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Abstract

Transition Metal (TM)-based catalysts are widely studied for their unique advantages in water
splitting. Despite significant progress, efficient kinetic regulation strategies for TM-based mate-
rials in electrocatalysis and real-time monitoring of the dynamic evolution of reaction processes
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are still in the initial stages. By introducing heterogeneous components into the TM-based catalyst
and forming a specific interface, it is beneficial to adjust the catalyst interface environment and
chemical adsorption behavior, thereby accelerating the kinetic process. In this review, the ki-
netic regulation strategies of TM-based electrocatalysts are timely and comprehensively sum-
marized, including interface engineering, defect engineering, doping engineering and crystal face
engineering. Finally, we outline the current challenges and identify the opportunities facing this
emerging area.
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1. 518

e Al P SR T F AR e AN A1), B R — s R R —ARERIE, s Al AR
(1) A A 7 A2 1 24 MR ) Pl b = b R J R S BB o AR I ) B R R [2] . H AT AR (H) K 2 i it ik
AR ZRE R AR [3], AAAEERZ TR SIAEEIN, EE . o AR RIS R0 Hy R F AR 2 iy 5k
BURZ T AN 2 30 08 i) BRI BOR GRIEE 2] [3] [4]o JeM/R BRI £ F) Hy A1 O, BN 2 B AL
FIRBH AT HELE . SRR S R [3] [4] [5], BUAfEX R, /KEERME—RRG ST, AR
PEE A BRI = i [4] [5] [6], Ho BABEIIEIRT, RS & I EoB ™ £ K [7]. 1789 4F ¥ IRHRIE T /K140 2L
H,O(I) — Hay(g) +1/205(g), AG =+237.2 kI'mol *[8], AE =1.23 V Hixf T IE# A/ R (NHE), HALEH
AN FHARHT U B (OER, 2H,0(I) —4e + 4H'(aq) + O,(q)) MBI H T & S Wi (HER, 2H'(aq) + 26 —
H,(9)) [6] [7] [8] [9]. E4RHLE b HLMR/KI /- fi S 1.23 V, (HSERR b 75 B0 i 1) FUH ok s il B 2% 5
PR RBERE, XBRR A B () [2] [4] [8]. KM Bk T OER A HER: PHARZEAS (VY B FH5 R 5)
F15 LR IR AR 2425 5 (0 — TR 3 1% . Mk, O HER R OER i A2 0T ) e sk L (i AL R B8 A )
SRR 7K o il B b, (REE KRR, ibReEdk.

TR T AR KR, A B T AU B A SR U — 5T, R B A R R
PP TR, RIS N HA ] DL AR BOR IR R 2 BE 2] [10]. 3 — 5T, FEAREA RIS B A H e i
FRE P, IX R FELAE AR AT DA SZ A F 1 0% LR /KT AN 50T A v 1 DR R PR [11] o BT IR 4 S R A A7)
F AT IS H BT SR B 1) HER AR, UM BEANTRE A AL AL A #e(HBE) FIER f 2
1T B RE(AGR), REBEHR AL 528 e FIR 35 T (o) FI AR /N Tafel R4, FF77 A2 ~1009% 19247 55 20 [12] .
AR FEFNET (Ru) AL S04 HE 5 S K OER K. K1, 7E T RREEREVR AR IHESE N, & & I s
BRI 7 3 e A 7 P e LA RE R [10] [11] [12] [13]. BRIk, Wit F04 i o w2 i i U 4 (TM) 2 K R
IK B AT — BT T I B ORI A [14] . 7EERZR 2% OER I HER FEMEAL TR 2EAE b, AATIfH 718
KFEFEISS ), 40 OER WIS Y. Wlifdn. BRLA S Y, LA HER MR, Btk &4y
A4 4:[12] [13] [14] [15]. &AMt f0E, KE2H TM EEAFIA R LA SEMEREK, FAENIr
SR, B RS XA AATIE I AR TM J e e 4 70 ot 25 F TR SR, DA
Ht HER/OER 2 (93] 11 24[14] [15] [16].
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TEIX RS sk, BATALS T 3T TM B0 T AR SENS, MG AT RS SR AS  TEE B4
TS . LUR & /N T 0 A 45 R S L e S e AL ), DR B AL RS . R4, TR RSR T
FEAL A Y S0, AL B8 I3 T T 51 P 355 P RIS I M o7 f R, T IT R s M AL
oS5, A T T T F i Ak e o R FE T 45 i e SR T T R B SRR S 38
2. BhHQEETHIE

