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Abstract: MXenes, an emerging family of two-dimensional (2D) materials with high electronic conductivity, large
specific surface area, good hydrophilicity, and regulable surface functional groups, have shown broad application
potential across the domains of energy, catalysis, corrosion prevention, and electromagnetic shielding. Among
numerous MXenes, Mo,CT, MXene has attracted much attention due to its excellent electrocatalytic hydrogen
evolution activity. This paper aims to systematically review its preparation and current research status in the field of
electrocatalytic hydrogen evolution, providing a comprehensive and clear reference framework for further in-depth
study. The synthesis methodologies and exfoliation techniques in recent years are comprehensively reviewed, the
important role as an electrocatalyst for hydrogen evolution reaction (HER) is summarized, and the optimization

strategies for improving catalytic performance of HER are addressed from perspectives of terminated group
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modification, elemental doping, and hybridization. Finally, a prospective outlook regarding Mo,CT, MXene-based

composites in the realm of electrocatalytic hydrogen evolution is presented. Despite significant research

advancements on Mo,CT, MXene, the absence of eco-friendly and scalable preparation methodologies remains a

critical challenge, contributing to elevated production costs. Additionally, the delayed progress in catalytic

mechanism investigations hinders the formulation of rational design strategies. Henceforth, efforts should focus on

developing green, fluorine-free synthetic approaches to facilitate large-scale material production, concurrently

enhancing catalytic activity and catalyst stability, and accelerating the exploration of catalytic mechanisms. These

endeavors are critical to advancing the practical application of Mo,CT, and its composite materials in the field of

electrocatalytic hydrogen evolution.
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* 1 FEZMAEHE Mo,CT, RIS 3344
Tablel Experimental parametersof Mo,CTy prepared by different etching methods 3% 3444

Method MAX Etching solution Temperature/C Time/h Ref.
Fluoride etching Mo,Ga,C 50% HF 50 3 [34]
LiF+HCI 35 384 [35]

HF 55 158.4 [35]

LiF+HCI, NaF+HCI, KF+HCI & NH4F+HCI 140 24 [31]

48% HF 140 96 [42]

Mo,SnC HF 60 72 [43]

Alkali etching MosAlC, NaOH+Na,S 220 2 [38]
Mo,Ga,C 20 mol/L NaOH 180 24 [44]

Molten salt etching Mo,Ga,C NaCl, KCIl & CuCl, 600 0.5 [11]
Mo inks KCl salt template 900 3 [40]

uv induced Mo,Ga,C UV+H,PO, RT 3-5 [36]
etching Mo-In—C 85% H;PO,+UV RT 3-5 [37]
Other etching Mo,Ga,C CTAB+HCI 160 24 [39]
HBr 220 72 [41]

LiBr+HBr, NaBr+HBr & NH,Br+HBr 180 24 [41]

RT: room temperature
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Fig. 2 Preparation of Mo,CT, by the top-down metho

d[34, 39-40]

(a) XRD patterns and (b, c) TEM images of Mo,C prepared by HF etching!®¥; (d) Representative AFM images of 2D Mo,C flakes of
different thicknesses'*’); (e) Polarization curves obtained from 2D Mo,C microcell devices with flake thickness from 10 layers down
to monolayer!*”; (f) Schematic diagram of the preparation of Mo,C MXene by CTAB etching™”’
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Fig. 3 Preparation of Mo,CT, by the bottom-up method®" >*- %]
(a) Synthesis of Mo,C by CVDP%; (b) Optical microscopy image of Mo,CP*; (c) Optical microscopy images of 2D
ultrathin a-Mo,C crystals with a uniform thickness of ~3 nm™*; (d) LSV curves and (e) Tafel plots of Mo,CT,/G"";
(f, g) Cross-sectional HRTEM images of (f) Mo,C-MoS, junction and (g) fully converted Mo,C*!
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10 mA-cm %, AHE T Ti,CT, (609 mV@10 mA-cm 2),
IR . E, 2R EE X Mo,CT,
AT R AT T IR AR . TR, A
[ i) % 72 BT 49 2 1) Mo,CT, 23 H 2% 4k 1) HER
Mefg. AR, HFRENES Kmei. ELE/ &
Bt R B R 5IHAME A 5T, ik
Mo,CT, [f] HER HLAEALERE, FEIUIS T — RAIBER .
% 2[14, 20-21, 23-24, 38, 61—73]U32m Tﬁfﬁﬂ% MOzCTx&;H\:E
A PR U A BT S U AH S T
2.1 KRinl&if

