Supplementary Information (SlI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2026

Supplementary Information (SI)

Interfacial Electron Transfer-Driven Activity Enhancements of Carbide/Alloy Heterostructured
Catalysts toward Water Electrolysis for High-Performance Anion Exchange Membrane Water

Electrolysis

Kai-An Lee,* Yu-Chieh Ting, ® Chiung-Wen Chang, ® Tzu-Hsiang Lin, ® Shao-I Chang, * Tsung-Wei
Hsueh,  Chia-Hsien Lin,? Shih-Yuan Lu®*

a Department of Chemical Engineering, National Tsing Hua University, Hsinchu 300044, Taiwan
*Email: sylu@mx.nthu.edu.tw

precursors ethanol dip roast calcination
process
\/ = 1 -
— 1 - |0 f — ] — ~ 5 % H,/Ar
= 600°C 2 hr
' 3 quartz boat D [m|
Nickel foam

Scheme S1. Illustration of fabrication process for carbide/alloy heterostructured catalysts.
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Table S1. Metallic compositions of sample catalysts determined with ICP-OES.

Fe (at%) Ni (at%) Mo (at%)
Mo,C/NiMo - 54.3 45.7
Mo,C/FeNiMo 15.9 48.1 35.9
Mo,C - - 100.0*
NiMo - 89.8 10.2
FeNiMo 21.0 68.8 10.2

*. exclude Ni contamination.
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Figure S1. SEM images of (a-c) Mo,C, (d-f) NiMo, and (g-1) FeNiMo at increasing magnifications.
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Table S2. Binding energies of constituent peaks of Ni 2p in HRXPS spectra of Mo,C/NiMo and NiMo.

Ni? (eV) Ni%* (eV) sat. (eV)
] Ni 2ps. 870.3 873.4 877.4
Mo,C/NiMo )
Ni 2pip 853.0 856.1 860.1
) Ni 2ps. 870.2 873.3 877.3
NiMo )
Ni 2pip 852.9 856.0 860.0
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Table S3. Binding energies of constituent peaks of C 1s in HRXPS spectra of Mo,C/NiMo and Mo,C.
C=0 (eV) C-0 (eV) C-C/C-H (eV) Mo-C (eV)
Mo,C/NiMo 288.4 285.7 284.8 284.2
Mo,C 288.4 285.7 284.8 284.2
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Table S4. Binding energies of constituent peaks of Mo 3d in HRXPS spectra of Mo,C/NiMo, Mo,C, and

NiMo.
Mo (eV) Mo?* (eV) Mo** (eV) Mo®* (eV)
‘ Mo 3d3), 231.2 231.4 232.5 2353
Mo,C/NiMo

Mo 3ds), 228.0 228.3 229.3 232.1

Mo 3d3), - 231.5 232.6 235.5
MOzc

Mo 3ds), - 228.4 2294 232.2

, Mo 3d3), 231.3 - 232.6 2354
NiMo

Mo 3ds), 228.1 - 2294 232.2
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Table S5. Binding energies of constituent peaks of Fe 2p in HRXPS spectra of Mo,C/FeNiMo and

FeNiMo.
Fel (eV) Fe?* (eV) Fe’* (eV) sat. (eV)
) Fe 2ps; 720.5 723.4 725.6 728.5
Mo,C/FeNiMo

Fe 2pip» 707.4 710.3 712.5 715.4

] Fe 2ps; 720.4 7233 725.5 728.4

FeNiMo
Fe 2pip 707.3 710.2 712.4 715.3
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Table S6. Binding energies of constituent peaks of Ni 2p in HRXPS spectra of Mo,C/FeNiMo and

FeNiMo.
Ni? (eV) Ni%* (eV) sat. (eV)
) Ni 2ps3, 870.3 873.4 877.4
Mo,C/FeNiMo )
Ni 2pip 853.0 856.1 860.1
. Ni 2p3p 870.2 873.3 877.3
FeNiMo )
Ni 2py2 852.9 856.0 860.0
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Table S7. Binding energies of constituent peaks of C 1s in HRXPS spectra of Mo,C/FeNiMo and Mo,C.

C=0 (eV) C-0 (eV) C-C (eV) Mo-C (eV)
Mo,C/FeNiMo 288.4 286.0 284.6 284.2
Mo,C 288.4 285.7 284.8 284.2
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Table S8. Binding energies of constituent peaks of Mo 3d in HRXPS spectra of Mo,C/NiMo, Mo,C and

NiMo.
Mo (eV) Mo?* (eV) Mo** (eV) Mo®* (eV)
) Mo 3ds, 231.2 2314 232.5 2353
Mo,C/FeNiMo

Mo 3ds), 228.0 228.3 2293 232.1

Mo 3ds3., - 231.5 232.6 2355

MOzc

Mo 3ds), - 228.4 2294 232.2

] Mo 3ds, 231.3 - 232.6 2354

FeNiMo

Mo 3ds), 228.1 - 2294 232.2
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Figure S2. The reference electrode is calibrated in a three-electrode system, with Pt wires serving as both
working and counter electrodes and Hg/HgO as the reference electrode in 1.0 M KOH. The pH value of the
electrolyte is determined to be 13.9 with a pH meter. Prior to the calibration, the electrolyte is saturated
with H, for at least 30 mins. The scan rate is set at 1.0 mV s°!. The potential of Hg/HgO is calibrated by
aligning the average of the zero current potential (-0.922 vs. Hg/HgO) of the CV curve (inset of Figure
S2a) to 0 V vs. RHE (inset of Figure S2b) according to Nernst’s equation (Erpg = Epgrgo +0.0591xpH +

E%gme0). Consequently, the potential of the reference electrode used in this work is calibrated to 0.1005 V
(vs. NHE).
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Table S9. Charge transfer resistances (R.;) of HER catalyzed by sample catalysts determined at -0.2 V (vs.
RHE).

