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Amorphous Vanadium Oxide Loaded by Metallic Nickel-copper
towards High-efficiency Electrocatalyzing Hydrogen Production
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Abstract: Nickel-based electrocatalytic material is considered one of the cost-optimal transition metal catalysts in
alkaline water electrolysis due to its accessible industrial-applicability. Nevertheless, slow hydrogen evolution kinetics
and low activation are still the grand challenges. Herein, we report a three-dimentional porous cluster structure
vanadium oxide implanting into nickel-copper alloy electrocatalyst with phase-separation metallic nickel and copper as
the main crystal phase mixed up with amorphous vanadium oxide phase, which is fabricated in sifu on nickel foam (NF)

by one-step cyclic voltammetry. The tri-hierarchical porous micro-nano structure of VO,-NiCu/NF was constructed by
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nanoparticles of whichmicropores were created by clusters. This nickel foam micropores endows the target catalyst

with a 28-fold increased electrochemically active surface area (ECSA), comparable to Pt-like catalytic activity towards

hydrogen evolution reaction (HER). Encouragingly, VO,-NiCu/NF needs merely 35 mV (#1¢) to drive —10 mA-cm *

towards HER in alkaline medium. In addition, the as-prepared VO,-NiCu/NF exhibits excellent long-time stability and

durability. These data suggest that the formation of cluster structure, piled by nanoparticles, creates a large number of

surface micropores, which greatly enhance the active sites and provide abundant material transfer channels for HER.

Formation of NiCu alloy and amorphous V,0s phase synergically boost the intrinsic HER activity to a certain extent.

Simultaneously, the ideal composition and unique structural characteristics of VO,-NiCu/NF contribute to the superior

catalytic performance with the structural advantage responsible for the predominant effect. On the basis of kinetic

analysis, the HER at VO,-NiCu/NF proceed via a Volmer-Heyrovsky mechanism, where chemical desorption of

hydrogen adsorbed is regarded as the rate-limiting step. Therefore, this study lays a foundation for promotion

electrocatalytic hydrogen production.

Key words: nickel-copper alloy; vanadium oxide; hydrogen evolution reaction; cluster structure; synergistic effect
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optimal VO,-NiCu/ NF magnified by (b-d) 60000 times
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Fig.2 (a) EDX, (b) element mappings and (c) XRD patterns of VO,-NiCu/NF
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Fig.3 (a) TEM image with insert showing corresponding SAED image and (b) HRTEM image of VO,-NiCu/NF
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Fig. 5 (a) LSV curves and (b) Tafel plots of electrodes towards HER, (c, d) durability and stability tests of VO,-NiCu/NF

towards the HER by (c) multicurrent-step, (d) CV curves before and after 5000 cycles with insert showing SEM image after 5000
cycles, and (e) chronopotentiometry of VO,-NiCu/NF for 72 h
Colorful figures are available on website
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Table 1 HER activities of VO,-NiCu/NF with recently

reported electrocatalysts in 1 mol-L™' KOH
alkaline solution

Material Tafel slope/ (mV-dec™") 5,/mV Ref.
VO,-NiCu/NF 36.9 35  This work
Co@N-CNT 94.0 44 [35]
FeCoNi-HNTAs 37.5 58 [36]
NiFeV/NF 62.0 125 [37]
Ni-Ce-Pr-Ho/NF 121.6 78 [38]
N/C/MoP 51.3 169 [39]
Co,Py/Ni,P,-NPC 84.0 126 [40]
Ni/Mo,C/NC 63.0 180 [41]
Ni-B/graphene 148 187 [42]
CoS,/Mo8S,/NC 80.0 215 [43]
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Fig. 6 (a) CV curves, (b) double-layer capacitance curves, (c) Nyquist plots with insert showing
equivalent circuit and LSV curves by ECSA normalization of VO,-NiCu/NF towards HER
Colorful figures are available on website

