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Abstract

Electrochemical water decomposition is a promising technology for sustainable hydrogen produc-
tion, and electrocatalysts are very important to accelerate the slow hydrogen evolution and oxygen
evolution reaction (HER and OER). Transition metal-based electrocatalysts have attracted great in-
terest because of their abundant resources, low cost, and catalytic performance comparable to pre-
cious metals. In these studies, nickel, cobalt, and iron-based materials have demonstrated distinctive
advantages, such as abundant active sites, high surface area activity, and rapid electron transfer.
This paper presents the research progress of transition metal-based composite materials in the field
of electrolysis of water.
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1. 518

HMRAT It A B LR, BEERCER R T — A2 LI = gem . 245k, AMTRH
T AR ERD KD TFH AR R(H), REAPRN ARREIREL” o B K EIR ik
FOR, HIGE IR G K . FEIXEEEIR T, S KA P 2 S TR IR, (HEE T
ARG TR AR R — N A AR, B e AT R AP B8 B2 (STH) R % #3005
[1] [2] [3]o TEIXAMELLT, FAEAL A AR K B ZEVE s n, PR e mT LA (R) ot v 7 AR e IR R FH BB
AR WA RE)VE &, I AN R IR T RASAE AT IR TT S [4]. A F AR AL 3 KB AR S — T 3 1)
AR, HHTAEIVNES, EBA I ABRRUE B A K iR, B 5HERAETR, Higou A
—F.

HLAL S RN RS B A SR AR R T 40 S R (HER) A BH AR (R8T 480U V2 (OERY)),  IX AN S R
KEZA R TP IR, SEUEA KRS FRZI2[5]. AT THemix sy i S A E 2, I
HEAK M A . Ik, JAYIFEE N HER A1 OER Wit @i, KAL),

Pt B AL Ru B Ir (98467053 5] HER F1 OER (e R 5 AL 771 [5] [6]. SRTH, &)
RS VAR I = B R PR T e T e Y o 7R L E R, WA SR A RO AR
AN PEM L (1) @ /MR HEAR S 88 ik (2) TFRIAEST &R I i [7]. i
BTE A E A SEMREAE, K B PR A0 00 o 1 B 4 & B R AR AR [8] [9] [10]. 4Rk, W 5] N BB 784
H5AE e BAELRINIT R A G, Som AR TR, JdEESEEZ%E —1T)MA
REEE . Bk, AR FRRE Il 48 (TM)EM R & EATH T RES ), e
B AL E P [11] [12] [18]. Herh—2efifb 7))y HER F1 OER #R4L 7 M HAR SR RE, HZEAT LS 5t
JEEEMEA A G S o AF Dy 5% < a8 ik v AR A R R R AT B0 AR, TV < e R A 7 SR st KR S
H[14] [15] [16].

2. HfRK R R R H B HEA
2.1. ERRKR R

T FL R K 2 A SR R AR AR D B K O il AR A RS SN — R, K iR A T
05y PSP R N o 3 RV R HER R AETEBARL, 1 OER R4 R B, RAFEFAIK[17]. H,O 7 fif
N Hy Fl Op ZEANIA] pH IV LA, AERRIEIAEE T BARVEREIAT , (R AL AR 9 25 by v 25170 75 i
BUb, PRI B E VRS, ERVERE TR RS, I DASRANT— AR A B PR B T AU AL
FIRITERE, PTRAR R

FAt: 4H,0+4e — 2H, + 40H"
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BE#%: 40H™ — 0, +2H,0+4e”
TR AERTM AT BT, AR ET L AT SRS I, S &1L HER AT OER.

2.2. TSR

TEGPEANEYEA 5T, Bk HER S A2 A AN (A  SOSIATL B o AE B PE AN R VA ot o, 55— 254 72 Volmer
SN, BRI B o > H I I A ERL I Ik AR R T (M) BT, VR 1R 5 T ARG il 8 5 WO A 81 A
K, TR E (Hags) e FERRYEAN R, TR IR T RAFAE TV 00 HY e JR1M,  Hags 2RI 7R
T R B 7K S PR OHTIM R o 28 — 2B AL3E Heyrovsky Wi Al Tafel e, B Hy f4E . 76
Hags 78 T FEARMIE DL T s Hags F 45 E— K H AN IR F PR — NMEAE TR R TR Hy Xk
s& Heyrovsky M. WIHZE—(Volmer KP)IFFATRIRER, MEAFIRIIAEZM Hasy PIMAHEEH Hags
JR TG E R Hy 2, X2 Tafel KB, RMVISFERIRTE FIHFEADE S

