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Electronic Modulation of Ce-doped Ni, P Nanosheets
to Boost Efficient Oxygen Evolution

MA Xueying, LI Ming

College of Chemistry and Chemical Engineering , Southwest University , Chongqging 400715, China

Abstract: The design and fabrication of efficient non-noble metal electrocatalysts for oxygen evolution reac-
tion (OER) are of great significance for electrochemical energy conversion. Herein, the Ce-doped nickel
phosphide nanosheet catalyst, Ce-Ni,P, was successfully constructed via hydrothermal method and calci-
nation method. The trace Ce-doping induced abundant phosphorus vacancies on the catalyst surface, which
significantly adjusted the electronic structure of the catalyst surface and optimized the chemical valences of
catalytic active sites. Benefiting from the electronic regulation of the catalyst surface induced by the Ce-do-
ping, the Ce-Ni, P catalyst exhibited the excellent OER performance and the long-term durability in alka-
line electrolyte. At current densities of 50 and 100 mA/cm’, the OER overpotentials of Ce-Ni, P were 241
and 281 mV, respectively, which were significantly superior to those of Ni,P and commercial RuQO,.

Key words: Ce-doping; Ce-Ni,P; electronic modulation; electrocatalysis; OER

Wi H . 2022-11-12

EEmH. BEARBERESTH (91741105, 21173169) 5 P H AR 24 F 4 T H (cstc2018jeyjAX0625) 5 P i 45 24 KA1 8T A1 BA
@I H (CXTDX201601011).

EHRA . BHEE, B4, 2R b2 i fig Kot

BAEEHE: 20, #iZ.



%18 L%, &, Cetbe NLP sk K 69 & TR &2 A 189

24 A gk 2 N PR 05 0 Ak R BB VR Bl ) R, RT RS AR IR B O SR AT VI OC TR, R R UL 4k
IR BE VR G e B AR 7R JE BES . AL R KO — Rl | S (o Rk R A B AR, AT LA AL S Y
P ATIRREE L AR it I R T A 2 SR 43 ) e M USRS CHER) R 480 B (OER) . Hirft OER 9 X ZHL T
FE R R BN B Jy 2R %, FEE BRI T A RCRT . e B, 1rO, Ml RuO, . fEfE{L OER
J7 1 R B SRR (R 5% 4 R Bt R R AR BR ) T T M SRR R B, R R, Bk,
IR AR 1) A Ak 750 36 A JiE e

S EAAEY, W IE SR A Y B B S R B AR L AR ) K 43
AT, b, oG Jm B A L R Ar Sk e ok R R A K G AR E PR B TE Y
NS, EARZ L ES By b, S R B G EN T EE . 5 G5 2R Z 3
JTIZMSETE, B, B NP BYAAE G PS4 AT 1 o0 i 25 BE /DN BRI T e 7 S B N H A A R s
R AEFEHE TBAN L SILACREE BT Wi B AR e R AT Al
SR O AR AR TR M A O s, PRI kb, BH B 48 2% A AR TR 7 AL B R T AR
Yr SR PR A AL TG E € Bl iz Y. Zhao UV HGE T &R V B 4% NL P AL A JE A 25 b R, 7E
OER 7 HIZRIM B F MR, 76 10 mA/em’® BWHEE FEA 221 mV 0yid fihr, HAEmE f i T i B
A RIFFEN. Sun &5 RGE B AL M A4 R (N A BB 24 Ni, P, AT LAfE4: pH HhE4T HER, BA
s R E . &R Ce HAT b Ni BARMY AL M, FL3B 40T DL 287 N, P /T 4549, DT 58 A7 F1l ek
B FI R ERE. AL, &8 Ce BATMAER 41 BLF25H . 1 H =4 Ce MPUHT Ce i S M1 RG>,
AR TR TR

TEA TAES, Il % 7 Ce 8% NLP 49K F i fb 7] Ce-Ni, P, H7E 1.0 M KOH iz fi: £k 71 32 80 i
o5 OER #EfE. 7F 50 1 100 mA/cm” B ZEE T, Ce-Ni, P ) OER i HL A7 4510 241 1 281 mV, &
ZLT Ni, P fEH RuO, myad i, seah, Z bl R al K OER f20E H.

