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Fabrication of Hierarchical Three-Dimensional
Self-Standing NiO, H, Electrode toward
Efficient Oxygen Evolution Reaction
LI Jing,CAI Weiwei

(Faculty of Materials Science and Chemistry,China University of Geosciences, Wuhan 430074 ,China)

Abstract Hydrogen energy technology is one of the most promising clean energy technologies,and hydro-
gen production from water electrolysis is a key segment in the hydrogen circle. The excessive reliance on
precious metals in the two half reactions greatly inhibits the commercialization of water electrolysis tech-
nology.In order to develop cost-effective,durable and efficient alternative catalysts,nickel foam was used as
the nickel source,and benzyl alcohol was used as the organic solvent to realize the organic-inorganic inter-
face reaction on the surface of nickel foam under hydrothermal conditions. The hierarchical three-dimen-
sional structural NiO, H, nanosheets were therefore in-situ grown on nickel foam to form the NiO, H, e
lectrode. The hierarchical three-dimensional structure can greatly increase the electrochemical oxygen evo-
lution reaction (OER) activity.At the same time,due to the in-situ growth of NiO, H, nanosheets, the cat-
alyst exhibited excellent stability toward OER. According to the electrochemical tests, the as-synthesized
self-standing NiO, H, electrode is a kind of alkaline OER catalyst with high activity and stability with

promising application potential in commercial electrolyzers.

:2022-08-30
(21875224,22179121)

y s , s , : , E-mail; caiww(@ cug.edu.cn,



12 ( )

Key words oxygen evolution reaction; self-standing catalytic electrode; NiO, H,; hierarchical three-di-

mensional structure

1
[1-3
. (1.23V vs.RHE) .
; (OER) ; R ,OER
Ir.Ru ts10) ] s , OER sy
, OER (6]
N . IrO, . RuO, OER
izl | , . OER tzo-2t] - Arciga-Duran
[22) pH Ni, NiO . SEM
, pH ,NiO 170 nm 70 nm,
25% 36% ., Babar (23] ) (NF) )
NiO . , 54 mV «dec™',10 mA ccm ™ ° 310 mV,
(Co.Fe Mn) (  NiCoO,,NiCo,0, .NiMnO,
NiFe , OER o
: : NiO, H,
: NiO, H, ,
NiO, H, , ,
2
2.1
. 1 emX1 em . 1 mol « L™ 10 min, ,
\ 10 min, , 30 min,
21 mL 21 mL ( ) > )
(100 mL) , 8 , 150 C 2 h, ,
10 min, ) o ,
5 h, NiO, H, o \ NiO, H,-1
NiO, H,-2. : , NiO, H,-3 0
2.2
Gamry (Interface 1000E) s / s
, , 1 mol/l.  KOH .
2.3
(SEM) | X (XRD) X (XPS)

3.1
1(a) . NiO, H,-1



2 .o NiO, H, 13

) o 1(b)> NiO,H,-1 NiO, H,-2 XRD
s PDF 04-0850 (N1) 20 44.51.51.85 76.37° Ni
(111).(200) (220) , XRD , o
NiO,H,-1  NiO,H, -2 Ni . ,
XRD o
(a) b LR TN (b) ,
L ——— AT e u, sl NiO,H,-1
S vV AVoR TN ARV IAITY
o . ] | ;
STEELRRRT  e— z NiO,H,-2
ety | DRI z |
AR TP PV LNITTI TS =
CRmaery RSN £ i A
oL o . A
PY A T T N B A" TNt PDF-04-0850(Ni)
el -
— S I I S
Yk NiO H-1 10 20 30 40 50 60 70 RO 90
HEYZNZS | H, 200°)
1 (a) NiO,H,-1 ; (b) NiO, H,-1 NiO, H,-2 XRD
) 3  NiO,H, SEM C 2,
SEM ) ,
,  XRD o , 2(b) ,NiO, H,-1
. . . . NiO,H,-2 NiO, H,-3
. . .NiO, H,

2 (a,b) NiO, H,-1; (c,d) NiO, H,-2 (e,f) NiO,H,-3 SEM

NiO, H, , XPS . 3 NiO, H,
XPS 0 3(a) NiO,H,-1 Ni 2p XPS s
, 855.78 eV 873.47 eV Ni*"  2ps,  2pise R 856.90 eV
874.83 ¢V Ni*t 2pss 2P s 862.04 ¢V 880.08 eV
o 3(b) NiO,H,-2 Ni 2p XPS s , 853.67 eV

