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Abstract

As a kind of clean energy with high mass energy density, hydrogen energy has been widely con-
cerned by people because of its pollution-free characteristics after combustion. Among the many
ways to prepare hydrogen energy, electrolytic water hydrogen production has been widely stu-
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died by researchers because of its wide source of raw materials and many advantages such as be-
ing free from the restriction of reaction region. Therefore, it is necessary to develop a catalyst with
high efficiency, high stability, low cost and wide source of raw materials. This paper introduces how
to improve the performance of tungsten-based electrocatalyst for water electrolysis by adopting
heteroatom doping and heterojunction construction.
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1. 51§

B 58 R T A T4, L BRNLAARER I Jeidt AL 7= iR & e B se 8k & N—J7 TSR Ut
BT DA R T A= ik &, sema T Ry T, B, BT R T E R
AFED7, RN SR T S MUB S 5 g, XS Y TR R AU AT 5 T HUR R AR 2 .
BEE R P AN R R, RRIR G B T A R B E AT Z . S5, AMTIEERR T
PP ATRE B AT, DAGZAR 2 At 5L T SR SR 25 I A 58T L F) JRI T

AR B S RVERI A, FIR RS 0= 7K, WIREE TR B, UaTHl & &% T g
HLAR K HI AN, A K W R R = E A AR R DR P e B R R S ik, (HIX ek
EM 2 AR BT EA R L AT R [L], A — T, HREIERE N —F T FAERR IR, [ E K
PR E R, SRR K E 07 R TR KRR AT M.

TK 1 ) 2 B B H B A% 4 &0 B (Hydrogen  Evolution Reaction, HER) 5 A #% ) #1480 )2 % (Oxygen
Evolution Reaction, OER)iX J§ ™ )k ML [RIH i, 7EWF AN RIATFA T, H, Hra(PyC). #Hré (RuO,.
IrO,) /& H AT 2 INTF A B e ) B <22 AR FRI[2] [3], 2RI b T HORIER D ik & S5 83, e DF
ANIE A BT R S bR AL = AR g v, A, JE DT 428 (WOx, WSX) UL A IR E 5 . Mg (%
B, AH T HBAR M A IS PE[4], WIEATE A T SERR I RS Tl AE = DR, #F R s —Fp 2T E
T E I I SR SR S AR I R AR R TR MR E R IECRE, TEREE .
PR U R, AR TR A AEAREMMRARIE L —, DN ERHER N T T2
HAEE, ST B A m B I (8 B4 7= ST s T8 11 [5] [6] [7], RISk, BF5EH —Fh B4 i B fb 22 s 1
e e MRS i S FE AL R AR L

2. EfEK RN R H A FREBEA
2.1. thERMHNE

FEHLAR T, I A M AN I, R RIER R, Bt BRI o e, ™
AER, EESAERR, BRI RN RN
2H,0=2H, +0,
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AR AT B9 A BATRT R, SXAE )RS FH A SOSLALRRES,  FHTERNI S B R
INVSEES WL
2H,0+2¢" =H, +20H"

MR FATT LR, SN TFHERMNTS, © AN NS e PR, BRI &I
R
Volmer 1.

H* (ag)+e +*——Hy,

TESE—25 Volmer L, SRR SRR T BR M B MR B /K A FIASR SR 7o BJE, HOsd
Tafel *PYREL Heyrovsky P IRG A Hyo ST T-45 78 B HLAEALTR, S SIALIE 5 210 b 4906 T LA 2 AT el 12 ot
HEA SN 1A B e 5 A0 3R B 2R M AR 2 (LSV) ARk i 26 1) Tafel RHFERR, B8, TR
2, W HER Wi &4, M EEFEAE H . K, A2 1S 45 A fE(HBE) X il Ak HER
MPEREREE B OREBENEN, #A R RAE HER fERRPERM N HIME—48F5.

5EPE HER R MAE, BlPE HER MRV K B K 45 1 IR B 25 0 OH W P L &R, BT
BPE HER MRS B THid s i sk = R BB I BT, B HER WP ) S08 % B A ok T K
fifEs, R/ B (A A0 BR AT B2 il 2540 T HER 2 )% 2218 (1 )5 A

BESE AWM MALEL: Tafel 23R Heyrovsky 538, Tafel 2534 BN H 45 &
TEHEA

*

2H., = H, +2"

ads
Heyrovsky 25 BRI G BEAN Hoy 5 HURITT ) HORISR B AME0 0 B AR 45 S T R
H,, +H (ag)+e” = H, +*

HAp R AR ML, BT AU PR don = O ] 1
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Figure 1. Schematic diagram of HER route: (a) in acidic electrolyte; (b) in alkaline electrolyte [8]