1 X
1.1 Ce-Ni,P/NF &

2 em X3 em BYMLIRER A £ R F W42 0. 1. 2 mmol Ni(NO,), « 6H,0O il 0. 096 mmol Ce(NO,), »
9H, O % F 20 mL KB FKH, HiPEA5 850 M. WA BT A IR I B R XA B S I L, IR R H) 1
A~ 50 mL MRFRUR N AT AR BN A, £E 120 “ChndA 6 h. RN ™ P8 203 % 0, 78 18 /K i 2 e v e
RO IRER LR, B2 T 6 h. 5 3R AT SRR 7E 4 g DL 2 °C/min B FHIR 3R A 2 350 °C, JF R HF
2 h, 3817 Ce-Ni, P/NF.

1.2 MERIE

Fl D2 PHASER X & A7 S0 & 7 i £ B & A9 XRD $cdE. 78 X130 B9 ESEM FEG 14 il 7 & 3 8%
LT T HEM SN K. I JEOL JEM 2100 F iR T TEM fl HRTEM Kl &. XPS 7£ Thermo
Scientific K-Alpha-+ Fill&. 7= & F#H Bruker EMXnano Y& {47 L F #4561 EPR M & .

1.3 BiAZzNUE

#£ CHI 660E MLfb24 TAE o b F 47 B Ak 2% M. 26 Bt 2 1 7 4 3l DA 2 Ak R 9 NF (1 em X
lem) . A a4 FA ALK (He/HgO) AR N TAE R . THECR I S . Lt R % (LSV) i 4k
Lt LA IE . FAEHE R 5 mV /s, 7B BUHL B H A . SR R R B3k NF 1R S XU RE A 1k
F, PEM T OBAR K B . AL SE BRI (EIS) 7E 100 kHz~1 mHz AMne 7 (1. 43 V vs. RHE) F ik
7. FEARF A 2R (60~100 mV/s) T R FHE IR 22 12: (CV) 15 2 B 32 L2 (Co) VR Ry PFAG HL A6 27 35 1
F T A (ECSA) [ 48 45

2 HR5H®
2.1 HEHBHRE
i K Pk AR BE L G T Ce-NiL, P/NF 949K 1, il #5072 WA 1.



190 BT HRXFFROA R http://xbbjb. swu. edu. cn % 46 %

Ni2+

Ce3t O

AR
—) ‘j.’> ——)
\

BISRAAK Ce-Ni,PHIK B

TRIRER

B 1 Ce-Ni,P/NFHi# & REE

Ni, P ) XRD fi7 W v F 40. 7°, 44.5°, 47.7°, 54.2°, 54.9°, 66.2°, 72.6°, 74. 6° (& 2a), 4}
SIXFRE (2000, (111), (210)FI(300) i . 5 Ni, P 45 i (JCPDF NO. 03-0953) — 2, 2 1 i 2
A A Ni, P (S EE N, 5 NP M, Ce-Ni, P EE & (109 17 5 i w534 170 K A 5y 18 1 5%
(A 2b) . X AT fig A X o 28 o7 i A7 2650 6l B2 (SEMD Hil i 5 L 85 CTEMD B{% £ B (] 2c-2e) .
CeNi,P EAHEZ MK FIES. CeNiL,P RE MM EEE R 0. 22 nm (& 20, % Ni,P i (111) .
A I G 3 4 TEM(HAADF-STEM) fl EDX JC % e 5f 151 #% 3 9 (&l 2g-2) . Ni, Ce Ml P L &
Y5 o i 4E Ce-Ni, P AL 5

