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1 Experimental

1.1 Materials and Reagents

NaNO; (99%), Ni(NO3),-6H,0 (98%), and FeSO,-7H,0 (99.95% metals basis) were purchased from
Aladdin (Shanghai, China). Aniline (99.5%) was obtained from Macklin (Shanghai, China). In this work,
nickel foam (NF, Sinero (Suzhou, Jiangsu, China)) with a thickness of 0.5 mm is used as a conductive

substrate. All the above reagents were used as received unless otherwise noted.

1.2 Material characterizations

The morphology and element distribution of materials were characterized using scanning electron
microscopy (SEM, JSM-7900F) and high-resolution transmission electron microscopy (HRTEM, Talos
F200X G2), equipped with energy-dispersive X-ray spectroscopy (EDS) and selected area electron
diffraction (SAED). Powder X-ray diffraction spectra (XRD) were recorded on a SmartLab 9 kW
diffractometer with Cu-Ka radiation. X-ray photoelectron spectroscopy (XPS) was performed with an Axis
Ultra DLD. Raman spectra were collected using a confocal Raman microscope (Renishaw inVia-Qontor
Raman Microscope) with an excitation wavelength of 532 nm and a 50% objective. Elemental analysis was
conducted using inductively coupled plasma-optical emission spectroscopy (ICP-OES, SpectroBlue). The
Ni K-edge and Fe K-edge X-ray absorption near-edge spectroscopy (XANES) and extended X-ray
absorption fine structure (EXAFS) data of catalysts were collected using bench-top easyXAFS300+
instrument (easyXAFS, LLC) with a Si551 spherically bent crystal analyzer and silver anode X-ray tube.
The data analysis of XANES and EXAFS was conducted utilizing the ATHENA and ARTEMIS modules

(version 0.9.26) within the IFEFFIT software suite."

1.3 Synthesis of electrocatalysts

1.3.1 Synthesis of PANI/NiFe LDH

The PANI/NiFe LDH was fabricated on NF by a two-step electrodeposition method. Before the
electrodeposition, the NF (1.0 cm x 2.0 cm x 0.5 mm) was treated with deionized water, ethanol, and 1.0
M HCI successively, and then rinsed with deionized water to remove surface impurities and oxide layers.
The electrodeposition was carried out in a two-electrode system at room temperature. NF and graphite

rod were respectively used as the working and counter electrode. In the first electrodeposition process,



the electrolyte was composed of 0.03 M Ni(NO3),, 0.01 M FeSO,, and 0.1 M NaNO;. The cathodic
electrodeposition was carried out at =5 mA-cm™2 for 2 minutes to obtain NiFe LDH/NF. After being washed
with deionized water, the as-prepared NiFe LDH/NF was placed in the electrolyte containing 0.1 M NaNO;
and 0.05 M aniline for anodic electrodeposition. The second electrodeposition was performed at 10
mA-cm~2for 30 seconds to obtain PANI/NiFe LDH/NF. The final product was rinsed and dried at 60 °C in

a vacuum oven.
1.3.2 Synthesis of other electrocatalysts

The preparation of NiFe LDH and PANI was similar to PANI/NiFe LDH/NF with one-step
electrodeposition. The PANI/NiFe LDH/CC and NiFe LDH/CC were prepared similarly to PANI/NiFe LDH
and NiFe LDH, except that the carbon cloth (CC) served as the working electrode. In the synthesis of the
Pt/C electrode, 7.5 mg 20% Pt/C, 75 pL Nafion D-521 dispersion, and 1.5 mL isopropyl alcohol were mixed
into a uniform ink under ultrasonic conditions. The ink was sprayed on carbon paper (CP) and dried under

vacuum at 50 °C. The load mass of Pt/C on CP is approximately 1.6 mg-cm.
1.4 Electrochemical measurements

The electrochemical tests were carried out on an Ivium-n-stat electrochemical workstation under
ambient temperature conditions. The as-prepared electrode, Hg/HgO electrode, and Pt foil were employed
as working, reference, and counter electrodes. The cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) curves were collected in 1.0 M KOH aqueous solution with 95% iR-compensation. Electrochemical
impedance spectroscopy (EIS) measurements were performed at 1.50 V vs. RHE, with frequencies
ranging from 100 kHz to 0.1 Hz and an amplitude of 10 mV. The chronopotentiometry (CP) curves were
collected in 1.0 M KOH under 500 mA-cm2. All these measured potentials were converted to values

relative to the reversible hydrogen electrode (RHE) using the following equation:
Eos. ke = Evs gsngo + Engitigo + 0-059pH