870.85 eV Ni  2ps»  2pis , 856.14 eV 873.74 eV



14 ( )
Ni*"  2ps 2pise 857.31 eV 875.11 eV Ni*"  2pse 2pise ,
862.04 eV~ 880.08 eV o Ni 2p XPS ,NiO_,.H,-2
Ni’ , NiO,H,-2 NiO, H, . ., NiO,H,-1
,NiO_,.H,-2 Ni*™  Ni** 0.4 eV .
, . NiO, H,-1 Ni*™ /Ni? " NiO,H,-2 ,
NiO, H,-1 , OER., 3(c,d) NiO, H, O 1s XPS
o O 1s XPS Ni-O O-H ., XPS
SEM s NiO, H, Ni ) (
x=1 y=0 , NiO; x=2 y=2 , Ni(OH),; x=2 y=1 , NiOOH),
s OER .
(a) (b)
A A
il A R
i AT Nt A D
YT | O . = IDEP i A .
Z PwJUE  Sat. Niz A NiQar g Nl |V A Nid RpY Ve
g I A WA g NLYANY -
= AV N/ = I\, 2" -~
[FIB\ /A HI\\ oo mi\y .~
I\ =" 1
N =T .’ 4
— g
850 860 870 880 890 850 860 870 880 890
Binding energy/eV Binding energy/eV
(¢) (d)
A A
Nofy\ N )
I\ I\
> >
M I\,
AN I N\
/ /] \\, VAN
ot e
825 530 535 540 825 530 535 540
Binding energy/eV Binding energy/eV
3 (a) NiO, H,-1 : (b) NiO, H,-2 Ni 2p XPS ;
(c) NiO, H,-1 : (d) NiO, H,-2 O 1s XPS
3.2 (a)[b)(e)id
200
4 LSV o~
=
° NiO. H, 2 1501
£
’ B
: ‘Z 100
NiO, H,-3 R 5 | ]
(20 mA *ecm™? 100 mA scm ™ %) 1, g 504 /III //
NiO, H,-1 20 mA +cm N g~/
b _”_—_M/
241 mV,100 mA scm ’ 283 mV, 4 ’ 10 11 12 13 14 15 16 17
1 NiO H.-1 Potential/(V vs. RHE)
’ NiO,,Hly—Z} 4 (a) NiO, H,-1; (b) NiO, H,-2 ; (¢) NiO, H,-3
. (d) OER
NIOJ.HJ,_B) ° ’
(200 mA *cm %) ,NiO,H,-1 NiO, H,-2 ,
,OER ., NiO,H,-1



15

2 : NiO, H,
1
20 mA «cm 2 100 mA scm ™2
NiO, H,-1 241 mV 283 mV
NiO, H,-2 273 mV 309 mV
NiO, H,-3 275 mV 317 mV
334 mV 383 mV
5 NiO,H,-1 NiO,H,-2 OER o 5(a)  NiO,H,-1
1 000 . 3 000 1 000 OER ,
s OER R NiO, H,-1
b b
R 5(b)  NiO,H,-2 1 000 s 3 000 s
1 000 LSV , > o
(e TS i
250 2501 3000 cycies  fif
5 g AN/ |
= 2001 < 2001 orieinal T
L_ 150+ i:» 156+ \\-ij
Z £ ir
< o S o0 i
~ 1UUA +~ 1UUA nm
S 5 I
£ £ ]
3 504 3 504 ¥
o oV O A0 7
F
7
0 r 0L : : : . .
1.2 R i.0 A i.2 i3 i4 i5 i.6
Potential/(V vs. RHE) Potential/(V vs. RHE)
5 (a) NiO,H,-1  (b) NiO, H,-2 OER
6 NiO, H,-1 NiO,H,-2 OER (CA) ,
10 h CA o NiO, H,-1 50 mA ecm ?
3h 60 mA scm ?, ,
.NiO, H,-2 6 mA ecm %, .
5 6 NiO, H,-1 . OER ,
s OER
R NiO,H,-2 ,OER , 0
100 100
(a) ] (b)
80 & 801
g g
Q Q
£ 0 E
£ 401 £ 404
=} o
o i
5 20. 5 201
@) o
0 . . r . r 0 . . . . .
0 2 4 6 8 10 0 2 4 6 8 10
Time/h Time/h
6 (a) NiO,H,-1  (b) NiO, H,-2 OER
4
b b ’
NiO, H, R . NiO, H,
NiO, H,



16 ( )
, OER , 100
mA «cm~? OER 283 mV, ,
, OER . , NiO, H,
OER .
[1] WANG YO,VOGEL A.,SACHS M,et al.Current understanding and challenges of solar-driven hydrogen generation using polymeric pho-

[2]

[3]

[4]
[5]

[6]

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

tocatalysts[ J ].Nature Energy,2019.,4(9): 746-760.

ZHU J,HU L S,ZHAO P X,et al.Recent advances in electrocatalytic hydrogen evolution using nanoparticles[ J ].Chemical Reviews,2020,
120(2) . 851-918.

SHI Y M,ZHANG B.Recent advances in transition metal phosphide nanomaterials: synthesis and applications in hydrogen evolution reac-
tion[J].Chemical Society Reviews,2016,45(6) ; 1529-1541.

