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Abstract

“Green hydrogen energy”, as a kind of pure energy generated by renewable energy, does not emit
any carbon dioxide during energy conversion, which has attracted widespread attention. Among
many methods to produce “green hydrogen energy”, renewable electrolysis water splitting tech-
nology can overcome the shortcomings of intermittent, random and unbalanced caused by day
and night, climate and regional factors, so it has been favored by researchers. In order to improve
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the catalytic performance of hydrogen evolution, it is necessary to develop catalysts with low cost,
high catalytic activity and stability for water electrolysis. In this paper, a series of modification
strategies such as heterojunction construction and heteroatomic doping were used to improve the
catalytic performance of molybdenum-based nanomaterials in water electrolysis.
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1. 51§

BB ST H AR, AMIXBEIRMFREREKR, ERRFRLA S FEAISHEGRA
BHEEE TR ZMAT NI = SBUE G REIR IR 5 — D7 T B & I RPA S5 YL, 41
ARZE R 7 A8 T H R I RS SR A R, BT T HE R Rh S KRR A, —
FACTHA BN SE G FY, SGERIRW . FHE—RIKE, MHIGEAE[L] [2].

IR — L8357 R BE YR A IS 18] () R P . R VR RIS AR R AR R B BR 1) T BT RIE S = 6e, P AT R —
MOESE. Hifitl . Jolo M RE % R s H R e IR L 2. SR LE T AR IR R A B ML
BEE. BEEES. L. JEE. HEMIEmM 2 ertmss, FI B A0 & ER[3].

LK ) S B AR AR FE L EAROR, (BB W] FRAE AR, DRI A K ) S i L AT S A — Ay
%, R FET R AT — M RN A B TR . (E R S BOR R A4 TR S B R BT 3
SEPTRIR, E I BARARR RAE BR A T AR K ) SRR L AL, BB T BRAR FE AR B At F sz DA
WLIRERE, WP AR AR AL AT I USRS E B R AR B A B = L [4]

) .

SR MR, AR (140 MIKg). fEROK. V5 Ye. AREAEA 2 A M A
ZENGE S EN. WSHEIERS, SAORIETZ, FEA MRS SR ] SR R
R 7745 [6] [71

LMK & A LR ST VR N FELRON KA T FUR = AR SRR, BT R A T AR AR, AR
FR A mlEE, 4 T2TR, P im0 SEER R, g HaEE R, T2R&EET E; 550,

HArs <A RRKMN TR, 55—, SATUEATER, HTEmRE. BAE R n T4,
BTV TEURR IR A s 5 =R T/ B Rl F it A A UK - R G

3. HfEKR N EHYIBHE
3.1. Hf#KR M

L R 7 ) S PR) 2 A D B gl A H ARV PR ARSI P s, AR B AL TR FR R B A A 2 RE, I
W BB SR AR, AR ER R B AR S AR R (A 1) B R R BT R
2H,0 = 2H, +0, @)
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ML) AT BAE 7B AN ) SO A e A A 15 R HE A . H A SR80 = 0 = B AR ) N R
PEL PR R . — RS, RERABRPER TS ES, O ARERR S, BT R R
TR AL IR JEE ol M UK, AT e (R AL 7RI A AR 1, AR T RIBI RALR . 2988, 3R s fiEdn
AR P P PR AARSAR F 5 sk P of v 2 St A L R A 5 [8): PRk LA T — MR pH BN 7 IR s
W, T RS HOA OHY, — 7 T RRE] T e S o, S— TR T = E0E . BT F
PE HLAR TR T AL A P i A X 0 8S AR T AR (AR iE 1T . Bl — A E E TS
PEATRLE H vk R PRI A TS 2 9] Bk PRI — ROV B 1 M SRR AR, Forh 328 I AR B
F— T UGS E, H—r AR TR, B 5 m K ERE,  BTDL H AR T R
HLfR I T FUK R SR T e 22 (101 BR T FORHARIT, AT T S Tl A br AT BRI = AR
WU T I — LA AR BE T 7K R P A R A P e AN AR S T [11] s AR/ ) SRR AR R AR B
R T AT ER B, BTRA Tang 55 A [12]8h7E ARV IO\ —FREE 25 5 S L (R B . B H AR
), EI X L) A SRRSO S,  MTTHR A T — b B AU v FE i S AT AT SRR