do0 FALE IS IR GO SRR LS R, MR 4P AR BF R E BCSA KRIE T
#8 5R 15 VO,-NiCu/NF HI I Cy 4 30.6 mF-em 2,  VO,-NiCu/NF KT E AL £, 45 B an& 6(d)Fs .
ECSA 4 765 cm®, 725 FIIURSR N 1.09 mF-em > 1 £ IE, NiCu/NF HLAR (I Hr id B A7 (1710) 9 201 mV,
27.25 em® K T 28 ff5. S HAR L, kBRI RE  BFEANFRKT 23 my, XIAFE T REERE G &5
T BIFE G M B G T T VO,-NiCw/NE B 8 T MR REA E . 51 Cu EFRESGE Ni
RFI =4 2 ALA5 M, AR LU 3R TR KR 32 T . JEF P H S R B R AT HE TR R
% AN G AL NS PR A S AR A R, AIENTEGE . KUEJE VO-NICuw/NF BAR Y 710X
PR T IR, A A R A R BE 9 169 mV, AHEE NiCw/NF FE# 1 32 mV, KR T
B, AT FE BT S A 2 B0 R S A 1 VO, HIXT AR E A RS TR AR A R 4
Bl 6(c)f%5 1 NF. NiCwNF fil VO-NiCwNF &Y, 56 V UL T EELF &R Ni
TEMT ST AR A RS (Nyquis) B 28 IRAE &5 A, IEFBUE AN 7[R VO, 3688, I &
B A g R, RRTE R X R X A RO S R, AT S A AT
R S EE B R TR, S A A WE TR R, 4R ALE MR, NiCu 545 VO,
(1 Bl A 30 o AR AT S S I e 2 0, el e AHEOER AT AR, JEEHR T T VO,-NiCu/NF (11
W RN E S 2 2 A i i o), e HrERE, Hoh 2L M ot s ke = 5
L4 K0 (1 S9), VO,-NiCu/NF [ i 63 L (R TFH
UK 2.56 Q-em?, HE{LT NiCu/NF(5.82 Q-em?), 2.4 VO,-NiCu/NF B & & M ALIE 55 #7

B AL T4 AR 5(48.8 Q-em ), FH] VO,.NiCu R HE 5 BT S AR TR B A R R AT SR N
H5NFREKE A, SRS REZSER, Bafl @wais T =0 R N

R A 2 WK, B AT R L B 7 2 1) AL 2 I B 45 B8 —Volmer [ B, X 2T AR
A, I RIS RN ) R . JRE [R5 22 5B . 24 Volmer [z N AT ST T 1) v i 45

B 7S PEOL IR, AL RORUARERS BREF, HER RSCMAER B ALIL, Tafel #154)
PR ThE FLAEAL AT BT S ERE I OC8E . NSRBI El K 1183 mV-dec .



654 G| A B e S 4 #5384
M ZE M 20 B —Tafel KMo 24 Tafel KNH STk

WraUd FE 0 Yo d B IR, HER J SIBAE “ 54 ik
HUEE” | Tafel R L1y 29.6 mV-dec .

3) 1 AL 2 i B 2 B — Heyrovsky X N o 34
Heyrovsky % NN HT &0 FE 1) sk 5 BRI, HER %
BEIEAE <R B HLER” I Tafel RIZ41%
39.4 mV-dec .

UG Tafel A3 AT LA BT 0 F2 AT BE 1 N
2™, VO,-NiCu/NF 7EHT Z5d FE T i Tafel &%
N 36.9 mV-dec ', 7 W] AL 70t B
Volmer-Heyrovsky P42 5570 [ B (1) #5152, Heyrovsky
S5 I B R T D3 4 DR P R A 2 B D e
5 7 Volmer 25 3%, H,O 20 T Wt £E VO,-NiCu/NF
R N R T IS AL 5, kAR AL 8 R TE R
B H*F1 OH . 7E Heyrovsky 038, Wi [t 75 HL A &
M Ni WAL A B —NEE TS5 — MKy FEE
i, R Hy o DGR TR 1, KA RN
R

H,0 + V-NiCu* + e — V-NiCu-H*+OH (1)

V-NiCu-H* + H,O + e — H, + V-NiCu+ OH™ (2)