FER B A A ol

H,0+e" +M—>H,-M+O0H" Volmer Z¥%

ads

2H,, -M > H,T Tafel L%
H,.+H,0+e" >M+OH +H,T Heyrovsky %
TERRYEN

H" +e +M—>H,-M Volmer S
2H,-M —> H,T  Tafel g
H,-M+H +e- >M+H,T Heyrovsky 55§

AR —FhA BHEE A BT HER fEAGTT, BB B AW R IEAKHAE: a) BAAfA: 72 B K2
A7, I 5 W B P 505 TR o 25 45 88 5 (Sabatiier JELER) [18],  HE 11 /S BELAS IR B B BE B 3 75, b) 5
[0 AR 5 2 R 2 T IS I AT e R LT, ) AE BT BT b RS e M SR B I 7 47 0 B R
H(AGH) ST HTR AT Hy A7, T HER AL FMEAEE I BB S8 . AGEET%, £
AR T AMNE 5 W RE AR A 72, 1T AT DA BRORE S Hp 0o — MR B B U 35 47 T B B RE A
PAZO R BRAR, R T MM R Lr . B R AT, SRR MR S R A . thin PEIY)
AWMEMTE LT 0. T HESENS, MEmiiAHGDNTEN, #AEFHS5EMNE GRS
K, AHREE R RAR TE MM, i nl ge A E A AR 5 235 A0 B e K T 0,
AR SE RIS A 78T, T 75 Z 5 KRR SR IRE) RN, 43 52 m AR R AL 0%

BT XS4, n] DAy 5 M AR R 55 R AR AL R I BB S IR AR . N, Pt AR HER TRRE
AR T HR A, By e Tk B TG (K] 1) [19] [20]. 1% T ot e, i s/ ok
JF LB AL MR IR TR . 5idiEE e & U st &8 R 78 Wit iZse g i ot &8 )5
TRBAERE BT, G HER MERe IS 7 R . MR AGu-MKILE, Fe'. Co
Ni B F AR AT P BA RTIE 1 HER AL [FIFE, J& T4k (TMSS) 2% (1) FEL 46 7 4
MoS,, HIT MoS, “F-1fi ] Mo 112 i i 1 BB R 1T R B HER SEPE(E] 2) [21] [22]. % T84 (Ni,
Co 1 Mo %), i) HER VETHIAE T “ REFBN” (AR “HEARRLN” ) [23] [24], FHoHbay i s 1)
&)@ (M) T8 LA A, T G R T B RO (PO) 78 24 R T2 4K, TR #EE T HER O3 E. X
TRERMY, W AEANERE TREAZ TMs R E)R Sy R, SR d s, MmEnT d @8
W i A1 2 K BE 40 BT 75 % 1 (DOS) » DOS [ HL B 70 AT A F T 24048 TMNs T HL T 4514, iR T 534
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JE Pt AT Pd (R FE5K, DMERE HER MG PE. ixf TR &), Mid e 5 DL A 5 K 2 1) 3R
AL, 5 HARASE G, i AR AR, TR B ) 2 IR SRR, ik LA ) H At A R
BT R TR A5 M B S R T, B RME e HER zh 1%, BxR R, BB R, RILETIR
T PR S B IR A 2 o 6T R A AR B AR & R n R B AR R T 450, $21m g-CaNy Al
1 BB ) HER 35 1% .
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Figure 1. The volcanic curves of HER on different metals indicate the relationship between observed exchange current den-

sity and hydrogen bond adsorption strength (AGy-) [19]
1. HER EAREI € B LM ALEIZE, REAMBR AT HBREE S SR IRE (AG) Z BRI X F[19]

S monolayer

Figure 2. Model of MoS, nanoribbons, with the exposed Mo edge on the right side covered by sulfur monomers [22]
2. MoS, MR ELTHAVIER, HAMREMN Mo LS5 IRBAEE[22]

2.3. TR MHE

5 HER #Ith, OER ¥ K (¥l i ik A2 75 B 0 v (1 o r S8R IS 52 2R M SR 1B IR IR ML o 15 B M Rk
M, RN T UM AT AR OER JOMHLEE . K2 KU M HLERELHEAH A ) R4 MOH Al
MO, i M ARFMATEEF O FEARFRKAF P, FEMXHERT O, I K[25] [26] [27]. FEBRIE
B, Oy R BRI AN, TR, O MR KA THIEMN . RN ERET
RN L

TERF AP i 28]

M+OH™ — MOH +e”
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MOH+OH™ - MO +H,0+¢e"

MO +OH™ — MOOH +e~
MOOH+OH™ > M+0,+H,0+¢e"

FERRMEAN 5T
M+H,0—>MOH+H" +e”

MOH - MO +H" +e”
MO +H,0 > MOOH+H" +e”

MOOH »>M+0, +H" +e”

i 3@, E5E, OH TEBRIES BT W B AEVE AL M )3T, A2R M-OH JfkZ%e’s M-OH 5
OH [ M A5 — Rl & S P AR (M-0). M-O P24 O, 4k 1%: 1) O, HfEH M-0 =4, JF HiG A i
WRFE(GHOERR). 2) M-0 5 OH 45431525 e 2L M—OOH, #RJF M-OOH 5 OH 4543173 fift ik O, [31].

