAN S M.
Direct acidic graphene oxide enabled fabrication of
three-dimensional molybdenum trisulfide and re-
duced graphene oxide nanohybrid aerogels with
simultaneous energy storage and electrocatalytic ca-
pability [ J ]. Journal of Energy Storage, 2022, 50
104296. DOI1:10. 1016/j. est. 2022. 104296

RUAN T T,WANG B, YANG Y B.,et al. Interfacial
and electronic modulation via localized sulfurization
for boosting lithium storage kinetics[J]. Advanced
Materials, 2020, 32 (17) : e2000151. DOI: 10. 1002/
adma. 202000151,

LEE C H,LEE S,KANG G S,et al. Insight into the
superior activity of bridging sulfur-rich amorphous
molybdenum sulfide for electrochemical hydrogen
evolution reaction[ ] ]. Applied Catalysis B: Environ-
mental,2019,258:117995. DOT: 10. 1016/j. apcatb.
2019.117995.

LI H L,YU K, LI C,et al. Charge-transfer induced
high efficient hydrogen evolution of MoS, /graphene
cocatalyst[ ] ]. Scientific Reports, 2015, 5: 18730.
DOI:10. 1038/srep18730.

YANG L J. YU J Y.WEI Z Q. et al. Co-N-doped
MoQ), nanowires as efficient electrocatalysts for the
oxygen reduction reaction and hydrogen evolution
reaction[J]. Nano Energy, 2017, 41;772-779. DO,
10.1016/j. nanoen, 2017, 03. 032.

EKSPONG J, SHARIFI T, SHCHUKAREV A, et
al. Stabilizing active edge sites in semicrystalline
molybdenum sulfide by anchorage on nitrogen-
doped carbon nanotubes for hydrogen evolution re-
action[ J ]. Advanced Functional Materials, 2016, 26
(37):6766-6776. DOI:10. 1002/adfm. 201601994,
YE W, REN C H., LIU D B, et al. Maneuvering

F A5 M 3k http://cslgxbzk. csust. edu. en/cslgdxxbzk/home



%19 45% 34 e P S, & MoS, /Ti; Co T, F &M A4 65 %) & B F A7 SR AL L BT 7 49

charge polarization and transport in 2H-MoS, for tion[ J]. Nano Research, 2016, 9 (9): 2662-2671.
enhanced electrocatalytic hydrogen evolution reac- DOI:10.1007/s12274-016-1153-3.

Study on preparation of MoS, /Ti;C, T, composite material and

its hydrogen catalytic properties

XIONG Zhongyi, REN Yanjie, GAN Lang, LIU Jincheng, MAI Longhui

(School of Energy and Power Engineering, Changsha University of Science & Technology, Changsha 410114, China)

Abstract; [Purposes] The study aims at preparing MoS, /Ti;C, T, composites and study its catalytic
performance for hydrogen evolution. [Methods] MoS, /Ti;C,T, composites were prepared by wet
chemical method using ammonium tetrathiomolybdate and Ti;C, T,-MXene nanosheets as precursors.
The MoS, /Ti;C, T, composites were characterized by X-ray photoelectron spectroscopy, X-ray diffrac-
tion, scanning electron microscopy and transmission electron microscopy. The hydrogen evolution cata-
lytic properties of MoS, /Ti;C, T, composites were studied by electrochemical methods. [Findings] The
MoS, in the composite was amorphous structure. MoS, nanoparticles were uniformly dispersed on the
surface of Ti;C, T, nanosheets; The overpotential of MoS, /Ti;C, T, composite was only 207 mV at a
current density of 10 mA/cm?®, and the Tafel slope was 46 mV/dec; After 1 000 cyclic voltammetry,
the overpotential of the composite at 10 mA/cm? only increased with 7 mV; There was a strong interac-
tion between the amorphous MoS, and Ti;C,T,, which significantly improved the conductivity of the
amorphous MoS, /Ti;C, T, composite, it can increase the number of active sites which had exhibited ex-
cellent catalytic activity. [ Conclusions | MoS, /Ti,C, T, composites as electrocatalysts can be prepared
by wet chemical method by using ammonium tetrathiomolybdate and Ti;C, T, Mxene nanosheets as
precursors. The composites have excellent catalytic activity and good cycle stability.

Key words: amorphous molybdenum sulfide (MoS, ) ; two-dimensional transition metal carbides and ni-

trides (MXenes) ; electrocatalyst; catalytic performance of hydrogen evolution
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