KA — SR 2k kil % 7 B 2 LN
gEK . BERE AT AN VO,-NiCu/NF HL L] B 5T
KIL: LL 7.0 mmol-L ' NaVO;. 0.5 mol-L™' NiSOu.
12.5 mmol-L™' CuSO4. 0.5 mol-L™' H3BO; /£ A Hifig
BB, WEEALE IO AN-2.1~1.0 V, F##E N
5mV-s’, YU 8 [, R R 238515 T 2 1L4
FJH] VO-NIiCu/NF. G KFRL . B3 % 1 ik
KALUL SRR — L IL IR T VO,-NiCu/NF
(2 FLIAN GG . RAESE ORI, AT A v e
B Ni. Cu. V. O VUJGEAH K, BRH1A S0 ki
FER) £ S AE, PR UIERSE V,05 BEAGEE S
R . VO,-NiCu/NF 7 #TEU S H R 00 H AL = 1)
MEAVEVE S B TR P, o O 35 mv, HAKR R
8 VE R MG Y, D AR FAR K A A T
b AR FH B 58 FE Al o 48 K FIURL 28 2R K4 1 22 FL 45 4 1)
Rpb, I E LTS AR N T 28 £, Ak
AR T KRR AL, N E V. Ni. Cu =
H P RN AR, HEFERTET VO,-NiCu/NF [
AL RE

FhFERF AL

ASCHIFAN TSR AT B 5% https:/doi.org/10.15541/
jim20220625 & .

[1] WANG J, FENG X C, HEDMAN D, et al. Enhancing the
hydrogen evolution reaction on MoS, flakes by cold plasma
treatment. Electrochemistry Communications, 2022, 137: 107250.

[2] HAT D C, DO H H, LEE H, et al. A GO/CoMo;S;; chalcogel
heterostructure with rich catalytic Mo-S-Co bridge sites for the
hydrogen evolution reaction. Nanoscale, 2022, 14(26): 9331.

[3] CHANDRASEKARAN S, YAO L, DENG L B, et al. Recent
advances in metal sulfides: from controlled fabrication to electr-
ocatalytic, photocatalytic and photoelectrochemical water splitting
and beyond. Chemical Society Reviews, 2019, 48(15): 4178.

[4] ZHANG J Q, ZHAO Y F, XIN G, et al. Single platinum atoms
immobilized on an MXene as an efficient catalyst for the hydrogen
evolution reaction. Nature Catalysis, 2018, 1(12): 985.

[5] WANG D L, Li H P, DU N, et al. Single platinum atoms immo-
bilized on monolayer tungsten trioxide nanosheets as an efficient
electrocatalyst for hydrogen evolution reaction. Advanced Functional
Materials, 2021, 31(23): 2009770.

[6] GONG M, WANG D Y, CHEN C C, ef al. A mini review on
nickel-based electrocatalysts for alkaline hydrogen evolution
reaction. Nano Research, 2016, 9(1): 28.

[7] PLETCHER D, LI X H. Prospects for alkaline zero gap water
electrolysers for hydrogen production. International Journal of
Hydrogen Energy, 2011, 36(23): 15089.

[8] SYMES D, TAYLOR-COX C, HOLYFIELD L, et al. Feasibility of
an oxygen-getter with nickel electrodes in alkaline electrolysers.
Materials for Renewable and Sustainable Energy, 2014, 3(2): 27.

[91 L1Y P, WANG W T, CHENG M Y, et al. Environmentally benign
general synthesis of nonconsecutive carbon-coated RuP, porous
microsheets as efficient bifunctional electrocatalysts under neutral
conditions for energy-saving H, production in hybrid water elec-
trolysis. Catalysis Science & Technology, 2022, 12(13): 4339.

[10] SUN Y T, DING S, XU S S, et al. Metallic two-dimensional
metal-organic framework arrays for ultrafast water splitting.
Journal of Power Sources, 2021, 494: 229733.

[11] KONKENA B, MASA J, XIA W, et al. MoSSe@reduced graphene
oxide nanocomposite heterostructures as efficient and stable
electrocatalysts for the hydrogen evolution reaction. Nano Energy,
2016, 29: 46.

[12] FABER M S, DZIEDZIC R, LUKOWSKI M A, et al. High-
performance electrocatalysis using metallic cobalt pyrite (CoS,)
micro- and nanostructures. Journal of the American Chemical Society,
2014, 136(28): 10053.