SERFRM, AT A RN BE(AG) AR AEE T I I L A A 2R B e 2 22 . D T e K PR b ik
AR AT, AN RN TR (B AG 280 51 1) WnlE] 3(b)Fom, TR RS, BN RN ERT
B0 AR — 5 (T A 0 B AE[32], H1 AGs AT, 55 =5 (OOH*HITE i) o B K RE B 22, XA Ant
FRATI I REAFI[29]. FsL b, TEARUESAE /KBTI EE A 1.23 V. SR1T, 25 & 2 i i
Bk I 5 A0 7 B e RE AT FLRE,  SERRHLfRK AT R R € m T 1.23 V GRIBHE). SEhrl s 5Bk
ZEERHI AL HAZ[30]

(@) ° 30 OH (b) OOH,, O, * 4H" +4e| 1AC
HO+0O,+e @ e g + 3H* + 3e
) 2 0\6/ H,0+ Oy, A6, | E-E=n<0
e +2H* + 2e
OH ' H,0 + OH,,
. +H* +e AG,
1 N ~
Fd 0. 8 2HO g
M-O0H ¢§e%e %8 e M-OH 2
¢ ¢ 2 sy B
“““ o T T T T T B =n<0
e OH- e mn
/° o e e 1
: o o® HO +e Le--{ E-F=n<o0
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(]
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Figure 3. (a) Schematic diagram of alkaline OER mechanism, where M represents metal [31]; (b) Gibbs free energy diagram
and reaction coordination diagram of OER [32]

& 3. (a) Wit OER HIEM~EE, M RERE£E[31]; (b) OFR MEHETBHEE S R MALAIA X R E[32]

Kl 4 i AT KL . Sabatier R FE K B R EAL . B3R 1 PRd S BT AT RERE, B e ]
A G BT AR AL EREA R SR BAN K NE 95 [33]. AR, 2 kil BRI, 772 B A %
AN ST ER (I, Ir0,. RuO,). MK B EdE T LIRS, 28— TRt &9, W
B EASEARL, HREH OER AL A0ER. CRAEZMELEMT T M= SRIETFIIE
PErbul), XA BT EATEA R OER Hi M. BEEAE LTI RIS M rp & M* P F, T Bk AR
FEREAF I PE RO MR, BEAL, SEURZLR. TES RIS & BB £ 5 m OER LR,
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Figure 4. Volcanic maps of different binary oxides, all values measured at room temperature at pH = 14 [33]
E 4. FRIZTEHYHALE, FRAEEHRERERT, 3 pH =14 BEUE/[33]

3. {EWFR B L E MR FRE
31 REHHE

BRI R T AR SR AL S R, TR A R . — SR, RERIR W R AL AT
F7 1 mg em™ [34]5EE 5 10 mg em™? [35]FME LI ik, X R i HLA RS £ (OER < 200 mV).
SR, ants AL A S BB A 2 AL, TR S3 KIS, S AT IAS e B i H A AR 20 e R A v
75 % o T K FLARRE SR PR 45 0.25 mg om ™2 [36] A Ah 771 6 2 i, TR i 5 A 38003 06 00 I I ) £ 2
W 7E 0.1~0.5 mg cm 2 (TG FE N .

3.2. WAL

o A () A T AL AL S M i L 2 8. N T HER A1 OER, Sl #i ALk, 22
Jita 1 B T 3 e A B g PR LA (SR HEAE) SR T IR A (1 e LA 2 FNBH 7. PRLE, HER AT OER Hid HiAL
JREA] AR A fper = Ener—0 V, 7oer = Eoer—1.23 V, 0V A1 1.23 V 432 HER Al OER ) n] i B 7 .
nio AL 10 mA ecm 2 R RE AL, B U ) B A S R 3 v . X T SR RO R,
F 1750 1 5100 He3Hi 18 HER 1 OER (¥ 1k

3.3. Tafel fl&

Tafel RERFEIR T 1 AL () BRI BE ) 2 AR &, H Tafel 77245 H
n=a+blog(j) (1-21)
LA, b AREREFERAE, X HER i, Tafel #FZn] LLFM AL 221 F2 (0 N ZEN L], BAKAY Tafel
AL AT DU B AL S SRR R R . AR, OER ¥ VU FREB AL P IR, [k HER
AR, Tafel RERBEAEMEMHIBTNIX —HLHE. BR T Tafel 2248, EATLAM = 0 B Tafel 77243 2
A LR P (o), X AT DA Bt P AL 0 T K R B 1 AT R

