Journal of Electrochemistry

Volume 24
Issue 5 Special Issue for the Best Papers of the
Award Winners in Electrochemistry

2018-10-28

Recent Advances in Non-Noble Metal Nanomaterials for Oxygen
Evolution Electrocatalysis

Dan-dan ZHAO
Nan ZHANG
Ling-zheng Bu
Qi SHAO

Xiao-ging HUANG
Department of Chemistry College of Chemistry, Chemical Engineering and Materials Science, Soochow
University, Suzhou 215123, Jiangsu, China;, hxq006@suda.edu.cn

Recommended Citation

Dan-dan ZHAO, Nan ZHANG, Ling-zheng Bu, Qi SHAO, Xiao-qing HUANG. Recent Advances in Non-Noble
Metal Nanomaterials for Oxygen Evolution Electrocatalysis[J]. Journal of Electrochemistry, 2018 , 24(5):
455-465.

DOI: 10.13208/j.electrochem.180144

Available at: https://jelectrochem.xmu.edu.cn/journal/vol24/iss5/5

This Review is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol24
https://jelectrochem.xmu.edu.cn/journal/vol24/iss5
https://jelectrochem.xmu.edu.cn/journal/vol24/iss5
https://jelectrochem.xmu.edu.cn/journal/vol24/iss5/5

524 % 55
2018 4F 10

WAL
JOURNAL OF ELECTROCHEMISTRY

Vol.24 No. 5
Oct. 2018

DOI: 10.13208/j.electrochem.180144
Cite this: J. Electrochem. 2018, 24(5): 455-465

Artical ID:1006-3471(2018)05-0455-11

Http://electrochem.xmu.edu.cn

FREBHREMTEELTNZHIER
RIS B H, FAE B B S

(IR M I RS A A T2 VI8 950 215123)

W S B SR R T R R, R e LR R A B U 14 Sk 6 B T A BE VAL A
KR g A e A AR AR 2 — B AR K S AR b, B ) il R AR R G2 ad e S B R B A BT AR R i R BR
)7 B AT SR R R PRI A 5 e A R AR A 1) 1 7R SR R AU A 4 S IO 1) e LA, BT 488 85 A 20 AL
RZFN Tz R T AR 5t S AR AR AR B R RO R O % AF T AT BE R OER M AL I 1 45 SR, AR
SO e A 2 2R O 2 P T S S I AL B T G R VA O v SRS R AT AR 5 4 T v A A BT S AL R B SR

W52 e d J A Ay TR AT S AL LR B3 A U e

ERIA . A48 g R R AL T R R
FEDES: 0646

AANER— UG T e T A R IR T
AR D e YA TR A S P ) S, Ha i 7K 7 S
BN AR R RGN, PR I 45 A A
HE A R G R R 4. K =R R —Fh gk
PR AT 4R 2R SRR Y R 42 0L A 3K Bl K A
fiff 0 HL B8 AT R K FH BB L XURE L 7K 7 1 R b BR 8 45
FE V52 460 71T > . 30 6 ] 5 2 B R =2 1) 1 e 4, AN
SEP TR P AR U o H AR K B AR AR A RO )
At TR BBk A 1 RE U5 AE B[] AN 25 ] 1 AT RREk
B (17 22 B

HE i 7K RN A FE PR B B AT 48 B (Oxygen
Evolution Reaction, OER ) & FA 8% 14 #r & 5 1w 1 ML
B J125 M R, OER 3R iy i v A7 AR 9 4
SRR, BRSO S SR A AT AL
BONFITF ALV R KR PRI il 25 m apE A
K fin# OER #F 2 BA 2 & . 76 A 2 Ak 7
o, B4 JE E ALY Ir0, Al RuO, B A % 4F 1) OER
PEAL TG PE. (A B A9 6 77 0 B 5% A A0 A% T SO S
B o7 FH A 5 AE 5 A BRUSYL HE 5 4 8 99 K A Ak 0 A
HERPFE . MR AR RR SRR 2005 R R
Z ST A SRR, & B T A AE B 4 B
AR AT S A b 700 R HE 3 R A K ) SRS R A