ﬂ Ce-Ni,P [\ ! * Ce-NipP
|
= .
e = ! l
! Ni,P ~ I |
15&7\ w.uk-w i1 | | : NipP
nn o |
PDF#03-0953 - : I I
| I
1 \l 1 |I L Ll L L ] M“M
35 40 45 50 55 60 65 70 75 80 40 45 50
20/° 20/°

a. XRD b. BAKHIXRD

e. 50 nm TEM f. HRTEM

05 ym

g. TEM h. Nijc&hkat i. CeoxhRsat j. PrLmRst
2 Ce-Ni,P BytBR1E



18 L%, §. CethZ Ni,P gk R 69 & F A48 8 3 20 A 191

Ce-Ni, P 1 X S 26 7 815 (XPS) iR (Kl 3a), Hl#5 BFE S & A Ce. Ni, P AL O JTH, Hr O JC
FZRMTRMEST PRI, H—2FW Ce B AMAF CeNLP B L. T Ni,P i Ni 2p
HLT AR (& 3b), 76 870. 02 Fl 852. 99 eV 45 A b i g 5 J& F Ni-P 5%, JIEM o & s T Ni,P. 78
857. 04 F1 874.83 eV Ab % 1% 43 %15 J& T Ni 2p, , 1 Ni 2p,,. 7E 860.89 1 879.86 eV 4bJ&: 2 A~ D2
e 7E Ce-NL P HEALHI . Ni 2p,, FRAFIE AR 0. 62 oV BISE S RER K, X B W E Ni iy HL 75 JiF 1
s AeE M ABREAR. Ce-NLP 1 Ni 2p,, FRAEWENFE B, R U] Ce B 24 RE 16 I 25 R 45 M1 AL 70 1 o % B
AT AR A il 0 3 4 A 700 B [0 5 k. Ce 48 2% 2 SRR b Ni 9422 I SRR E N T8 475 5 ik
AL 3e) . AR SR TE 25 A0 0 7 2R RE S W % OER AL TG M. Xt F P 2p Yo 7B (E 30,
Ce-NLP [ P 2p,, Fl P 2p,, FAE WS B0 T 129. 58 1 128.5 eV 454 A4, FEAHXT T Ni, P i 4 B 4
TEWE A7 RS 0. 49 1 0. 61 eV, XWIHKH THES A WAA7E. K 3d Y Ce 3d SEHL T REIE 000 & A 4 1
J&F Ce' ByIEA 4 NHJE T Ce BYIED . L =4 Ce MPUY Ce Ml T 55 L AE ML UE L7 IO 56 5 . 42
EE AR B IEPEST . B REOEE EPR 2B (] 3e) . Ce $54% 3 8l 25 7 1 77 8.

= A = Overall XPS Ni 2p 7 0.62eV
L} Q o
D 2
‘{\Z
o 5 | Ce-Ni,P/INF In
= c\é | E
S | |
iy P i ,
ol v & B :
R I
Ni,P/NF
1200 1000 800 600 400 200 0 880 870 860 850
irhelev 4itrhelev
a. XPSRIEE b. Ni 2pfIXPSig®E
P2p ~\ Ce3d — Ce-Ni,P
/' \ 049ev — Ni,P
\ T +=0.61 eV
. \ ! .
=3 Yl \\kz?l/z:zl‘m = =
= |Ce-Ni,P/NF T = =
= i ] B 1
) A ’
|
/ X
/ Nt .
NPNE e e e
140 136 132 128 920 910 900 890 880 870 3500 3505 3510 3515 3520 3525
ifigleV G4 E leV W35 5
¢. P2pMIXPS RIER d. Ce3dmIXPSiZE e. EPR

B 3 Ce-Ni,P By XPS i B 5 == i &
2.2 HEKRK
£ 1.0 M KOH & F, WAl T Ce-Ni,P/NF B L6 ¥ a0 & 4a FOE 4b Fros, Wi % 2 ik 3
50 mA/cm”, Ce-Ni, PAEALFIH) OER s A8 241 mV, W E T4 Ni,P 9 343 mV i B A2 AR H RuO,
(9293 mV i LA, BB IR E] 100 mA/cm®, Ce-Ni,P iy OER i HL 74 281 mV, i Ni,P fl RuO, 4
i3 B B iy ik HL AL 381 mV Ol 325 mV. X LSRRI Ce 7% o452 T By 25 (0 A &0 35 1Mk
FIHY OER k. Tafel #3 HIRIPAL OER (9 51 8) J1 %, — /I Tafel 503 50k 35 B P B 8h )



