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Figure S1. The spin configurations of Co3O4, Fe3O4 and CoFe2O4.
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Figure S2. The TDOS plots of Co3O4, Fe3O4 and CoFe2O4.
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Figure S3. Summary of optimized configurations of NO3−RR intermediates on CoFe2O4 (111) surface based on DFT calculations.
In this work, the spinel (111) surfaces of CoFe2O4, Fe3O4, and Co3O4 were selected as theoretical models for the following reasons:
First, the (111) surface is one of the representative low-index facets of spinel oxides and can reasonably reflect the alternating arrangement of metal cation layers along a specific crystallographic direction. Compared with other simple surface terminations, the (111) surface can present metal coordination environments associated with both Td and Oh sites, making it more suitable for comparing the effects of Td/Oh sites in different spinel oxides on the adsorption and hydrogenation of NO3−RR intermediates.
Second, the use of a unified (111) surface model minimizes structural interference arising from different facet effects, thereby enabling a more reliable comparison of adsorption energies, free-energy changes, and electronic structures among CoFe2O4, Fe3O4, and Co3O4. Meanwhile, the low-coordinated metal sites and surface oxygen atoms exposed on the (111) surface can provide reasonable reaction sites for key surface processes, including NO3− adsorption, N−O bond activation, and *NH hydrogenation.
It should be noted that this model is intended to reveal the intrinsic reaction trends, site-dependent differences, and electronic-structure origins among different spinel oxides, rather than to imply that the actual NO3−RR process occurs exclusively on the (111) surface. In real catalysts, multiple facets, defect sites, and local surface reconstruction may coexist. Therefore, the (111) surface is employed here as a representative low-index model surface for a unified comparative analysis of different catalysts.
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Figure S4. Summary of optimized configurations of NO3−RR intermediates on Co3O4 (111) surface based on DFT calculations.
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Figure S5. Summary of optimized configurations of NO3−RR intermediates on Fe3O4 (111) surface based on DFT calculations.
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Figure S6. The PDOS of of NO3⁻ adsorbed at (a) CoFe2O4-Fe, (b) CoFe2O4-Co, (c) Fe3O4-Fe, and (d) Co3O4.-Co. (e) PDOS and orbital overlap analysis of NO3⁻ adsorption.
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Figure S7. Free energy of H2O dissociation on on high-spin Oh-Fe sites in Fe3O4 and high-spin Oh-Fe sites in CoFe2O4.
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Figure S8. Summary of optimized configurations of *H adsorption on Co3O4, Fe3O4 and CoFe2O4 (111) surfaces based on DFT calculations.
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Figure S9. Characterization of Co3O4. (a) XRD pattern, (b,c) XPS spectra of Co 2p and O 1s, (d) TEM image, (e) HRTEM image, (f) elemental maps of Co and O.
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Figure S10. Characterization of Fe3O4. (a) XRD pattern, (b,c) XPS spectra of Fe 2p and O 1s, (d) TEM image, (e) HRTEM image, (f) elemental maps of Fe and O.
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Figure S11. Statistical size distribution diagrams of CoFe2O4 nanopheres.
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Figure S12. (a) Fe K-edge EXAFS and fit for CoFe2O4, shown in k2 weighted R-space. (b) Fe K-edge EXAFS and fit for CoFe2O4, shown in k2 weighted k-space.
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Figure S13. (a) Co K-edge EXAFS and fit for CoFe2O4, shown in k2 weighted R-space. (b) Co K-edge EXAFS and fit for CoFe2O4, shown in k2 weighted k-space.
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Figure S14. Calibration curve of NO3− using KNO3 solution as standards. (a) UV-vis spectra of assays with various NO3− concentrations. (b) Linear fitting results of the calibration curve.
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Figure S15. Calibration curve of NH3 obtained by indophenol blue method using NH4Cl solution as standards. (a) UV-vis spectra of indophenol assays with various NH4+ concentrations. (b) Linear fitting results of the calibration curve.