B 1. HER B4 REE: (a) EERMEMEERT; (b) EWtEBERT(S]

AR BT A2, T Bk H o R R Z B I T, e HER WRBR B4 S008I0 ok B T KR
DRI 7K gt 18 RIS I el RE 2B 2% R HER 21 22 R IR . a0l 2 s, DLRAT B U T 25 H 1
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AFEE)E P Ru) BT, Pt R ARSI B HIBE(AG )IRILT 0, SRMIBOK I /K AR B 55 22 FHAS Tk
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Figure 2. Gibbs free energy diagram of alkaline HER on different surfaces including reactant initial state,

intermediate state, final state, and an additional transition state representing water dissociation [9]

B 2. Witt HER AAEIRE LS HETEMEEE, SARMIES.

KBRS B N T S [9]

2.2. HrE & ML

hETS. RATURRE

&SN, ST BRI RS I OV, SN A B 2%, HRTWEFC OER [
HRIE TR AR R T, B BN IR

OH™ +*= OH, +e"

OH;, +OH = O, +H,0+e"

*
c)ads

+0;

ads

=2"+0,

O, . +0OH = OOH:, +e”

ads ads

OOH;,, +OH™ = #+0,+H,0+¢

FERRPE A BT, MU N NS EMR S TIT R, RS2 A 1 R N R AT T A [10] . & % HE
AR ) SRR B 12K 25 L T IR PR AR RN PR A R THT (OHG ), #%55 OHL 5 OH™ MR, k& —
N TRERR T RAL RN (O ), #RTRAERMESRME T, O 2 O, AP FAF ik 4R 25— Migiek

B O, FHRE AR O,, B FillE Of, B:% 15 OH 47

THEHE T SECT O, K™ A A HE YR R A A4

BArE RN AR ERIE 3, i M EBReRaEls, SEdEeRSRER:

g AN
aa

TR OOH:, » 2 J& OOH:, HE— 4 i1 i
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Figure 3. Schematic diagram of OER route [11]
[& 3. OER B Lk REE[11]

¥ HER AN, OER iR AEfE LA Akt 0", OH™M OOH"), SHURAMEFEAE OER vk & ik
FOLIR, MAELIAE OER MRS, KUk, RN T MR HAR S SN A TR 2 18] A B A A X T4
OER &M & AT .

PP IZ PR S (DFT) TS HR AL 7 G B AS S 5 BRANEE A0 IR A B S M LER F) 7 5 88, DFT i+ R0,
7 A HH T4 IR B B F 00 22 v 2 (1 32 820 R 11 B R 2EL A 1) el RE PRI R T 2 AN RB R . fl R
PR 50, J S5 3R B e R AR U T S D IR, 12 MO0 TR RT N1 1) Tafel AF3E75 2. 2 HirNIE,
IR, BIER NS ERIEER(AG, —AG; )~ M-OH HFEFIHE £l 145 M 250 (d Ul S eg HLiE
HFSR op WeBrhLy), DMK HIBLIPAT OER ¥k, 3Lk, LLAG, 5 AG;, (AG, —AG;, ) ZEIEN
Mréeas M iR 7, Hoh O' SR EA WA, 1 HO R —AMgE[12]. thaieil, L PRiEE5H
GELAFRIRPIN, XA 42 E) O LR HOO IRl I, 342 3] HO*E ALK O*HIFR .
b, BA S SRS RIOBAMRLT, BT AG, —AG,, MR, 7T LASR RS AL . fn i
4R, LAAGY — AGT o NIIRTF, W TR . RO &40 M & RSN 2 s
JREAL Y OER J il 4k .
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Figure 4. OER volcano plot for metal oxides using AGy — AGj,, as descriptor [13]
& 4. OER KILEWE&BENWIER AG, — AG;, 1EAFEIAFF[13]
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3. MRS
3.1. EHRREECCVY)

VR Bk S P R LR A BB B 5 k2 —[14] [15] [16] [17], ¥R R %% (Cyclic Voltammetry, CV)
HLA% e LRI N 53 75 J5 A 18] P9 8 57 A4 R A A2 SR A TR s S Fe ELAE - 3 T 224 W SR A SR O R FE R Eh g
N Ak AR RES AR A IE ) AT NS B R AR R AR JF N, AT HE— 1S B - A R 2R,
PATAT DU IS SO A A, P R R A B T ) DA = A R AT — IR B 2 IR R E R .

