Hans Journal of Nanotechnology #K$iR, 2021, 11(3), 155-165 Hans )0
Published Online August 2021 in Hans. http://www.hanspub.org/journal/nat
https://doi.org/10.12677/nat.2021.113019

B ELTIRR R

2 OB H¥ML RAF, 3 AL A AV &K %

WP NG AR 2 VA N P W N )
LI YR BEIE S MR E S SR, LI M
Email: chengyu@ntu.edu.cn

Wehs HEA: 2021487 H4H; FHBEM: 2021488 AsH; KA HM: 202148 A 18H

R

FEEAL S AEEMAE R R R, AR AR BRI EERE, BT R RRIEENL RIS 4uE
FEJEBE, 2PRECIFHLNL S HHRIIPAE B BOARHEBARN R HE g & Kk —. XA R R, DUK
PHEE. BB, EYIFHRE. IR, HMARARRTRSANFNFEREEZRE. SBTAAFRH.

B BEEE. BRERER (142 M)/kg), ELEEFSRBBINAR—MERIH BEIRREE 1R
THARBARE R A B AR K | SR AR =S R B R R A2, 1B FR AR /K i SRR AT R B S AR 3 B

BN RERBEENFIRERERIEAERE, EhTEERRZ . AR & . KRR EEESHR A,

PRSI T BN, FEik, SFIFRER. BN R B EEH &R BEAaR, DS ‘S
25”7 BWHE. A308A TR 14 B4k =4 (Hydrogen Evolution Reaction, HER) TS (B 5T 3E & .

X in
AL, TrERSL BN, SR JRER

Research Progress of Electrocatalyst
for Hydrogen Evolution Reaction

Yu Cheng?, Xinnan Xu?, Lifang Zhang?, Jie Liu?, Xi Zhou'2, Tao Qian?

'School of Chemistry and Chemical Engineering, Nantong University, Nantong Jiangsu
2Jiangsu Key Laboratory of Biomass Energy and Materials, Nanjing Jiangsu
Email: chengyu@ntu.edu.cn

Received: Jul. 4th, 2021; accepted: Aug. 5th, 2021; published: Aug. 18th, 2021

Abstract

With the development of social life, science and technology, the fossil fuels on which humans de-
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pend for survival are being consumed excessively. The resulting energy crisis and environmental
pollution are imminent. The global energy supply and related environmental issues have become
one of the biggest challenges faced by scientific and technical personnel. In response to the above
problems, green energy, mainly solar energy, wind energy, biomass energy, ocean energy, geo-
thermal energy and nuclear fusion energy, has attracted much attention. Because of its high effi-
ciency, cleanliness, abundant reserves, high combustion calorific value (142 M]/kg), and good
continuity, hydrogen energy is considered to be a next-generation fuel with great potential to re-
place fossil energy. Using water splitting to produce hydrogen is an efficient way, but the smooth
progress of water splitting to produce hydrogen requires the assistance of highly efficient
electrocatalysts. Despite its high activity, traditional precious metal electrocatalysts have severely
restricted their large-scale applications due to their lack of reserves, high cost, and poor long-term
stability. Therefore, there is an urgent need to develop electrocatalysts that are efficient, cheap,
stable, and can be prepared in a macroscopic manner to achieve the “hydrogen economy” blue-
print. This article reviews the research progress in the field of Hydrogen Evolution Reaction (HER)
in recent years.
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1. 5|

B N2 B VSRR R R, W REIR TR 5 HARE . Brth 5| R I REIR N LI 7EJERE . SR,
AR REIRRH B TR R, R BIRE. A, RRAE) [1]. 6 EbRRe IR E R
rilon, 2013 A FEAEJRIE FE R SA 18 TW, Tt 2050 S0 bEUE 4 % 30 TW. 54k, XEfbf
BRBHI R e 2 26 il — S A5 (COy) « — AR (CO)« AR (SO,) A AL Z(NO) LA K AT W N JIUHE 55,
KGR E AT KIG Y RIS S R A . Rk, iR F R R A R A
T RE VR SRAE JutE 48 A AT REJE I AR AL ] [2] [3]-