LR K AT SR RS Je 2 HLT-56 88, TMT SRR NS J 4 HLTH6He, T LA OB —Fh B3 B
Ft DA /K fift sk R 32 B2 M U BN R 52 . BEIE Bk, HER (Hydrogen evolution reaction) BT 75 Y FE
J£5 0V, OER (Oxygen evolution reaction) 5 %2 i Hi 2~ 1.23 'V, SR S et 2 Hh i 75 22 1) F, s S a7e e K
F 1.23V, TR RALE AL I R 52 B e AR AR Ak R R BEL TR B 2 DR K A M [13] [14]. T DA BT FL fig
TK ) S A7) A2 o Al v T FL A PR A RIS [15] -

3.2. TSR MH1IE
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Figure 1. Schematic diagram of electrocatalytic water splitting [16] [17]
1. BB RERE[L6] [17]

TAERRYE B 2 TR, T DAT A6 HOBBEN 1 b, B R A A MBI %5 H Volmer 25T,
S AT R H (B S e FEL AR R i Y, T LIS 5 A A5 K A A H)5 P T8 R 3
A ALASE B A A TR — MR R T (Ho )e PRI T

Volmer 5 5%

H* (aq)+e” +*= Hj 3)
B DA MRS HLEE: Tafel 5 IRA1 Heyrovsky 535 . Tafel 25 Bl 2K P ANFRAT I HE, AHEE BT
RS BRI
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Figure 2. Schematic diagram of HER route: (a) In acidic electrolyte; (b) In alkaline electrolyte [18]

B 2. HER B4 REE: (a) EERMEMEERD; (b) EWMERMERT[18]

FITEIN 7 PR HER PERERULFIR, 5 S0 IR PR U5 B 55 A1 i E R RE AT THRL(AG . ), — MO EIR B
SR T EATH B AN AZK R BORG, BEal T WA TE R, A 3 EP"IH%EH H AT AL,
SR IT R R R L PSRN S AT B R REE T 0, AT B e/ TR,
Wi SAME &R, AHT Volmer R B ER, (HAL G EAM TR, EmiasaP%K, W
I RE S M HEALTE VRN b B A A e R TN, BURSEAMES S IES, ARTHE DK
Volmer S, I i B2 5K [ REBEORIKEN SOV, B2 R m AL AR [19] [20] [21] [22]
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Figure 3. Diagram of exchange current density of different catalysts

and gibbs free energy of corresponding hydrogen adsorption [23]
3. PEMETT 24 e R 2 R R SR B FR e LB [23]
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3.3. fTE KR
X+ HER, OER By MidFEMNT E 4%, HATHE7T OER #l &I T-Hd: )i i B8 — MK [ B 25

RN Fros -
OH +*= OH;, +e” (6)
OH;,+OH = 0, +H,0+e” @)
O, + 05y = 2%+ 0, 8)
&
O, +OH = O0H;, +e” 9)
OOH;, +OH = *+0, +H,0+e” (10)

FEBPE R 0T, BRSO N SR B T IT R, SRS 4 DA 20 I B BT T 46 [24]. E 2B H
i ) SRR B 2 25 IR AE AL RS I 67 SR THI(OHGy ), 635 OH g, 2551 A0 1 Js B 4 P M
FA(0L,), BN RAWRAMLE: RN O, BEEMEILM 0, 7—F O B 5 OH it r4s
BB OOH; , Z J&G OOH , B 2T Tl O — MUIH L (8) H S BLHM ) 27 35 42 2 K T (9) M1(10)
R 23 28 I 0 AR AN I REEEAT R AT 30T B RE T B T DAE 5 I — 2 e N AR 2% , gLV RE 2 i OER
(R LA TR E SR BRI RN E IR o AR U, 3o A7 52 8 i 48 W BT P 199 A b ) 4% 555 A1 28 11 P RE AL 7 I BT 7
AR AR 5 R PR A2 R PR 11 -

Gogr = Max[AG,,AG,, AG,, AG; ] (11)
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Figure 4. Gibbs free energies of ideal and real catalysts at U = 0 [26]
4. IBIEFNSEERMELTIE U = 0 RS T B B 8E[26]
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4. BKHISELFETENSH
4.1, eI e L