192 BT HRXFFROA R http://xbbjb. swu. edu. cn B 46 K

2. Ce-Ni, P # Tafel £ 8 114 mV/dec, H BT Ni,P #9131 mV/dec(El 4c) . T Ce B 2% S 2= (i 1
TR T Ce-Ni, P i) OER B8 Jy2¢. FI Ak 2= PP G #F — 25 WF 5% 1 FE i 76 B8 MV Wb & 2B b
5o R I H s A S LB A 2 0T R R A S P B ASE RL A RT e BT, e A DX T G 7 ) 2 (B A A% fL B
A K, 2[R A H T B L BEBR /DN, AR TR RS . AR T R S 25 CeNiL P 9 Ret fH /2
1.29 Q. B BAK T4 Ni,P 5 Ret 8 4. 79 Q, B8] Ce TTE BN AT LAFE— L 32 S A 5 B9 S v, Wi fk
S0 PER T ALECSA) 5L M IE M 26, HIE T RUZ 4 (C). B 4d fiw, CeNLP Y Cy fH N
1.83 mF/cm®, B8 & F NL,P ) 1. 22 mF/cm®, M Ce-Ni, P 47 5 K 1Y H £ 2% 1 4 2% T BUR B8 22 114
PRI ML . AR R B R E MR AN A AR RN PR RE Y 5 — A R E S HL R IR B (T W 5k B 5
T Ce-Ni, P 7EH E L% £ 10 mA/em” () OER it 2 iy M Ak 2= f2 @ 1k, &l Af iR, 58 RuO,
FHH . Ce-NLP 7ETH E L N £ 198 h i 2, ol 3 2% B2 A W1 W 9 3 sk, 17T 75 ) RuO, AUV ZE 63 h
FL UL 5 L Y R, R GE Ce 35 2% W3 1Y 0R T M 1L ) 9 AR E 1k

400 0.4

500 @S0 mA- em™2 M .
by @100 mA -cm2 131 mV- dec
g 300 400 @200 mA- em™
4 2 z
E i '% 0.3
~ i g . -1
o E 200 k2 M
& * [
)= 100f —=— Ce-Ni,P
'E[J 100F —e—Ni,P ’
0 0 . > » 0.2 . . .
12 1.3 1.4 1.5 1.6 1.7 Ce-Ni,P Ni,P RuO, 1.90 195 2.00 2.05
HLJE/V vs. RHE RS Log [HL %1% /mA - cm?|
a. LSV b. FERE c. Tafelf=
100
0.24 . "
= Ce-Ni,P 1.83 mF-cm’ 2.0F Ce-Ni,P Ce-Ni,P
s; 0.22 2 ——Ni,P &5 80 RuO,
5 8 15t = 6of
g/ 0.18 g ¢ 40l
i 0.16 N1.0 >
£ 0.14 R by H 20 e —— e N ——
5= | ": B
® 012} 051 0
o0.10f /"\ 20
i i i i i 0.0

70 80 90 100 110 1 2 3 4 5 6 50 100 150 200

1]
HEE/mv-S™! zZQ B 8] /h
d. ¢, o BEEHHEE f. it 5

Bl 4 Ce-Ni,P RyHRERTE

2.3 ®MEKS R

FH Ce-Ni, P 1 ] WU REALRE . 49 2 XU M AL A3t Ce-Ni, P(H) || Ce-Ni, PC—)  LATEAR AL 70 A9 7K 43 fift
WPE. B Ce-NiL, P(4) || Ce-Ni,P(—), Ni,P(+) | Ni,PC—)FIFEH RuO, (+) || Pt/C(—) Kk
I3ff LSV I An & 5a BiR. R FEE RN 10 mA/cm” B, Ce-Ni,P(+) || Ce-Ni, P(—) IR JER 1.62 V,
B AR T Ni,PCH) [ NL,PC—) g 1.78 V., X EWH Ce B2 0 % 8 T AL B K IS T6 2. thsh, 78
90 h Ay K o e R MRS (B 5b) I E Ce-Ni, P(4-) || Ce-Ni, PC— ) HL fif th ) HL 38 %5 B WS 80 R [ 1%
FErE 85. 6%, MR TR H RuO, () || Pt/CC—) BRI AR RF Y 28.8% . KW T Ce #8742 Ce-Ni, P i L
HAT R 7K 53 e e s .



