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Recent advances in structural design, electronic regulation, and performance
optimization of MXene—based electrocatalysts for hydrogen evolution reaction
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Abstract: Driven by the global transition toward a sustainable energy future, reducing carbon emissions has become
imperative. As a clean energy carrier, hydrogen has emerged as a key component in this transition. The hydrogen
evolution reaction (HER) via water electrolysis is a critical technology for enabling a green hydrogen economy;
however, its large—scale application is hindered by the low efficiency, high cost, and limited durability of current
catalysts. In this context, two—dimensional transition metal carbides and nitrides (MXene), which possess metallic
electrical conductivity, hydrophilic surfaces, and highly tunable electronic structures, have attracted significant
attention as promising HER electrocatalysts. Nevertheless, pristine MXene suffers from several intrinsic limitations,
including low catalytic activity on basal planes, severe interlayer restacking, and structural instability under
operating conditions. To address these challenges, this review systematically summarizes recent advances in
MXene—based HER electrocatalysts, following the framework of "structural design - electronic regulation -
performance optimization. " Key strategies for enhancing catalytic performance are discussed, including surface

engineering, heteroatom doping, dimensional and morphological modulation, and heterostructure construction.
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Furthermore, considering the susceptibility of MXene to oxidation and structural degradation, we provide an in—

depth analysis of deactivation mechanisms and outline effective strategies for improving stability, such as chemical

antioxidative modification and the construction of protective physical barriers.
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Fig. 1 Strategies for modification of MXene—based HER electrocatalysts
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Fig. 2 Typical structural characteristics of MXene: (a) Schematic diagram of MXene preparation *”;(b) Scanning electron microscopy

(SEM) image before etching;(c) SEM image after etching *"'y(

and termination sites””;(f) Structural defects *(g) Edge sites
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d) Transmission electron microscopy (TEM) image ™;(e) Atomic structure

[24]

W T B

'ﬁ» = %ou
“"

u&a Hnyrovskysm w H,

Tafel Step
/H,

3 fEA[E pH %4 T 1Y HER (14 52 B AL
Fig. 3 Mechanism of hydrogen evolution reaction(HER)

1.3 EBfRRIMEX MXene 4 B9 % Mm4L )

Tt B VEIR SR E PR, IR BT S i HR A
A JRE B PP N W RS AR TR () 1Y B R .
Sabatier i B FS 1, BRARE AL T A9 AG, W %308 T
0. WA MXene 218X H* (149 0 B 18 58 (AG,. 51 {5
K, PP X L 5o Heyrovsky % Tafel 25 55 i [ 5
AW B i 55 (AG, a3 1E ) , ] Volmer 22 BEME L K& =

SR, FEAS [ (4 i i J3 pH R 55, MXene f 4k 5 T
AITROUAE AL St e A B 22 57

1.3.1 R EEHrapuhl  FERRTEIE T, BRI
BB T MR R A R RO T
MXene 3 T8 3 5 (9 i HL I B RE O o |R TR 1R S5 1
T Volmer 2 BEH Holl s, HER A9 % IR AL 8 R 32
BZIRT AG, AT 2P, AL 7E IR A



5 XX

www.hgxb.com.cn c 5

DFF B H P Y H 22 fd MXene 22 18 -0
Uity 3 % AR S A Ak, LR AR R ) R A HE AR
FfEfLag

FERMEA B HER 2620 LA K 20 1 i B ke
Mo BEHT, MXene 3 T % 5% 19 55 7K PR 2o 3 463 Ja8 137 4
T BRI 2 65 19 AR B OR AT Bk H-OH &, i1 15 1 14
HER Wi th & 2 J12Fag 22 L, Bt 450 T 1Y
Volmer 5 B8 £ B A il 249 48 0 2 17 1 3 23 e i A6
B DA IR R P sl e AG, AN 2 LR
FIRTHIERE 7 E AN H AT BTG PO,
FHZE AT AT S W B - 224 K 201, [R) B R FHAH 45
A7 s A S BB
1.3.2 A WHeabuhl R HER &
e, IR K MXene L5 R BN R .

FEFR A B Hp | B AR v e B 1) S5 Wi A b i ok
T Volmer W fff 25 3% | {H X 8L i 1t 2 i MXene H
)42 J8 41535 MXene Z [0 (9 BRI 25 A 8, 51 &7V
() LAk T il o TR A Al 7 7 M Xene 3R 7T 14 155 1 M
S JE A o LA B B T 0 % 2 T PR A
R ) 2R R B

PR B, & B AL T A AT i X
B, {0 MXene 5£ IS B 17 I 25 20a 19 040 W
WFSE R, K53 S S IR PR S P s vk B OH

0 0y

1=

-

o3
o

)
0*

B3 L R A B4 DI ) el B ARl M- X T
PO R LA R S AR, R 28 A GG R 1 —
AALER (Ti0,) AR A ALY o LA, Bl
10 FL A S A o R e 2 ik — 2P i — 4 BRI
S RAE B AR AR IR PR A7 A

25 BTR , JRUIG MXene 3B H A HEAL TR M 2
ARG RE S5 IR AL, 5 G T S i A % P i BB
WU . I, SR I — Se A S5O s A 42 L R 14
P AL STPTIE 1tk 5 b AL B P R ORI IR 2R 2 2 i
$2Tt MXene SEAEALTTIZR G TEREMIRZ 0 DT 15

2 MXene Z£ A& 14 7 45 A5 1% 1

MXene & A I 9 k24 8 F AR, T PR SR
AR, FECE W HER ARNMEMEE AR . R TR
Bt AR SRy R AR, WA AR FH S 1Y) T SR W 1B
MR HA5A . AN 4 78 , MXene Sz HRiT SRR MAX A
FLAT AR I3 5 L B v O 0 o0 2 AL AR 2 [A] « HLAZ O
B A U 4R (M) 5/ T R (X)L,
FEZI I A JZI0ER T, B2 58 1Y 2 1 0] LUBEAS [ A9 fk 27
Uit 3 () BT A , R i S P RE DAL B 448 7 I i
YIA G . BT X — AR 3L al , AR SOR 5 47 1 1A 26 1
T AR T84 48 SIS DL g
AT DU RAZ O B T SRS

Iu
L]

==

=
o
=
@

B ol =2l

5
= [
12 |4
Al (Si|P|s
29 M
o o 5 e
47 48 49 | 52 53 54
d| Ag||Cd| In _ Te | | | Xe
T3 B0 81 82 83 84 (85 BE
t | Au| Hg|| T |Pb| Bi || Po| At |[Rn

Kl 4 MXene HLAEALTHI AR 4LR0R IR

Fig. 4 Schematic illustration of elemental composition and structural engineering strategies for MXene electrocatalysts
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