ZHU C,SHI Q,FENG S, et al.Single-atom catalysts for electrochemical water splitting[J]. ACS Energy Letters,2018,3(7): 1713-1721.

SONG ] J,WEI C,HUANG Z F,et al.A review on fundamentals for designing oxygen evolution electrocatalysts[ J ].Chemical Society Re-
views,2020,49(7): 2196-2214.

KIBSGAARD J,CHORKENDORFF I.Considerations for the scaling-up of water splitting catalysts[ ] ]. Nature Energy,2019,4(6): 430~
433.

MENG Y,NI G,JIN X,et al. Recent advances in the application of phosphates and borates as electrocatalysts for water oxidation[ J ].Mate-
rials Today Nano,2020,12: 100095.

JIANG R, TRAN DT, LI J,et al. Ru@RuO; core-shell nanorods: a highly active and stable bifunctional catalyst for oxygen evolution and
hydrogen evolution reactions[J].Energy & Environmental Materials,2019,2(3) : 201-208.

LIN Z,LIU S,LIU Y,et al.Rational design of Ru aerogel and RuCo aerogels with abundant oxygen vacancies for hydrogen evolution reac-
tion,oxygen evolution reaction,and overall water splitting[ J].Journal of Power Sources,2021,514: 230600.

HE B.DENG Q,WANG Y C,et al.Modification of surface electronic structure via Ru-doping: porous Ru-CoFeP nanocubes to boost the
oxygen evolution reaction[ J |.Journal of Power Sources,2022,537; 231506.

JAMESH M I,SUN X.Recent progress on earth abundant electrocatalysts for oxygen evolution reaction (OER) in alkaline medium to a-
chieve efficient water splitting-a review[ J].Journal of Power Sources,2018,400: 31-68.

ZHAI P,ZHANG Y,WU Y,et al.Engineering active sites on hierarchical transition bimetal oxides/sulfides heterostructure array enabling
robust overall water splitting[ J].Nature Communications,2020,11(1); 5462.

ZENG Z,XU R,ZHAO H,et al.Exploration of nanowire—and nanotube-based electrocatalysts for oxygen reduction and oxygen evolution
reaction[ ] ].Materials Today Nano,2018,3; 54-68.

LIJ,WU J,XIE Z,et al. Hetero-structural mass transfer channel boosts electrocatalytic oxygen reactions of metallic catalyst[J].Chemical
Engineering Journal,2022,428. 131140.

ZHANG X,SONG Z,YAN Q,et al. Tremella-like manganese dioxide complex (Fe,Ni)3;S; hybrid catalyst for highly efficient oxygen evo-
lution reaction[ ] ].Journal of Power Sources,2021,515: 230627.

PLEVOVa M,HNaT J,BOUZEK K.Electrocatalysts for the oxygen evolution reaction in alkaline and neutral media.a comparative review
[J].Journal of Power Sources,2021,507; 230072.

ZHANG S L,GUAN B Y,LU X F,et al. Metal atom-doped Co; O, hierarchical nanoplates for electrocatalytic oxygen evolution[ J]. Ad-
vanced Materials,2020,32(31): €2002235.

WANG Q,HUANG X,ZHAO Z L,et al.Ultrahigh-loading of Ir single atoms on NiO matrix to dramatically enhance oxygen evolution re-
action[ J].Journal of the American Chemical Society,2020,142(16); 7425-7433.

WANG T,FU X Z,WANG S.Etching oxide overlayers of NiFe phosphide to facilitate surface reconstruction for oxygen evolution reaction
[J].Green Energy & Environment,2022,7(3): 365-371.

YU L.WU L B,MCELHENNY B, et al. Ultrafast room-temperature synthesis of porous S-doped Ni/Fe (oxy) hydroxide electrodes for ox-
ygen evolution catalysis in seawater splitting[ J].Energy &. Environmental Science,2020,13(10); 3439-3446.

LUO X,JI P X,WANG P Y,et al.Interface engineering of hierarchical branched Mo-doped Ni3 S, /Ni, P, hollow heterostructure nanorods
for efficient overall water splitting[ J ]. Advanced Energy Materials,2020,10(17); 1903891.

ARCIGA-DURAN E,MEAS Y,P¢éREZ-BUENO ] J,et al. Effect of oxygen vacancies in electrodeposited NiO towards the oxygen evolu-
tion reaction; role of Ni-Glycine complexes[]].Electrochimica Acta,2018,268; 49-58.

BABAR PT,LOKHANDE AC,GANG MG, et al. Thermally oxidized porous NiO as an efficient oxygen evolution reaction (OER) electro-

catalyst for electrochemical water splitting application[ J].Journal of Industrial and Engineering Chemistry,2018,60; 493-497.

( : )