3.4. FRSTFR(TOF)
A E SONAE B I R MIEA TR LR B O I & P W0 S N RO, BT DU A
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AMEAAT S HAL 2R N R . TOF /] L R 205
TOF =(jA)/(aFn)

A, jovRrE T AL R, A NIRRT, o 8BRS FRETFE (g = 2, ao
=4), F MR %0(96,485 C mol ™), n J&im Itk i BE IR 4k

35. BEM

ORI AR E PR AT RSP N T TR R R . A UM AL AR E VE R BOR . EEREIR
LA (CV)ITHIN AL IR BRI R o 55— Rl 202 il 1 B 2 Ik CV B3R AT G e PR 295 (LS V)
I ERIEAT (0 I AR B IR P IRV T DA S Wi A 717 552 1) P IR 28 LA T 5 71 RE S I DR A
1
4. FEALFIB M REDL L R E
4.1. FEREMIH

IR G R T B — )2 SR FH B v R AL TR SR RN AR T (Y S . PR ER 2 Pl & B B kL 2
8] R AL B[R B8 58 T e ATT 4% E A AR IS PE[37] [38] [39] [40] [41]. ks —Fhxt HER A& 1% M A RLFD 5
—Ffst OER G HERIM IS SR, ST T X AKX BRI PE[40] [41]. U4 kLSBT A R
PSR R A RIS, e PR s i B A AR e YRR 2 1 I [42] [43].

F B IEAL TR 5 A B R A A B e A T T PR R o ek ) — Pl LSRR [42]. B, Liu 45 A[43)
FIF N A1 S 3484414 rGO {E AR, fEH B A K CogSe 4K F, AL H B4 rGO HHI T3k H
ZHNETENL, FEE AT R . SRR R X OER HA R mMENE, X HER AA haiEH.
Jiao 55 N[44]1LA ZIF-67/rGO AWM KL N IERL, i8I HEFBEL T 2504 7 2R CoPIrGO Sl &5#4, Fifit
A1) CoP JE 2 AL, NMEALIRME T EEMIEEA 5. T CoP Al rGO Z IR I Ih# G, BRI
TR SRR E . R, SRR R A K o A DT TH R I AR R (R XUy e AL TR

4.2. F7SEER

TEAS IR RAE SN 7 TR o FAE A TSR A O E « IPE DA A TF A X LRI R TS 24T 1A
A5, DATEAR BT AR B RS B FA R B, B E A 2R TR P AN SR K MR R3S, X — 1]
RRAEAF S Gy RO T [45]0 T FRLARE AL R R T2 25 T DR 05 rL AR ARV 1 67 st (¥ B 2 AN s R R e [46] . —Fh
A RHEASR] 5 T R AS [F) (0 F A TS, TR A R4 Bh T SR 5 kR I 75 L TR [47] [48], RIREGK
JSFITES AT LASE AR AR S R AR 2 L, i 38 i L A AR s [49]

TEKHARIERE R, MR B AR AR — AN E A, CHRE AR S ERL T, 258
MR N R, Ahn S N [A5] RIS AR T T 38 58 Ni RISk M, A T i el s iR S 400
T Ni AT (K 5@)~(d)), FPEHISEAKPER OER 1t 4R BE % 2 HIHLRS B2 A8 inm 3 in (& 5(e)).
H5HMESM, BAZRUEPRIEER Ni AR fRtk. Bk, £REFHZIEER Ni
LTI, OER Ak IS P A D FE 2 IR Ao Silva 25 A [50] & B THHLRE FE X+ NiO ) OER fiAk i Pt
B RRLIIFE . —4E(LD)NIO A1 2= 4K A7 4E(NiO-NFBs) 2 RIS P52 5 i, 15 = 45 (3D) 4K ik (NiO-NPTSs)
FHEG, RIS SE AT (TG o PR A 7 4D P PR A T 1 T DB 7 — 5 PR BE P 8 L SR TR REL R P2 R i, ROk
RS B2 3 3R i T A RH R TAFIEE . SR, TESE—WIRZ )G, XK BRI R T, X
B I AT RELA LTI, T REAS B kgt Rk, SEORREFE b = R IHLRE B & S8k, X%
X FARAGTE = A AR RE A [51] . BEAE R TRRE RS B39 I, LA E PR S A m] B IS TR 2 B ik
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7, OIS FIA R 226K I[52] . SRT, X AR AR, LRl A AN . AL
A B A AR R ST (RN TSN, BRI, A5 )R T g 5 B NRORE 178 H Ak 2 SN R R A R
RIEREFE T NIO-NPTs [IHEAIEYE. 75— J51, A 451K NiO-NFBs FLAT 5 & i1 oAb 2 R
THAR(ECSA), XA R T S AN AT 1% 4 -

y 30
B 'TE I (e) n
. = 25+
z -
=
g 20 | Flat
E ===
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‘s | n
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Figure 5. Scanning electron microscope (SEM) images of Ni catalysts with different morphologies [45]: (a) Flat, (b)
Smooth, (c) Cauliflower like and (d) Needle like; (e) Surface tension of water droplets on different nickel catalysts relative to
corresponding contact angles (see illustration)