B B Jm A AL M S AR AT TR,
X EkFRIRAD: A

BAEBEERIEE L.
1 WHEEGETHERMEYE
SEHIN N, TEMME S PE T B9 OER S i i

T
OH + * — HO* + ¢ (1-1)
HO* + OH — O* + H,0 + ¢ (1-2)
O* + OH — HOO* + ¢ (1-3)
HOO* + OH — * + 0, + H,0 + ¢ (1-4)

Horp o R A AL TR 2 1w 0 TS PEA . BT EROR I
IRy, PR O* 5 O* Z Mtk & HE
A O,. I HAHE AL B B ] f& O* (HO* Fi HOO*
5 Ak 0 FR 18 45 G BE R R/ OER I s ik
KU B N HLEE ] LA Y OER g 8 & —
AL TR G R B — A N I O AT AR
5w IR — 2 Y RE B B A5 I 2 4 e R RS 1 B
S H OER 7= A 3 Kt fL iz
2 OER MgeEMm A E

P A 7R 2 — i 42 v P Ak 27 B AR 1 i Ak
. — ke U, 7 Ak 2 2 AR | B 2 W AE
FL A b 791 2% T TR B A e T 4R — 2B i e i A
HR I 2Z 8] ) L far 6 4% | 412 1 I NEZ00%. 7E OER
WA 322 R A B R R RR S S B0

Wi H 1Y : 2018-05-14, 21T H . 2018-06-26  * i ill/E# , Tel: (86-512)65882572, E-mail: hxq006@suda.edu.cn
E % A RFE¥ 345 H (No. 21571135) FHL #6844 K £ 1 (No. 2016YFA0204100, No. 2017YFA0208200) FIVT. 751 45 7 H 75 4E

F 4> (No. BK20170003 ) %5 )



- 456

1

A

2 2018 4F

HEAR R B 1 e
2.1 THEAL

b HL A VA B AR A AR RIS T Y SR
FERRAR SRS, SRS — A4 I & AR Tt o
FHL IO 45 T 92 50 I - i st (%) FE R L LR S B
T sE R E R Bl T AR BE T R L L A H
6 B 1 HL R ke BIK 2 B2 1) & AL X T OER fif
o, MRAERRTRE AR, A RN AT R S 2
(2-1).

E = E" + RT(InCo/C)/nF (2-1)
Horr (B A SEBRE N L EY R bR F R vE b
55 (96500 C-mol™) ,R il JH M %0 (8.314
Jemol'-K™) , T R #1221 % n N RN 1
B, Co N EACTIY) B FE | Cr Ny 38 J5E Y W) Joia e 32
AR R (2-2).

n=E-Eq (2-2)
K, B 7 1 i e R OKE R B E N 10
mA - cm? B 1 5 LAV 2 A A AR AL R 1 1 AR
X T AE 1 B 5 B K BHOG RO, K PH BB
i KRR 10% B 7 2 1) f A0 PR 3 %86 . — il
I 000 3 P 9 - 2o R A7 AR A it 2 T A5 30 3 A 1 B AR
BAE. ok H 7 /)N B R D (Y g R 38 B A N
PR HL I 2% 5, 26 B OBR i Ak P B bl v
2.2 BIERFPE

PEHER R AR A9 A Rt NS B,
i 5 1) L Ak 22 A T 52 0 AT LA Butler-Volmer
T R AR,

J =Jjotexp(au fn) + exp(acfn) | (2-3)
A, jo HACHB I L ; o NI 25 o
F IR R Rk WAL £ RFIT,F R ikdn
BB, R il AR B, T RIS o
LI B O R L IA 7 AL T AR RN BH AR ) R
R AR BAA E HLAL SRR L E ROk A T AR
SRR A SR N NI 28 7 N 7 = I A = Wl

faifb R =0 (2-4) .

