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Characterizations of Materials

Scanning electron microscopy (SEM, HITACHI S-5000) and field-emission transmission 

electron microscopy (FE-TEM, JEM-2100F, Korea Basic Institute (Daegu)) were used to 

determine the morphology and architecture of the fabricated specimens. Powder X-ray 

diffraction (XRD) utilizing Cu Kα radiation (λ = 1.54060 Å) was conducted to validate their 

crystallographic phases. The chemical compositions of the samples were analyzed using X-ray 

photoelectron spectroscopy (XPS). Elemental analysis was conducted using inductively 

coupled plasma-optical emission spectrometry (ICP-OES; Optima 4300 DV). XANES spectra 

and EXAFS spectra were measured using the BL10C beamline at the Pohang Light Source 

(PLS-II) in Korea.

Raman spectroscopy

The catalyst ink was prepared by dispersing 10 mg of the catalyst in a mixed solvent consisting 

of 450 μL of deionized water, 450 μL of isopropanol, and 100 μL of Nafion solution. The 

mixture was sonicated for 30 minutes to achieve a homogeneous ink. Afterward, 10 μL of the 

ink was drop-cast onto a gold (Au) foil, achieving a catalyst loading of approximately 0.2 mg 

cm-2. The coated electrode was then dried at 70 °C for 30 minutes.

Operando Raman spectroscopy was conducted using a three-electrode configuration, where the 

catalyst-deposited Au foil served as the working electrode, a platinum wire served as the 

counter electrode, and a double-junction Ag/AgCl (3 M KCl) electrode was used as the 

reference electrode. The electrolyte employed was a 1 M KOH aqueous solution. Operando 

Raman spectra were recorded at open-circuit potential (OCP) and at various applied potentials 

ranging from 1.2 V to 1.6 V versus the reversible hydrogen electrode (RHE) in 0.05 V 

increases. The experiments were performed using a handmade Teflon cell at room temperature. 

The Raman spectrometer was equipped with a 532 nm laser, a 60× water-immersion objective, 
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and an 1800 mm-1 grating. For each spectrum, 30 scans were collected with an acquisition time 

of 1 second per scan. To ensure the reliability of the spectra, peak calibration was conducted 

using standard acetaminophen peaks prior to the measurements.

Electrochemical measurement

The electrochemical measurements were performed using a three-electrode system equipped 

with a ZIVE-SP1 instrument (WonATech Corp., Korea). Nickel foam (NF, geometric area: 1 

cm2), Pt wire, and Hg/HgO were employed as the working, counter, and reference electrodes, 

respectively. To prepare the working electrode, catalysts (5 mg) were added into 225 μL of 2-

propanol and 225 μL of DI-water containing 50 μL of 5 wt.% Nafion solution, followed by 

sonication for 15 min and subsequent stirring overnight. After that, 110 μL of the prepared 

suspension was quantitatively dropped onto the surface of NF. The loading content of the 

catalyst on the working electrode is ∼1.1 mg cm-2. Electrochemical impedance spectroscopy 

(EIS) was performed in the frequency range of 0.1 Hz to 100 kHz. The Nyquist plots are 

presented after solution resistance (Rs) compensation, where Rs was determined from the high-

frequency intercept of the raw data. This approach allows for a more accurate and direct 

comparison of the intrinsic charge-transfer behavior (Rct) among the catalysts. To convert the 

measured potential to RHE, the equation ERHE = EHg/HgO + 0.0591 × pH + 0.098 V was used. 

Turnover frequency (TOF) of the catalysts were calculated by normalizing them to the total 

metal content according to the following equation:

                                    𝑇𝑂𝐹 [𝑒/(𝑠𝑖𝑡𝑒 ∙ 𝑠)] =
𝐽

𝑛𝑚𝑒𝑡𝑎𝑙 × 𝐹
=

𝐽 × 𝑀𝑚𝑒𝑡𝑎𝑙

𝑚𝑐𝑎𝑡. × 𝑤𝑚𝑒𝑡𝑎𝑙 × 𝐹
                        (1)

where J is the kinetic current density, mcat. is the mass loading of the catalyst on the nickel 

foam, wmetal is the mass concentration of the metal in the catalyst, nmetal is the molar amount of 

the metal in the catalyst, and Mmetal is the atomic weight of the metal.
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The mass activity and specific activity of the catalysts were calculated by normalizing them to 

the total metal content according to the following equation:

                                   𝑀𝑎𝑠𝑠 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝐴 𝑚𝑔𝑚𝑒𝑡𝑎𝑙
‒ 1) =

𝐽
𝑚𝑐𝑎𝑡. × 𝑤𝑚𝑒𝑡𝑎𝑙

                                (2)

                                 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜇𝐴 𝑐𝑚𝐸𝐶𝑆𝐴
‒ 2) =

𝐽
𝐸𝐶𝑆𝐴

                                                (3)

ECSA was calculated from the Cdl using ECSA = Cdl/Cs, where Cs was assumed to be 40 μF 

cm-2 (in alkaline media).”