5. AREIFSR Ni LI B T MR (SEM)EIR[45]: (@) B, (b) JiF, (c) HEIIRF) $HIR; (e) ki
AR SR AL L AR T4 R HE i A A R T 5K 0 (L R D)

43. TEBH

TCEAB AT LA O AT DR P 7E A58, DT 5 T H 5 G P O B R R R A & PR [53] o FEA
BB Aok on o e A mAg G, X T DLE S R L A iE . BRIk Ah, SREGRI SIS T
HEAL T A R] F B) FLEAG S 1 O R B [54] . FEE B 15 %50 T U s LA R ) i, e MR =
FAERI[55] [56]. —4EitiE 4 @585 n] LR 5 m A i & B 0 AR A, i fiE 2k OER fi
HIEPE[ST7]. SR, TG E A2 B0 RIS 4 R AR RS PR A T BR8], B DARLZ RS
HEE BB 2877 [58] [59] [60] [61].

AN RIS 1 4 J8 S RT AR AR 5 2% 00 32 Al B 4 8 A A0 77U 9 280% . Dong 46 A\ [62] 38 i 1 71 #4
MFE K25 T B S EE I 4k Fe 2% NiO 92K . Fe B2 17 NiO ' Ni (77, 14
FHERPAMEEE T A B FE . 5 440 FE I8 40 mT AT NiO ) OER fifbid M, b NiFeo O MIfEAL IS
U o BAERORAE BT BRAR F AR A RS MG R S A D) R . Qiu &8 N [S71R AL 2 DT ARE R & T
76 NF L3524 Fe [ NiO, 5 ARB24M NiO AL, L B/R BRI ThRg AL i . AL Fe A1
Ni BIFELED R T A TS M S A A R B FE . 4, Fe 354448 NiO BYZheR By, AN =
T HAEENE . FIEOIERP, B Fe i) NiO 7E OER 2 #4k A4 y-NiOOH ) Ni**, M, KB
ff1 NiO #i k& &4 f-NiOOH FJ Ni**. Fe #5448 1 NiO [ H M A4k, XA BT H Sl 5
IhaeE e
4.4. BPETHE

E AT HTIR R, AR RHS R R TR B AT RE SRR BRI o X LEEREE AL RGN T AL A
IR, R TR U . R RE T RGN T, Al EM R s A A ks . R
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YEA STV, IS TR RN R AL . Bz SR R AE SR & I FAE AR R 5Nk
FEa[63] [64] [65]. DAlitk, ®iRes TR AT B A e =y AE 51 4 8 rE AR rR A VR M I 23R 2 —

Zhao %5 A\ [661 K HJEA K HIELE NF _EAK T A B Z 4R 5-MnO, 492K i (NS-MnO,) . #1164y
HHESZ T NS-MnO, TAEAEA SN, X4 T EALAAIE M3 675 . NS-MnO, #2485 1 K& i B fE AL
AL, HFEAMRRENSEM. FEZREROFT)IFERE, A0 E T HO MR, BAA
YR Mn®* Rl 6-MnO, B K4 @i . R, NS-MnO, %t HER Fil OER #B3ILH A 5 XU T R AL,
. Su FEN[67]1 R /K HGELERR AL )k 8 bl 5 1 & SR Cog04 ANK L5 o Co304 GHK L5544 HH (1) ik
Io¢5 28 55 R D S P b 2 AR 7K s 7 RIS TED SR 5 o [N 3 h JE #5321 Co30,4 375 14 (C0304-3h) i 48 Bt F
HFER Co®*/CO* HuAt f . C0304-3h FFARERLIMINT % E N 85 JH T%. fEFTH &Ik H,
C0304-3h KI5 1) OER HEAIEVE . 7K IR 25 5 800 H A AL 7 H (PR, S sl B T DL 3 38 o e
B[R] R IG N, (SR FE I E 2 LEASBEAE R T . &R T R 245 O IXFF 1) HL A7 1t Jo 3 2 Y LIS
FNENEREE, SRS PR S b5 W &R A Ex 7 s, (EH S HEREm.