[13] CHEN S, WANG C L, LIU S, et al. Boosting hydrazine oxidation
reaction on CoP/Co Mott-Schottky electrocatalyst through
engineering active sites. Journal of Physical Chemistry Letters,
2021, 12(20): 4849.

[14] GONG M, ZHOU W, KENNEY M J, ef al. Blending Cr,0Os into
NiO-Ni electrocatalyst for sustained water splitting. Angewandte
Chemie International Edition, 2015, 54(41): 11989.

[15] LI'Y B, TAN X, CHEN S, et al. Processable surface modification
of nickel-heteroatom (N, S) bridge sites for promoted alkaline
hydrogen evolution. Angewandte Chemie International Edition,
2019, 58(2): 461.

[16] GONG M, ZHOU W, TSAI M C, et al. Nanoscale nickel
oxide/nickel heterostructures for active hydrogen evolution electro-
catalysis. Nature Communications, 2014, 5: 4695.

[17] SUN Q Q, DONG Y J, WANG Z L, et al. Synergistic nanotubular
copper-doped nickel catalysts for hydrogen evolution reactions.
Small, 2018, 14(14): 1704137.

[18] FLEISCHMANN S, JACKEL N, ZEIGER M, et al. Enhanced



%6

PNGRGE, S5 o m AR BB AP R R A RE

655

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

electrochemical energy storage by nanoscopic decoration of endo-
hedral and exohedral carbon with vanadium oxide via atomic layer
deposition. Chemistry of Materials, 2016, 28(8): 2802.
CONCEPCION P, KNOZINGER H, LOPEZ NIETO J M, et al.
Characterization of supported vanadium oxide catalysts. nature of
the vanadium species in reduced catalysts. Journal of Physical
Chemistry B, 2002, 106(10): 2574.

CHEN J L, CHANG C C, HO Y K, et al. Behind the color
switching in gas ochromic VO,. Physical Chemistry Chemical
Physics, 2015, 17(5): 3482.

LIU J N, CUIJ S, SUN J H, et al. Hierarchical nickel-vanadium
nanohybrid with strong electron transfer for accelerated hydrogen
evolution reaction. Applied Surface Science, 2020, 528: 146982.
PENG X Y, HUANG C, ZHANG B, et al. Vanadium carbide
nanodots anchored on N doped carbon nanosheets fabricated by
spatially confined synthesis as a high-efficient electrocatalyst
for hydrogen evolution reaction. Journal of Power Sources,
2021, 490: 229551.

WEN LL, YU J, XING C C, et al. Flexible vanadium-doped Ni,P
nanosheet arrays grown on carbon cloth for an efficient hydrogen
evolution reaction. Nanoscale, 2019, 11(10): 4198.

HE D Y, CAO L Y, HUANG J F, et al. In-situ optimizing the
valence configuration of vanadium sites in NiV-LDH nanosheet

arrays for enhanced hydrogen evolution reaction. Journal of

Energy Chemistry, 2020, 47: 263.

DEY K K, JHA S, KUMAR A, et al. Layered vanadium oxide
nanofibers as impressive electrocatalyst for hydrogen evolution
reaction in acidic medium. Electrochimica Acta, 2019, 312: 89.
JIANG L L, XU S S, XIA B K, et al. Defect engineering of
graphene hybrid catalysts for oxygen reduction reactions. Journal
of Inorganic Materials, 2022, 37(2): 215.

PENG Y H, GENG Z G, ZHAO S T, et al. Pt single atoms
embedded in the surface of Ni nanocrystals as highly active
catalysts for selective hydrogenation of nitro compounds. Nano
Letters, 2018, 18(6): 3785.

LIANG J, FAN Z Y, CHEN S, et al. Hierarchical NiCo0,04
nanosheets@halloysite nanotubes with ultrahigh capacitance and
long cycle stability as electrochemical pseudocapacitor materials.
Chemistry of Materials, 2014, 26(15): 4354.

HAO J H, YANG W S, HUANG Z P, et al. Superhydrophilic and
superaerophobic copper phosphide microsheets for efficient electr-
ocatalytic hydrogen and oxygen evolution. Advanced Materials
Interfaces, 2016, 3(16): 1600236.