ST TS R, U LA B AR, 3 R R T AT LA A B A3 M e R
TR A 1] B F K A BRI . 75 220 JLAE B, KR AT I8 TAESU T & RV B0 R s A 1 Th
KO, HERE S, H TM SRR R IA A TR S 4 B . Bt it
T TR A FLRE 1 TM 35K A AL 70 DA 24 46 2 21

21 FEIIE

H SCHEARY B R AL R A SC B T ) 2 R DR T e PR B 0 e . | SCHE AR LA 7 1 H Ao
R N =N RE: 1) RTINS, 2) FEMMEAFIAE, 3) MRS A7), &
Tok 7 )k e ST W] DA R e SRR A A AR R, DRRIE S o AT = A B ST 1 22 R AR IR
RE L ARSCIRATRE VR AT 18 R 0T A BT (P LA ) A7)/ R T R ) P AR T

S SR AE LT A2 ST TR A B B B 43 (18] S5 5 WL A0 ) Bl T OB B B 2R, AR AL
IR iR B I AR S R AV RE[18] [19]. A5 o 1 20 64 3 SO THT R Bl IR RO L 5 2 ) P AH LA
FHEAE ST E PR SCRFAONE, AT A 85 230 W o T B 1 o AR SCTRATTRF IR N 148 S I 485 L A A7)
LR ALY, ELFEWMEIRS . H 5 AH B A SCRE RN . Bl R] 2808 Ay St Joid 45 F A A 7] o ) AN (] i 20 o) 1
SR AN [F] R M, S8 S O 4257 A G Bl - A 71 S 2 R R AR T M [19] [20] 6 ANIR] PR B 23 X6 AN [ 1) 25 T
SOSERT BN AR R TG PR . PR, JE IS A ROE SRR R 2 AL, AT DA E SR S T [21]. 1
1, Ni(OH),/MoS, FAEALFIZRI HAR B [ re AL TE Y, v T 3E— DI B RIRLS, WA E AT TR T%
FEiZ R IR (DFT) BB THE . 18] 1(a)~(c) @ T A HER W NP B, B 48 7K A 25 A O BT 2L Hags AN
AR Ni(OH)/MoS, S RILH A RN Hags &54 H HRE, HETER, BARBIORMNME. Fik, X
Ferbip R RO AT DL AR E HER 1930 /1% . Xu %58 A FH B Ni(OH)/NigS, 5T 9K b il 46 T —Fsi 24 1)
YRR AL, X HER o5 H R AP R IEE[22] . SRR AR (K 1(d)), iEMEMIRE E 2|
T Ni(OH), F1 NigS, 2 [ I P [F) 2808 o S5 0 235 57 i Ak WL PR AH EL AR FASE A R T 850 R AR 0%, B A—A
W FRe 20 5 — A5y, Fik TR, T UK B A R BN B R RE R R e, RS
HaE. B, Zhou SE NBFFCRIETE T —FPHT BLR) S 45 (4 77), % HER A1 OER B R 47 ) rLfi Ak 1 e
[23]. il 1(e)Fivn, M X SHEATH (XRD)E TN, TERRATHEIR AN AR BT 75 77 4 MoS, FIMIR 45 it B 11
SLJTAH CoSpe SIS CoS,/M0S,@CC KILH AL F I HLHEALERE, HH CoSy/M0S,@CC 4H 2 17 XX LA FEL A
JRAE 10 mA-cm 2 I R EE 1.59 V) st oL (14 1(F)) [24]. BLAb, 545 MoS,/NisS, BA =5 i1 FL i (14
1(g)), 1 X FHEEIEHL T RERE (XPS) 45 R KGHIE T MoS, Al NigS, 2 A58 U FLFAH A - X —4Moks A B
FKIEH = HER A1 OER HIMEAE. M0S, Hl NigSy/NiO 2 i) £ 37 1) 57t Jii 45 S 181 A [7) I (i 3k S A0 & S8 0
DAL B, B2, FAG A SR AR B AMAOK S R T TS B T B A2 =

