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ABSTRACT Advanced water electrolysis powered by renewable energy is the most ideal and environmentally friendly approach for
hydrogen production, serving as a technological foundation for large-scale hydrogen energy applications. This process can significantly
reduce environmental pollution from energy consumption and support China’s carbon neutrality goals. However, the high energy
demands and costs of noble metals pose challenges to scaling up hydrogen production from water electrolysis. To enhance efficiency,
developing low-cost yet highly efficient noble metal-free electrocatalysts for the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) is crucial. Understanding the mechanisms behind HER and OER helps identify factors affecting electrocatalyst
efficiency and design strategies to improve performance. Moreover, replacing the energy-intensive OER with more energy-efficient
reactions offers another promising way to promote hydrogen production. This review summarizes recent advancements in nonprecious
transition metal-based electrocatalysts for water electrolysis. Compared to noble metal-based electrocatalysts, nonprecious transition
metal-based electrocatalysts like Fe, Co, and Ni-based oxides, (oxy) hydroxides, chalcogenides, and their derivates offer abundant
reserves, lower costs, and adjustable catalytic properties, making them viable alternatives for large-scale water splitting. Understanding
how these materials catalyze HER and the OER in different electrolytes is key to designing strategies, such as element doping, hetero-

structuring, lattice defect construction, carbon composite coupling, and surface reconstruction, to reduce energy costs of electrochemical

I #5 B #3: 2024-07-20
BEE£mMAB: BEAREFEEFBmHE (52271197)


mailto:pdiao@buaa.edu.cn
mailto:pdiao@buaa.edu.cn
https://doi.org/10.13374/j.issn2095-9389.2024.07.20.001
https://doi.org/10.13374/j.issn2095-9389.2024.07.20.001
https://doi.org/10.13374/j.issn2095-9389.2024.07.20.001
http://cje.ustb.edu.cn

924 TRBFEE, 6 47 %, 5 4 0]

water splitting. The mechanisms behind these strategies for enhancing water electrolysis are explained through the thermodynamics of
absorbed intermediates and the reaction kinetics. Beyond reducing overpotentials, another strategy involves replacing OER with the
anodic oxidation reaction of organic molecules, effectively lowering the overall voltage. This review highlights recent progress and
strategies for designing efficient electrocatalysts for the anodic oxidation of diverse organics, including urea, amine, hydrazine, alcohol,
aldehyde, and sulfates, in substitution of water molecules. This review also addresses the gap between lab-scale research and industry-
scale application of hydrogen production. It considers research on water splitting mechanisms, catalyst development, and OER-
substituting electrooxidation reactions alongside electrolyzer design, synthesis costs, working conditions, and evaluation criteria. It also
compares recent advancements in state-of-the-art water electrolysis technologies and summarizes their application prospects in hydrogen
production. The review aims to provide theoretical guidance for designing and synthesizing advanced transition-metal-based
electrocatalysts for HER, OER, and substitution anodic reactions for energy-efficient hydrogen production while also shedding light on
opportunities for energy-efficient hybrid water-splitting applications.

KEY WORDS electrocatalytic water splitting; hydrogen evolution reaction; oxygen evolution reaction; noble metal-free

electrocatalysts; anodic substitution reaction
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(a) Hydrogen adsorption scheme and (b) AGsy for bulk- and surface-doped S—NizSe, and Se-NisS,*?; (c) elemental mapping images of

CoSe,~DETA nanobelts doped with different metallic single atoms™; (d) LSV curves for the HER on pure NiCo,0,4 and Cr-doped NiCo0,0y; (e) scheme

of poorly conductive sites on NiCo,0,4 nanoneedles and their activation for the HER from Cr-regulated conductivity
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Fig.6  (a) Energy profiles for the HER on Ni3Sn,, Sn-doped NiO (NiO: Sn) and Ni;Sn,—NiO: Sn; TS1: transition state 1, TS2: transition state 2;
(b) adsorption energies of intermediate species and (c) charge density difference for the HER on Ni;Sn,~NiSnO,””). Blue, red, gray, and small sky-blue
spheres represent Ni, O, Sn, and H atoms, respectively. (d) HRTEM images and (¢) HER mechanism on the Ni-NiO heterostructure®®”. (f) Structure of and
(2) HER LSV curves for the MoS,/CBF". (h) STEM image for MoS,-60 s. (i) EPR spectra and HER LSV curves for MoS,-x etched for different times in
H,0, (x=10-150)"*