SURYANTO B H R, WANG Y, HOCKING R K, et al. Overall
electrochemical splitting of water at the heterogeneous interface of
nickel and iron oxide. Nature Communications, 2019, 10: 5599.
LUO P, ZHANG H J, LIU L, et al. Targeted synthesis of unique
nickel sulfide (NiS, NiS,) microarchitectures and the applications
for the enhanced water splitting system. ACS Applied Materials &
Interfaces, 2017, 9(3): 2500.

XU H, FENG J X, TONG Y X, et al. Cu,O-Cu hybrid foams as
high-performance electrocatalysts for oxygen evolution reaction in
alkaline media. ACS Catalysis, 2017, 7(2): 986.

FAN K, JI'YF, ZOU HYY, et al. Hollow iron-vanadium composite
spheres: a highly efficient iron-based water oxidation electroc-
atalyst without the need for nickel or cobalt. Angewandte Chemie
International Edition, 2017, 56(12): 3289.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

MANILEVICH F D, KOZIN L F, MASHKOVA N V, et al.
Regularities of hydrogen evolution on steel cathodes covered with
galvanic nickel coatings containing vanadium-pentoxide inclusions.
Protection of Metals and Physical Chemistry of Surfaces, 2014, 50: 178.
KUMAR M, JEONG D I, SARWAR N, et al. Cobalt supported
nitrogen-doped carbon nanotube as efficient catalyst for hydrogen
evolution reaction and reduction of 4-nitrophenol. Applied Surface
Science, 2022, 572: 151450.

LI H Y, CHEN S M, ZHANG Y, et al. Systematic design of
superaerophobic nanotube array electrode comprised of transition-
metal sulfides for overall water splitting. Nature Communications,
2018, 9: 2452.

DINH K N, ZHENG P L, DAI Z F, et al. Ultrathin porous NiFeV
ternary layer hydroxide nanosheets as a highly efficient bifun-
ctional electrocatalyst for overall water splitting. Small, 2018,
14(8): 1703257.

LIU W, TAN W Y, HE H W, ef al. One-step electrodeposition of
Ni-Ce-Pr-Ho/NF as an efficient electrocatalyst for hydrogen
evolution reaction in alkaline medium. Energy, 2022, 250: 123831.
WANG C, LI W, WANG X D, et al. Open N-doped carbon coated
porous molybdenum phosphide nanorods for synergistic catalytic
hydrogen evolution reaction. Nano Research, 2022, 15(3): 1824.
ZHU L, HUANG Y H, WANG B L, et al. N-doped porous
carbon-supported Co,Py/Ni,P, catalyst with enhanced catalytic
activity for hydrogen evolution reaction in alkaline solution and
neutral seawater. Journal of Solid State Electrochemistry, 2022,
26(1): 233.

YUAN Q, CHEN W H, HU R F, et al. Metal-polydopamine
and Mo,C
nanoparticles for efficient hydrogen evolution reaction. Materials
Letters, 2022, 307: 130989.

WANG S, ZHAO R, XUE W D. Rapid synthesis of nickel
boride/graphene by microwave thermal shock and its application in

derived N-doped carbon nanorod wrapping Ni

hydrogen evolution reaction. Journal of Physics: Conference Series,
2022, 2160: 012007.

JI K, MATRAS-POSTOLEK K, SHI R X, et al. MoS,/CoS,
heterostructures embedded in N-doped carbon nanosheets towards
enhanced hydrogen evolution reaction. Journal of Alloys and
Compounds, 2022, 891: 161962.

LU X Y, ZHAO C. Electrodeposition of hierarchically structured
three-dimensional nickel-iron electrodes for efficient oxygen
evolution at high current densities. Nature Communications, 2015,
6: 6616.

BOLAR S, SHIT S, KUMAR J S, et al. Optimization of active
surface area of flower like MoS, using V-doping towards enhanced
hydrogen evolution reaction in acidic and basic medium. Applied
Catalysis B: Environmental, 2019, 254: 432,

WANG LY, LI'Y B, SUN Q Q, et al. Ultralow Fe(Ill) ion doping
triggered generation of Ni;S, ultrathin nanosheet for enhanced
oxygen evolution reaction. ChemCatChem, 2019, 11(7): 2011.

