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Materials and Methods 
Materials and Chemicals 
[bookmark: OLE_LINK19]Ferric nitrate (Fe(NO3)2∙9H2O, 99 %), bis[2-(2-hydroxyethoxy) ethyl] ether (99%), formamide (99%), meso-erythritol (99%), xylitol (99%), and D-sorbitol (98%) were purchased from Adamas-beta. Formate acid (98%), glycerol (99%), methyl alcohol (99.9%), urea (99%), ammonium hydroxide (NH3•H2O, 25-28%), ethylene glycol (99%), and formaldehyde (37%) were obtained from the General-Reagent. Copper nitrate (Cu(NO3)2∙3H2O) and ethanol (99%) were obtained from the Sinopharm Chemical Reagent Co. Ltd. (Shanghai). Nafion solution (5 wt. % in mixture of lower aliphatic alcohols and water) was purchased from the Macklin. Carbon paper was obtained from the Suzhou Sinero Technology Co. Ltd. All the reagents were utilized as received without further purification. 


Preparation of electrocatalyst ink 
[bookmark: _Hlk243644472]The electrocatalyst ink was prepared by mixing 5.0 mg of electrocatalyst with a mixed solution containing 0.20 mL of water, 0.70 mL of ethanol, and 0.10 mL of Nafion. After being sonicated thoroughly, 200 μL of electrocatalyst ink was dropped onto 0.50 cm−2 of carbon paper, followed by natural drying within a culture dish with a cover. A compact film was finally formed and used as the working electrode in the following electrocatalytic process. 

In situ Fourier-transform infrared (FTIR) spectroscopy
In situ FTIR tests were conducted using a Thermo Scientific infrared spectrometer (Nicolet iS50) at different electrocatalytic durations. All electrochemical measurements were recorded on a CHI 660E electrochemical workstation at room temperature in a three-electrode configuration, with Ag/AgCl and a carbon rod as the reference and counter electrodes, respectively. The electrocatalyst was drop-cast onto an Au film, and the measurements were carried out in a dual-cell electrochemical cell. Spectra were collected at a resolution of 4.0 cm−1 over the range of 4000–750 cm−1. 


Flow cell system 
The flow cell was divided into an anode chamber and a cathode chamber by a proton exchange membrane (Nafion-117). The working electrode was a prepared meso-(CuFe)O (geometric area: 1.0 × 0.50 cm2) for driving the electrocatalysis; the counter electrode was Pt/C, and the reference electrode was Ag/AgCl (saturated KCl). The anolyte consisted of a mixture containing 4.0 M ethylene glycol, 0.30 M (NH4)2SO4, and 0.35 M NH3•H2O, while the catholyte was 0.30 M (NH4)2SO4. The volume of electrolyte was fixed to 50 mL for multi‑potential and stability tests with the reaction temperature of 25 oC. Both chambers were circulated with electrolyte using peristaltic pumps at a flow rate of 30 mL min−1. 


Computational method 
[bookmark: _Hlk217506441]DFT calculations were performed using the Vienna ab initio simulation (VASP) package with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional based on the generalized gradient approximation (GGA).1-3 The kinetic energy cutoff for the plane-wave basis sets is set to 480 eV, and the core electrons are represented by the projector augmented wave (PAW) method.4 The electronic energy is considered self-consistent when the energy change is smaller than 10-5 eV. A geometry optimization is considered convergent when the force change is smaller than 0.02 eV/Å. To optimize computational efficiency, the Monkhorst-Pack reciprocal space integration is carried out using Gamma-centered k-points with a grid of 2×2×1. 
The (111) surface of CuO, as the most stable surface, is chosen to be reconstructed as the slab model featuring a (2×2×1) supercell. The periodically repeated simulation cells include the slabs of four substrate layers and the vacuum layer in the depth of 18 Å in order to separate the surface slab from its periodic duplicates. Meanwhile, Fe is doped into the slab model as the (CuFe)O structure. The model contains 64 O atoms, 8 Fe atoms, and 56 Cu atoms. The bottom three layers are fixed while the top two layers are relaxed. 