S HER A1 OER JilF 75 i T4 B8 34 23 51 0 F1 1.23 V (vs RHE). 4R, H1-F HER A1 OER [
B4R, TEART ARSI BRI S A IR SR, IR BRI A SR ) L35
SERAR S, AR R BT TR B A S A R R A . B AT E BRI A R
HERE T 2 A F) 10 mA-om 2 B B il Bt B KN, SR AME AT ARG PR MR AL RS

4.2. EIERPBMZREREE

PEAE /R B ] LB MR AL i &N 5 15 2], eI A BLRIR -
n=a+blog j (13)

nARET AL, b ARESFERR AR, JARERBRE L. BIHRRRG, SR FIA ER A B
¥, SEARMRNEN 5. il A BT SEAS B K HIA R FEAR NS e TR L (o) B SRR T AT FL
JRZ IR 22 AR T AR AR, jo SR W E T 2 1 T FEUBBOPA LAY P 3 P v

4.3. EiiENSH

P 2 T AR TSR VP AN (R A PR T AL T PR A A R . — T DAL 0 FE 2 L (C) KT
5: ECSA = CylCs, CoMNLLHIR . JHIDF Lok M R S Ee £ ORI S E#AT BB, vl BLit
B ERIER SRR . RETENE RS, R FIRVFN AR 32 M E BRI TAR 2 (1 fE

5. fELTIRU SRR
5.1. &afEHl

ik 5, HATREARIRES 7 U O JEQoKA0RL. 1 4EAREL, GUREMAUKIE. 2 4Eg0K
JrR 3 g2 LA . Hoh — AN LR )Pt 2 Faber 55 A [27]) 4 T ANFITEZSRM CoS, T HER, AUk
L BORERANGUKEL, NI T IEZRL, Bt DURAT — B0 RS PEATS PEAL R R T AR 5, ERE
HI AR BAT ORI LL R TR, B DARBIL B8 = (AR e

5.2. ZJEFigZ

I 5 A . — & SR B AR S R SR R T AR A B A M — R TR . — IR BRI S T
BRI 5%, in—%EE. N. O, C ¥ P En R MBS FoREUE R T454, (HXf fikas =4
BN, NI P AR KB A AT pt s ESO BE e F ve AN FL AL M B 1 1Y 5 [17] [28] [29] 9l 4n, @
IFE N, P IEB AR MoP 9RESHIBRIZ H, i X AR A T B2 B8 T AG . M, {23k 1 It
H R PR, AT 5 MoP (1) HER TEfE, 784 pH A WA 67 (4 BI7E 0.5 M H,S0,. 1.0 M PBS
A1 1.0 M KOH HEA#EJT F134 5] j = 10 mA-cm LI}, 5 = 74. 106 F1 69 mV) [28]. FHES 14544 BAG 58 (1 11 g
LA P BCAR RN i () AR P S PR A AT 52 B AT i (19 0G0, 812 Qui [30]155 AHRGE T HLIB 4= 1 NigS, 44
KEGRES, ARG TS A2 T NigS, YKL FEFI IR R, RN BA S & I TERE, V 35 (e it
T NigS, PR BER I n T FE3G I, T $& s 7 AL iE k.

5.3. WERRSE
S 5 45 3L PR AN TR (845 S AR 4 A oI 7R B ) S T DX 38K, G 0 A4 R E AT XRD AMTHRTEM 347 3RALE,
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XRD RALMELEAT Z R, ASF = SRV EAT AN F K 5% R, HRTEM RAL PR E AT A [ 18] B
0 AR AR B R Ak I LA IR R AT DA E R A A . SR IO BT L, AP RLE R B AT
PHITERE. M- SARRIER A EEOR YL, A EEA R 2 — B ME AR A S F0R h BoAT & 4 UL AC RE
A HL T [ E A e R2[32]. HER 2 — ARl /1221 e, e e MR T g o o AR A7) 5 S8 ) A RO
BAEH, StBREs b n] Do R fe e S ish 77223 78 . Yu [33]4%8 Nt id a7 51 i) /K #%Hi) #6  MoS,/CoSe,
SRLs, RE A NREH LT 06 (PR AT RLR A SE A7 I PR RE, —T5 T2 B S5 S 4 P A T Ao 7
T AL B 2 B A, 55— J7 DR AN R B4 mT AL AG,, FFEE BT, 1& = SR BN 75 A1 B B
HIBE T LA PRI i3 22, SR T A AT RE T 1.