[image: ]
Figure S16. Calibration curve of NO2− using KNO2 solution as standards. (a) UV-vis spectra of assays with various NO2− concentrations. (b) Linear fitting results of the calibration curve.
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Figure S17. Representative GC results of the gas product after NO3−RR. The inset shows the GC calibration curve for H2 detection.
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Figure S18. Nyquist plots of Co3O4, Fe3O4 and CoFe2O4.
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Figure S19. Chronoamperometry curves in NO3−RR over (c) CoFe2O4, (b) Fe3O4, (c) Co3O4 at various potentials.
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Figure S20. The NH3 yield rate curves in NO3−RR over (a) Co3O4, (b) Fe3O4 at various potentials.
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Figure S21. The NO2− FE in NO3−RR over Fe3O4 and CoFe2O4 at various potentials.
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Figure S22. 14NH4+ and 15NH4+ detections by 1H NMR spectrometry. 1H NMR spectra of (a) 14NH4+ ions and (c) 15NH4+ ions with different concentrations. Maleic acid with a constant concentration was used as an internal standard with a proton signal at d = 6.25 ppm. Calibration curve for (b) 14NH4+ and (d) 15NH4+ detections using 1H NMR.
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Figure S23. Quantification of NH3 via UV−vis and NMR measurements at −0.9 VRHE and 1H NMR spectra of 15NH4Cl and 14NH4Cl standards and the electrolyte after electrocatalytic NO3−RR over CoFe2O4, nanoflowers at −0.9 VRHE using 15NO3−, and 14NO3− as N source.
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Figure S24. (a) LSV curves and (b) chronoamperometry curve of CoFe2O4 in the electrolyte of 0.5M Na2SO4 with and without 0.2 M KNO3. (c) Comparison of FE and yield of NH3 for CoFe2O4 using carbon paper.
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Figure S25. Comparison of (a) TEM image, (b) HRTEM image and (c) elemental maps of Co, Fe, and O of CoFe2O4 after 40 cycles of electrolysis. (d) XRD patterns. XPS spectra of (e) Co 2p, (f) Fe 2p, (g) O 2p.


Table S1. The calculated Gibbs free energy of the reaction intermediates along the reaction pathways for NO3−RR on Co3O4, Fe3O4 and CoFe2O4 (111) under neutral conditions.
	Catalysts
	Co3O4 (eV)
	Fe3O4 (eV)
	CoFe2O4 (eV)

	*NO3
	-1.63563
	-3.54832
	-4.2142

	*NO2
	-2.63827
	-2.77973
	-4.14463

	*NO
	-4.15061
	-4.20991
	-3.66724

	*NOH
	-3.73694
	-4.01248
	-4.02402

	*N
	-4.24534
	-4.3486
	-3.43825

	*NH
	-5.30247
	-6.12315
	-4.49425

	*NH2
	-3.88803
	-5.65661
	-5.17081

	*NH3
	-3.6849
	-3.77987
	-3.89178

	+NH3
	-3.15199
	-3.15199
	-3.15199




Table S2. The calculated Gibbs free energy of the reaction intermediates along the reaction pathways for NO3−RR on CoFe2O4 (111) under acidic and alkaline conditions.
	/
	acidic
	alkaline

	*NO3
	-4.2142
	-4.2142

	*NO2
	-4.73623
	-3.31163

	*NO
	-4.85044
	-2.00124

	*NOH
	-5.50302
	-1.94152

	*N
	-5.21305
	-0.93925

	*NH
	-6.56485
	-1.57875

	*NH2
	-7.53721
	-1.83881

	*NH3
	-6.55398
	-0.14328

	+NH3
	-5.81419
	0.59651




Table S3. Fitting parameters of Fe K-edge EXAFS for CoFe2O4 catalyst.
	Catalyst
	Shell
	CNa
	R(Å)b
	σ2(Å2)c
	ΔE0(eV)d
	R factor

	[bookmark: _Hlk525762101][bookmark: _Hlk519496888]Fe foil
	Fe-Fe
	8*
	2.477±0.005
	0.0049
	-5.9±1.1
	0.0061

	
	Fe-Fe
	6*
	2.858±0.008
	0.0060
	
	

	Fe3O4
	Fe-O
	2.0±0.1
	1.954±0.017
	0.0096
	-0.2±1.3
	0.0045

	
	Fe-O
	3.7±0.1
	2.085±0.012
	0.0067
	
	

	
	Fe-Fe
	5.9±0.4
	2.993±0.015
	0.0127
	-0.1±1.7
	

	
	Fe-Fe
	10.3±0.6
	3.482±0.012
	0.0097
	-2.2±1.3
	

	Fe2O3
	Fe-O
	1.8±0.5
	1.972±0.024
	0.0039
	-3.8±2.2
	0.0058

	
	Fe-O
	4.4±0.5
	2.148±0.011
	0.0058
	
	