45. HibERE

BT R 0 R B RRG Z Ah, BRI R A T — SR EACKAR = B A AR R vE . ETE—
RIS L (1) AR, (2) RIMIhAALAN(3) B )5 F4fiE [68] [69] [70] [71] [72]. R FIEHIW A
R R FX B (1 S, AR S0 A0 75 AT R B S0 A Re i e Hm A7 M.

5. EREBEBKELTNRFER
5.1 WiESEWMLY

VERN—RE IR TCH, 3@ (TMBs) LA RRER 4L = B o, G = e el
JEE DA S AE B P AR A o R (S e o il B HLAR S K A R FOOSER IS I, TMBs 4R 3R
2OV, FEX HER AT OER s H T AL S 1t . TMBs B A0 IE 1 52 4 J8 B 2 18] i) v %%
Fesoml, WFREER R T A I SRR, AT R R R R SRR &R . e, A
TMOAFF R T ZFRIERMAL TMBs LG E, BIand a0 (BRI ES EMEEMIEE). &nE
REAIELY S2F Al raf e 8

1ECHE R St a ST R I A R HER fEfb e, HEEE T PYC, filin Pd,B.
PdB. RuB. ReB. RuB, 1 OsB, [73] [74]. #Rifi, TMBs HIMEILIEMEGR. RN R CLITR T a5
(1) g R S i AE Bt 4 B 2 TMBs [ 1) HER fEALTEYE, Wngh b TAR . s, gokestgsssl. i
FESE . BN, Zeng 55 A [7518 A0 B8 E G A 1P ELAR 29 80 nm 1R AR AS Ni-B KRk (] 6(a),
6(b)). X LR T RENG(XPS) TR 1, Ni/B v 2.7:1, HL-FM B A Ni . 75 1 M HCIO, Hf#ER
H, AR Ni-B BAEBARH no, N 123 mV. Xu 25 AN[761M%E T BA KE RS - JEMESHIL A
Ni-ZIF/Ni-B i #49K 7 8451 . HER S REH) DFT tHE 45 5K, 5 Ni-ZIF 71 Ni-B AHLG, Ni-ZIF/Ni-B f#
WHIEA RN AGhs, L TE. B T4 LM, Ni-ZIF/Ni-B X HER 1] 510 H 67 mV.

i, TMBs G HRIE Y OER A AT . AFTJE N, 5 it 48 B AP (TMSs) i i 4 & i Ak
YI(TMPs)ZRALL, TMBs th2 K% 5 ALtk &4, R AH i e 145 M9 7E OER I fE b & R ARk
Biltn, Guo ZEA[771CAIESRAS B (E AR, @il ST — RSB EGE. B Bk e Eem
SUS 304 #)iEAT T WAL EE (] 7(a)). XTBIAL 4@ 6 B Wik % OER PEREHEAT TVF(, JF5 1 M KOH
AN 4 JE AR FOMEREREAT T Ee . Wl 7(0) s, BT A ML 4R fE ) OER MERESIE T &85, - Hilitk
PR B A TE PR S o IR 2 BLIE L 2 32 = 48 OER MEALIE M 1A R 1%
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Figure 6. (a) SEM images and (b) TEM images of amorphous Ni-B; The illustration shows the corresponding SAED pattern
[75]
6. (a) IEERZS Ni-B #9 SEM Elf&Fn(b) TEM Elf%; #EEE R THHRA SAED ER([75]
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Figure 7. (a) LSV curves in 1 M KOH solution with a scan rate of 1 mV s for various boronized metal sheets including Ni,
Fe and NiFe alloys. (b) Comparison of intrinsic catalytic activities towards the OER between the boronized 80% NiFe sheets
and some representative oxygen evolution electrocatalysts reported recently. Triangles and squares represent the overpoten-
tials at 10 mA cmcatalyst 2 current density, which are normalized to the catalyst’s AFM scan area and electrochemical active
surface area, respectively [77]

B 7. (a) £ 1 M KOH AR HAMEEA 1 mV s ME S EBR(EIE Ni. Fe M NiFe &)8 LSV #hisk. (b)
£ 80% NiFe F#t 5 &IEiRER /LB KT MR E R EWLTIRT OER MAIEEWIFMLLE. ZAKMMIESRF AR
& 10 mA cmeatalyst ? BURZE TRZ AL, B9 AA— AT AFM R ERMB L FEERER77]