PTTF 0, 10 mA-em™? HUFLA LT BT A A AR b W RO AN TR S LAY AR, i 1] P oA A
T NiS, FEfIK T 74 mV. Zhan ZPY WHGETHE AL ALTH M 0% HER o a] 7 9 ) W e A5 >, 38
B PIJT HEW] T AR S 25 (A Rl R ER 2K Mo iU A AL E PR AL A B X T I B R R R
TABT MoS, BFIAMEMALTE PELR T, MR T2 AW LW 2E HER HE AL, TG PR 07 s i AL 3
Jo Rl PR 58 5 (AL 16 P 2 T O IR, DAl s i PRI 5T S T R R sl S B 4 A T LA R
R HER fEALFIBEE TR 2% S AL TR PR A A R A R (o BRI 27,

FEStE P Jm A HER fEAL R FP 2 B 2, £ X Td G EIEGEASY . Ui 2R a1k
AR ESREREASY . vy, SESEE R SRR, A S TR P R D, T
[ R AL AR MR R IS A T A AR A BRI AL RS P R I SRR Y
O PR MR ZE AN A R, DR AT XA e M i O 2R R L 22 A3 R X TR
Al 2 51 9 HER FLHEAL TR, 2w AR P i Sems ORo 98 < Jim J d AL 1 S 280 1 AL 500 T 7, % 26 i
WA B 22 5. AR P HER AL RIS PR A RIS AR RS HA AR, )= sl i g 4 4



- 930 -

TRERLF2E, 56 47 5, 5 4

PV, 8 R FE A AL )2 P R A R R Y
T A7 A, IR 8 £ 700 DA TET PR 1 P B A SRy T PN T
T%[M]'
32 EHFTESEE OER EHUFIHNHRHE

A H F HER 33 72, OER 3h /) 2% 3 # R 2%,
Sy HL gk 7K RN F R BB T FE 1 R IR 7E AEM Al
LOM #ILifil 1, OER 19 J52 7 axk H 57 H 45 20 B v 2 i
H B8 (AG) i K 1Y PR 2 20 B (Rate determined step,
RDS) #h 5 P¥. Man % 5% %% 3 AGiog Fl AGeooy FE
TEH LR, 35T T (AGso—AGson) 55 OER T fE
Z R Ol B i 2. B T 3T 2E BRIS TSR, Lin
2 139400 3 3o S I A5 T Arrenius JE 30 Y 15 AL BE,
S PF-Ali OER £k 371 i) 2 7 2 fig 2 45 41 7 5 1 J
% S RuO, Fl IrO, 1F A iy F Ak 0] B 1
S:HY) OER PERE, (HAE Ir, Ru & @i RIEZ, £ T
BN FEFE ST BT B, S SO RIS PE R R
A 53 2k U 4 SRR M AR AR L 4153 5 IR
SEFta e TR . A NI R IrO, . RuO,
AR A T 5a 4. o T N W LA RN B2 T 3R Bt
b B 4 JE JL A Ak R0 19 OER Mg, BUA WF5E A 3k
FEAIC OER 3 B A 9 4 A TR TSR s 4n T