HAT AR St (S v BBV G KPHAE. ZlRE. W1 RE. AE. HhAAEESE, HEH P ZHREIRAS
AN, AR T HA M. BREAE = (142 MIkg). TE7E . R F SN AN N E —F B
FREVRAR LI T Ot ARRRH 3] [4]. HET, fESRRIRAUE, HARSUE TR, HARBUST 2017 4 12
AR CEREIRIEA SR E ) PR 0, Bl ] P AR REVR K 5 N R4 H 45 il s 38 0, R0 A AT A
fiti £7- L) i) S (Powder-to-Gas) i 6l e Y5 HEAT e RUf A7 2 A L B8 22 [3] [4]. LA, X FASHIREEAT
fig AR, AR HE 77 22 G0 AL 75 T4 1 82 T B (75 SR 1 32 SR e R AR B HH D5 Bl K I o] 2B RBVR, 1
HEERIEE T IR RGBT . ST, HABREIE W ARSI RHLA(NEDO), HZ
REVR RS, ARAbe )y, DARCARF, T 2018 FF7EAE B EIRVTHT 3 7 tH 5 K (10 MW) R] | FH AR
REVE IS FH2R (Fukushima Hydrogen Energy Research Field) 355 H . B AT W, S BBV IREURSAL,
87 L 2 ot 0 e Y AT IR B 2

SR,  H AT Tl A & 3 B K R SERI A K SIERIE DL K& K HI . Hod, Bim
FRT7MHR T A RO ) BB S, [RIRE 2 0 T A 42 e U 9 5 B AN — SR A SR = U s, HLJL
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- 959% 11 28 HX P A A% Gt 7 115 o 1T HL 0k /K ) SR BOAR RT MARAS g e e R sl S P 575 e [
B T AT R AR, 2 BT A R OO 4% 244 [5] [6].

S BRI R K 5 Hy A O F S NEAEBR 18 PR aradli iy, (H iy T B S b & A AR A BELA 52 ),
Ha A1l O FEHT HH I 75 22 o AR et (0 S N RE 22, S BSCS B ) LA/ P it vy T 2R 4B 1.23 V [7] [8] [9].
TPk R FasE BT shE AL 2 (AL AR 3 &2, DLSEBL A 5l (15 1)
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Figure 1. Hydrogen energy society vision [9]
1. SaeRidSmIEE(9)]

2. EfKtrSELFTIMEER

T, AR AN [ A SR A 7 B S P 75 AT T B BE(AGe) 5 52 4 LU E (jo) < 90 1 B R 2R oK
R K Y 2 B, s 2 Fos, BRI HER RAEALFIHEAL TR 1 M B 224 7]. AL
) HER PEREMGT, W) AGr-H0taIL %, HERIA, Si&)® Pttt “ kB2 17
Ui, AGu-AEH L%, FULHOA AR R HER BRI thoh, FRATIEE N LA F M AGy-
FTXE LR jo L, 7T DARR HHId I & B EE A4 L (U0 Co, Ni, Mo, MoS, %5) & dE 4 JE Bk AR (845 2 4 28
Wiy CaNy FF) UK T St )@ P RL, RUIUL AR B O B ST 6 )8 Pt AT AE m PR E HER HLfELL
M1 181191

12441k, HER AL ST R RIE T R BT AN, 8 AT = KRR 1) st imdt
AL 2) e EAEAEA R 3) ARG RALMEALT.

21 RERBELT

BT S e B AL 54 Bkl 7 1 HER 3, JTERZ2 R & )12 295 [10]. WFR £,
Pt 4 J& (AT 1 AS [F] it TG B2 1) HER  HEL (AR 3% 14 R 78 BR B A o v 24 4 (111) < (100) < (110) [10]. 3
Ab, Pt FEAEALFIAE B A BT A B35 AL REIE H EL AR R YE N P A, IR 3L HER TS MEAERR MEA i b
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Figure 2. Dependence of joon AG,,, for HER on the surface of various materials
[7]
2. EHHMRFZEE HER Y jo X AG,, FIRHBIXER[T7]