J = Jjoexp(e. ) (2-4)
B o] AL (2-5)

lg() = 1gGo) + /b (2-5)
E— A RIR A (2-6) .

b = om/dlg(j) = 2.303RT/aF (2-6)

H120(2-6) AT A BEFEZRAEA b /)N | U R 3 2 2 il
FEL A7 % M i A bR, 2 BRI AR B A
PR FL 46T 5% 32 D) . BE JE R R R BUE O T e B

FE o BRI, ARE 2 F BORT HEW L A A S
(14 2 oK A TR ),
3 RS EBEMLMTEELTI ML

S

BT, AE 5t 4 s A b A A R = 250
PN ISR . A P A fb AT S0 A 00 I 26 F A
AT S Ak R0 240, 34 Pl T T S0 Ak 550 78 A Ak ot
B HE ST AR BT 5k B R T
T3 OER AL I P KA e MR AR, TR b 3l 410k 3
Bt 4 A A 25 R R Ak AT SR Ak R B O A7 B F 5
B OCTE . FH LG T S5 A0 f LR BT A AR R R A
FAL T AT S AL TR B I s IR IR HE | 45 0 RDE
ST ¥ ok L AR R A R S R AR
e/ A E A 4R AR 4 TR A HLAE
ZRAL A R K P AR Bt 4 i 4 KA Ak R 14,
31 FREERSEUW/ESENLY

2R A4 R A 4 1B 9 (Layered Double Hydro-
xides, LDHs) & /K ¥ A f1ZK A1k &Y SR,
HAL =220 70 7 MM (OH), ) -[AL T -mH0,
o M gl H O Mg Ni Cu Zn 25 —fr &)@ M
M Cr.Fe.Co Al Ga % =M 4 )& , A" NIEKME
B B T (COs* \NOy (CIOy %5 ) ,m A K5 F
B AN 1(A) s, LDHs & B 7 1F B i 19 4 )
SRR 2 RN R B B )2 0 e R A B Y A
HAERARE R A Y, HREAR 2R
MO, /\ I R 3 FH A A4 1,

5T LDHs Ay A %8y | 4 FH g 7~ Fh 28 T |
DL R PR 25 SRR, IFREE TR T — RN HT I
PR 1) 2 4 Ak 390 0 16 M e AR 0 — 2R
PR A 500 A i A 35 P . Song 25 AP 1 K Bk A R
NiCo NiFe CoCo % Ht ik A A 1k ¥ 90 Kk Fr
(NiCo-B NiFe-B ,CoCo-B). I H.i# i #f — 4 i B
B s, HE R RZ A Sk i
(NiCo-NS NiFe-NS .CoCo-NS). L5 45 L 0 | #1
5 R R 2 G0 K R 0 H R 2 T v T ROR Bk
KRR ALKk . B 1B £, £ 1 mol-L!
KOH 1, FRIZGK R i & A e 23 o T3
AR B HL AR . 7E L% BN 10 mA - em?
A ,NiFe-NS 3 i e G Pk, i A4 334 mV.
BRIV R B R AN KGR R A i S R ah
KA AR )& 45 . Sun 8 AR KL B S
W B 2 A ] 43 J& (Fe .Co Mn) (1 1 3# Ni(OH), 44
KA EF I BB R AR K R R 1.8



%5 W

PP AR B v A AT S A A ) ) B ik S

-457 -

nm 7245, 3T 4 J& NiFe [8]58 2169 B [E VE F |, Fe
#4419 Ni(OH), 44Kk A 7£ 1 mol -L" KOH 1 % 2
W AR PE. AW B 10 mA - em? B 9 3 L A7
2R 220 mV. 2) 5T LDH 5 o Pk 25 1045 5 %
5SmSR a i m St g,
Long % A\ i /K #43% & il FeNi LDHs, 3f i i
BT 22 4 3k 1) 1 )2 Al AR flL 04 SR AL A 520
(Graphene Oxide,GO), 133 T FeNi-GO LDH. £ 1
mol- L' KOH 19 H {23+ A Lt T FeNi LDH,
FeNi-GO LDH £ # i} # : 1) OER b if 1% , 7EHL
Ui BE 10 mA -em? I Kol LA R 210 mV, BEHE
IREFE N 40 mV -dec’. 3) ¥ LDH 5 = 4k 2 (k2%

A

=d1 Ddz 'f%‘mym,
D S

0

SR

B, MR T A T O = S A )
un, Zhang %5 NS0 55 7K #4075 NiFe 94 K J 547
A K AE S 3 R BRI 7R (Nickel Foam ,NF) |, 755
T = YE5ER 1R NisFe, LDH@NF (I 1(C)).1% =
YL 25 R A BT DL EEE ) TAEmAR. B 1(D)%R M,
7£ 1 mol-L" KOH ' ,NisFe, LDH@NF % Pi H 45 &
1 P AR TG P 6 LU O 10 mA - em? B ) L
1A 210 mV, EFER AR 59 mV-dec.
M B T LDHs LI4h, &8 E A4
Rt AT 5045 1) OER ML & M [FIREIZ 5] T A
I8z 5. & 2(A), Zhang % A\ CH] K i
BRI 24 T AR S 19 G-FeCoW H A A LY.