9 Nano spheres and nanodots

38 ‘ Zero Dimensional (0D)
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NG )3

% )

W Thin flakes, sheets  Two Dimensional (2D)
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‘ = ! ‘ Three Dimensional (3D)

Figure 5. Structure classification of nanomaterials [31]

& 5. gk R LE 53 2K[31]

5.4. BT

AR, SR P2 sm Z o W (e A7) AR 2 ) R (R SR A B B, AR s AN Ty 2 [R] PE AR BAM  RE
24341 [35]. Blun&:@uibyn, EA1RISETH S HER FITE A R UL ELE 2, AT DO T UK S 1 A 1 (AL
FEPE, AT RLSIONGRFE AT S B A AR e RE . T DM ARSI S IR AR,
75 T, AT A i 8 s B R SRR I s A 1 [36] [371. BT LA I A B R TR T DA = AT
U P B R T 1) SR . G COR UL, AT L@ O, SRR TARELE Ar SEES TR it ik = e B
RS AR IRE T S JR T T4 . MoS, /& —FRAE TR HER k7], TERHTE
MR RCA, s A R AR e o (R B AL TE M 52 e T A fEE A A7 i B K R ) . Ye 55 A [38]3
A TR R R AR ETE B Z MoS, Bl T EkEG, 1IX S8 T HEN RTINS, JEEENR TITER
Pio BT S TR, (hEThRETEBE = R rp e EEEH .. {EX 5T, Xie ZF[39]HkIE T et
MoS, H YK B AL HER PEREMIREN, TEIEAIHGES, FIABIRE Mo (V)48 Mo (IV), M3
I RHER A o
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5.5. tirEIEE

RSN I TF A AT AR FE AR K AL B, (BN IR B TR RESR, B Ek— iR m L
FIRIPERE, P CAAT LR 22 A etk SR HEAT D[R] 4% . LR $RaE s B R 4% MoS, I Z A ki, S =&
Rr AN G AR TS o AL AR R BT SR BE[40] . FT RATSETH 1 BE AL BR AR A 77 AT LA I 277 T k47 1 [ 3
7 R HRI ELF S 2 AR A E K A AR E

6. FMRKEWTIR S K MA RIVIR

A VE B SR AT I HER EALRIE 2 D1 e R, botn Pt 3&. Pd ZEAEAGH). MEALFIITT R EEAW
HK: 1) SRR AP TR OL T AW RS SR A &, R RscA . 2) S
JRMEA R I R B A R A P, (H R AN Tk s B TR, P DA 2 — R 41 HEmg
SR AL TE RE -

6.1. RERBREMENH

HA St & @t 7t F 2R AT LU LA AR AR T DI/~ 724 pH BT A #B
ARFEAATENE. SR N ARGt ARG P Res s ) Skns A LR JLfk: 1) &
KII B R THAR R OK 2 5 f5 TS PR AL A 2) SR ARG - s i FiRE 3) TERMIFLBRZER 4) W5R14h
FIMER B v HE T RN S M [40] 0 — ST 70 3 BH WU 9N K AR AR LU A A 70 EL A O G ) PR A A P AR e R
[42] [43] BEAL, ARECAL. AHFIE AR AE A A B R PEAL AR o PR DT & B A TR T
B 7 G 851 BRI S B B A A FAL 2 o3 1 3 B AR oK S5 M 3R ARE b, i) DLER i S A 70 (R A 1
RE[44]. i, Cheng %5 A[45]H14 1 HHERREA A SJESCHERHE /N 8 SO HARE 1Y Pt R H1#%(~0.8 nm)
AT HER, AMUHEeE T HEAERe, i LRSI T Pt -1 i B ik R PR AL e o B T R4 Jm i
A, VTG S T X R A R AT LAt — P A It BE[46] [47] [48]. #iltn, Li 55 A[49]4kiE 1
—Ff PtRu @RFCS ([A1Z5 My HESRRER), #F PtRu &4 5 sk Bms L1, - J s A 210 HER 166,
FPPE R S 10 J5E R 2 VA DR T PtRu 90K H % 5 e M 1R s B FH DL &% P AT Ru I RIME T . BAR
TR AT LA FEAR 55 48 AR AL TR I A, B e X T SE I AR Tl e R K — B Bk . Aot
SIEIRREEZE, 55 RS RINECE AR BRI R FEARRAS . Fose Fif &+ & L FI[50].