PR R, RutifE i gE % . MXenes #4%}¥)
HLF258, FEAA FEEAH HER 3&PE. 159K,
TE S 06 A BE S B ARUESL T R fE 1% T MXenes
HER PRS2 R . 2016 4, Pan 25225 T DFT
HHE, 2GR T MXenes(Mo,X Hil W)X, X=C /I
N)f#) HER PEfE. 3@id KRG BAEAFE H
Mgl MoX FIZhfgtk M,X 1) HER M, K3
MXenes ] HER 7§ 4 7E 1R K2R G THooRA
B SRR BRI D REAL . B AR B ThRE L
A DUE 332 5 Moo X (9 HER W&k, A Hod v fir
IEF%E. Ling SUSRHSE—MEEBEBIT T 10 Fhig
&SR BRAL A UL K 7 Tl X4 Ja8 B A 420 PO R AV 12«
FKI, AGy BHHIMEL, W Cr,CO,. V,CO,
Mo,CO,, fEREMAEHHR T, B2 BN &
ff] HER 171 . Handoko £5P°VS% Jj sz i6 #fF 75 A0 #1
WIHEAME &I, AT K EREEI(THX 5 Fh
A MXenes (] HER &I AL . B 50 R BH,
4 TisC,oT, JE 1 b-F 78 35 F i), H HER & PEAH X
B W, WFTE AR & 7 B WAR-F %
[ Mo,CT,, TEMVEHMEIRH, Hrad il
189 mV@10 mA-cm 2. M4k, Li ZU9% 16t
Mo,CT, KT £ L R BT T EW T 7, &t T
% RO [H B — 76 (F/O)F1 = JG(F/O/OH) M fig 1k
1) Mo,CT,. WFLEM, £ =70 O/F HIjaetk

TBAOH 4

intercalation

Mo,CT, MXene single flakes

K4 Mo,CT, ZlIth. HfiZ AR & fEn s
Fig.4 Schematic diagram of etching, intercalation and exfoliation processes of Mo,CT,
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£2 MoCT, RESEAMBABEENTS AL 202 252436073
Table2 Electrocatalytic hydrogen evolution perfor mance of M0o,CT, and its composites 14 20-21 2324, 38, 61-73]

Electrocatalyst Electrolyte S)v;rgog::giln@v Tafel slope/(mV-dec™") Ref.
Mo,CT, 0.5 mol/L H,SO4 283 - [14]
Mo,CT,-F 0.5 mol/L H,SO, 189 75 [20]
P-Mo,CT, 0.5 mol/L H,SO4 186 - [21]
N-Mo,CT, 1 mol/L KOH 191 88 [61]
Ru/Mo,CT, 1 mol/L PBS 73 57 [62]
Co-MoS,/Mo,CT, 1 mol/L KOH 112 82 [63]
MoS,/Mo,CT, 1 mol/L KOH 176 - [23]
MoS,/M0,CT, 1 mol/L KOH 11047 65 [38]
Mo,CT,/2H-MoS, 0.5 mol/L H,SO4 119 60 [64]
MoS,/Mo,CT, 1 mol/L KOH 150 70 [65]
MoS,/Mo,CT, 0.5 mol/L H,SO4 243 81 [66]
MoSe,/Mo,CT, 0.5 mol/L H,SO4 108.3 70.7 [24]
Pt/NBF-ReS,/Mo,CT, 0.5 mol/L H,SO4 29 24 [67]

1 mol/L KOH 37 36 [67]
NBF-CoSe/Mo,CT, 0.5 mol/L H,SO4 70 30 [68]
1 mol/L KOH 81 29 [68]
Ru/NBF-NiSe,/Mo,CT, 0.5 mol/L H,SO4 30 25 [69]
1 mol/L KOH 39 29 [69]
NiS/Mo,CT, 0.5 mol/L H,SO4 157 77 [70]
CoP/Mo,CT, 1 mol/L KOH 78 66 [71]
NBF-BiOBI/Bi,Se;/Mo,CT, 0.5 mol/L H,SO4 109 36 [72]
Mo,CT,/PDTDA/rGO 1 mol/L KOH 59 44 [73]

PBS: phosphate buffer solution

1) Mo,CT, /1, F 2 A1 229855 H B ft, {3 HER v&
PELL 524 O TIBEALI Mo,CO, B 5 —octtohhg
b Mo ,CT, M b, = eI fEIL Mo,CT, FEAA R I Hi 85
S50 H R BE 7, 1E 40468 o R IUR/B AT DA
ARG 9 =t Y gtk Mo,CT, ) O-H #, fii4k HER
T