T HAEGRE A 5T [11], 3K 32 BV PR T AE G A ot o A7 7R SR 1 482 & -OHag AH ELAE F LA AT B 1)
KEEREA2[12]. thAh, HRYE d w08, B d o RO BT PR BE G U LR B RE Dk . DRI, K
Pt 5 3d-iJE 4 JE(Fe. Co. Ni Z5)Jk 3d-id i &)@ /Pt &4 nl LU Pt (ECA IR B A L 7 BT, M5k
PLFRAR Pt & 10 [E) B K P 2 v PSS ALV M 0 B 19[13] [14]. W H, X it LB ERHE)E
RPN Z 55 4R Pt 8¢ Pd (% AL IR 5 922 TR SE[15]

B Pt ILEALFIAN, Pd 2 —FE WS4 8 HER L7, S EL PtFEE, MK RE PtITL
gy —, i H Pd BA /N JEF RS, AR DA B A ) Hy, 38 T AR B U5 1 H, [16] [17].
Valenti 25 \ il 4% 7 —F MWCNTs@Pd/TiO, & & HER HLAEALT], 76 it A5 FR R0 H 51 HER 54,
XIUFKTF Pd, ZHE CNTs K TiO, P EMER, CNTs i 7 T rAfL Tio, )2 ks, m&ILFHEE
Pd HiEPE[18].

22. HEEREBELT

HATHE R, S EAEY, G5, SESEmAY[L9] [20]. #Eb[21] [22]. BALA[23] [24].
WAL V[25] 55 4E 51 6 B WAL 71 S A B ARS8 Pt s LB LR 2 —

Her, JEEEmELSGY(TMDs), HALZE 8 MXM ARE T4 BcER, B4 Mo, W4,
X ACRBRRIT R, Flin: S, Se %) [26] [27] [28] [29] [30], HIT/AMCAR . HA FE MG AL &
SRR ADERAG YR, AR AR B HER HLAEAGTRI[27]. T MoS, 1 —Ff L3 (1 1t I 4 & A0 4 e
THAEEZMBEZ R WE 3 s, 76 MoS, )\ AL, Mo J&1 A7EAL, Mo-S J&-1H]
DAL BRAH T, AHAR P2 2 ()8 55 R Ya as e ) 4 T AN R A9 84 [27] [28] [29], f4E: 2H-MoS,.
3R-MoS, LA f& IT-M0S,, HHr, 2H-MoS, MHELEaE, J&TF 3444, 1M 3R-MoS, il IT-MoS, #4142 .
FRSH, RICAEEMEF[27]. 2005 4, Norskov %5 AR H % B2 RS (DFT)THE M1 T MoS, A
B35 A0 7 H HAE(AG) [31], £ RE W] MoS, I L P AR R A TE Y, 2% PO RAE L 2 454,
AG~0.1e V, Feilr HoAt @ R AL I (P, BALRESE) .
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Figure 3. The two polytypes of monolayer G6-TMDs, (a) 1T-MX, and (b)
1H-MX, and their corresponding coordination units and energy level diagrams
[27]

E 3. BE Go-TESBRMHH(TMDs) A % E 9 8Y K& EL B 3 R A BC L
BITAEERE (a) 1T-MX2; (b) 1H-MX2
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HWE, EE R TR R RS, WS BOWESRE, BRI, SeE TR, BJRE,
B ESE[32] [33] [34] [35], AT AUTAAE MoS, ST BLIEBE(Bl N, s de, Tk, dfbes
TEPEEAR, VR A AE), &SI HER HELIERERITEIL[34] [35]. Chorkendorff % A IKIESK T MoS;
{1 HER TEVE 51O G S DI G, WniEl 4 pros, I8 JUAT4E2 % 1 TMDs AL IR RS, s 758
Z RS TERL R 7].
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Figure 4. (a) STM image of MoS,; (b) Relationship between exchange current
density and edge length of MoS, nanosheets measured from STM images [7]

4. (a) MoS,#) STM E; (b) M STM BighBEINZREREE 5
MoS2 BJiBEKE X &R[7]