The electrochemical active surface area (ECSA) of each catalyst was estimated from the double layer
capacitance (Cy) in a potential window where no faradaic currents are involved (0.1-0.2 V vs. Hg/HgO),

which is determined by performing CV scans at the scan rate of 40-140 mV-s™'. The C4 is obtained as half



the slope of a plot that shows the difference between anodic and cathodic current density at 0.15 V vs.

Hg/HgO against the scan rate. The ECSA was calculated according to the following equation:

c
Ecsa=-%
c

N

where Cq is 40 yF-cm™2.

The turnover frequency (TOF) values of PANI/NiFe LDH and NiFe LDH were calculated according to

the following equation:?

J XA

TOF = ——
4XFXm

where J is the current density at a given potential, A is the geometric area of the electrode, F is the Faraday
constant (96485 C mol-') and m is the amount of reactive sites determined as the total number of Ni and

Fe atoms from the ICP-OES results in this work.
1.5 Assembly of the anion exchange membrane water electrolysis device

The anion exchange membrane water electrolysis (AEM) device is composed of anode (PANI/NiFe
LDH/NF or NiFe LDH/NF electrode, 2.0 cm x 2.0 cm % 0.5 mm), cathode (Pt/C electrode, 2.0 cm x 2.0 cm
x 0.2 mm), anion exchange membrane (AEM, AM01-50, 3.5 cm x 3.5 cm x 50 ym, KMem Tech, China),
gas diffusion layer (GDL, NF, 2.0 cm x 2.0 cm x 0.5 mm), gaskets and end plate with flow fields. The 1.0
M KOH solution was used as an electrolyte introduced into both the anode and cathode sides. LSV curves

of the devices were measured from 1.0 to 3.0 V at a scan rate of 10 mV-s.
1.6 In situ electrochemical Raman measurements

For in situ Raman measurements, a confocal Raman microscope (Renishaw inVia-Qontor Raman
Microscope) with an excitation wavelength of 532 nm and a spectro-electrochemical cell was adopted. The
Raman spectra of the catalysts were collected with the as-prepared catalysts, Pt wire, and saturated

Ag/AgCl serving as working, counter, and reference electrode, respectively.



2 Results and discussion

Fig. $1. (a-c) The SEM images of NiFe LDH under different magnifications and (d) the related EDS

mappings of Ni, Fe, and O elements.

(@)

Fig. S2. (a-c) The SEM images of PANI/NiFe LDH under different magnifications and (d) the related EDS

mappings of Ni, Fe, C, N, and O elements.

" PANI/NiFe LDH

Fig. S3. The SEM images of (a) NiFe LDH and (b) PANI/NiFe LDH under higher magnification.
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Fig. S5. The cross-sectional EDS linear scan of PANI/NiFe LDH following the white arrow in Fig. S5a.

Fig. S6. (a) The TEM image and (b,c) HRTEM images of NiFe LDH.



Fig. S7. (a) The TEM image, (b) HRTEM image, and (c) SAED pattern of PANI/NiFe LDH. (d) The

corresponding EDS mappings of PANI/NiFe LDH.
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Fig. $8. XRD patterns of PANI/NiFe LDH and NiFe LDH on carbon cloth (CC).
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Fig. S9. (a) Raman and (b) FT-IR spectra of PANI/NiFe LDH, PANI, and NiFe LDH.