BT, X T RumE it 7t K 2 & fE-F/-0/
—~OH SR MA R, HoAth 2 % [ (W-S. —Cl.
-Bn)f) MXenes R D& R IHI| 2%, (HIX H I %}
MXenes HER V£ 8 1) 5210 i AR AT 2 78 703018
22 TEBZ

Bk AR A& 41, 180T LB 5] N e R 107
i, BT ETFEE RS K B, AR M
BHO TR MR, $27F MXenes [ HER 751

Ding 2@ i DFT 58 70 1 24 J5 7 X(X=N.
B. P. SYBIEX MoC KA IIRE MaCO»(M=Ti.
Mo)f¥] HER PEAEMISEM . 45 R BoR, ZRIE T4
M,CO, &5 7B & MR 4 M,C B 5 & 1)
HER #1635 M . Qu 2 3o ] e o B A Ab B, s P
FOHE Mo, CT, (1218, KT Mo,CT, 12 ] i,
IR XRD B3 A41(002)fi7 51 16 72 7 (K 5(a)). 1EIR

PR B P, BEALJE P-MooCT, K3t e A2 AL Ky
186 mV@10 mA-cm °, KT Mo,CT(300 mV@
10 mA-cm *)(J& 5(b)). H H 7 HE 5% HL L (RO 175 Q,
/T Mo,CT((800 Q), Wil S(c)fim. ERTHH 4
K, P-MooCT, If14: @ et UL R S AGy, 2&H
HER 1EREML RSB T AE . Tiang S5 1°VSR P o 26 1%
#1817 B35 241K Mo,CT,. M4 B BoR, N-Mo,CT,
ff) HER 1% f%(191 mV@10 mA-cm %)% Mo.CT,
(244 mV@10 mA-cm ) S E, WE SR,
DFT iFH %, N-Mo,CT, 13 a1 T H AL 1 He F-45 44,
BAHARK HO 4> FiEssae . H WP BERE, MR
BB AR PE . 24 N-Mo,CT, # N/C J&F Lt
2 BF, MEH) AGy E4EIE 0, Wl S(e)iN.
Kuznetsov Z51LL Co BUR (AR ALAH (B-Mo,C:Co) Jy
JFRL, ARCT MoyCT,:Co . HEFLLEH KM, Co Ji
T 4% Mo,CT, k& o Mo (AL B, A2 BLH A &
Co MMERAFIE. L5 DFT tHEHER, M
F Mo,CT,, Mo,CT,:Co H.5 ¥ = ] HER &tk .
23 ZUES

Mo,CT, H & BB HER 35, SR 5%
BE LR B B AT L, IR IH AR RN 2
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Fig. 5 Characterization of heteroatom-doped Mo,CT, materials

[21, 61]

(a) XRD patterns, (b) LSV curves and (c) Nyquist plots of P-Mo,CT,*"); (d) LSV curves of N-Mo,CT,*";

(e) H atoms free energy barriers for different structures

. STk, B Mo, CT, 5 &R RUES, BN
NI HER PR A HA R 7152 — o AU
Wi, BEAREATER B eI T I SR s Ak A/
e % F B R DL 7 1 HER 4L, @il 5
Mo,CT, =4k, T WhFEAEH, #27H HER HhE.
231 Mo.CT,/=&E%

Mo,CT, MR TAR, A 3 ot & 8 91 K
Frak AR OE T AR %1 [FE, MXenes )5 H
PEAR S, BIEAR KAERE L Bh )1 7 84k A RL Py 3 e A
) e A% o Wu 5 TOPLR Y TS 3 5 1 7 3, E %
L R T H R Ru/Mo,CT, B A #ALF],
o Ru DARI#E I 3 S1 4 2 72 Mo,CT, )2 I,
Wi 6(a)frn . 7EH M B, Ru/Mo,CT, i B
A4 J9 73 mV@10 mA-cm > (& 6(b)), Tafel 13N
57 mV-dec ' (K 6(c)), I T HIMALTE .