18 L%, §. CethZ Ni,P gk R 69 & F A48 8 3 20 A 193

3

350 _ . 100
— Ni,P(H)[Ni,P() —e— RuO,(+)[PC(-)
300 F Ce-Ni P(+)|Ce-Ni,P(-) Co-Ni,P()|Co-NiP()
—~ RuO,(+)|PYC(- ~ !
S asok uO,(HPYC() & 50
E =
b 5 85.6%
E 20F g *’W
~
w150 b 13 28.8%
e ﬁj
s : R
= 100 5 sl
50}
0 2 -100 1 1 1 L L 1
1.2 1.4 1.6 1.8 2.0 0 15 30 45 60 75 90
B E/V vs. RHE B8 /h
a. LSV b. i-tEIZE
Bs 2kt S5EEN
Z&ig

i KRR RUBE L . B A T Ce B8 NiL P 0K A L] Ce-Ni, P iR Ce 87% T ZUHE AL 57 2 1

F @B AL, I8 F R TR R aS R, Pte T RS R A A S FE B P,
Ce-Ni, P fiEfb 7 2 B P R #) OER P 8E. £ 50 F1 100 mA/cm® BB E T, Ce-Ni, P A OER 1 B 3 43 1]
241 F1 281 mV, BEMLT Ni,P M H RuO, A A7, BeAh, a7 EE KA OER & 1.

SE L

[1] ZHOU Y, SUN SN, WEI C, et al. Significance of Engineering the Octahedral Units to Promote the Oxygen Evolution
Reaction of Spinel Oxides [J]. Advanced Materials, 2019, 31(41): 1902509.

[2] CHUS, CUIL'Y, LIU N. The Path towards Sustainable Energy [J]. Nature Materials, 2016, 16(1); 16-22.

[3] LIXR, WEIJL, LIQ, etal. Nitrogen-Doped Cobalt Oxide Nanostructures Derived from Cobalt-Alanine Complexes for
High-Performance Oxygen Evolution Reactions [J]. Advanced Functional Materials, 2018, 28(23): 1800886.

[4] DIAO L C, QINJ, ZHAO N Q. et al. “Ethanol-Water Exchange” Nanobubbles Templated Hierarchical Hollow B-
Mo, C/N-Doped Carbon Composite Nanospheres as an Efficient Hydrogen Evolution Electrocatalyst [J]. Journal of Ma-
terials Chemistry A, 2018, 6(14): 6054-6064.

[5] JINCL, ZHOU N, WANG Y L, et al. 3D Porous and Self-Supporting Ni Foam @ Graphene@Ni, S, as a Bifunctional
Electrocatalyst for Overall Water Splitting in Alkaline Solution [J]. Journal of Electroanalytical Chemistry, 2020, 858
113795.

[6] SHIY M, ZHANG B. Recent Advances in Transition Metal Phosphide Nanomaterials: Synthesis and Applications in
Hydrogen Evolution Reaction [J]. Chemical Society Reviews, 2016, 45(6): 1529-1541.

[7] ZOU X X, ZHANG Y. Noble Metal-Free Hydrogen Evolution Catalysts for Water Splitting [J]. Chemical Society Re-
views, 2015, 44(15): 5148-5180.

[8] MAIW S, CUIQ, ZHANG Z Q. et al. CoMoP/NiFe-Layered Double-Hydroxide Hierarchical Nanosheet Arrays Stand-
ing on Ni Foam for Efficient Overall Water Splitting [J]. ACS Applied Energy Materials, 2020, 3(8): 8075-8085.

[9] LINC, GAO ZF, ZHANG F, et al. In Situ Growth of Single-Layered o-Ni(OH), Nanosheets on a Carbon Cloth for

Highly Efficient Electrocatalytic Oxidation of Urea [J]. Journal of Materials Chemistry A, 2018, 6(28): 13867-13873.