In the Raman spectra of NiFe LDH and PANI/NiFe LDH, peaks at 459 cm', 542 cm™', and 711 cm™’
were ascribed to the Ni-O and Fe-O vibrations in NiFe LDH.3 In the spectra of PANI and PANI/NiFe LDH,
peaks at 1140 cm™, 1182 cm™ (C-H), 1345 cm™' , 1395 cm™" (C-N*), 1562 cm™ and 1591 cm™ (C=C)
corresponded to PANI.#6 FTIR spectra of NiFe LDH and PANI/NiFe LDH showed signals at 3310 cm' (O-
H), 1634 cm™' (H,0O), and 656 cm' (M-OH), attributed to NiFe LDH.” Meanwhile, peaks at 1350 cm" and
1106 cm™' corresponded to NO5;~ and SO,4% that introduced in the synthesis process,? ° respectively. In the

FTIR spectra of PANI and PANI/NiFe LDH, peaks at 1596 cm' (C=C) and 1516 cm' (C=C), 1317 cm™" (C-

N), and 833 cm! (C-H) corresponded to PANI.#

Fig. S10. The SEM images

magnifications.

of NiFe LDH prepared with various deposition times under different
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Fig. S11. (a) LSV curves of NiFe LDH with different deposition times. (b) LSV curves of PANI/NiFe LDH

with different deposition times of PANI.

The deposition parameters for PANI/NiFe LDH were subsequently optimized by preparing catalysts
with different deposition times. SEM images of NiFe LDH synthesized with varying deposition times
indicated that a duration of 120 s produced a nanosheet structure without significant cracks (Fig. S8).
Further increase in deposition time of NiFe LDH led to gradual formation of cracks on the surface of the
electrode owing to mechanical stress, which negatively impacted the operational stability of NiFe LDH,
significantly accelerating structural degradation during OER. Linear sweep voltammetry (LSV) curves of
NiFe LDH with different deposition times revealed that the prolonged deposition time primarily affected the
extent of cracking, while no significant change in the OER catalytic activity (Fig. S9a). LSV curves of
PANI/NiFe LDH prepared with varying PANI deposition times indicated minimal differences in
electrochemical performance at 30 s or less (Fig. S9b). However, increasing the deposition time to 45 s
significantly decreased the catalytic activity of PANI/NiFe LDH, suggesting that a thicker coating of PANI
may block the catalytic active site on NiFe LDH. Therefore, deposition times of 120 and 30 s were optimal

for the NiFe LDH and PANI deposition, respectively.
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Fig. S12. The high-resolution N 1s XPS spectrum of (a) PANI and (b) PANI/NiFe LDH.
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Fig. S13. The CV curves of (a) PANI/NiFe LDH, (b) NiFe LDH, and (c) PANI in the non-polarized region

at different scan rates. (d) LSV curves normalized by the ECSA of PANI/NiFe LDH, NiFe LDH and PANI.
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Fig. S14. The accelerated duration test of NiFe LDH performed with a scan rate of 50 mV-s-'.

Fig. $15. The EDS mappings of NiFe LDH after the 500 h chronopotentiometry test.




Fig. $16. The EDS mappings of PANI/NiFe LDH after the 500 h chronopotentiometry test.
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Fig. S17. Raman spectra of PANI/NiFe LDH, PANI and NiFe LDH after 10 h chronopotentiometry test.

After the 10-hour CP test, the characteristic peaks observed at 1140 cm-', 1180 cm'(C-H), 1347 cm-
1,1390 cm-! (C-N*), 1557 cm- and 1599 cm-! (C=C) in PANI/NiFe LDH are attributed to PANI, indicating

that PANI remains stable and undergoes no significant change during the OER process.
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Fig. S18.The high-resolution (a) Ni 2p and (b) Fe 2p XPS spectra of PANI/NiFe LDH and NiFe LDH after
a 10-hour CP test at 500 mA-cm.

According to the post-reaction XPS analysis, both PANI/NiFe LDH and NiFe LDH underwent oxidation,
increasing in the metal oxidation states. For PANI/NiFe LDH, the Ni 2p3/2 and Fe 2p3/2 shift from 855.9
to 856.3 eV and 712.4 to 712.8 eV, respectively. Moreover, both Ni and Fe in PANI/NiFe LDH showed
higher binding energy compared to NiFe LDH (856.0 eV and 712.4 eV). This indicated that PANI stabilizes

the high-valent metal centers through coordination to enhance the operational stability.



Fig. S19. The Optimal image of the AEMWE device.
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Fig. S20. The EIS Nyquist plots of PANI/NiFe LDH-based AEMWE device under different temperatures.
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Fig. S21. (a) The Polarization curves and (b) the EIS Nyquist plots of the NiFe LDH-based AEMWE device

under different temperatures.
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Fig. S22. (a,b) The SEM images of NiFe LDH after the CP test in AEMWE device under different

maghnifications and (c) the related EDS mappings of Ni and O elements.