-

Iff>

7]
T —
e T a

B L | |
3 P - NiFe-8
'PE .. ..
438 r
T 20 g 10 - i“
R
£ = o
15 g Fa.
£ > o
5 3 o Rett
0 42.% o
3 104E ok -
: - : ... . ...-- CoCo-B
g
3 s 025 050
QCi....
......................

T
0.40

1.0 M KOH

1 —NF

— Ni(OH), @NF

1 —Ni,Co LOH@NF
— Ni,Fe LOH@NF

14 15

3
E IV vs. RHE

16

1 A. LDHs 1k 25 b 8 R ) 55 o B 2 L B d,<d,, BRI S FAK S F, 2B RETF . Sak, 4R F.46
B, ZMAE-FRKSF. KEaEk; SJRF2Z8;B. Yok LDH 5 2 # & 4 %/ LDH % OER 1k #h £& ; C. NisFe
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Fig. 1 A. Schematic diagrams showing the structures of LDHs materials and the exfoliation process of bulk LDH: the inter-layer

distance d, <<d,, the inter-layer is composed of anions and water molecules, Metal atoms: purple spheres; Oxygen atoms:

red spheres; Inter-layer anions and water molecules: grey spheres; Hydrogen atoms are omitted. B. The OER polarization
curves of bulk LDHs (LDH-B) and exfoliated LDH nanosheets (LDH-NS). C. SEM images of NisFe LDH@NF. Inset is a
HAADF-STEM image of NisFe LDH scratched off from NF. D. The OER polarization curves of various catalysts.
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W6 il 12 i 2 4378 f A9 86 55 (C) i 4k 57 LDH FeCo .G-FeCo ,G-FeCoW & A-FeCoW ) OER Hz kil 25 ; (D) A K 78
MWK LY W Co Fe AR Hin ZEE ; (B)AERKFEE ML ASF B W Co Fe R A AL 1) OER Ak ifl £k ;
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Fig. 2 (A) The schematic diagram of gelled FeCoW oxy-hydroxides structure. (B) Adsorption energy (AGqy) as a function of com-

position obtained by interpolation between the calculated pure phases. (C) OER polarization curves of LDH FeCo, G-FeCo,
G-FeCoW and A-FeCoW loaded on goldplated NF. (D) The schematic diagram for the structure of oxyhydroxides on NF.
(E) OER polarization curves for different electrocatalysts. (F) Co*/Co** molar ratios by XPS. (G) The schematic diagram
of CeO,/JFeOOH HLNTSs-NF structure. (H) OER polarization curves of FeOOH/CeO, HLNTs-NF, FeOOH NTAs-NF,
CeO, NTAs-NF and NF. (I) The calculated adsorption free energy changes of OH™ on FeOOH, CeO, and FeOOH/CeO.,.
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WG 3 HA 250 mV OB, HHL R % E AT ik 31.3
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Zhang 55 N BRI F 7K #3208 A 6] L 5] Co/Mo
i) Co,Mo,0 A kY 4k Fr J5 A £ K #E NF L. Mo
48 2= 0] LA Co NS #F — B Ak LR i 1
Tt i) Hy, TR 2507 45 55 OER 4L 3% 1. 76 1 mol -L!
KOH ', fi#fk5] CosMo,O P 1 5 i OER 1
BTG PE. FEH IR A N 10 mA-ecm? B, BA & Ak
Co/Mo 11 CosMo,O 19 i #4372 (270 mV) , ik F
Bl 548 Ir/C (333 mV). Gao 25 NS 1 e ¢
J0 32 K I 0 e AL FR S B T NGO 4N ok Uk Y A
B, FAZ K ORI R 48 22 A /NI CeO, 912K
UKL Z0bRE KR R T AR Y SR BRSO
1) 8 T 8 7 B 3 1 2 T I M 6 A PR T S5 A il
JLAE OER Ak i 2 20 HE 48 9 0 4. 7€ 1 mol - L™
KOH ', BB i % B 10 mA -cm™ B}, Hoig B0 367
mV B EEIE R B R A 117 mV -dec™. Ye 45 A F
FHPEA IE YT EE | SCBL T Fe V.Co Ni L4540 1 4
5 MnO, 99K B BB UTFAERZE . #£ 1 mol - L
KOH ', %l 10 mA -cm? B}, iZ MnO, #1 ¥}
3k AR 390 mV, I JE/R LR 1044 mV -dec”.
Xiong % N BRI BH B 58 S W A5 1 T Co 842
() CuO 9K F4%. 76 1 mol-L' KOH ", Hi i % J&
50 A1 100 mA -em? i, 3 HL A 43 51 A 299 il
330 mV, B FERAHE R 134 mV -dec™.