194 BT HRXFFROA R http://xbbjb. swu. edu. cn B 46 K
[10] ZHU W X, YUE X Y, ZHANG W T, et al. Nickel Sulfide Microsphere Film on Ni Foam as an Efficient Bifunctional

[11]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

(19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Electrocatalyst for Overall Water Splitting [J]. Chemical Communications, 2016, 52(7) . 1486-1489.

RAY A, SULTANA S, PARAMANIK L, et al. Recent Advances in Phase, Size, and Morphology-Oriented Nanostruc-
tured Nickel Phosphide for Overall Water Splitting [J]. Journal of Materials Chemistry A, 2020, 8(37): 19196-19245.
ZHANG X L, HU J S, CHENG X F, et al. Double Metal-Organic Frameworks Derived Fe-Co-Ni Phosphides Nanoshe-
ets as High-Performance Electrocatalyst for Alkaline Electrochemical Water Splitting [ J]. Electrochimica Acta, 2021,
367 137536.

SUN H, MIN Y X, YANG W ], et al. Morphological and Electronic Tuning of Ni, P through Iron Doping toward High-
ly Efficient Water Splitting [J]. ACS Catalysis, 2019, 9(10) . 8882-8892.

WANG B, TANG C, WANG H F, et al. Core-Branch CoNi Hydroxysulfides with Versatilely Regulated Electronic and
Surface Structures for Superior Oxygen Evolution Electrocatalysis [J]. Journal of Energy Chemistry, 2019, 38: 8-14.
CHEN L M, CHANG ] L, ZHANG Y, et al. Fluorine Anion-Enriched Nickel Hydroxyl Oxide as an Efficient Oxygen
Evolution Reaction Electrocatalyst [J]. Chemical Communications, 2019, 55(23): 3406-3409.

DU X Q. SU H, ZHANG X S. 3D MnCo, O, @CoS Nanoarrays with Different Morphologies as an Electrocatalyst for
Oxygen Evolution Reaction [ J]. International Journal of Hydrogen Energy, 2019, 44(39): 21637-21650.

SHINDE D V., DE TRIZIO L, DANG Z Y., et al. Hollow and Porous Nickel Cobalt Perselenide Nanostructured Microp-
articles for Enhanced Electrocatalytic Oxygen Evolution [J]. Chemistry of Materials, 2017, 29(16): 7032-7041.
KHAN N A, RASHID N, JUNAID M, et al. NiO/NiS Heterostructures: An Efficient and Stable Electrocatalyst for
Oxygen Evolution Reaction [J]. ACS Applied Energy Materials, 2019, 2(5): 3587-3594.

CAIW W, ZHANG X L, SHI J] W, et al. Contribution of Carbon Support in Cost-Effective Metal Oxide/Carbon Com-
posite Catalysts for the Alkaline Oxygen Evolution Reaction [J]. Catalysis Communications, 2019, 127 5-9.

ZHANG Y, GUO H R, YUAN P F, et al. Structural Evolution of CoMoO, to CoOOH by Ion Electrochemical Etching
for Boosting Oxygen Evolution Reaction [J]. Journal of Power Sources, 2019, 442, 227252,

LIU L, OU Y Q, GAO D, et al. Surface Engineering by a Novel Electrochemical Activation Method for the Synthesis of
Co’" Enriched Co(OH),/CoOOH Heterostructure for Water Oxidation [J]. Journal of Power Sources, 2018, 396
395-403.

LIBQ, XIA Z]J, ZHANG B S, et al. Regulating P-Block Metals in Perovskite Nanodots for Efficient Electrocatalytic
Water Oxidation [J]. Nature Communications, 2017, 8: 934.

GU C, HU S J, ZHENG X S, et al. Synthesis of Sub-2 nm Iron-Doped NiSe, Nanowires and Their Surface-Confined
Oxidation for Oxygen Evolution Catalysis [J]. Angewandte Chemie International Edition, 2018, 57(15): 4020-4024.
ZHAO T W, SHEN X J, WANG Y. et al. In Situ Reconstruction of V-Doped Ni, P Pre-Catalysts with Tunable Elec-
tronic Structures for Water Oxidation [J]. Advanced Functional Materials, 2021, 31(25): 2100614.