B R E R AR R P I 25 A 2 5 e F A TR ) — SO E R A e . il B KAE B R T
(11 CoS 9K J [ 471 LU AT B A (1 90 K SO I HH B 47 1Y) HER T ME[25]. S5 R0, FEp iRt xd b
REA R sz . [RIEE, 8 R S e AR B SR (R RE, AT AR s A R AR, (R
KRR . Gao S5 AHRIE T —FiEIREREE sitl, HAEFPE BT HER I OER #BA A %0 1) LAk
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PERE. SKIREEREW], a-Ni(OH), M@ A1 BCA MR AHE)Z , IEIIEVE e AR R Z 18R J 77K B
ABRFUR RN o XARAEIR T HEAL R BRI AE 0, 3958 1 o TR R 0 MIAG 2 1 [26] -

(c) - —— MoS, side
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- o N —_
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Figure 1. Interface engineering: (a) Schematic illustration of water activation; (b), (c) Free-energy diagram for HER on the
MoS,, Ni(OH),, and Ni(OH),/MoS, interface [21]; (d) Schematic illustration of the HER activity enhancing mechanism of
the Ni(OH)./Ni3S, nanoforest in alkaline media [22]; (¢) XRD patterns of pristine CC and CoS,/MoS,@CC intermediate; (f)
Water splitting polarization curves of CoS,/MoS,@CC, CoS,@CC and MoS,@CC catalysts [23]; (g) Proposed mechanisms
of water splitting on the MoS,/Ni5S, interface [24]; (h) The corresponding free energy diagram for HER on the surface of
NisgMog and Co(OH),, and the interface of Co(OH),/NiMoy; (i) Polarization curves [38]

B 1 FEIRE: () KELUHRER; (b), (c) MoS, Ni(OH)zﬁl Ni(OH),/MoS, ZH L&) HER BH#EE[21]; (d) B
r; JﬁEP Ni(OH),/Ni3S, K ZR MY HER SEMIZRHHIREE[22]; (e) RIS CC #1 CoS,/M0S,@CC H[akf XRD

£; (f) CoS,/M0S,@CC. CoS,@CC F1 MoS,@CC L5 Eﬁ#&1tﬁﬁé£[23]; (9) MoS,/NisS, 7T £ HI7K 53 BRALE[24] ;
(h) NisgMog 1 Co(OH), R A K Co(OH),/NiyuMo, FTE LH) HER BUFER B FRBER]; (i) #RiLrhEk[38]

TR RO RS (— 4« L= 4ETEE) AN [F0 AL A P B A 2 1 0 A 3 TR (52, E ] DA
I VR 4 TR A B T AL 70 [ A AR P [27]0 b T F AR SR AE 0 W R 1 5, K LR T B 1
iR I RIS 2 AR B P VR PR AL R T 1, AT B iy 1 e AL P [28] 0 ltn, — EANK S5 K B 51 BEAR i 1 O
FEHNAETERS, AMNAE W RSB ER A TG PR X3, 17 LRk — 358 7 HoE % [29]. Li 5 AR5
) NiC0,S, KRR I T ML 825 (1 s Ak 2 ME RE[30]. B4R, NiMo B ALMIgK 2[5 51 [31]. 32T CoP,
PUKLZEFESI[32] B4 CoP GKEEREF[33]. BALELGIKLE[34]F NiSe, 9K 2R B 51 [ 351845 1UE B 2 =
TEERIHEAGTTI36] . BR T —MRIADKRERFEFI AL, —4E 2 LR S MIBE S A5G 3 1)z AR 5T [37].