	
	Fe-Fe
	6.7±0.4
	2.966±0.017
	0.0073
	1.8±0.5
	

	
	Fe-Fe
	2.7±0.3
	3.438±0.049
	0.0017
	9.9±2.5
	

	CoFe2O4
	Fe-O
	4.3±0.1
	1.967±0.010
	0.0083
	0.1±0.4
	0.0062

	
	Fe-Fe
	8.6±0.9
	3.009±0.025
	0.0146
	0.9±2.6
	

	
	Fe-Co
	7.6±1.6
	3.519±0.030
	0.0141
	
	


Note: aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the goodness of the fit. S02 was fixed to 0.7, according to the experimental EXAFS fit of Fe foil by fixing CN as the known crystallographic value.


Table S4. Fitting parameters of Co K-edge EXAFS for CoFe2O4 catalyst.
	Catalyst
	Shell
	CNa
	R(Å)b
	σ2(Å2)c
	ΔE0(eV)d
	R factor

	Co foil
	Co-Co
	12*
	2.493±0.002
	0.0062
	7.4±0.3
	0.0017

	Co3O4
	Co-O
	3.8±0.1
	1.914±0.006
	0.0011
	-6.8±1.1
	0.0053

	
	Co-Co
	5.1±0.2
	2.862±0.006
	0.0050
	-8.3±0.8
	

	
	Co-Co
	6.6±0.4
	3.367±0.007
	0.0050
	
	

	Co2O3
	Co-O
	5.4±0.2
	1.907±0.007
	0.0030
	-7.9±1.1
	0.0014

	
	Co-Co
	4.7±0.3
	2.847±0.011
	0.0038
	-8.3±1.3
	

	
	Co-Co
	7.5±0.4
	3.344±0.013
	0.0047
	
	

	CoFe2O4
	Co-O
	3.2±0.1
	2.002±0.010
	0.0023
	-0.8±0.8
	0.0069

	
	Co-Co
	4.7±0.7
	3.003±0.030
	0.0060
	8.2±5.3
	

	
	Co-Fe/Co
	10.9±1.7
	3.453±0.025
	0.0104
	-8.0±3.4
	


Note: aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the goodness of the fit. S02 was fixed to 0.75, according to the experimental EXAFS fit of Co foil by fixing CN as the known crystallographic value.


[bookmark: _Hlk169620319]Table S5. Performance comparison of CoFe2O4 with recently reported electrocatalysts for NO3−RR in neutral electrolytes.
	Catalysts
	Electrolyte
	FE (NH3)
(%)
	Potential
(VRHE)
	NH3 Yieldmax
(mmol·h-1·cm-2)
	Ref.