2 B MoS, A ZIH VALK 5 K, Jaramillo &5 Ak £ HUUE g HE 51 i) — A REVE AR & B 1 FE LR
FL MoS, #ifiit, X Fh&E i B ZALHELE 2%, AR fd HAR e B B Gl O s, PRI KR BE4R A T HER
PERE[32]. Cui 2 Nifil# T —FhaE EAEKAE Mo 24 1) MoS, Il MoSe, Hif#{L7T], H HER PERE SR FEN)
TG VAT RUB B SCIEAR DR [33]. Yang &5 A A BhiMus 4l Bh/K kil & 1 3 LA KAERRAR 1 MoS, ik
A, BT FE IR AR A R HER PEBE, X3 10 mA/em? B % B BT Tl AL 104 mv
[34]. 54k, ¥ KEEEE, WIS EIEE, FEIL MoS, It 2 Ht & oo H i Ak 22 M e i /) B . Cao &%
NKH PVP figghtadsiil i, 537 —MAkeid i A A 5545 (RGO) 1 MoS, (PVP-MoS,-RGO),
WHER W, PVP-M0S,-RGO R 1~2 JZ, H MoS, EHIE KE~1 nm. XM= 45406 B T 5t @i
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ST T, BB IS, WY KR 2 REE 2 s g fE, R R IF HER
PEfE, 10 mA/em® B N R A7 A 66 mV [36].

BEAN, RN TR HEA RS HUE, AT BT A B R A I R e AR e VAL . A 4E 3 A
Zhang 25 \ SR FIBAL 24 1 T RS AT K B 2 MoS, 1078 I £ ik Ag % - 58 5% i 451 (Ag@MoS,), H
FILH AR 10 HER MEAGIEME o B %5 55 AR IR Ag A% nT 7= AR s 37, 1l i 08 54 245 5 Ag@MoS,
¥ - 55 5 545 A AR SN 36 T 9 5 0 2 O R (SERS) W L I FIARSE & (14 5). JRAr SERS 4R, 7E
HER I MoS, & FJE T S-H 8, 3R MoS, T S J&-F & HER T2 A AR AL E POy . BB
BTN MR T ACY IR RIS LI, A S 57 405 W) A i T4 1A ~F 1 T8 %371

(@ &
1. Inject Ag-OM /
/
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\ 2
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Figure 5. (a) Synthetic schematic diagram of Ag,S@MoS, (b)
Scheme showing of the EC-SERS [37]

& 5. (a) Ag.S@MoS, &R ~ERE; (b) EC-SERS mEH
[37]

Li % N5 T 2 DR B R AT, RGP E G T Mo,CINCF 9KAE 1L 7], 45 R 2R,
AR R X A 51 HER 35, /N Tafel R, sl Fa i E[38]. Zheng %5 A\ i
i H# ZIF-6 1 Cu(OH), 44 K213 2] T — M Co-Cu 9K & & ik A\ 2Bk i 228 1 2 & UL 77 (CuCo@NC),
CERERW, ZIF-67 MZILEMAEIHIE T Cu MBI, B&IMEI CuCo@NC M- HA i L & AR
(=700 mP/g)Tfi JE 7 H T B A 67 1 B AT S B L AR TP [39] . Li &8 A% T — Rl B 2 AL 45 I )
Ni/WC@NC Zetb itk 7, FBLHAL T #4: pH {EIEE HER i1k, £ 0.5 MH,SO, HiA %] 10 mA/em? B
BEFEFH-53 mV, /N Tafel #128(43.5 mV/dec), K IASH HLIAL 25 2 (0.83 mA/em?) LA Az Hi o fi Kot ]
FaEME. 454G DFT Bg TR AE A7 PR R AR R 1 HER WE LM E 25, B Ni Al WC 2 B K&
(%) G 10 45 16 R W IR A2 2 H - A WIC ) N RIS %, A AR T AH 510 1Y) 3R 858, e 4 s HER s B i2ERE[40]
Amal %5 NGB P KA SR B 22 B Mn 3 MOF(Mn-MOF)33] Mn #5241 Ni/NiO S5 45 M i 4k 571
(Mn-NiO-Ni/Ni-F), M A 78 I g i £ 22K i) SR #5200 5 42 J8 Pt 1) HER LM RE, MEITRR 5T
A IR AU A P2 [41]

b, T8I G\ TR B A R A TR A A B T DR T TR R G B2 oy B R R A AL
FIRAMFB . FEASERESREME, WHRERREWE, ISR R0 G5 3 AR Rk
F 345 [8] [42]. Cheng %5 A Hill#% T —FhH A B f b A LixNIO/NI 50 25 /4 FEAE AR, 1245 1 el sl
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AR Ni I LixNiO 99K AR 2 5 Ni 90K SRR, RIS I HER v, TERRYE. hHEmmM: %
PR IE ] 10 mA/em? LIS AT A HUAZ 23 9908 204 50 AT 36 mV. H T BB S A B TR B 1) AR R
T, %SRRI T B R > FEK T LA LE FP A HER HH ) HOH 230, 454755 (1 LiNio 1
Ni Frif 2= A SR AL s, AR A AR RN S [43] -