TR A AR G R DR A R R LR TR, E ST AR O TR A IR KR [39]. — 5T,
YEGNK S5 K A e) RS AR XA 2 . ) BRRN 1A M e 1 FH[36] [37] [38] [39] [40]. 53— 7J7 i,
THERRH R L R T AR AT T e ks R . PRI, R gk g R T AT AT LU ROt 3R
75 H AL A S s P F R . BN, Ding 25 N il 4% 1 BRAT L) CoP 442K Fr B 51 (CoP/CC) R HLH
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RIAFAREE[39] [41], T HHEOR FITE AR T8 5 HER WITERE[41] [42]. Zhang S8 Nk T —Fh =4k
Wi 5 45 ¥ [38], 1 Co(OH), 75 i F5 %1 £ 3 NiMo & 4 1F 2% 1 Bk A 3k i b 19 = 4 4% 5% 1 i 1k 571
(Co(OH),/NiMo CA@CC). sl 1(h)fr7r, DFT i3 E] NiMo 5 Co(OH), [ & ] LABE i s AR AL AT &L
S5 FR R K R A 53 RV BT, s OER (#1311 772 - Co(OH),/NiMo CA@CC [ HLifi % )% 4 10 mA-cm 2,
Fth AR 2R 1.52 V (1] 1(1)). Ak, 765 s b JRAT AR K GRS B 21 5 4o 2 I 1 S 3 e S 8T
WG A FEL T A% F BRI D T e PR S A PE %E . Wang 25 AARGE T ERRAT b B AT A O E 7 CoMoS,
YIKE S (CoMoS, NTAICC) [43]. [FIFE, Huang 58 N\ &k 181 CoNi-MOF 442K J7B5%1) (CoNi-MOFNA)
YE NG ) OER HEMK[44]. T MOF 9K F il LL 58 478 o5 — 4k CoNi &4k

22. BPETRR

R B A AE AR R b SR 7 e AR 7R) (0 L 5 MR A 22 0T, 5 08T I B 2 o B 2 AT R R0
[45]. T2 i FLHE AL R AL BB [45] [46]. SRFE AT LA A MR A S B sy, AHEZE AL [47]
BAYI[48]. L5 [46] [47] [48] [49]. DML, &3 BCTH-BRAE XS T 188 o fhe Ak 770 1) &5 1 DASR i PR A s 1 2
KHE T,

23N A A SR P — P SR, AR B AL RE S [R) R JE R0 B AR T BB [50] o K 257 (0 O ZE A
S AL, N 4051 B CAIE B2 — P A I E B E LA, v DGR A AT . FERIE LA,
W2 RN R CEHE T EF206(0. S. Py B %)MJ714[50] [51] [52].