LI Y B, TAN X, HOCKING R K, e al. Implanting Ni-O-VO; sites
into Cu-doped Ni for low-overpotential alkaline hydrogen evolution.
Nature Communications, 2020, 11: 2720.

SUN T T, ZHANG C W, CHEN ] F, et al. Three-dimensionally
ordered macro-/mesoporous Ni as a highly efficient electrocatalyst
for the hydrogen evolution reaction. Journal of Materials
Chemistry 4, 2015, 3(21): 11367.



WL MR

i ¥ 385

ISP

BRE AP R L B S B

e

JhEERGE, KT, MY H, TRF, §EA

(FEFR LFIRBSARMAFR, RBERT FREGHAELEZERE, HETLEHBERE ZATL T O,

A% 726000)

S1 iXFI SN E

A WALRI(NaVO;, AR, EifF# E41E

53 7@ EE A A, B BR A (CuSO4-5H,0) < fift R 4

(NiSO4-5H,0). 2 (H3BO3)~ J7K L I (CH;CH,OH)

S A A AT (KOH) ¥ ™ [ 24 4 1500 A BR 2+,

I HTEl(AR). F 7K 352K A Millipore #E4H7K & G815 4k
JEtEH .

A 2% . HAL S T AR SE(CHI 760E), i R 4 3%
BIRAA; S0P X $LATH(Bruker D8 Disc-
over), FEE A& AHARA R AR AR E
BE(SU-8020), HZmpfifi R sl &5 o Wi
(FEI Tecnai G2 F20), F&BR KRB (P E)ERA
Al AR X B H T AR S 2 T (PHI-5000),
ULVAC-PHI B A RAH .

S2 WIERAE

K ¥ 33 1 5 3 3 B B (FESEM) I 5E i 4 771 1)
TEH AR (T U, I B R 10 kV), FEE
BB 00 EDX BE 1A 23 47 70 23 2H B 43 AT (n T8
ML 20 kV);  BLA 37 K 5933 5 L 2308 (TEM)
TSR A 4 EHE O FL s 200 kV). SR
B HE XS ERATEH U (XRD) 23 B RE S AW AR 25 1)
(MR IE 40 kV, % HLE 40 mA, Cu Ko 3855, A=
0.15418 nm, F7EHl 26=30°~80°, F73# 5(°)/min).
P8 XS 28 B 7 BB 20 BT A (XPS) I A
RN .

S3  EBLEMIK

FEEIRT, PLEAN 0.70 cm™ ) VO,-NiCu/NF
AR AR, HATH R AR (A0 KCl, SCE)NZ
R, SRR AT B, FERRHE ) = H AR A &R Pt
A7 A 2 PEREIIAR, TR AN 1 mol- L' KOH. 3%

F e 1t 3 AR 2 vk AE H A T 11-0.8~-1.5 Vil 32
VO,-NiCu/NF ] HER &%, Frfa bt &isid
95%HL B AME . 1% Erpp=Fsce+0.242 V+0.059 pH £%
IEHAT

T EEIFY VO-NICu/NF FIETERL 5, K
PR AR 223 I 5 FL HL Ak 23 R T AL (ECS AP, K2k
T T B TR P DA R AR A R T 8 F (7 2
Ko 43 R H 22 BB BR (=50~—500 mA-cm /5000 s,
FUGEIL 50 mA-ecm /500 s). fEIMRZIE(CV I,
~0.8~1.5 V/5000 [, #713% 50 mV-s " )FIFIE HLfLk
(CP %, 10 #1100 mA-cm™?/72 h)illi VO,-NiCu/NF
faEtE. NEF VO,-NiCwNF 7E HER (1) AT
BTN, K EAL A8 I B TV (BIS) I 2 L AR
HEAG L PRI VA VR B P (Ry) s FRLARTEE 7% FRLBHL (R, fBMT
MR TH B 1 54T . N HERR B AR A7 45 79
PEXHEAL IS HE 52, X VO,-NiCu/NF #r & Ak il
LR CERARE R IE ECSA, BRI AL IS 1 (1
S AL .