3.2. ZMERRFERM(LSV)

VE R 2R AR 2 —, VAR 22434 (Linear Sweep Voltammetry, LSV)#E % 7 H 0 A B B b 5 T
A HE AR 2 TR N B R B 22 U, RAE 0.001 V~0.1V 2 [l [{ £ s A 4945 [18] [19] [20]. i #E4T LSV
R, FRATAT ATS BB AL D 068 FEL AT Wl AR B 2 ) — e B 2R S BRI ZR 5 R .
3.3. BIE/R(Tafel)f2

A R AT IS SE R (Tafel) 70 A, mT LA B 70 N 53 4 W7 75 2 A8 Al A AR B, LUK B — 52
L, Tafel RERIGR Tl AL () AR Z ()2 M%< 5, HARN:

n=a+blog(j)

Hh b AREIEIERAIR, Tafel BMGZ @K i35 s R XS EAE H[21] [22] [23], @i
B Eh R AE K 5 p SRR, B Tafel 552 n =0 I, BRI HBERZIE (o), B FmMNTHRRSIFIE N 14
RIEERTIRES, ST FERAS TES, W jo MR, MRS sARAT R P75 T

T Tafel BRI E X, X— A5 Tafel thgBREI7EFH T 287 A 5 24 1 B AL RS
3.4. BFEHINZEK(TOF)

HL T4 501% (TOF) [24], X —ME& i TR T 1966 47, Michel Boudart 4 7 SR 46 A4, 2 5 S50
R IEAR R, 51N T AL A] Py BANE PR A AL B S, X RS BI TOF, "B T
ARG M, i 7 A AL SN R . TOF A REIEI T

TOF =1/ 2nF(HER)
TOF =1/4nF(OER)

X, AT, n RS T, FOVERL R (96485 C mol ™), TOF AW T sfri A iy,
BT R B AL R A R
3.5. XZHBEHL(EIS)

2 BHAT(Electrochemical Impedance Spectroscopy, EIS) [25] [26]38 2 24 B il R 4 %2 ) — AN IE 54U
T HL e (FRLR) A IR S IR BN, 27 AR — AN AH L AR P (PR ) i B TS, PRI S 15 R DAAS 31 FEAR 1)
PHHTE RN, — RIVBUERAIESLBEAR S AR BE TGS, Ty AL BT .

3.6. BEM

— LR, RIS T4 1 B AR IR R s M TR AR =R 1) e B RS R
H B 3 R e 1 [25] [27]. 2) MEE HLE R HR B B e E . 3) ZEXT A EL#EAT 1000 B CV
W5, FHHTH LSV M, &FHE M EL 54T 10 [ CV MBS 10 LSV B AR e 4 E 4, N
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IE W R R B BT
4. $SE AT A R REML LR,

BYERA—FEE TR, BAEARA T EERUANHE FRIRAAE, HETREA IR TI58,
ST R B 51 [28] [29], BT84 J5 1 Sk e 14 R i 28 () W 1 S5 R PR L (R FH[6] [7], S A A 483 A 1 71
R T SS 4y 1 HAT AR BRI B PR R, ZEBF TN SO T4 2 AL I B 78 2, 40 Zou %8 A\
FLH) WSe2 [30]. Sunil, R. Kadam 2 A\#F 7T H 1) Ni-WSe2 [31]HE T &2t &N, Yang 25 AWF7T
(1 WS2 iz FITE il /K J7 THI[32] 56, IX LERF 76 08 ) FAT i Bt 85 358 v A 70 s BRI A HE AL P

AT R AR R RE, FRATTIE R 2 R LR T B AT AL

4.1. REREGHRAER

TESRAEMEAFI,  BF 0] DLYE SRR 45 3 S b 3B HE 5 DA G VT 2, AN RIS AL A B B[R4
AT DA RE S N Bl 124 [33] [34] . S5 45 AR T3 5 Eb S 48 o (AL R SR B L S G P PR KT 1 o S TR 45 A 77
MR ALUNR: T5E, RS TR AR N AR T DR R LR VE AL S . IR, B M RS X
THEAE ZFEPE[35], nI LUl i 2 FLEE R S5 ke L R AR AL TR EAL i S =, R ES AL
Loy 2 IRV PR e B B EANE IR SRR, B T W RIRIOSE, AT DA R A0 25 S Rl 5 H it 1 R 2k 6 36
[37]1[38]. Zhang [39] [40] [41] [42]58 N4BH, SJoa gt A St i v] M S 1S5 M A 20T B

B, Hong [43]5 N F—F B0 E i FRERIN G T WS,-W SRR, 1325 T
il 25 1) WS, HLA 5 Bk IE L A 2%, 3 H WS, 5 W 2 AL BA [ 47 ) s fid, X 6 TR 31 A1 75 WS,-W
SRR B B R HER SEVE . B IR G AL RN, 2908 30 mV, [FIB I8 EAF BRI Tafel &1,
%)M 45.5 mV/dec, 7EHZEIEF] 10 mA/cm? it, HidBA 240 108 mV, [FIN FH] & 5 WS,-W 57
SRR B AR E ML 8 5 BR T (@) WO3 Al (b) WS, 49K Fr 7E W §H _E (1) SEM B, (¢) R 7 WS/W
) SEM M, (d)&E T WS, 1 TEM E1&, (e)~()Ex 7 WS, 21 HRTEM E4.