SR A YT AL, FERDR R SO, 2 LR SRR . ARYE AR SR, B H AL,
BT AR, RS AR R AN, IR Z VRN LI AR AL, B, SRS A A3 Uy VR R — R s
T 77 B R 3RAS AL BRI I 75 e S5 B TR AL B A R T DLEAR KT (VB 1] P 56 BRSE IR B SR, 1T ARG 2L
e Xu S NIEIE — 0% S T A ZIE AR & SR A A Cos0, 1 OER HUMEALTI(K] 2(a)). HH T
RERIAR, TEENFEMEALTR P S O T A 2R, 1B s IR B 72547, 2 hr vl LA
SR RE AT R BRECCE AR A AR R A R T SR B F I E R A0, #E— D OeE MR . L, B4
AT DA SR 7K R IR R R 5 P R, k> R B 22 5 = LR AR AL I S BB ) 244 (561 lan, Li SEAIRE T —
PR RIGMER, Re A £ 5 WAL, NEABIRS) 1% OER MMM IR T — N 2R gt
[54]. BESHIVUTTES T TTB 44 SrosBagsNbyC0,Og £ il ) OER 1 HE Y W 2 238 w] LUH BRI TR &S
) Co™ i i TE JEA R i A5 (0 N Bz a8 1, T2 A 1 K& O 26 (K 2(b)~(d)) Zhang 5 AL T B
BRSO AN E AR S A RuO, (a/c-RuOy) [55]. BEGTHEE R 2(e)), Na #5244 %2 A7 1 51 N 55
T OER H[al¥p i b a5, MM F#ME T OER R BiffI#EE. th4l, alc-RuO, FILH T 35 IHIHTIR i T Al
AetE, BAIEREERELREEE 2). Liu 0BRSS AR BERE AR )& 7 A 220
{1743 CoFe LDHs 44K Jr /E2N OER L HEALFI[S7] /K45 B 1A iT LA PR 3 0k 42 J J2 2 17] B 8 7 2 ]
MF A AR, SBERAMPCERITE . 53— 7T, 5587 ZI/E AT LA 2 7E #1718 LDHs
YK A BRI PR A 2 AN 2307, AT S 3 B B AL TS . Zhang 28 N ¥ Tt T — i@ FH AT R 4 Bh %1 sk 3¢
W, CLSZELEA &AL B = 4 4B AL M(Cog gsS€1 5, NiSe, », FeSe, )VE N mTERE T 48 A
UUUE R V.(OER) LA 7I[58], W 7045 RAon 1 =F & Ml 2 L AR 32 i A M T ) S AR A

23. BRI

SR F 15 40T DR AR S B PR RS S AR PR PR A BB [59], R 5 44 S e bR R T A AR
KE AL TS TEAL £[60]. SR T8 4 R A AE HA IR 73 NS AR BB, AT Lo MR, B R R
TR 5 R T $54%([59] [60] [61]. dE&JEIcZ= (I N. O. P. S. B)f& )& c& (W Cr. Fe. Cu.
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Mn. Co) LB 75N A2 R4 22 90[62] . R IR T B AL T -FHFL, 0 H IS T W/ A
1T7M[62] [63], F=AE K AE M A, B AL M RS B B . Hodr, &R R T34 R 5w W —Ff.
Sun %5 NAEAT BB _E A A T — R LB S 7K CouN-CeO, 1R A 402K B4 41 (Co,N-CeO,/GP) [64].

olasma ® 2 Lo ©
J B B AR
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Figure 2. Defect engineering: (a) Illustration of the preparation of the Ar-plasma-engraved Co;04 with oxygen vacancies
and high surface area [53]; (b) Schematic illustration of the replacement of Nb>* by Co in the tetragonal tungsten bronze
TTB structure; (c) Spin configuration evolution from high-spin Co?* to low-spin Co®" in the octahedron due to further crystal
field splitting caused by the generation of O,,; (d) A possible oxygen intercalation mechanism, with the dashed box representing
Owc [54]; () Calculated free-energy diagram for OER on RuO,, Na-RuO,, RuO,-VO, and Na-RuO,-VO surfaces, rate-determining
step is indicated by vertical dashed line for Na-RuO,-VO; (f) Polarization curves before and after CV cycling for a/c-Ru0O,
and commercial RuO, in 0.1 M HCIQ, [55]

2. BRpETFE: () AASEEMNMSRANNEEFETHZIMAE Co0,BFIFERR[53]; (b) MF$EEE TTB %4
A Co B ND*HIRERE; (¢) BT Ow A SRIH—SNRITNE, \EEDHBEEHENS B Co? S TR
REHE Co%; (d) BEMNEBENE], EEIETK On [54]; (€) £ RUO,. Na-RuO,. RuO,-VO 1 Na-RuO,-VO F&&E
#1T OER Mt H B HAEE]; Na-RuO,-VO MIRFRRESWATEELRT; (f) a/c-Ru0, FEH RuO, £ 0.1M HCIO,
89 CV B eI ERIR L HREL[55]