& 8 A/ UKL TR T 25 06k A 1 A7) 1 18 A 1
ReAR s E R HEMIMEN . Zhao VKA DFT LAK
S FE J1F (MDY, Pd. Au Bl FE RGN K KL 7 7E
Mo,C. Mo,CO, fl Mo,CF, FHIW 4T N, DFT it
HEE R EIR, Pd,/Au,(n=4~6) A% 7E Mo,C | 231 2D
TEAS, MAE-O F-F Ui Mo,C F ARy =4
BD)YER, K 6(d~)E/R T Pd 1 Au B#E7E Mo,CT,
FTHI Y 2D A1 3D #4284 3K FH MD 40 171 25 £ Pd/Au
JEF B oL, 4555 DFTFSZ(9 2D-3D A K ia A4

[61]

— 5, XU Mo,CT, 13K I = 58 96 45 20
Pd/Au M H & B9 KR F S . X T
Mo,CT, % 5t 4 J@ AL 1 5 28 ¥ ik B B2 )
53-8
232 Mo CT/HEEEHXEWHK

7E HER A4S, o 4 BRI MoS, 1E N
— iV e R AR RS2 O, AR, KB B A
TE—E AR, — 5, FAEATE A SR T
Sl g, SRR AL BCR R Z IR 5
— T, KSRz, ST B AR,
AT T4 OB PR AT . AR RENZ,
MoS,/MXenes 57 Jii 25 1) 1) H B0 R At o b A r) R
T HROEE . %L ERE B2 4] MoS,
B S REMG!, F A& R, SRR T
TR RS, NRTHAE HER MERE RIS T H R
fFo AR, PR EANTRE T #E MoSy/MXenes 7+
R LI HER TRRE, FFEUE TiE2 BE .
Liang 25 % T Co-MoSy/Mo,CT, 4K Z b k4 Kl o
Co BAAHXIHTT T MoS, ML T4M, & TH
AT ARGETE M. 5 R, Mo,CT, HeH i
PEFT A5 AT IR O E T Rg, N TR B
T GEIE . Co-MoS,/Mo,CT, 9K E &4k B A
WAL TERE, #E 1 mol/L KOH w, i H 74 Ay
112 mV@10 mA-cm (& 7(a)), 3¢ B7ERE LR
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Fig. 6 Characterization of Mo,CT,/precious metal hybrid materials

[62, 76]

(a) SEM image, (b) LSV curves and (c) Tafel plots of Ru/Mo,CT,[**; (d-f) Top and side views of the geometry of Pdy on bare Mo,C, M0,CO, and
Mo,CF, with blue, red, purple, brown, and cyan dots representing Pd, O, F, C, and Mo atoms, respectively!®); (g-i) Top and side views of the geometry of

Auy on bare Mo,C, M0,CO, and Mo,CF, with yellow, red, purple, brown, and cyan dots representing Au, O, F, C, and Mo atoms, respectively’

T R IR (& 7(b, ¢)). Ren 2L Na,MoO, H,0
Mo Y, CH4N,S AR, KK #IEH] % 1 MoS,/
Mo,CT, 45 #) . £ 1 mol/L KOH 1, %5 )i 4544
(3 B A7 176 mV@10 mA-cm 2.

T, MoS, TR BT [FII 51 X Mo
PSR S Y. BRI, IR HE AL S RERAR, 7E Mo,CT,
f3EAl EAL SN S TR, I Mo,CT, R AL hR b, i
%7 MoSo/Mo,CT, 5 Jfi 4544 . Unnikrishnan Z£5811),
BAR Ll (TAAYE BRI, 1 Mo,CT, &l Mo Ji
TALTERT E LM MoS,, #1457 MoS,/Mo,CT,
SAMAT . LMK, 71 mol/L KOH W, %5 i
ZER R BALZ 110 mV@10 mA-cm 2. JCAE K
&, 1 Mo,CT, R K1 MoS, #2217 B 15161
TEH, A RGRTH T E &M At et e
3000 RAGFRIIA S H HER #RAbih &5 AR, 4
B 7(d) fis . Lim 258 H R AL ek vk b 7
Mo,CT,/2H-MoS, 4K E &M k. F 5L #E 15 1

[76]

Mo,CT, M ] MoO; H ##1k°N 2H-MoS,, U
K 7(e)fra~, BEALEE T MXene HISEAL I, X [H)2D
PeE T H A ERE 1. 7E 0.5 mol/L H,SO, 1,
Mo,CT,/2H-MoS, fiid LAYy 119 mV@10 mA-cm 2,
Tafel R Z AL ZE 60 mV-dec '. Benchakar 2642 1 7
— PRI T, B S By 5 Mo.CT, Fr KR
&, B AR AT FE A MoS,/Mo,CT, B &k
o MK, 7EFRPE M1 mol/L KOH)H, 1%E
AT AN 150 mV@10 mA-cm . Wu
2t L0035 475 30V B B MoSo/MooCT, S ST 25 4, Hor
MoS, 44K B 5| £ Mo,CT, # Ifl J& 7 & B 4 1
(B 7(D). XFBEFI SRR A T T8 AR, ik
T AR, TR 5 T AR HER
AL . 7E 0.5 mol/L HySO4 ', M0S,/Mo,CT, 44
KBE B 3 B A 243 mV@10 mA-cm 2, Tafel 413
81 mV-dec ',