S4 NaVO; iR EXt VO,-NiCu/NF Bk
S BE B9 22 0

% VO-NiCwNF §1 V A5 & &, i
mi Ho A AL BT S P RE - ST NaVO, W BEX B A P BE
s, ] AL O oN-2.1~1.0 'V, F#EE AN
SmV-s™, VUREECN 2 1B, JHE R P NavVOs I
43515 5.0. 7.0, 10.0. 12.5 mmol-L™', K13 AR
VO,-NiCu/NF L%, 5 T A [F] B AR A B A %
SR

H &l S1 A4, FE#E NaVO; W% i 5.0 mmol- L™
14K 3 12.5 mmol-L™, VO,-NiCuw/NF A 4 S0
FERBEI K R GRS, A 7.0 mmol L
Ab B . B NaVO, iR B4R 8K, Hralis ik
SRS » H il % VO,-NiCu/NF & & ) NaVO;
WEELL 7.0 mmol- L™ N .



%6

PNGRGE, S5 o m AR BB AP R R A RE

o

0 _(a) j=—10 mA-cm™ 350 ®) j=-10 mA-cm?

T i _ 300f S/ =100 mA-cm™

—40} —— 7.0 mmol-L™! E 2501 217 \

i ——10.0 mmol-L" £ 200 \ \
5 _ | —— 12.5 mmol-L™! B \\ 68
é, 80 £ 150 s 140 % %\
= S 100} \ \\ 2 \ % \
Ay B

Potential / V(vs. RHE)

¢/ (mmol-L™")

B S1 A NaVO; i T VO,-NiCu/NF ()b 2% 14 il 28 K (b)ied H fir
Fig. S1 (a) LSV curves and (b) overpotentials of VO,-NiCu/NF at different concentrations of NaVO;

B.
n

S5 H#{IFEEX VO,-NiCu/NF B
ER kS 0pA
TE WA S R AR R, R 4 e

B A 751 T 1) TS 30 B IO 435 v, 338 T B e 4 £k
fe L F ] 12.5 mmol-L ™! CuSO4.7.0 mmol-L 'NavVO;.

0.5 mol-L ™" NiSO4+ 0.5 mol-L™! H3BO; [ HL AR SR VA W,

P AL T oA-2.1~1.0 V, TIREECN 2 B, o
IR T B 2. 5. 10, 12 mV-s™ I T AL
FIMIAR AL 2, 25 0K S2.

M S2 Ar, MAAfEEH 2 mvs ! &
10 mV-s ' I, VO,-NiCu/NF HL T S5 156 iE 8

PE, RIEZEEN, I TRE. Kk, 1EFRR%
B 4 VO,-NiCw/NF I 33 BE 4% 5 mves s

S6 MFREEXT VO,-NiCu/NF BT
SUHERERY 22 M

TEIRAR Z PR R ITRR B B B e T &8
G PRI JERE, e AR R (i AT
P o EEBUTRAAS ] B i il 45 VO,-NiCu/NF Hif
AT EERE . OREFHAB S EOA R, S A R
(1. 2. 4. 6. 8. 10 [&), MEAH VO,-NiCu/NF
MR BT SR A i 2, g5 Rl S3 Fors

&I S3 AT AN, BEAE UORR B8O 1 1S i ) 10 &,

@

ol o . (b) w7 =10 mA-cm™
[ JET0mAem® > Y, = -100 mA-cm
— 2mV-s?! E 150 133

‘?'; 40 ___ 5mVs?! |
3 —_10mVs? 2
E 80+ —— 12mV-s™ %
g $
= [

-120+

~160——53 ~02 ~01 0 2 5 10

Potential / V(vs. RHE) v/ (mV-s™)
S2  AFHE F VO,-NiCu/NF (¥ (a)fT Z KAt ith £ K (b)id Hfiz

Fig. S2  (a) LSV curves and (b) overpotentials of VO,-NiCu/NF with different scan rates

0 slomAem 6o ) 772 j=-10 mAom*
- >
o730 —10Q E45|
§ —2Q 3
S-60F —4Q g
E —6Q £30
=90} —8Q
) —10Q 5§ 15
-120} I
_150 L L L L L L 0
2030 025 020 —0.15 —0.10 —0.05 0