(1) IR B2 48 & A W 1 X F
OER ] 4 iy 8 J58 B 14 e AN, PRI Lu 5501 & B
TR E AR W4 JR A A AL ) (NiFe layered double
hydroxide, NiFe LDH). f£}f % Fe JTUR B A, fiEfk
) OBR 15 P4 KR 5, 15 3] 30 mA-cm ™ HEL i %%
B e 3 H A AU 450 mV I 2 280 mV. BF5Y
Nk B it U 4 R A Ak h s A AT &, T
RO I P T 1R R ISR R A Sy R B R B L A
Hl & T Cr B34k AR CoCro,, Hi Crrigis A
5T Co—O S, AL T Co 16 PEAL AT YL
I EE, DFT 1155 3% W] L RDS A 3R g 22 i 25 P A1%.
Chong %™ & B T La A1 Mn 45 2% 14 8 22 A Y
i 1 OER HEALFI. La® 1 Mn* 3 HI3458 T Co,0, K
T 2 P4 RIS F P AL R AE 2.47 VIR T fig
fig ik ) 2000 mA-cm? [ L B, HMERE E 3T
T Y I fi k).

(2) PA 45 AR G5 1 - A R 235 4 1 e 728 o 255
i A4 R F) FL -85 K, DT o5 | A R i A T 1 17 1
A8 Lin ZEB 73 55482 W (nickel foam, NF) F#H45 T
B #H NiFeOOH/NF #il y 1 NiFeOOH/NF. AH Ht. T 5& 1]
PR (%) v A NiFeOOH/NF, 2% HE 2k 1) B AH NiFeOOH/
NF H A5 % /NP OER {1 /L fEGE 22 . Hu 258 R F &
A [ B 5 1 T R A U AR, 3 A R AR RN A3
A T A (ay B S) ARG AH (a/B. /8 FiT B/3)

i) FeOOH £ 1L7 (& 7(a)). DFT 1845 F 3£ 0 p/6
1R MY FeOOH Hh 7 7E B 22 1 480 25 i, 3xX S 4 %
PP T FeOOH 11 HL 4544, MATATBE AR T *OH %
bR *0 a2 TR Y S N RE &2, J B B A A S 1)
OER PERE (& 7(b)).

(3) ¥l 5 T 25 4 - S IO 235 0 1 R A T el R
b ol 22 i 2 0 4 R 1, AL TR 5 R 8 P b AN TR 41
Sy TS O T R AR Y FL Pk, He 4T
¥ # T Ni,Co,@Ni,Co,0, K #% 7¢ 45 ¥, LA Ni,Co,
G JRAE A O K HE R T NiyCo, O, Y S M, A
M4 % 7 OER i 4. 1 B —4H 43 Xt OER 7 [&] 7= )
) 1% 56 B fiE 1 A R, IR It Zhao %5 MV i £ T CoNi
LDH-FeOOH S AHMEAL T, S0 MBS+ 45 R 3k
] OER HH (8] 7= 4 7 K A% T Ak %) 2 o B A4 7 4y 75 381 e
2, H: OER B3 A5 R 19 B 22 B AIK. Hu 25617 5 101
Fe,0;-CuO 1L, 7EAHFTH ALK B, T Fe—0O——Cu
i, Pik 7 OER Hr[H] 7= ¥ 7E Fe Al Cu o 3 A W2 i
W4T 9, I 7(c) FRRR 1 ~ 4 v i) 7= B A T ok
BT 1.2 =t 9) ~ (11). 76 DET 1453119 “ k.
L £k (& 7(d)), Fe,05—CuO 17T Fe,05 il CuO
) ], ELAT i BAR ) A AL PE BE . Huang 55 il £
T Co30,~CeO, fiEfLF, #E51 A CeO, HJF, Coz04 1
LT R R A B, CoP T A 5 W R AR e A
TRIE TR Co™, PIMTREAR T 5 R 2ot FL Ao

(4) B g TR . (B T 2 30 e A s o Bl o
) I R B, A e b Al TR A8 A 500 B4 R A
Jii) 31 DT 46 T AR AE A R ) 4 Ak PR BB 1. R Tk
— 2 JF & NiFe LDH [ f# fL 1% 11, Wang %55 | H
5i B Z2) fh ik ) 48 T A Ni25E 62 ) NiFe LDHs-Vyy
M Fe¥' 25 i i NiFe LDHs-Vg,, W& 7(e) 7.
SO A T A R R W E B A Ni Fl Fe S A
@R | By TR LR oy A I e A e el ]
77 R B B AT R, AR T OER & L A7, Xu 4581
kI O A ALERIG, 275 T Cos04 By HLHE, 1Y
I T E AR 2 T TR, BEAR T AE AL Y OER 2 HL
B BEAR, BB 51 A 3 T A T P 1 R B, 3
fE— PR LR T AR B RS E P Peng
WF5% A& BUBH B 25 3 i T4 & )8 5 O s &
fig, /D T A% B A4S, BH Ik T NiFe LDH 7 /& 1o H2
ML R &R IT R T . L, & & N
Fe¥™ 25 fi ) NiFe LDH f# {6751 [7] B 52 30 7 1o A Ak 7%
PEFIRK RS