AEMWE test

The electrocatalysts were deposited onto pressed Ni foam substrates via a catalyst-coated 

substrate (CCS) method. The catalyst loading on the anode was approximately 20 mg cm-2, 

while a commercial Pt/C (40 wt%, TANAKA) catalyst with a loading of 1 mg cm-2 on carbon 

cloth was employed as the cathode. Subsequently, the anion exchange membrane water 

electrolyzer (AEMWE) was assembled into a membrane electrode assembly (MEA) using a 

Piperion A20 membrane (20 μm thickness). The polarization curves were recorded at a scan 

rate of 1 mV s-1 under continuous 1.0 M KOH flow at a rate of 100 mL min-1. The geometric 

surface areas of both anode and cathode were 4 cm2. Durability was further evaluated by 

chronopotentiometry at a constant current density of 0.5 A cm-2.
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Fig. S1 SEM images of (a) Mo/PDA, (b) Ni-Mo/PDA, (c) NiO-MoxC/NC.
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Fig. S2 Low-magnification SEM image of FeOOH-NiO@MoxC/NC.
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Fig. S3 Survey XPS spectra of FeOOH-NiO@MoxC/NC.



8

Fig. S4 Raman spectra of FeOOH-NiO@MoxC/NC, NiO@MoxC/NC, and MoxC/NC in the D- 

and G-band regions. The intensity ratio (ID/IG) serves as an indicator of structural disorder.



9

Fig. S5 Schematic illustration of the operando Raman spectroscopic setup used for 

electrochemical measurements.
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Fig. S6 Potential-dependent operando Raman spectra of MoxC/NC obtained in the potential 

range of 1.20–1.45 V (vs. RHE) with 0.05 V step intervals.
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Fig. S7 The Bode plots obtained at 1.60 V (vs. RHE).
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Fig. S8 (a-d) Cyclic voltammetry curves of different samples at different scan rates under 

potential from 1.1 to 1.2 V (vs. RHE).
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Fig. S9. (a) LSV curves for OER showing mass activity normalized to the Fe content based 

on ICP-OES analysis in 1 M KOH. (b) LSV curves for OER showing specific activity 

normalized to the ECSA.



14

Fig. S10. (a) SEM image and (b, c) HRTEM images of FeOOH-NiO@MoxC/NC after ADT.
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Fig. S11. XRD patterns of FeOOH-NiO@MoxC/NC after ADT.
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Fig. S12. Comparison of XPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) Mo 3d for FeOOH-

NiO@MoxC/NC before and after ADT.
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Fig. S13. Single-cell polarization curves of the AEMWE employing FeOOH-

NiO@MoxC/NC as the anode, recorded before and after the 300 h durability test at 500 mA 

cm-2.
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Table S1. ICP-OES result of FeOOH-NiO@MoxC/NC.

Sample Element
Concentration

(mg/kg)
Molar ratio

Mo 479,000 1

Ni 25,000 0.085FeOOH-NiO@MoxC/NC

Fe 6,800 0.024
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Table S2. O 1s XPS spectra of FeOOH-NiO@MoxC/NC, NiO@MoxC/NC, and MoxC/NC. 

The table shows the deconvoluted peak area ratios corresponding to M-OH, M-O, and adsorbed 

H2O species.

M-OH ratio 

(%)

M-O ratio

(%)

Absorbed H2O 

ratio (%)

Total

(%)

FeOOH-

NiO@MoxC/NC
31.7 32.9 35.4 100

NiO@MoxC/NC 12.3 56.5 31.1 100

MoxC/NC 6.2 34.1 59.7 100
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Table S3. Electrochemical performance comparison of the reported catalysts, including 

overpotential at a current density of 100 mA cm-2, Tafel slope, and stability.

Catalysts Electrolyte

Overpotential

at 100 mA 

cm-2 (mV)

Tafel slope

(mV dec-1)
Stability Ref.

FeOOH-NiO

@MoxC/NC
1 M KOH 372 77.8

80 h

at 100 mA cm-2
This work

FeNi3N-NPs 1 M KOH 386 42
9 h

at 10 mA cm-2
[S1]

NF/Co3O4-Ni 1 M KOH 390 59.5
12 h

at 70 mA cm-2
[S2]

Ni/Fe3O4 1 M KOH 393 70 11 h [S3]

FeNi-LDH 

Ss/Ni
1 M KOH 409 85.7

12 h

at 1.52 V (vs. 

RHE)

[S4]

P-Ni0.5Fe0.5Se2 1 M KOH 428 73
12 h

at 10 mA cm-2
[S5]

RuO2 1 M KOH 436 120.1 - This work
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