The free energies have been calculated using the following formula: 
G = E_DFT + ZPE – TS 
where G, E_DFT, ZPE and TS represent the free energy, energy from DFT calculations, zero-point energy, and entropic contributions, respectively. The entropic contributions are obtained from date calculated through the frequency and post-processed using Vaspkit.5,6 


Characterizations 
TEM and STEM studies are carried out using a field emission TEM (JEM-F200, JEOL Ltd., Japan) with an accelerating voltage of 200 kV. TEM and STEM samples are prepared by dropcasting a diluted suspension of the sample powder onto a carbon coated copper grid (300 mesh). Powder X-ray Diffraction (XRD) patterns are recorded using a D/max 2500 VL/PC diffractometer (Japan) equipped with graphite-monochromatized Cu Kα radiation in 2θ ranging from 20o to 80o. The working voltage and current are 40 kV and 100 mA, respectively. Inductively coupled plasma-mass spectrometry HAADF-STEM images are obtained on probe aberration-corrected JEM ARM200F (S) TEM operated at 200 kV. 
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Figure S1. (a) Low-magnification TEM image, (b) High-magnification HAADF-STEM image, (c) HAADF-STEM EDS spectra, and (d) powder XRD pattern of meso-(CuFe)O. 
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Figure S2. Structural schematic diagram viewed along the (a) b-axis and (b) a-axis of meso-(CuFe)O. Structural schematic diagram viewed along the (c) b-axis and (d) a-axis of meso-CuO. 
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Figure S3. (a) Low-magnification HAADF-STEM image, (b) high-magnification HAADF-STEM image, (c) EDS elemental mapping image, and (d) HAADF-STEM EDS spectra of meso-CuO (without Fe Ka signal). 
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Figure S4. Schematic illustration of the spin configurations in meso-CuO. 



[bookmark: _Hlk223456635][image: ]
Figure S5. χ versus temperature for meso-CuO, meso-(CuFe10%)O, and meso-(CuFe20%)O, with fitted effective magnetic moments. 
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Figure S6. Linear fitting of the 1/χ–T curve and the corresponding slopes (k). 
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Figure S7. (a) Linear sweep voltammetry (LSV) curves recorded in 0.30 M (NH4)2SO4 with different additives (0.35 M NH3 and/or 4.0 M ethylene glycol). (b) Comparison of the potentials required to achieve a current density of 5.0 mA cm−2 for the four electrolyte conditions. 
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Figure S8. FE and yield rates of formamide collected at different test potentials of meso-CuO. 
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Figure S9. (a) Low-magnification HAADF-STEM image, (b) high-magnification HAADF-STEM image, and (c) EDS elemental mapping images of meso-(CuFe)O with Fe accounting for 5% of the total metal content.
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Figure S10. (a) Low-magnification HAADF-STEM image, (b) high-magnification HAADF-STEM image, and (c) EDS elemental mapping images of meso-(CuFe)O with Fe accounting for 15% of the total metal content.
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[bookmark: OLE_LINK13]Figure S11. (a) Low-magnification HAADF-STEM image, (b) high-magnification HAADF-STEM image, and (c) EDS elemental mapping images of meso-(CuFe)O with Fe accounting for 20% of the total metal content.
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Figure S12. HAADF-STEM EDS spectra of meso-(CuFe)O with different Fe amounts of (a) 5%, (b) 15%, and (c) 20%. 
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[bookmark: _Hlk219149726]Figure S13. FE and yield rates of formamide collected at different test potentials of meso-(CuFe)O with different Fe amounts of (a) 5%, (b) 15%, and (c) 20%. 
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Figure S14. 1H NMR spectra of reaction mixtures after electrocatalytic C–N coupling using different alcohol substrates at 2.2 V vs. RHE.
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Figure S15. Proportions of (a) formamide and (b) formate among C1 products collected at different potentials from 2.0 to 2.4 V. 
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Figure S16. Concentrations of formamide and formate after electrocatalysis at 2.2 V with tert-butanol addition or with different Fe2+ concentrations (20 and 40 mM) to introduce additional *OH. 
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Figure S17. 1H NMR spectra of the reaction mixtures under different Fenton conditions at 2.2 V (Fenton systems containing 20 or 40 mM Fe²⁺ (with 100 mM H2O2 and 5.0 mM H2SO4) to introduce additional *OH). 
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Figure S18. In situ Bode phase plots of meso-CuO in (a) in (NH4)2SO4 + EG and (b) in (NH4)2SO4 + NH3 + EG. In situ Bode phase plots of meso-CuFeO in (c) (NH4)2SO4 + ethylene glycol and (d) (NH4)2SO4 + NH3 + ethylene glycol. 
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Figure S19. UV–vis standard curve for (a) NO2− and (b) NO3− quantification. 


[image: ]
Figure S20. FE of NO3− and NO2− over meso-(CuFe)O with different Fe amounts (at 2.4 V). 
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Figure S21. Apparent activation energy (Eapp) as a function of potentials for the electrolyte with ethylene glycol and NH3 over meso-CuO and meso-(CuFe)O. 