Song 55 N FE TN A M PR, JEI LR “JREAKI - miEBke” A RO IE AR B E R FEY R )
=4E(3D) MoSy/Ti 4N KAE A AL FI(MOS,/CF) . R SEmSE MIE Sk _E AR T MoS, IE A 2 I HER 2 5
M PEZESE I, 2R K E~9.5 A, BEHIRRE 1~2 2, IR A w 0E ML A R R
e . T UL R MR 23, 5301 MoS,/CF-750 7EFRPEE(0.5 MH,SO,) T RBLH T 1 5+
) HER HLMEALIEERE, MR HBAL(20 mV), JFHEA KRR E (16 h) & @i g 3 fase t[44]
N RSB R MOS, FEATARL ) A R, 122 IR AT I S o 8 A S SRS B B B ) A TR R A
L/ MoS, JEYKEEF S5 AL, BRI Mo Al S JEIfL I RE, M TES S WL AT
MoxSy@GCA i B 44K [ 51 XU Ty G LA A 711) o X Fofr 45 44 W A 280835 1 MoxSy J2 1] 1D [ A5 4k 285 1 8 6% 58 22 11
AGIETEAL A, T H AT B GCA I8 )= (B I g B F2 B8 AT, BROKHR = MoS, BRI A IR T sk . 15T
F UL, &AER Mo,Sis@GCA RILHE R HER/OER HEfE, BIFEKAIRLLE I HER (24.28 mV)
A1 OER (1.53 V), LLKAK ) 10 mA/em? B 2% N 3L Az HER (54.13 mV) Al OER (370 mV) i 5% 4@
PUC HIVERE. F4h, G R NH 2 Gk RAEAE 7 s B (DFT) AL, #7857 MoxSy@GCA [ ARAE
PERL AT, R AE HER/OER i 42 o i 4 It V25 o i) 45 R T A AT Ay BRI %% S A R ARAE TG VAL fU/E HER/OER
LS BA(-S-H IR AG) o AT TARN g i 73 2 22 ARk A o 280 7 A% VA e 1 42 0o 3 4 e v
AT R T PR e 2%, TEERRWE T —F 50 HER/OER HLME AL )28 1 72 i M A7 1)
A2 AL DL R R R A R B, T DA A A e R P SEZ B 2 S R 1 P B A W LA B () TS
B X [45].

teAh, WEWN, SREATIT AR BEEEEA S ERBE R, RS R R H AR
THAEIKV[46] [47] [48]. TRFAS G IR 1 AR i VA 1) B S 7 A 7R B i b w21 1009% ) J5 7 )
R#(AUES), AMUKIEFES 1 s R A B RS TR A, R TR . 34k, 571
WA R TGO GO, A SR 7 B IR B R RO, 51k — S8 apketh i, A
FEALIAEE, KIOEE E HAE, BT RSN JE 5 - AR A B S . IE R Xt o 7
AR B T 2H 3 0 AN () 431 IO B BB AT g, AT S0 S R 775, 8 248 T T B D A 7R A0 ) £
1 RE[49] [50].

2011 4F, kigRe LR B IhH 4% T R T PYFeOX MEALTH I HL R £ CO Sl CO kit
A OB, BRI TS RIS AR R R [51] o i LA, B 1 B N RE R AL TS S AR
Li 25 N LA SiO, JERN, 7¢ SRBEE iR, FHERENIE Y Mo U8, il s AL i Mo LR H3R7E N
B B SR R T R AL, (5 B XS R ISORE 40 45 44 6 1% (XAFS) Bk Z A% IE L (AC-STEM)IIESE T H
BRI BURES, R T4 Mo,C A1 MoN ] HER 351, 454 DFT 48R 1 HA RIS M toh
Mo;N;C; [52].