Figure 5. SEM image of (a) WO; and (b) WS, nanosheets on W foil. (c) Side-view SEM image of
WS,/W. (d) TEM image of edges of WS,. (e)~(f) HRTEM images of the basal plane of WS2 [43]
5. (a) WO3 F(b) WS, K B 7 W 5 B9 SEM Elf&. (c) WS/W B SEM MIEE. (d) WS,
H4E TEM Blf&. (e)~(f) WS, EE HRTEM Elf§[43]
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N RS R K AL TR RS, BE U il R BCK S B b b 5 B AR AT S5 S I T
FL 2% 2 AR PE RE RO 1 T B2l 1) 2 B R BB AL 77« B 4, Guo [44]55 st 228 & iU 7%,
PRI HLAE VAR ER BB R T M) WigOs/NIWO, 55t 45, 78 HIAL 2 AR JE I R, filR T WigOug
RSB, X — IR W IG5 7 SR TR, AT AEAS ] 4 1) WigOue/NIWO, R 45 A 4 BB
FFMIETES A BT AR - SME AR AR W (V)AL 5. F & A S AL AR IS P NIOOH, i
PRI B 70 AR, TE R E N 10 mA/em® i, i e Az #0153 v, I HEEL
H 7 DR 100 h (AR 5 RS e 1

T 6 1, (@)~ NIWOJNF. W;504/NF FI Wy04/NIWOLNF ] XRD #£ &, (b). ()& T
Wi5049/NiIWO, I H 8 K BRI 544, (d)FH(e) AR HRTEM EUE, (JE/RH T 99K 828
(1) HRTEM BB (FE & 4(c) b bric A E45r), @& 28007 M A 7E NiWO, 1 W04 HI(=111)F1(010)
frn il b, JF H NIWO, 1 WOy Z [AI/71EF W2 HIT4 5

@ e ) g ©) |

N_,_M".'\__M WV W | s’ W
l! ' . W]lo49/NF

A ‘ ‘ NiWO‘/WNO“/N'F\
Ni JCPDS No.70-0989

|
| 2 ‘NiWO,JCPDS No.72-0480
“W,,0,,JCPDS No.71-2450

Intensity (a.u.)

P 8 . ¥ ! A

Figure 6. (a) XRD patterns of NiWO,/NF, W130,0/NF and W;g04/NiWO,/NF. (b) SEM, (c) TEM, and (d)~(f) HRTEM
images of W1g04o/NiWO,/NF [44]

6. (8) NIWO,/NF. W330,/NF F1 W150,4/NiWO,/NF B XRD &, (b) W1504/NiWO,/NF B SEM El#%. (c)
W150,e/NiIWO,/NF B TEM Elf%. (d)~(f) W130./NIWO,/NF B HRTEM [El{§&[44]

4.2. EFiee

VNS AT, Ak —, Bl kB4 Esde 4R, thin S, Se. O,
P. C 203 R MR 45, R0 7= AR KR AT A A, BT 56 75 R A £ 700 PO R B e DA B FEL AR AL 1k B 13
F—AN B =i[45] [46] [47]. FHE T2k 7 o LU 25040, 10 B R s PR f e =
SRR S5 MR RPN S R 2 (S AL T AR R AR (48] BB E TSR S HE T
(95 200 AL K 2R R FIRE L R 5 T EEEH . BOE IRk SRR, @SB E T, o LoEy
WS, BRI B RE, AT kbR v (i AR 1 AR AR V5 14 [49]
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#iln, Zheng [50]55 AN T #2 TG 5t 42 J@ AL FRIAE BRUME HBL A o b AR AE AL P R, e B AL B i A 7 v
B2k Co BT, FTRAFIIMEALTRI(Co-WO)TE IR % A H 10 mA/em? i, Hid siAr£% 30 mV, Tafel A}
FYIN 32 mVidec, XRW] T T I AOHEALT I R AT HER iR TE. 455K Y], i Co %
F SE BRI SR g, BE— PR T HER IR EAT R RE J) . ] T(a)~(c) il oAt R
¥ SEM 1, (d) N EAIR XRD i &, K 8(a)~(e)rr 1 Co B Ja EALFIRIVERE, (e) il #5 HIMEALTT 5
A HIARE AR < (R M AT 2 T8 P RE Y LA