ERR EPERE Mo ,CT, 3E & A AL iR
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Fig. 7 Characterization of Mo,CT,/transition metal compound hybrid materials

[24, 38, 63-64, 66, 71]

(a) LSV curves of Co-MoS,/Mo,CT,'*]; (b) Stability of Co-MoS,/Mo0,CT, nano-arrays measured by chronocurrent method!®); (c) Polarization curves
of Co-Mo0S,/Mo,CT, electrode before and after 1000 CV cycles at 100 mV-s'®); (d) HER polarization curves after 10 and 3000 cycles of Mo,CT,
and MoS»/Mo,CT,**; (e) Schematic diagram of Mo,CT,/2H-MoS, synthesis[ﬁ‘”; (f) SEM image of MoS,/Mo,CT,*%);

(g) HRTEM image of MoSe,/Mo,CT.,@C nanohybrids™"; (h) HER and (i) OER polarization curves of CoP/Mo,CT,!"!

W 7 4% %208 H ] MoSo/Mo,CT, & R 2 4, HF 5 # A1
ERETF— AR5 HA Mo, CT, HEE A ML,
MoSe,/Mo,CT,~ReS»/M0,CT,~ CoSe/Mo,CT, FI CoP/
Mo,CT, %5, J13R¥Z48 o 2 B A7 sLll M a8 (1 {1
FHBE. Tan S0PV T — R B URE SO0 485 140 1) I
Rk 7 B MoSey/Mo,CT, 7% 16 #1 £l (MoSey/
Mo,CT,@C), H HRTEM & @l 7(g)fim. %45
Fyrh, S MR Mo, CT, 4+ RESG 58 T L 5 #
RE 71, A RMTIET MoSe, 99K 1 I, &%
HOKE RSO S A, REEERUERT S
HPERE, HEBERE, A Mo,CT, M T 4 5k,
A R P 1 Mo,CT, fE & g (AL 2. 7
R M HL A W P, MoSeo/Mo,CT,@C 1 it H# £ A
108.3 mV@10 mA-cm >, fEILHAL T AL BE .
Yi R BB A S ReO, ShHLITIE AR T
Pt H1J5F41%k, N.B.F 41 PUNBF-ReSy/Mo,CT,
AWK, R S BT, iz

R IR N AL S P o 7E TR Tk AN B b A R
Pt/NBF-ReSy/Mo,CT, 13 #0740 AL N 29 Al
37mV@10 mA-cm %, Tafel &} % 2 %N 24 A
36 mV-dec ' Yi S5V AF B T A 40 B & O 110
3, AT E S Se &6, A4 N, B, F B4+
(1] NBF-CoSe/Mo,CT, & &b 7] . T abih 5] Nl 2
P UL B HESS A R 51, Wi h RE B35 4w
A PPRLT HER 5 14 o 76 B8 PR AN B M 250 o s 7
43519 70 A1 81 mV@10 mA-cm 2, Tafel #1543 51
30 F1 29 mV-dec . Yi Z5EVR F B FIRAALE NiSe,
I RBH B 2, RS E Ru BRF, BT
Ru/NBF-NiSe,/Mo,CT, 54 B M. 75 B 53
MR T, AT AL A 30 F
39 mV@10 mA-cm 2.

Wu SO i 751 P 4% 7 NiS/Mo,CT, B 4
AT, NiS HFE#RAN Mo,CT, 32 J5 I il i 45
FJ. 7E 0.5 mol/L HoSO4 H, & &AL At FAL
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Fig. 8 Characterization of other Mo,CT,-based hybrid materials

[72-73]

(a) HRTEM image, (b) LSV curves and (c) Tafel plots of NBF-BiOB1/Bi,Ses/Mo,CT,"?; (d) SEM image,
(e) LSV curves and (f) Tafel plots of Mo,CT,/PDTDA/rGO"!

157 mV@10 mA-cm >, JEBLH B K RIEALTE /7. Liu
TN IR F FF 0% 3 HL AT S0 Ak RBT 4800 0 ) XLl
REMEAL T, W H CoP/Mo,CT, X IhBEMEALT. 7£
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B HER i E. Yi 2720 B RS B A R,
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HAMATI(E 8(a). AFTAZ, BT B SH=ZiE
755 DA L 5 R A AR, B3 B4R H Ak 2 S A
FAEEVENCN AR . A0, 4HE Mo.CT, &5,
FALM RIS T ) HER PERE. ERRMEAN R,
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