Potential / V(vs. RHE)

Electrodeposition cycles

K S3 ARV E TR VO-NiCw/NF [ (a)ir 2 Ak il 28 & (b)idf dafir
Fig. S3  (a) LSV curves and (b) overpotentials of VO,-NiCu/NF for different cycles of electrodeposition



AL M OB IR

HEL I PRI BT 6 2 ) IR )t 3 R 5 36 & 10 PEIR, AT
SamEtE AL . B HI75 1 VO-NiCw/NF B A5 /M
A HAL(10=19 mV), BN S K, AR F4E
FERLH s DR 8 BN P 4% () VO,-NiCu/NF HL 4L,
A FEAE A BN & AL (710229 mV), H =
I ()R 2R, WokdE 8 B NE G il VO,-NiCu/NF
(AR P

S7 H{4LHOX VO,-NiCu/NF B

St

EFRAR 2 TR 1 F AT Y0 ) 2 e 5 i 0
T HIEAE R P2, YoE EE VIRV AR, 3
SN AR HE LM RE o R UE, PRFF AL S EOA AR, B
FANFE AL E H R YT TS VO,-NiCu/NF HLH) 1t
Arkre, WK S4 Fis.

S ERE T =M E A E 1 -1.8~1.0 V.
21~-1.0 V. 2.4~1.0 V, VBRI N 4 W, {5
HALSEAAE ., K S4 Al%n, 76 ALE K yE %
B N-2.1~-1.0 V I} VO,-NiCu/NF H LRI T
R R B 005 1 o R, VO,-NiCu/NF B il 4 Fif B
PLE R IE-2.1~1.0 Vo,

ol @ j="10mA-cm™
—-1.8~10V
~—40F —2.1~10V
=] —24~~10V
Q
< 80
>
-120+
-160 . .
-0.3 —0.2 -0.1 0
Potential / V(vs. RHE)
180
(b) V) j=-10 mA-cm™

—

W

(=]
T

Y, =-100 mA-cm™?

Overpotentional / mV
D O E
S S S

2
(=]
T

—-1.8~1.

0 —2.4~-1.0 .
Potentional scan range / V

Kl sS4 AR EALE LTS VO,-NiCw/NF K (a)br Z %44 ih 28
e (byid Hifiz

Fig. S4 (a) LSV curves and (b) overpotentials of
VO,-NiCu/NF for different potential scan ranges

#5384
400
—10 mA-cm™
> 7%,—100 mA-cm
g
=
=
g
=]
5
&) 789
29 / '
%

R(e29
K S5 AN[A) I AR A St F Az
Fig. S5 Overpotentials of different electrodes
-NiCu/NF Atom[% Atom[%
VO-NIC Element befx:gem([lv]tests aﬁ;(;r(nl[v t]esfs
Ni 4511 49.14
Cu 3245 29.84
- \% 6.94 7.06
’5 o 15.50 13.96
§ M - Before CV tests
= YA ——After CV tests ¢ &
g o ]
g v Cu(PDF 85-1326)
= ¢ & Ni(PDF 70-1849)
v
25
30 40 50 60 70 80
20/ ()

Kl's6 5000 & CV JIHI G VO,-NiCw/NF [FI4)4H S 4L Ront bt
Fig. S6 XRD patterns and compositions of VO,-NiCu/NF
before and after 5000 cycles CV tests

100

(a) —— Initial
or —— After 72 h running
at100 mA-cm

Apw=34 mvV

'g After 72 h-running test
- £

500 e ol ‘
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential / V(vs.RHE)
0
(®)
_ 005
E -0.10 , .
% J=—100 mA-cm
< 0.15 |
g -0.20
0
5
A —0.25
_0.30 L 1 1
24 48 72 96
t/h

KIS7 (a)Zid 72 h KA A VO,-NiCu/NF b &7 14
B EE R, (5)96 h (1K B e s P

Fig. S7  (a) Chemical activity and microstructure of
VO,-NiCu/NF after a 72-h unintermittent running for HER, and
(b) a 96-h unintermittent running for HER.
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