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Experimental section

1. Materials

Nickel foam (purity: 99.8 wt%, thickness: 1.5 mm, density: 42 mg cm?) was
purchased from Changsha Lyrun Material Co., Ltd. Co(NO3)2:6H20, FeSO4:7H20,
Fe(NO3)3-9H»0, 2-propanol, KOH (potassium hydroxide), and CH3OH (methanol)
were purchased from Sinopharm Chemical Reagent Co., Ltd. Platinum electrode and
KCl-saturated Ag/AgCl electrode were obtained from Aida Technology Co., Ltd.
Deuterium oxide (D>0O) was purchased from Sigma-Aldrich. Formic acid (HCOOH)
was purchased from Adamas Reagent Co., Ltd. Nickel foam was cut into 1 cm X 1 cm
pieces, followed by washing with acetone, ethanol, and hydrochloric acid solution, then
drying at 80 °C overnight before using.

2. Synthesis of Co(OH): and Fe(OH)2

5 mmol (1.455 g) of Co(NO3)2:6H20, 10 mmol (0.37 g) of NH4F, and 25 mmol
(1.5 g) of urea were dissolved in 40 mL of deionized water under continuous stirring.
After stirring for 10 min, the resulting homogeneous solution, together with the NF
substrate, was transferred into a 50 mL Teflon-lined stainless steel autoclave and
maintained at 120 °C for 6 h. After the reaction, the autoclave was cooled naturally to
room temperature, and the NF substrate was thoroughly rinsed several times with

deionized water, then dried overnight in a vacuum oven. The obtained final product was
denoted as Co(OH)..

To synthesize Fe-based samples, Co(NO3)2-6H>O was replaced by 5 mmol (2.017
g) Fe(NOs3)3-9H>0, with all other synthesis procedures remaining identical. The
obtained final product was denoted as Fe(OH)..

3. Electrochemical measurements

Methanol electro-oxidation reaction (MOR) was tested in a three-electrode system
using a CHI electrochemical workstation (CHI 660e). All electrochemical experiments
were performed at room temperature using 1 M KOH with 1 M CH3OH as the
electrolyte. As for MOR measurement, self-supported electrocatalytic material, Pt sheet,
and Ag/AgCl were used as working electrode, auxiliary electrode, and reference
electrode, respectively. Firstly, 50 cyclic voltammetry (CV) scans (50 mV s}, 1-1.8 V
vs. RHE) were applied to remove contaminants from the material surface before
performance tests. Linear sweep voltammetry (LSV) with 90% /R compensation was
tested at a scan rate of 5 mV s'. All the polarization curves were converted to the
reversible hydrogen electrode (RHE) using the following equation:
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Erne (V) =E+0.059 x pH + Eag/agci

Where Eag/agct was 0.1976 V versus RHE and pH was 14.

The double-layer capacitance (Cq) was obtained by collecting CV curves. The
scan rate was 20 mV s™' to 100 mV s’ with a scan interval of 2 mV s™! potential range
of OCP + 50 mV. The electrochemical surface area (ECSA) was calculated with the

following equation:

Cal

ECSA (em? g = o

Where Cs is the capacitance of an atomically smooth surface area (40 pF cm™).

Electrochemical impedance spectroscopy (EIS) measurements were taken in the
frequency range of 0.01 Hz ~ 100 kHz at OCP with an amplitude of 5 mV.
Chronopotentiometry (CP) was used to evaluate the long-term performance of the

electrocatalysts.

4. The calculation of Faradaic efficiency (FE)

To analyze the products in the electrolyte, 500 pL of the electrolyte solution was
mixed with 100 pL of D2O (containing 0.05 wt% Tris (trimethylsilyl) phosphate as an
internal standard) and transferred into a Nuclear Magnetic Resonance (NMR) tube. The
mixture was thoroughly homogenized before analysis. Subsequently, the samples were
analyzed using NMR spectroscopy to determine the overall intensity of the formate ion
signal. The yield of formate generated in the electrolyte was quantified by calculating
the integral ratio of the proton peaks of formate and the internal standard. The NMR
tests were conducted with an Ascend 600 instrument. The Faradaic efficiency (FE) was

calculated based on the following equation:

NXxFxn NXxFxn

FE (%) = x 100% = x 100%

Where N is the number of moles of product produced, n is the number of moles of
formic acid produced, F is the Faraday constant (96485 C mol ™), I is the applied current,

and t is the electrolysis time.