KA EY, 5708 ABX,. Hih X
KRG TR X o T B RS ALB R
by 1 g = S s o 11 K VA R =W TR 59
14 O TR A TS ) AL B e (T 3 (A) ). 2 TR
) AR R RGP SRR AR A SR AR B )

£ OER b &0 s v 22 2] T 8Ok 8 2 19 56 . Gao
A5 NTVR] R BK 3h 5% e 7 i A T NiCo,04 25
O TR. K 3(B) Frow , HZ L0 = 4e 454
T ARY B BB 3. XM BRI
P 5 ) OER {4k P fiE. #£ 1 mol - L' KOH Al g
i FE 10 mA -em? B, 3 LA A 290 mV, 35 JE R
FH%E R 53 mV-dec! (Kl 3(C)). Yang 55 AFF|
UK NiFe, 0, 902K Fr 57 2B K AE R 2R LI 9l
KER I, I i $iah PR AT 31 5 9% L 1 NiFe,O,
Yk A B 5 (AT NiFe,0, QDs). 7£ 1 mol-L"' KOH
RN 10 mA -em? B B AL R 262
mV, 3 B IER B (37 mV-dec) K T Rl RuO,
(53 mV-dec), ZIH L F 19 OER AL TG 1. 0L
Hh,Coy0, J2 MY 1) PR 4> J 2R i A1 45 40 A 16 4. Sun
85 NEUR K Gk G BB I CoO g4k B, I it
— A R AT D R AL B 5 3] TR 2 4L Cos0,
YRR B R R R A K 2 AL A6 A 0 O SR B i AR
SEREALTEPE. 7E 1 mol- L' KOH H, i B f37 4 790
mV Y HL %6 B AT ik 341.7 mA -em?, J2 70k Pt/C
(20 wt%) 11 30 5, HI5AE/RBE (25 mV - dec™) HAK
F Pt/C(53 mV-dec).

FEKHT Y & R A AW, 4y 0 ABOs, Hith
ANBEREFIEREMHLEREWER, B5 12
AL, B B % 3 7 MEAR ) 32 2R AR E B R
SHERB AL ESE B 6 NEELA,
ST EHER T R N AR G (B 3(D)). RIS A
WA BB S BB TR DGR g e T R B
AR, A5 L EL AT T 8 4 ) 4 B A2 e T A A T
VR T Y A 1B 858K B I i OER i Ak 71
AR 78 BCR AT LB SIS 1970 4E. 2 )5, MBS I
SCU0 PR DB 9 HL A7 B Ak 2 P JOORT e A f b M BE 2
Vi) AF G 4 BF 5% 2 3 KB T . Lyu 56 SR A%
S5 [ A T 454K CaMingsNbypsOs B .
T Nb Lt Mn A 5 & 9 HL 71PE  Nb 1948 A AT LUE
BUARZE 1Y Nb-O £, M F2 2 CaMnOs FH ) 25 44
AN Nb™ I8 4 B T8 5 Mn* S Mn*, JFE4E e,
e U . 9 — 2% CaMngssNby,Os 5 H, 5514 F
PEAT A T AT 3 e e, 12548 S B Ak R (18] 3
(E)). H:7F 1 mol-L' KOH " % 8 1 1 5 ) OER
HEACTE . B 3(F) R B 72 L% ) 10 mA - cm?
ff i B R 550 mV, HIEJE/RBHR (98 mV -dec™)
IEFARBZ% Nb (FE i CaMnO;(208 mV -dec™) Fl A
AT & AL PR CaMng-sNbg,sO5 (140 mV -dec™).
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Kl 3 (A)ABO, R A 454 5 (B,C)NiCo,0, 45 LB RE K Y SEM IE 1 & OER Akl £k ; (D)ABO; #56k 54544 ; (E,F)CMO
(CaMny5sNby,s05) H9 SEM i i K2 OER H AL i £k, 3 4 1] J& CMO ZE 4 1.
Fig. 3 (A) AB,O, spinel crystal structure. (B) SEM image and OER polarization curve. (C) of hierarchical NiCo,0, hollow mi-
crocuboids. (D) ABO; perovskite crystal structure. (E) SEM image of CMO. (F) OER polarization curves of CMO, CM-
NO and H,-CMNO. The inset in (F) is crystal structure of CMO.