(d)

—WO W Ni foam *
s “Co-WO ¥ Ni-based allovyE
s. |
<
~
2
©n
8 L—.A——.ll
% Vo WL*-MJ».
= WO, ,, JCPDS no. 71-2450

WO, JCPDS no. 82-0728

20 30 40 50 60 70 80
2Theta (degree)

Figure 7. SEM images of (a) WO, (b) Co-WO, (c) Fe-WO. (d) XRD pattern of WO, Co-WO and Fe-WO [50]
[# 7. (a) WO, (b) Co-WO, (c) Fe-WO #9 SEM Elf&. (d) WO. Co-WO F1 Fe-WO #9 XRD i E|[50]

(a) i — ().0.20
«?ET __________ P e _ ——Co-WO 32 mV dec
) i = ——Fe-WO 136 mV dec’!
S .20 / i -0.15 4
—Fe-WO / R T da-1
g Hopaiic .// P : % WO 80 mV dec
2 = w2 ¥ g ' g-o 10
w1 J ]
5 / / =
'3 -60 'J ( : .'g //
= / 8-0054 °
g f/ ! ]
5 -80 | / | [-% ff/,):. R
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Figure 8. (a) Polarization curves, (b) corresponding Tafel plots and (c) EIS for WO, Co-WO, and Fe-WO samples; (d) dif-
ferences in current density plotted against scan rates, showing the extraction of the Cy, values for WO, Co-WO, and Fe-WO;
(e) chronoamperometric measurement of WO and Co-WO at an overpotential of =200 mV vs RHE, for 15 h (without
iR-corrected); (f) comparisons of overpotential (at 10 mA cm™?) of the related recently reported catalysts [50]

[ 8. WO. Co-WO # Fe-WO #m#i(a) #RiLEhZk, (b) HEEAY Tafel EFI(c) EIS; (d) ABESHEERNER,
E/RT WO, Co-WO #0 Fe-WO B Cy {EHIIREY; () 7200 mV vs RHE i HLL TSI E WO F1 Co-WO, ##4E 15 /B
(RFITIRZIE); () ELBRIEIRIERHE S MALFIAT R AL(FE 10 mA cm ) [50]

4.3. BETIE

fEPEm AR & R A LRI R F T B2 —, GG TR TR NG 2k, NTTE
AR R Bl NGR I, FRATAT DLl R i % . B R AT RN R R A B ST B [51] [52] [53]. HHT
R PR A7 AE S TE AN R S 181 P2 AR B R 2, [ RF 5 27t DB e £ 470 o A 45 0 v 1) J3 30 45 2% B2 [54] [55],
E A FH TR SR B 7 05 F AL, AR S AL i S B A D, [RIR R B RE A DU, b i i
TV RE .

Cao [56]% N\l % i fiE Fe'®' 3 148 B H R IR ST WS, RITII 75, AUK Fe R Fe {EH Fe
FFNBINE WS, 1, [FIREHE T2 S AL(W AL S BALEL W AT S 25 A7 JEA7) SR I e A 37 1 7 A5
M¥cE, BAREMBERERE. BRMRGDT B M R IR B fa e, K 9@ ME 9(b)F&MH
Fe* B8 T4a X E KA CC BRI WS, JESR LT3 A 52, 1 9(c)& M T WL S Rl Fe ¥321 3o Aii 7E WS,
Kk, & o(d) @R T Fe™-8E13 &4 HE%E TEM (HRTEM)EUE, Hrhlft), 78 WS, dits g5 —
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Figure 9. TEM images of (a) WS,/CC, (b) Fe'**-8E13. (c)~(d) EDX mapping and HRTEM images of Fe’**-8E13. (e)~(f)
XRD and Raman spectra of WS,/CC, Fe'**-8E13, and Fe'**-5E14 samples [56]

9. (a) WS,/CC, (b) Fe'®-8E13 B TEM Elf&. (c)~(d) Fe**-8E13 BT E1HF HRTEM El&. (e)~(f) WS,/CC.
Fe'**-8E13 #1 Fe'**-5E14 #5A9 XRD F1 Raman iE[56]
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Figure 10. (a)~(c) HRTEM images of A-WP, LC-WP and C-WP, respectively, and (d)~(f) images of the region enclosed by
the red square of (a)~(c), respectively [57]
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Figure 11. Modification strategies for high efficiency water decomposition of electroca-
talysts are commonly used [75]
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