62 UEERES

AP 4 TR U TE R Mk BB P AR T R (R BB el 2 DA SR PRI AN n Bt & R AR, BT AAAT]
FaALESE G &E8#E 2 &R ENT. SESEZ MG ST LT d UEmFIER . JOREEH
PAS R AR, AT S8 SR A A 75 1 [51] o A 6 PR 3002 5 1 B A 70 R T vk A B I3 40 b (1) S R 1 [5.2]
B, zhang % N [53]38 i mrili il JE 72K NiMoO, 77 14 B BRAAIE Ji i MoNi, & 4 JF 8- 7E MoO, K 75 14
_I-(MoNi,/MoO,@Ni) i THr & Bi(/4] 6). MoNi, &4k BA 51 HER tERe L 2 &R Pt, A
HEIERDBEURER HER HLHL., HAhid I 4 )8 &4 HER R HA BT MMERE, Hin Niv. CoMo.
FeMo M1 NiFe %%. &/ —iu&<®, oo tRIH 7K HER PEAE, NiMoCd #EBIE I fi TARVZEDT
FABVBRIEAR LR B T AR % s eI, 35 3ERB130N 26~30 mV-dec™ . /b (1) Cd 5 4%i@ 5t
A 72 T W PR ) S B A D AR AR T AT S R [54] o

63 TEERHENLEY
R R AR AL SR TR T AT AL o BRALER PR H AR 3 FL PR A M e PO A 12
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REfS B 2 7E . MoS, /& —F HER PEREAL S HIMEALT), Hal24H KEXT MoS, iR, B ANEE
] MoS, i 3E B A K 2P _E IR TR TERE, X2 B TAHEL TR AH MoS,, 8210 E 2 KIS PEAL
AR E T HALTEE[55]. BT HER F1 OER WML A, £24 HER A1 OER AL HIHL 3k 23 7 S

JREE KA ) T4 e LA K P RE
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Figure 6. MoNiy/MoO,@Ni electrode for HER (a), (b) SEM images; (c) Polarization curve;

(d) Tafel curve [53]
6. A HER &9 MoNi,/MoO, @Ni &k (a), (b) SEM Elf&; (c) #kikihLk; (d) Tafel Bh

£ [E[53]

6.4. TEESRBELEY
NiP BA R AMEE L TR, & VR AVRA, & —FIRA AR 1 HER 4L, /£ 3D 2%
P i B SR KSR AR S QB2 2 0 k. — e mu eyl ik e, Hok,
1L I < AR A W RSB A i B A T e K P B DA SR A AR A T, 2 5 AR A A
7 2 AP IR A A A B L R A (— RGeS I B R B O UL, A U P2 T v R 5 i A el AL
R S RTBRAAREAT SCRE) o A7 R TE RS BT Co(OH)F oK 2 A7 48 38 A L 1T 47 DAy iy 3K 4 i F5 B £ B CoP
AR L[56]. a1 7(a)~(c), AR LI ST I 7 d5AEBRAT LI, 7E 0.5 M H,SO, R HH AT B 20 10 mA
em? i i LA A 67 mV LA AR E AR I3 JE /R RHER 51 mV-dec™ e a4 B B AL TS0 ER AE R OK
BEE RN, BTUAT S = RS 7 8 BB 7 AT R . Hln Fe #5253 NN AT CLORAL U B B H B
Mt — PR R AR YE[S7]. AN WETER Y B BABMLE I, €5 P I AIERART HO I
W, HISSERTE H RIS Co %Ak, B 7(d)~()i R Co-B-P H1T BIP [k F] 28R AR 3% 7K I 45 a5

HAISH) HER fEALVERERT R AT (RS E PE[58].
STt
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Figure 7. Cobalt phosphide electrode for HER. CoP: (a) SEM image; (b) Polarization curves; (c) Tafel slope plot; Co-b-p:
(d) SEM image; (e), (f) Polarization curve; The insets of (f), (d) and (f) are images of wettability and bubble release [58]
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