S EE R LW (K 3(a)), IXAEERAKSEHIMERE 1 HO HIMFES AR KT, A 7 OER Hi[a] S Y e
2, PEE T AR E M, MITE S S8 9% OER iR MEMIFINT, E4e s HER MAE(E 3(b). BT &8
F24h, LB I N BT W LIRS R AR T R B . B, EAAEE T
B AR S B A IR FIOAELE, B AL A B SR R T G B 2 R A8k . N, Ouyang %5 A il &
TSR 0 A B K AR ) HER FLAEAGTRI[51], IX L5 2: el I m i Bor 1 A1) HER
PERE. [FAIFEHE, Zhang %5 NI I ] B — 2B K 3B T VE R4 T 138516 CoS, [65], &AL 2 aikiE
1 P #5251 CoS, (P-CoSy)#%il (41 3(c)). U4, XBIRHEM NI BMAEEE, S&EfMsE)E, ELR
FHE4)E) A #HIE. Dong %5 NHkiE 1 HI FH BHAR AL TR B AGS FRAE 2RI EIRAL G B FesN 1
CoNi 442K (CoNiFe;N), DA 5E OER fE{b 1 FH[66]. DFT 53— £ B (14 3(d), 14 3(e)), CoNi-FeOOH
eH ) Ni AL ASAT EAR T OER Hf a4 (R B, FF 3R 4 e Fe AT Co A7 5 B AR fh 3 B o, 456 3 i ol B A B4 OER
TEPENL . Dong 2 NAE = 4EERIE B4 T Fe 8751 CoF, YKL FEFI[67]. SEIRLE LR, AT
L RPN R B i 2 % AR R A [ S 1) Fe #8544 1) CoF, HAMRE Bt FELAAE I h 3R I L 0 571 OER 1%
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BE. Wang 55 NIt 1 — 2R 145 2% 10 2 AHBE AL BB AL R (MO-NiP,/NIS) K 2k riLEAL 7], FH T (2 B
i

PRV R 427K 93 AR [68]

(b) 600
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N ! L —~ 400 ——Co(OH),-Cc0,/GP 02} { @ % (P doped CoS,) ot
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Figure 3. Doping engineering: (a) DFT calculated reaction energy diagram of water dissociation for Co,N(111) and
CoyN(111)-Ce0,(111); (b) Polarization curves of CosN-CeO,/GP, Co,N/GP, Co(OH),-CeO,/GP, Co(OH),/GP, CeO,/GP,
and the benchmark RuO,/GP in 1 M KOH [64]; (c) Free-energy diagram for H* adsorption at the Co site on the (001) sur-
face of CoS,, and at the Co site, P site, and Co site after H* at P site on the (001) surface of P doped CoS, and their optimal
atomic structures [65]; (d) OER pathway on CoNi-FeOOH catalyst; (e) Calculated free energy diagram for OER on the metal
active sites (M) of FeOOH ([Fe]_M), Co-FeOOH ([Co-Fe]_M), Ni-FeOOH ([Ni-Fe]_M), and CoNi-FeOOH ([CoNi-Fe]_M)
catalysts [66]
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Figure 4. Crystal face engineering: (a) Schematic diagram for the synthesis of cubic shaped TiC powders from the TiCl,-CH, sys-
tem [70]; (b) The surface atomic configurations of NiC0,0, in (100), (110) and (111) crystal planes, and the HER free ener-
gy change diagram of NiCo,0, (100), (110) and (111) crystal plane [71]; (c) Free-energy diagram for hydrogen (H*) adsorp-
tion over (210) and (001) surfaces [73]; (d) Standard free energy diagram for the OER on different electrodes, inset at bottom
right corner is the atomic structure of NizNb embedded in NiFe-OOH [74]
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