	CoFe2O4
	0.5 M Na2SO4
0.2 M KNO3
	95.1
	-0.9
	2.2
	This work

	Cu-cis-N2O2
	0.5 M Na2SO4
1000 ppm KNO3
	88.46
	-1.6
	1.69
	1

	Co3O4-x/Ti
	0.1 M K2SO4
1400 ppm KNO3
	100
	-0.5
	0.68
	2

	1D MnFeOx
	0.5 M K2SO4
0.05 M KNO3
	95.9
	-1.0
	0.72
	3

	CoTPP/CNT/PBFDO
	0.5 M K2SO4
0.1 M KNO3
	98.1
	-1.55
	0.31
	4

	Co4Fe6
	0.1 M Na2SO4
200 ppm NO3--N
	98.6
	-0.69
	0.16
	5

	CoPhz/CNT
	0.1 M K2SO4
0.1 M KNO3
	93
	-1.15
	0.49
	6

	Cu10Ni90
	0.5 M K2SO4
0.1 M KNO3
	98
	-0.6
	0.675
	7

	Ca-Cu2O-OA
	0.5 M Na2SO4
0.1 M NaNO3
	97.49
	-0.9
	0.88
	8

	ZIF-67@HMCS
	0.5 M Na2SO4
0.1 M KNO3
	97.6
	-0.9
	1.05
	9

	Cu-SA/UiO-bpy
	0.5 M K2SO4
0.1 M KNO3
	98.1
	-0.8
	0.435
	10

	Cu2O-InSA
	0.5 M Na2SO4
0.1 M KNO3
	99.36
	-0.8
	0.85
	11

	Cu2O@Py-COF
	0.1 M Na2SO4
0.1 M NaNO3
	84
	-0.7
	0.1335
	12

	Ni-P HCs
	0.5 M Na2SO4
0.2 M KNO3
	93.7
	-0.8
	0.85
	13

	2H-RhCu
	0.5 M K2SO4
0.1 M KNO3
	94.8
	-0.3
	0.08
	14

	Co SAAC/INC
	0.5 M K2SO4
0.1 M KNO3
	97.2
	-0.6
	1.12
	15

	SnCu-DG
	0.1M K2SO4
0.5 M KNO3
	99.5
	-0.8
	0.446
	16

	CuAl2O4-δ
	0.1 M PBS+ 0.1 M NaNO3
	92
	-1.2
	0.164
	17

	RuFeCoNiMnMo HEAs
	0.5 M K2SO4
0.1 M KNO3
	99.9
	-0.3
	0.98
	18

	RuSA-CuFe2O4
	0.1 M Na2SO4
1000 ppm NO3−
	94.54
	-0.59
	0.48
	19




Table S6. Performance comparison of CoFe2O4 with recently reported electrocatalysts for NO3−RR in acidic and alkaline electrolytes.
	Catalysts
	Electrolyte
	FE (NH3)max
(%)
	NH3 Yieldmax
(mmol·h-1·cm-2)
	Ref.

	CoFe2O4
	0.05 M H2SO4
0.2 M KNO3
	91.6
	1.05
	This work

	RhNi@Rh BMLs 
	100 mM HClO4
50 mM KNO3 
	98.5
	0.086
	20

	RhNiAu-TML
	100 mM HClO4
50 mM KNO3
	97.9
	0.1397
	21

	Si/I-NiO@CC
	0.05 M H2SO4  
0.5 M KNO3
	96.8
	0.62
	22

	pCo-Cu
	0.5 M H2SO4  
0.1 M KNO3
	92.5
	0.48
	23

	CoFe2O4
	1 M KOH
0.2 M KNO3
	94.3
	6.3
	This work

	CuIr
	1 M KOH
0.1 M KNO3
	93.1
	6.01
	24

	AumCu SAAs
	1 M KOH
0.1 M KNO3
	99.86
	6.21
	25

	Co(OH)2-Ru
	1 M KOH
0.1 M KNO3
	97.7
	5.76
	26

	Ru-Co(OH)2/CC
	1 M KOH
0.1 M NO3−
	97.2
	4.96
	27

	Cu50Co50
	1 M KOH
0.1 M NO3−
	100
	4.8
	28

	Ru-CuNW
	1 M KOH
0.032 M NO3−
	95.6
	4.5
	29

	NiCu-hcp
	1 M KOH
0.1 M KNO3
	98.3
	2.85
	30

	RuPdCoCuZn
	1 M KOH
0.1 M KNO3
	~100
	2.095
	31

	FeCu-N-C
	1 M KOH
0.5 M KNO3
	~100
	1.11
	32

	NiO/WO3
	1 M KOH
0.1 M KNO3
	96.1
	1.22
	33

	CuCoSP
	0.1 M KOH
0.1 M NO3−
	93.3
	1.17
	34

	RuCuDAs/NGA
	0.1 M KOH
0.1 M KNO3
	95.7
	0.32
	35

	Ru-Ni(OH)2
	1 M KOH
0.1 M KNO3
	99.7
	1.33
	36

	W-CCNs
	1 M KOH
0.1 M KNO3
	91.26
	0.51
	37

	Cr-Cu2O
	1 M NaOH
0.1 M NaNO3
	91.6
	1.88
	38

	R-RuO2/Co(OH)2 
	1 M KOH
0.1 M KNO3
	97.7
	2.11
	39

	NF/Ni3N-Cu 
	1 M KOH
0.1 M KNO3
	98.7
	2.56
	40

	Cu/Mo-WO3
	0.1 M KOH
0.1 M KNO3
	98.6
	0.308
	41

	5%Ce-Cu/MoO2@C
	1 M KOH
0.1 M KNO3
	92
	0.4776
	42

	Cu3N/GDY
	1 M KOH
0.1 M KNO3
	98.1
	2.01
	43

	(Cu0.25Ni0.25Fe0.25Co0.25)6Sn5
	1 M KOH
0.1 M KNO3
	97.09
	0.6617
	44
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