2.3. FEEREBELT

BRIEMRME DS B AT ) ARG 8 HER R EALT, DR BAT MR (0 B PR, AT IR B 201 S5 4 (R
T R RIE R %), RO R S5 1 SRR 52 1 S5 A0 4 1T 52 2 D) i [53] [54] # LIRS AL AT BT
TUEMGR A, —HEMBRIPKRE, eI i & =4I BRIKE . JUHZ Z4E@D)RGIK v, 2
w7 K HER FUAEALTE /[55] [56]. RN, ARFr e RN, ol TRl 55 4 B 2 18] ) L f PR AT R 7 R
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SRR 2, ZRJE A5 AT AR RE O B FEIX T TR, 5 S AR IR T B 22 (0 N,
B, S 5k P)Ks St v A s M IR I “HREIRON L AT i3 R A P Ak 2 B AR A, R 4R
B A F AL TR P[5 7] [58] [59] -

Qiao 5 AN#f g-CsNy 5 N B 2% 1 st il id & S B 25 I g-CaNL@NG 28t kl, 45 EoR, F)=
2[5 A LA FH 3 B5OAT 9 6 J2 (] e, VA5 T LB 1) 3 7 485 R R R 1P R T SR IO HE I 57 1 HER fie b
TEPE, D@ DFT B TR I, g-CaN, Al HR AR S SR BHE PEA7 55 AL N 458 4 50 (2 1F e fef 4%
AT L ER I T A R BB ) R [60]. Si4h, X IREHAE R THE IR S N, Wi R B E A
FEIGENTTIER & T RYIRT(B, N, P, S)BJf88M HER L7, 45K B RER5LBY& BRI,
BE—B 2 T HER YRR H 1T 2 B0 i & s S A RIAH IR 56, il id X5 2% SR eE 13 21 & 41 N-B-. N-S-
J N-P-G XK R T 2= IEALTR], BIR 4 & SCI0UF S N-S-G AT & HER J&ME. XA BBk 18
T F SR T S R ARAE JE M DL AN E AT, AT A i R AR 4 B R A AL IR 1T B TE B R 4
SR N R TR T SR T R T B [59]

HATKEI AR N B 20 EME R 1 HER PEREBS AT 245 7 N SR IR E A, 8%, N
UARFE RAAAE TSR A, tedn, mbnes, A%, MErg s, mintkie ZURUA S50 E Pl E SE o sk
HER MR CBEEVENL sl 28T, HAT N JE T RB R ERARBAIRAA 2~5 atom%), F3 7k N 753Kk +
MAFTEAKRE, EKI ] A R p il — D Hike . IR TR —Flim N S AR AL, M

[63]. Smith 25 \iEit DFT #igitH % g-C;N@MG (M = B, N, O, F, P, F1S)f) HER iHE K fase vk
7 R, 45 R R U, Wi M 535 M g-CaN,g J2 2 18] 14 5 T8I Ha A A% 5ot o 1 3R 17 1) HPR Bt P A (AGs)
EERKEEMER, WAHEZEM g-CoNy MIARME BB I AR IET H 5 5w~ 1. B
BRI 25 HL I M O S 2% R H* AN [F) 2 5 Y L, DA A 8 S P S T O PR FRL R A P e o S 4
IR T8 2= AT R AR A S A L R SO BEGRN RE i S5 44, 3 T R Y5 2R ST ) PR AR P T [64]

3. R&EERE

ARILERR T IR ARAE B F AL AR R SRR R R Rl 26 Uik, B SRR ARG, i
P AR R AR S R A AN 0 T I R A AR, R A AN S H T S, R A5
SEE SRS R BT A TR USRS SR B THIE AL T P SR P 1 T AR R B AT 5, AT LT
B ISR AL i 7 25 M) R AL AR LU WL 5 e a b, JEad sl TR, M s 2 nis v
RS AT AR AL TR B AL TR E L LT AR S B S A RIS E 12k

HEEmE
VLA AW IR BEUR S AR A S8 = TP 4100 H (JSBEM-S-201805),  [E % A 4R Bl 3£ 4>(52002190) .
SEHk
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