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Abstract: Efficient and stable bifunctional non-noble metal electrocatalytic materials are essential to reduce the cost
of hydrogen production by electrolysis. This study constructed iron-doped hierarchical porous amorphous nickel
phosphate catalytic materials (Fe-NiOP/NF) on nickel foam (NF) using an electrodeposition combined with chemical

etching strategy. This strategy allows the controllable preparation of nanosheets on the conductive substrate nickel
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foam by electrodeposition and in-situ induction of the nanosheets to a porous structure by chemical etching. The

porous structure facilitates mass transfer of electrolyte and gas evolution. Iron doping effectively optimizes the elec-

tronic structure of active site Ni by triggering charge redistribution from Ni to Fe. The intrinsic activity normalized

by electrochemical active surface area (ECSA) increases by approximately 2.95 times compared to the undoped sam-

ple. The Fe-NiOP/NF catalytic material exhibits excellent bifunctional catalytic activity in both the hydrogen evolu-

tion reaction and the oxygen evolution reaction, with a hydrogen evolution overpotential of 246 mV and an oxygen

evolution overpotential 0of 291 mV at a current density of 500 mA-cm 2 When used as a bifunctional catalytic material

in anion exchange membrane watersis (AEMWE) devices, Fe-NiOP/NF achieves catalytic performances of 1.92 V@1

A-cm?and 2.13 V@2 A-cm? at 70 °C, and operates steadily for longer than 200 h at a current density of 1 A-cm™.

The electrocatalytic material Fe-NiOP/NF developed in this study possesses the advantages of simple synthesis

method, high performance, and high stability, providing a new method for development of the electrode for industrial-

level green hydrogen production.

Key words: hydrogen energy; porous structure; amorphous material; large current density; anion exchange mem-

brane water electrolysis
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Fig. 1 Microstructure of Fe-NiOP/NF
(a-c) SEM images; (d, e) TEM images; (f) high-resolution TEM image; (g) STEM image and energy dispersive X-ray spectros-
copy line-scanning profile
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Fig. 2 XRD patterns and XPS spectra of NiOP/NF and Fe-NiOP/NF

(a) XRD patterns of NF, NiOP/NF and Fe-NiOP/NF; (b) Survey, high-resolution (¢) Ni2p, (d) Fe2p, (e) Ols, and (f) P2p XPS
spectra of NiOP/NF and Fe-NiOP/NF
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Fig. 3 Ni, Fe K-edge XANES spectra and FT-EXAFS curves of catalysts materials

(a) Ni K-edge XANES spectra; (b) Ni R-space FT-EXAFS curves; (c) Fe K-edge XANES spectra; (d) Fe R-space FT-EXAFS
curves

Colorful figures are available on website
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Fig. 4 (a-c) Electrochemical HER performance of Fe-NiOP/NF and (d) comparison with reported catalystst32-41]

(a) LSV curves; (b) Tafel plots; (c) Nyquist plots; Colorful figures are available on website
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(a) Schematic of Anion exchange membrane (AEM) electrolyzer; (b) Polarization curves of AEM-electrolyzers equipped with
Fe-NiOP/NF and NiOP/NF catalysts; Overvoltage subdivision of AEMWE catalyzed by (c) Fe-NiOP/NF and (d) NiOP/NF; (e)

Overvoltage(77) subdivisions of AEMWE by ohmic loss (7onm)~ activation loss (#act)and mass transport 10ss (#/mass); (f) Durability

test results for the AEM electrolyzer at 1 A-cm 2 for 200 h; Colorful figures are available on website
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Fig. S1 Electrochemical testing of Fe-NiOP electrode and comparison of different etching durations:

(a) Hydrogen evolution polarization curves; (c¢) Oxygen evolution polarization curves; Overpotential required to reach the bench-
mark current density for (b) hydrogen and (d) oxygen evolution
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Fig. S2 Microstructure of NiOP/NF

(a-d) SEM images; (e, f) TEM images
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Fig. S3 SAED pattern of Fe-NiOP/NF
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Fig. S4 EDS elemental distribution mappings of Fe-NiOP/NF
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Fig. S6 Bode spectra of NiOP/NF and (b) Fe-NiOP/NF under hydrogen evolution potential.
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Fig. S7 (a-c) CV curves and (d) double-layer capacitances of NiO/NF, NiOP/NF and Fe-NiOP/NF

(a) NiO/NF; (b) NiOP/NF; (c) FeNiOP/NF

e«
>
>

(a)

>
T

=750 mA cm?