90

91

92

93
94
95

96

97

98
99
100

101

102
103
104
105
106
107
108
109

110

111
112
113
114
115

116

5. The calculation of hydrogen production rate and energy consumption
The hydrogen generation rate is calculated as follows:

Hydrogen generation rate = 7

n is the number of moles of hydrogen gas produced during the reaction, t is the
duration of the reaction, measured in hours (h), and A is the surface area of the catalyst

used in the reaction, measured in square centimeter (cm?).

The energy consumption formula is as follows:

VxIxt

Energy consumption (kWh m™) =

V is the applied voltage (V vs. RHE) during the reaction. I is the current (A), and
t is the duration of the reaction, expressed in hours (h). n is the number of moles of

hydrogen gas produced (m?) during the reaction.

6. Theoretical calculations

All the DFT calculations were conducted using the Dmol3 module of Materials
Studios 2017. The electronic exchange and related energy were treated using the
Perdew, Burke and Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA). The DFT semi-core pseudo potentials (DSPPs) core treatment
with the relativistic effects were implemented to consider the core-electron (e)
interaction, which superseded core e- by a single valid electric-potential to simplify the
calculations. The numerical basis set of double numerical plus polarization (DNP) was

utilized.

7. XAS

The XAS spectra were collected at the Australian Synchrotron in Clayton, Victoria,
Australia, using the bending magnet (BM12-1) MEX-1 Beamline operating in the slow
scan mode. XANES data were processed using the Demeter software package (v0.9.26).
Energy calibration, background subtraction, and spectral normalization were performed

using Athena.
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Figure S2. XRD patterns of FeCoOx-1, FeCo0,-2, and FeCoOx-3 samples.
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Figure S3. (a, b) HRTEM images of FeCoOx-2. Elemental mappings of (c) Co, (d) Fe,
and (e) O in FeCoO,-2.
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129  Figure S4. LSV curves of FeCoOx-2 in 1.0 M KOH electrolyte with and without 1 M
130  methanol.
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133 Figure S5. Tafel slope of FeCoO,-1, FeCoO,-2, and FeCoO,-3.
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136  Figure S6. Nyquist plots of FeCoOx-1, FeCo0,-2, and FeCoO,-3 at 1.37 V vs. RHE.

137



138

139
140

141

a2 b 02
FeCoO,-1 / FeCo0,-2 A
5 & —
5§ 011 §o01{ —
g e =
// /

z = > /
Z00] ~ Z 0.0
& 7 & z
g | Z g —
= 1 2 < o —
g.01{ — g 01 —
3 20100 mV's 3 20-100 mV s

0.2 . . . 02 N

054 057 060 063 066 0.78 080 082 084 086 088 0.90

Potential (V vs. RHE)

Potential (V vs. RHE)

o

Current density (mA cm?)

Potential (V vs. RHE)

0.2
FeCoO,-3

0.14 "_/_/_.v)

0.04 / 7
0.1 — l

20-100 mV !
0.2 . . .
0.39 0.42 0.45 0.48 0.51
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Figure S9. Schematic diagram of a simple gas collection device employing the drainage
method (the experiments were conducted in an H-shaped electrolytic cell equipped with
a Nafion proton exchange membrane to separate the anode and cathode chambers, using
FeCo0,-2 as the catalyst for both electrodes).
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Figure S10. A simple device integrating the OER with the HER was used to collect H2
at various time intervals (1.0 M KOH electrolyte in both the anode and cathode
chambers).
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Figure S11. A simple device integrating the MOR with the HER was used to collect H>
at various time intervals (the anode chamber contained an electrolyte of 1.0 M KOH
and 1.0 M CHsOH, while the cathode chamber contained 1.0 M KOH).
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Figure S12. (a) LSV curves and (b) Bode plots of FeCoO.-2 for OER. (c)
Electrode/electrolyte interface models of FeCoO,-2 in OER systems.
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169  Figure S13. Bode plots of FeCoO,-3 for MOR.
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172 Figure S14. XPS spectra of Co 2p for FeCoOx-1, FeCoO,-2, and FeCoO,-3 after MOR.
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Figure S15. XPS spectra of Fe 2p for FeCoO,-1 before and after MOR.
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178  Figure S16. Operando Raman spectra of Co(OH)> obtained at various potentials.
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181  Figure S17. CP profiles of Co(OH)2 at 100 mA cm™.
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