2. BEERBULY

o T e Jm MBI B R AT, TMPs IR B 22 M3 1 & AR TT A R, SEBL T e (K e
fift, IXLERPRIR R RO IR T . B ARIERLY), JF e & SR CREE T BLE I 2
AR A RO AR ERE . 7E OER (MBI, AXBTEAL, 4 M*" 5 OH* vl i (¥ AR TLAE FR SRS, i
B A Y(TMOs) REIF 1R T RE[28]. X EEHR T )& d Al ABCAZS p 75 (3d-2p) Z (A ) s F7 384 5
SRT, TMPs /5045 OER AL FIFFARIRA T IE, 1 T00 T < B 7 B ity e A vk PR BELAS 17 S o ]
& OH*HIELAZ, ATMIFHAS 1 OER [78]. MM ZHIZ, TMPs C2p FIVETRMEALA, FERHRR SR T IR
HA OER WEMEM &R - AU EY . ML R, TMPs CH#IEBEH T HER 1 R EF AR, 51 B
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(1) P J5—F- A0 IE FLAT 14 42 J8 120 SR R o AT B B8 1 I 244 DALk, 79 85 R 5 I AE UV /R PR 2% 1
[FfEiE HER HREARRN . BEAh, RIFEE Sya B NI P IR & B X358 HER VE M A4k, th/s, A
A11%F P AEA HER HIMEALTIMAE R BEAT T KR . B, Shin ZA[79]%4H T —M&RTE, fEHF
s R EE IR R 3R 15 T AR TH Fe-Ni 41REH Fe,Nip, P UKL, X I TAEIER T TMPs FI& &AL 208,
RAFEEERIZR, E BT FeNip, P 9NKAELLF (5] 8(a)), FeosNiysP 4K MEILTFI T E 1 s A 163 MV,
Tafel #1245 65 mV dec . XPS 43Hr & B, 7 FeuNipP [ P JETH1, FegsNipsP H P IR I0 H 55
FHIRFE(E 8(b))o iEIT EXAFS 43 M1 R B, FeosNiysP HHEEH F K M-M (Ni-M, Fe-M)# 175+ /) Ni-P
HESECP M AAERRAC, TR E SGE T HER 3177%(14 8(c)). ik, P s HF 2 Amxt T2 5 HER
PERE R A E R X [80]. AT, HETH KR TMP HAEMFIM) HER HEEEE A LS| TR, Af1IETE
B HE AR R SR 3 — 2D 3 HER R
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Figure 8. (a) Ni,P (grape wine color), FeysNi;sP (red), Fe; oNijoP (orange), Fe;sNigsP (green), and Fe,P (blue) nanocata-
lysts at j = 50 mA cm 2 a rectangular diagram of b and #; (b) XANES spectrum of Fe,Ni,,P nano catalyst: Binding energy of
Ni 2p, Fe 2p and P 2p in Fe,Ni,P nano catalyst; (c) Fourier Transform of Ni K Edge and Fe K Edge EXAFS Spectra in
Fe,Ni,P Nanocatalysts [79]

8. (a) Ni,P (BIEIE®R), FeosNiysP (L1), FeyoNiy P (B ta), Fe;sNigsP (4R )F1 Fe,P (BE 8 )4AKE LTI j = 50 mA
cm 2B b 1y BYEEFZEL; (b) FeuNip P AR FIRY XANES it : Fe Nio, P AL 5 Ni 2p, Fe 2p F1 P 2p 8945
ABE; (c) FeuNip, P ZARHELTISR Ni K iAFD Fe K il EXAFS i 9@ BAtEE#[79]

53. HEERWELY

AT AR OB 2V BT, TMSs EUge) 2 T A N TEAE H B K AL 7RI (I 9(a), 1 9(b)) [78]
[81] [82]. 5 TMOs #HLL, TMSs illH BA R IH TR, IR T HApr i G0 2 18 B RAR . E4
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Figure 9. (a) LSV curves of bare GCE, Niy,Ps, NiyP, and NisP, NCs in 0.5 m H,SO,. (b) Polarization data (plots of current
density vs potential) in 0.5 m H,SO, for Co,P/Ti and CoP/Ti electrodes [78]

9. (a) ## GCE. NiyuPs.\ Ni P F NisP, NCs 7E 0.5 m H,SO, ##Y LSV Bk . (b) Co,P/Ti F CoP/Ti EBARZE 0.5 m H,SO,
REVIR L BE (B R B E SR AR X R E) [78]

5 HER HJHELALEEAEL, OER RILHAFAIHLE, KR mEmELIERE ISR AR 5&EA
WHIAHLL, TMSs (3 2ERase R, X R W] TMSs 75 OER (13858 fh 4% 1 IR 25 2 4 S8 A0 BOAR I 11 4
JEEAYI[83]. PHIL, TMSs fETE AL A A AR I I 78 2 TUREAL T, 2 SERR IO AL P rh ot o