Zhu 55 N OUF) Y S S BT R B A B R
StNby,CooFeo,05s A 1. JEF KA 14 25 1 1 fif
MR AN e A PUE | SR OH WL Fff
FA S B BB BE 77, StNb,CogFe,055 72 B 1 5
() OER 4k 164 7 0.1 mol- L' KOH H Al L i 2
B£2 10 mA -cm? i, Hoid A28 500 mV, B E /R
%k 83 mV-dec. Liu % NPE T Co 441
LaSr;Co,sFe s0y0s JEREEELH . Co B A IR1E T &
25 JEPE T TS ER AT (Y H T 45 4 & Op A H o F
TOKBEMEE B, f G, %A BHE 0.1 mol-L' KOH
r R I BT OER AL G M. 7EHL 3% 2 10
mA -cm? I, Hoad d A7 s 3E R 1% (388 mV, 83.9
mV-dec) BUEF R 1r0,(1.685 V,101.4 mV - dec™).
3.3 EEBVIERMKM R
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BC AR Ry A7 B 38 Ry A B & R B LI A
MOF # B K b i 8L A 5 Fn el 8 1 LA e &
Yyhefb 54 o, i HAE OER H i Ak &3 b 7R A7 3]
M % £ 18 5% 1 . MOF MIL-n (Material of Institute

Lavoisier, MIL) & 54 8t i = 4 J8 5 X 2K — H iR
SR = R AE KSR A B, %M MO,
JNTH A 5 28— F R A 25 18] LA B 3% 16 O 20F i
BA 4 fLIE 25 i A kL il 4 (A, B)MIL-53 45
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(2) Mechanism (4) Amorphous catalyst
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Fig. 5 A scheme showing conclusions and perspectives for
non-noble metal nanomaterials for oxygen evolution

electrocatalysis
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Recent Advances in Non-Noble Metal Nanomaterials for
Oxygen Evolution Electrocatalysis

ZHAO Dan-dan, ZHANG Nan, BU Ling-zheng, SHAO Qi, HUANG Xiao-qing’

(Department of Chemistry College of Chemistry, Chemical Engineering and Materials Science,
Soochow University, Suzhou 215123, Jiangsu, China)

Abstract: Hydrogen is a kind of renewable energies with the merits of environmentally friendly, abundance and high weight en-

ergy density, which can replace the fossil energy. The electrolysis of water is regarded as the most effective way to generate hydro-

gen. Owing to the sluggish kinetics and large overpotential of the anode oxygen evolution reaction (OER), the efficiency of the

cathode hydrogen evolution reaction is greatly limited. Therefore, it is highly desirable to explore efficient, stable and low cost elec-

trocatalysts to reduce the overpotential of OER and improve the efficiency of hydrogen evolution. Based on the natural characteris-

tics of non-noble metal catalysts and their excellent OER activities in high hydroxyl ion (OH’) concentrations, the OER mechanism in

alkaline conditions and the methods for OER performance evaluation are firstly introduced in this review. Then the recent research

progresses in non-noble metal nanomaterial electrocatalysts for OER are mainly illustrated. Finally, some perspectives are highlight-

ed with the in-depth insights of catalytic mechanism, the designs of bifunctional and novel non-noble metal catalysts.

Key words: non-noble metal; nanomaterials; electrocatalysis; oxygen evolution reaction
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