[image: ]
Figure S22. In situ FTIR spectra of the electrolyte containing ethylene glycol and NH3 during electrocatalysis at 2.2 V on meso-CuO. 
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Figure S23. (a) 1H and (b) 13C NMR spectra of the electrolyte after prolonged electrocatalysis. 
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Figure S24. The operating conditions of this work (FE = 70.4%, electricity cost = 0.03 US$ kWh⁻¹) in the profitable heatmap. 




Table S1. Metal ratios of meso-(CuFex%)O obtained from EDS spectra.
	catalyst
	Cu percentage (%)
	Fe percentage (%)
	O percentage (%)

	meso-(CuNi5%)O
	51.44
	2.77
	45.79

	meso-(CuNi10%)O
	46.36
	5.36
	48.28

	meso-(CuNi15%)O
	44.28
	8.02
	47.70

	meso-(CuNi20%)O
	39.82
	9.88
	50.30





Table S2. The number of average electrons transferred to form one molecule of HMS from different polyols. 
	
	Electrons (n)

	Methanol
	4

	Ethylene glycol
	3

	Glycerol
	8/3

	Erythritol
	5/2

	Xylitol
	12/5

	Sorbitol
	7/3




Table S3. Gibbs free energy profiles for electrosynthesis of *OH attacked and *NH2 attacked formamide electrosynthesis over meso-(CuFe)O. 
	
	*OH attacked
	*NH2 attacked

	G1 (eV)
	0
	0

	G2 (eV)
	-0.866
	-0.866

	G3 (eV)
	2.200
	-0.364

	G4 (eV)
	1.563
	-0.401

	G5 (eV)
	-2.75
	-1.447

	G6 (eV)
	-1.447
	-




Table S4. Gibbs free energy profiles for Formamide electrosynthesis from ethylene glycol and NH3 over meso-CuO and meso-(CuFe)O. 
	
	meso-CuO
	meso-(CuFe)O

	G1 (eV)
	0
	0

	G2 (eV)
	-0.963
	-0.866

	[bookmark: OLE_LINK27]G3 (eV)
	-0.315
	-0.364

	G4 (eV)
	-0.090
	-0.401

	G5 (eV)
	-1.51
	-1.447



Table S5. Price of feedstocks and products. 
	
	Price ($/ton)
	Source

	Feedstocks

	H2O
	1.43
	7

	Ethylene glycol
	500
	a

	NH3
	654
	8

	(NH4)2SO4
	150
	b

	Methanol
	720
	c

	CO2
	230
	d

	KNO3
	792
	9

	NaHCO3
	165
	e

	Products

	Formamide
	3000
	8

	H2
	1900
	10



a:(https://zhongaotai.en.made-in-china.com/product/xmVpnKkYOXRd/China-Supply-Liquid-Technical-Grade-Ethylene-Glycol.html?pv_id=1k5kkpevmfda&faw_id=1k5kkqcfac08&bv_id=1k5kkqcfb751&pbv_id=1k5kkpcp0d6c)
b: (https://chinajiuchong.en.made-in-china.com/product/wxDRPQOdnypi/China-Agriculture-Grade-Granule-20-5-NH4-2so4-Ammonium-Sulfate-Fertilizer-for-Plant-Growth.html?pv_id=1k5kl3o9lf46&faw_id=1k5kl4gf3e6a&bv_id=1k5kl4gf530d&pbv_id=1k5kl3lc506b)
c:(https://sinotainuo.en.made-in-china.com/product/cOwGafIdnZAt/China-Methanol-Used-for-Solvent.html?pv_id=1k5kkn1rd2b9&faw_id=1k5kkn68oa65&bv_id=1k5kkn68p124&pbv_id=1k5kkmvck963)
d: (https://ruiming02.en.made-in-china.com/product/iYApICtGqUVo/China-New-Excellent-Quality-Stainless-Steel-Carbon-Dioxide-Storage-Tank.html?pv_id=1k5klbriaaa2&faw_id=1k5klcbk4939&bv_id=1k5klcbk6377&pbv_id=1k5klbn2kfef)
e: (https://chhechem.en.made-in-china.com/product/gmnYlLECJZRF/China-Buy-Bulk-Sodium-Hydrogen-Carbonate-Haihua-Food-Grade-Baking-Soda-Price-Industrial-Grade-Nahco3-Feed-Grade-99-Sodium-Bicarbonate-for-Food-Additive.html?pv_id=1k5kldhii287&faw_id=1k5kldr1048&bv_id=1k5kldr122ce&pbv_id=1k5kldfs28bc)
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