S
=
=
T

-1600

Current density / (mA-cm?)

NiOP/NF

e
=)

60 80 100 120
Time (h)

(b)

s
i
T

Current density / (A-cm)
n B
L]

»
>

£0000000000%00000000000009920909%%0440009%04300009%94000929? ;500009400

Fe-NiOP/NF

-1 A em™

<

10 20 30 40

S8 (a) NiOP/NF Fll(b)

50 60 70 80 90 100
Time/h

Fe-NiOP/NF K & %t kb

Fig. S8 Comparison of the stability of NiOP/NF and Fe-NiOP/NF
I-tcurvesat - 0.87 V(vs. RHE) without iR correction



OO0, S BRIB A AR R BB IR S A R A B B T AT R AR K A

17

<60 [
®

D 60 |

2 )

S < L > < L
E"SO ) E"SO
S0 S

230 gao:
2 aI_zo
10 10
0 0

0.01 0.1 1 10 100 1000 10000 100000 1000000 0.1 1 10 100

Frequency / Hz

1000 10000 100000 1000000
Frequency / Hz

B S9 #raE H AL T (a) NiOP/NF #l(b) Fe-NiOP/NF [f] Bode 1 &
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Fig. S12 Wettability tests of (a) Fe-NiOP/NF and (b) NiOP/NF
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Fig. S13 SEM images of Fe-NiOP/NF after operation for 200 h
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Table S1 Performance comparison of AEMWE with 1 mol-L-! KOH as electrolyte
Cathode Anode AEM Temp/°C Performance Ref.
. . This
FeNiOP FeNiOP Alkymer® W-75 70 1 A/em? at 1.92 Veen N
wor
. Sustainion® X37-50
CoFe@HNCS20 NiFe-LDH 55 0.5 A/em? at 1.808 Veen [S1]
Grade T
Pt/C NiMn204 FAA3-50 80 0.53 A/em? at 2 Veenn [S2]
Ni@Ni(OH)2/Ti IrO2/CP Sustainion®37 50 1 A/em? at 2 Veenn [S3]
Pt NiFeOx Sustainion™X37-50 50 0.65 A/em? at 2 Vel [S4]
NiFeCo NiFe Sustainion™X37-50 60 1 A/cm? at 1.9 Veen [S5]
NiFeCo NiFe204 Sustanion 60 2 A/em? at 2.13 Veenn [S6]
NiFeCo NiFe204 Sustainion®37 60 1 A/em? at 1.9 Ve [S7]
Ni-MoO2 Nio.cCoo.2Feo.2 Fumasep-3-PE-30 50 1.15 A/cm? at 2 Vel [S8]
NiMo/TP-4 NiFe/TP-4 Sustainion®X37-50 50 10 A/cm? at 2.7 Veell [S9]
. Sustainion® X37-50
MnP/Gr NiFeOOH 50 0.8 A/cm? at 2 Veen [S10]
Grade T
MD-Co/NiS2 IrO2 Sustainion X37-50 70 1 A/em? at 1.97 Veenn [S11]
Sustainion®X37-
HNA-CA-H HNA-CA-O 25 1 A/em? at 1.89 Veen [S12]
50Grade RT
Sustainion® X37-50
PdH@Ru RuO2 60 1 A/cm? at 1.8 Veenl [S13]
Grade T
NiMo-AS1 NiFe/Ni Branion 80 3 A/em? at 2.03 Veenn [S14]
. Sustainion® X37-50
Pt/C V-NiFe204/NF 50 1 A/em? at 1.71 Veenn [S15]
Grade T
NiFe LDH r-Ru-Ni/NiO Fumasep FAA-3-50 25 1 A/cm? at 2.03 Veenl [S16]
NizN@WsN4 NFP FAA-3-50 60 1 A/em? at 2.12 Vel [S17]
Pt@Co NPC-800 NiC0204 LDPE-VBC-TMA 60 1.32 A/em? at 2.34 Vet [S18]
Fumatech FAA-3-
Pt/C B-MOF-Zn-Co 60 0.55 A/cm? at 2 Vel [S19]
PK-130
NiSx/Ni(OH):2
Pt/C AF1-HNNB8-50 60 1.8 A/em? at 2 Veen [S20]

/NiOOH
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Sustainion X37-50

Pt/C MOF@POM
@ Grade T

80 3 A/em? at 1.78 Veenn [S21]

AEM: Anion exchange membrane
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