Fig. S$23. (a-c) The SEM images of PANI/NiFe LDH after the CP test in AEMWE device under different

magnifications and (c) the related EDS mappings of Ni, Fe, C, N and O elements.

After the CP test, the surface of NiFe LDH exhibited a smooth morphology characteristic of the NF
substrate, and no Fe signal was detected in the EDS mapping, indicating that the catalyst structure had
completely collapsed and leached away. In contrast, the PANI/NiFe LDH still retained its nanosheet
morphology, with homogeneous distribution of Ni, Fe, C, N, and O signals in the EDS mapping. Compared
with the three-electrode system, the flushing by liquids and bubbles in the anion exchange membrane

water electrolyzer (AEMWE) device can generate strong mechanical stress, which tends to detach NiFe



LDH from the substrate. The PANI coating, however, helps mitigate such mechanical stress, thereby

maintaining the stability of PANI/NiFe LDH.

Table S1. The ICP-OES results of Ni and Fe in PANI/NiFe LDH and NiFe LDH.

Samples Ni Content (ug-cm-2) Fe Content (ug-cm2) Molar ratio of Ni: Fe
NiFe LDH 174 51.1 3.24
PANI/NiFe LDH 167 50.8 3.13

Table S2. The ECSA calculated by the C of electrodes in 1.0 mol-L-' KOH.

Samples ECSA (cm?)
NiFe LDH 225
PANI 28.3
PANI/NiFe LDH 23.8

Table S3. The TOF of electrodes at 1.5 V vs. RHE in 1.0 mol-L-' KOH.

Samples TOF (s)

NiFe LDH 0.0552

PANI/NiFe LDH 0.0580




Table S4. The cell voltage of AEMWE devices based on NiFe LDH and PANI/NiFe LDH at 1.0 A-cm and

different temperatures.

AEMWE devices 25°C 40 °C 60 °C 80 °C

NiFe LDH||Pt/C 267V 248V 233V 226V

PANI/NiFe LDH||Pt/C 255V 241V 226V 213V




Table S5. Comparison of the OER performance of PANI/NiFe LDH in this work and recently reported

NiFe-based electrocatalysts.

Electrolyzer&Catalysts

Overpotential (mV)

Stability

Reference

PANI/NiFe LDH||Pt/C
&PANI/NiFe LDH

E-NiFe LDH||NFS

Ru/d-NiFe LDH||Ru/d-NiFe
LDH

60Fe/NF||NiMo

al/c-NiFe LDH||Pt/C

B,-NiFe-(a-10) LDH||Pt
mesh

NiFe-Pz,@PNTA

FeNi-LDH/MOF

FeBi@FeNi LDH

Cr-NiFe LDH

Cr-Ni;S,@Fe,S,/NIF

232@10 mA-cm2
275@100 mA-cm-?
334@500 mA-cm™

243@10 mA-cm

220@10 mA-cm?
283@50 mA-cm

240@10 mA-cm2
304@100 mA-cm™?

276@50 mA-cm?
297@100 mA-cm2
354@300 mA-cm

290@100 mA-cm-?
330@500 mA-cm-2

300@100 mA-cm2

263@100 mA-cm

243@10 mA-cm
295@100 mA-cm2

340@10 mA-cm

236@10 mA-cm?

200 h@500 mA-cm2(§)
500 h@500 mA-cm2(§8§)

22 h@10 mA-cm=2(§)

140 h@100 mA-cm2(§)

20 h@100 mA-cm2(§)

130 h@1000 mA-cm2(§)

40 h@1000 mA-cm?2(§)

360 h@100 mA-cm2(§§)

24 h@10 mA-cm2(8§8§)

90 h@100 mA-cm2(§8§)

6 h@10 mA-cm2(§8§)

100 h@150 mA-cm2(§8§)

This work

Ref.10

Ref. !

Ref.12

Ref.13

Ref.14

Ref.15

Ref.16

Ref.17

Ref.18

Ref.1®

Note: § and §§ represent the test environment of the water electrolyzer and three-electrode system,

respectively.
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