Catalyst R (Q)
Mo,C/NiMo 0.94
Mo,C 1.00
NiMo 4.35
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Table S10. Charge transfer resistances (R.;) of OER catalyzed by sample catalysts determined at 1.53 V
(vs. RHE).

Catalyst R (Q)
Mo,C/FeNiMo 1.05
Mo,C 1.70
FeNiMo 2.03
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Figure S3. (a) Linear fitting of current density differences (Aj = j, - j.) at a specific potential versus scan
rates for determination of electric double layer capacitances (Cq)) of sample catalysts as halves of obtained
slopes. Cyclic voltammetry curves recorded at increasing scan rates in 1 M KOH for: (b) Mo,C, (c) NiMo,
(d) FeNiMo, (e) Mo,C/NiMo, and (f) Mo,C/FeNiMo.
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Figure S4. Cy-normalized polarization curves for (a) HER and (b) OER catalyzed by sample catalysts.
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Table S11. Electrochemical performances of Mo,C/NiMo//PiperlON//Mo,C/FeNiMo based AEMWE

compared with those of state-of-the-art non-precious transition metal catalysts based AEMWE’s reported

in recent years.

Cathode

Membrane

Anode

Electrolyte temperature

Cell

(°C)

Current

density

Ref.

Mo,C/NiMo@NF

PiperION

Mo,C/FeNiMo@NF

1 M KOH

60

2645 mA
cm2
@2.0V

This

work

MO5N6/Ni—45 0

FAA-3-
PK-130

MosN¢/Co-450

1 M KOH

70

450 mA
cm?

@1.8V

[1]

PMoNiTm

UTP220

NiFe LDH

1 M KOH

70

520 mA
cm2
@2.0V

2]

BP/CoNiSe,

FAA-3-50

NiFe LDH

1 M KOH

60

600 mA
cm
@1.9V

[3]

NIFGS@T13C2

X37-50
RT

NIFCS@T13C2

1 M KOH

50

800 mA
cm2
@2.0V

[4]

Ceoll-FezP/NiCoP

X37-50

Ceo.l-FGQP/NiCOP

1 M KOH

60

900 mA
cm
@1.8V

[5]

NiMoO,@CMK-3

FAA-3-50

NiFe LDH

1 M KOH

50

1140 mA
cm?

@2.0V

[6]

Co,P-NiPs/NF

FAA-3-50

FCQP-Ni12P5/NF

1 M KOH

60

1200 mA
cm2
@2.0V

[7]

Ni-CeO,/Carbon

HQPC-
TMA

CO304

alkaline

60

1500 mA
cm
@2.0V

[8]

Mn-NiFe@W Oy

PiperlON

Mn-NiFe@WOy

1 M KOH

60

1600 mA
cm?

@2.0V

[9]
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Table S12. High frequency resistance (HFR) and charge transfer resistances (R; for HER and R, for OER)

of sample AEMWE’s determined at 1.8 V.

EIS measurements

AEMWE
HFR R; (HER) R, (OER)
Mo,C/NiMo@N//PiperlON//Mo,C/FeNiMo@NF 0.019 0.0110 0.0145
Mo,C@NF//PiperlON//Mo,C/FeNiMo@NF 0.022 0.0113 0.0145
Mo,C/NiMo@NF//PiperlON//FeNiMo@NF 0.021 0.0110 0.0209
Mo,C/NiMo@NF//PiperlON//Mo,C@NF 0.022 0.0110 0.0518
NiMo@NF//PiperlON//Mo,C/FeNiMo@NF 0.023 0.0655 0.0145
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Figure S5. Chronopotentiometric stability tests for (a) Mo,C/NiMo and (b) Mo,C/FeNiMo under 0.5 A

cm 2 for 50 hours toward HER and OER operations, respectively.
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Figure S6. HRXPS spectra of (a) Ni 2p and (c) Mo 3d for Mo,C/NiMo after HER stability test.
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Figure S7. HRXPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) Mo 3d for Mo,C/FeNiMo after OER stability

test.
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Table S13. Ratio of (Ni®+Mo%+Mo?")/(Ni’+Ni?*+Mo’+Mo?"+Mo*"+Mo°") for Mo,C/NiMo before and
after HER stability test.

Ni Mo

Mo,C/NiMo A/B (%) A/B (%)
before 11.5 26.7
after 7.5 9.2
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Table S14. Ratio of (Fe®+Ni’+Mo%+Mo?")/(Fe’+Fe?"+Fe’*+Ni’+Ni?*+Mo’+Mo?"+Mo**+Mo®") for
Mo,C/FeNiMo before and after OER stability test.

Fe Ni Mo

Mo,C/FeNiMo A/B (%) A/B (%) A/B (%)
before 12.0 18.3 27.6
after 0.0 0.0 0.0
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Figure S8. In-situ FT-EXAFS spectra of Mo,C/NiMo under cathodic condition at (a) Ni K-edge and (b)

Mo K-edge. Insets show corresponding locally enlarged overlaid curves.
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Figure S9. In-situ FT-EXAFS spectra of Mo,C/FeNiMo under anodic condition at (a) Fe K-edge, (b) Ni

K-edge, and (c) Mo K-edge. Insets show corresponding locally enlarged overlaid curves.
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Figure S10. In-situ Raman spectra of (a) Mo,C/NiMo under HER conditions and (b) Mo,C/FeNiMo under
OER conditions.
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