(5) A kML 3B 5330 8 4 R FL stk W 78
OER W7 7E i AP 22 1) 1) 8, Wu S5 & il & B
ik s B FeCoS, FIZAK J, AU T FeCosS,



e PR A5 - A S I < i e L R K A TR B B 5

A R A IV i 5

- 931 -

a b o a
(a) (b) 150 :E H,O0 — 0,
5 A M A g\ wdFeoon _ 2 ZL Strong alkali
: \ ‘\ A wp-FeOOH| = 100 p
:z A :CE) @ blank Ni foam Etchmg
: oo £ sop *" NiFeAl LDH
= A A a-FeOOH | ™ # e, S H,0 NiFe LDHs- V
— LI
v\.«-/A-JI giegg:ﬂl . T ) e 'Z
F : 4-FeOOH ) < X X X - Sp_\gefv = 0, n
10 20 30 40 50 60 70 80 90 1.3 1.4 1.5 1.6 1.7 .Nl
20/(°) ¢/(V vs RHE) Fe
(© (d) 0 @
Bulk LDHs nanosheets . NiFe LDHs H,0 —¢ 0O, @ al
MH-TMO (Cu 1‘¥II'TMO(FC*) @0
h Strong alkali ®C
Etchmg ¢ H
NiZnFe LDHs NiFe LDHs- V
e (h) 200 -
OF @0 @ Cu —— S-NiFe LDH
(AG.o~AG.op)/eV 160 | ....... After 1000 CV
® ¢ @ 6 ~ 120 | — NiFeLDH
— Ni,Fe,(OH), — Ni,Fe,00H — S-NiFe,(OH), — S-NiFe OOH T After 1000 CV
% 4.05 % - 5 gof— 1o,
B AT RRERRee inal state 54 s E NE
‘B . : Final states B W@w Final states E 40t
= - < =
ol OB b | 2| et " o e
20 Yy Y =y ¥ /M,p‘ ' -
2 / W‘ 2 AL\ —40 . After actlvatlon
SIS — Y g —— v
Initial states ‘ Initial states atd 1. 1 1. 2 1 3 1 4 1.5 1.6 1.7

Reaction coordinate

Reaction coordinate

¢/(V vs RHE)

B 7 o B.5. /B, o/d il B/5 Y FeOOH (a) XRD [&; (b) OER A LSV Hii£k™; (c) Fe,05-CuO(Fe i 45 ) ) OER i F/n & & (d) i

oL B S

AGso—AGroy Z B K LTS ZR EM); (e) NiFe LDH-Vy; Fil NiFe LDH-V, fAE5175 B &P (f) Ni Fe,(OH), Fl (g) S-Ni,Fe,(OH), i H 14 i &l Ak

£28; (h) ANFfEAEF] OER 9 LSV Hi£kE"

Fig.7 (a) XRD patterns and (b) LSV curves for the OER on a, B, §, a/p, a/8, and p/& phases FeOOH!; (c) scheme of the OER on the Fe,0;—CuO (Fe
site) heterostructure; (d) Overpotentials plotted against a descriptor of AG«q—~AGu«o'*"; (¢) Scheme of NiFe LDH-V)y; and NiFe LDH-Vg, synthesized by
alkali etching of the LDHs™"; Energetic profiles for dehydrogenation on (f) Ni,Fe (OH), and (g) S-Ni,Fe,(OH),; (h) LSV curves of OER for different

catalysts'®”.
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