SUN Y Q, XU K, ZHAO Z H, et al. Strongly Coupled Dual Zerovalent Nonmetal Doped Nickel Phosphide Nanoparti-
cles/N, B-Graphene Hybrid for PH-Universal Hydrogen Evolution Catalysis [J]. Applied Catalysis B: Environmental,
2020, 278 119284.

LITF, YIN ] W, SUN D M, et al. Manipulation of Mott-Schottky Ni/Ce(O, Heterojunctions into N-Doped Carbon
Nanofibers for High-Efficiency Electrochemical Water Splitting [J]. Small, 2022, 18(13): 2106592.

DING X D, YU J, HUANG W Q. et al. Modulation of the Interfacial Charge Density on Fe, P-CoP by Coupling CeO,
for Accelerating Alkaline Electrocatalytic Hydrogen Evolution Reaction and Overall Water Splitting [J]. Chemical Engi-

neering Journal, 2023, 451: 138550.



L)
i

14 Lg%, §. CethZt NLP 2k K o9& FRIE4E 2 3 3 A 195

[28] FENG J X, YE S H, XU H, et al. Design and Synthesis of FeOOH/CeO, Heterolayered Nanotube Electrocatalysts for
the Oxygen Evolution Reaction [J]. Advanced Materials, 2016, 28(23): 4698-4703.

[29] PAIER J, PENSCHKE C, SAUER J. Oxygen Defects and Surface Chemistry of Ceria: Quantum Chemical Studies Com-
pared to Experiment [J]. Chemical Reviews, 2013, 113(6): 3949-3985.

[30] ZHOU J, ZHAO J, LIU R. Defect Engineering of Zeolite Imidazole Framework Derived ZnS Nanosheets towards En-
hanced Visible Light Driven Photocatalytic Hydrogen Production [J]. Applied Catalysis B: Environmental, 2020, 278
119265.

[31] WU Q P, ZHENG Q, VAN DE KROL R. Creating Oxygen Vacancies as a Novel Strategy to Form Tetrahedrally Coor-
dinated Ti'" in Fe/TiO, Nanoparticles [J]. The Journal of Physical Chemistry C, 2012, 116(12): 7219-7226.

[32] GUO Y N, TANG J, WANG Z L, et al. Hollow Porous Heterometallic Phosphide Nanocubes for Enhanced Electro-
chemical Water Splitting [J]. Small. 2018, 14(44): 1802442.

[33] TANG C, ZHANG R, LU W B, et al. Energy-Saving Electrolytic Hydrogen Generation: Ni, P Nanoarray as a High-
Performance Non-Noble-Metal Electrocatalyst [J]. Angewandte Chemie International Edition, 2017, 56(3): 842-846.

[34] RAN Z Q, SHU C Z, HOU Z Q, et al. Phosphorus Vacancies Enriched Ni, P Nanosheets as Efficient Electrocatalyst for
High-Performance Li-O, Batteries [J]. Electrochimica Acta, 2020, 337: 135795.

[35] YES H, WANG J P, HU J, et al. Electrochemical Construction of Low-Crystalline CoOOH Nanosheets with Short-
Range Ordered Grains to Improve Oxygen Evolution Activity [J]. ACS Catalysis, 2021, 11(10): 6104-6112.

[36] WANG X X, YANG Y, DIAO L C, et al. CeO,-Decorated NiFe-Layered Double Hydroxide for Efficient Alkaline Hy-
drogen Evolution by Oxygen Vacancy Engineering [J]. ACS Applied Materials & Interfaces, 2018, 10(41);: 35145-
35153.

[37] ZHANG L. REN X A, GUO X D, et al. Efficient Hydrogen Evolution Electrocatalysis at Alkaline pH by Interface En-

gineering of Ni, P-CeO,[]]. Inorganic Chemistry, 2018, 57(2): 548-552.

EEHRE ARt
Hp 41