54. FEERELD

U & R B AP (TMCs) ) HER YEREATI IR 52 B AR T 58 Hags FRIBR o AL TMCs (19 #7115t LA 5
Hags BE 23— 032 M HER VEMERIOCHE . [Rt, HATX TMCs R 7L 2 ZAE P E BT B A R4
(i) MC ZATRL (I 532 9% 4 B Ak & P02 4k) [84]. TMCs th A H 78w Ha A7 B AT w Ak s B MR T e AN 2
RAHTIEN OER HEALF, #R1fT, HA[#:5210 HER iGHEAHLL, TMCs ) OER iR %, X H R T
EATRISEPR R o X EZEIH DT OER HH IA) (A7 fE Ak 70U 2 THT b IR0 SR B, 5 S80S F T 4 R 7= 420 £ it

AT, VR 2SR 8 A LB 2 (MOFS) 1 BiT B fA R i 2% % Fh < J8 - S - BRI & 44 BH[85]
[86] [87]. #fm, Chaikittisilp 25 A\[86]1# FH Co & MOF (347 bk M B 22-9 (ZIF-9)) ARl Ik AA, 3 i faj B (1) sk
TeRE FEHI 4 T Ak 2 FLKk - & - AU ENE 10). fEZLFEF, 4J8 Co G K MURL7E M P4 Bk
IEHRN IR Z AL s SRS TE SR AR I FE P Co 9RRIE410 Co A k). th4h, Xiao 55
N [88]4RIE T — A T H Ak 22 f5 A F(ECPT) 4 )8 Co 4N KBk 78 ik )2 (Co@C) [I#  Co % OER Hi
AT BTl BORE S B LA =AM 35—, AR BRICEE I RR 2 VRN RTINS, AR TH
TALH, 1G58 7 OER &M 25—, &J8 Co R SCHM AL Co S AMMGIKIURL R AFIN 3 Bk 28
=, GRS Co SR AR 2 22 18] FA) W ) 25080 W] e B T4 i OER PERE.
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Figure 10. Schematic diagram of ZIF-9 forming carbon cobalt oxide Hybrid material after two-step heat treatment [86]
10. ZIF-9 i3 S HALLIBR ik - $ - SR UM R REE[86]

55 WEERELY

HT5%—4E 3D £J@(Mn. Fe. Co 1 Ni)iJ TMOs T E A& mlitE Rt . 025 0 10 R 3% M A
L0 AT, AR B AR F A 1) AR A AL 79U [5] [28]. TMOSs ZERS: A S5 Hh i) e ASAE 3% M A e o
fEA AT Z 0T AR T HoR e e SC I & 728 3 i K LAl (AEMWE) £ 45 . TMOs (1) 75 OER
TEYEYET 3D &R A d AN p A0 B B [28]. IX LR 45 A 2 8] (1 B AR ELAE F R T AR R I A A
RANZRTE 2 (B (45 A RE, FEURE T OER HZ. Frjlid O*Hl OH*Z 8] (45 4 66 25 (ADGo-AGow) # A
AR T OER ¥ M 1) — AN FH (3148 [28] « B4 R4S R I AR ALAE 75 35 b i A 4 A (o 6 2R Ao
EIREAD TSR BA B AE R AGo-AGon AL OER 14 FE[28] [89] [90] [91]. XLk TMO fi
A FE s R I T PGM FEME 4L 711K OER 1H:6E

i, TMOs tBH B T A A& i HER #E4E7[12]. BT TMOs W] LA A [F (1 d ik 454, e A1
FEEH RGN . TMOs A 92 HER EEEMEM L, (H AT LUd e 25 1) AR AT 03 B S5 M Skiius [92]
[93] [94] [95]. IXUEdEn%, AFFATHM T . MBI R Z E&EMs, il iEsfE SR A E
1 AGH RAEZE HER,  MIfT A A & A A [F) i i 45 K 1) HER J5 7 TMO 4L 7).

6. REERE

FAL 7K 0 il 77 A B A S0 (99.99%) AR X T5 iz — o JAFER, W2 A5t &R TR IE FF e W]
WA T/ B HER #1 OER. 8. . Bhix =Fud JE & 8 LA R g W AEVS 1E . AR RIS 1
PR, FERERAEAF AT AR TN, LR E RN . DR, BREEF L MOF,
LDHs. PBAs S8 ZRAP R BAEE . Blic BREE s HEALGT I BB 3t Ji B0 Hh R A ROEAL PR RE, 2RT, e
PSR i AT AN R AR E VE 2 IR e 2R L, U THR . b BRI s MR AT FE AR K 1
REWETE S T2 HCR, BV R 2ok, 8. B BREER AR Bt Afle, BURER
MBS BRI EE G N, AR AR (et 51 s HL AR R A R
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