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Chemicals: Anhydrous iron(II) chloride (FeCl2, 99.5%, Energy Chemical), zinc nitrate 

hexahydrate (Zn(NO3)2·6H2O, 99%, Aladdin), 2-methylimidazole (2-mIm, 99.85%, 

Bidepharm), potassium iodide (KI, 99.2%, Bidepharm), methyl iodide (CH3I, 98%, 

Adamas), Poly(4-vinylpyridine) (C7H7N, MW~60000, Macklin), methanol (MeOH, 

99.5%, General Reagent), ethanol (EtOH, 99.7%, General Reagent), hydrochloric acid 

(HCl, 36%, Dongjiang Reagent), nitric acid (HNO3, 65%, Yonghuachem), sodium 

hydroxide (NaOH, 96%, Yonghuachem), sodium nitrate (NaNO3, 99.0%, Anpel), 

salicylic acid (C7H6O3, 98%, Bidepharm), sodium citrate (C6H5Na3O7, 98%, Adamas), 

sodium nitroprusside (C5FeN6Na2O, AR, Macklin), sulfanilamide (C6H8N2O2S, 99%, 

Aladdin), sodium hypochlorite solution (NaClO, 0.1M, Macklin), phosphorous acid 

(H3PO4, 85% in water, General Reagent), N-(1-naphthyl) ethylenediamine 

dihydrochloride (C12H14N2·2HCl, 98%, Macklin) and sodium perchlorate monohydrate 

(NaClO4·H2O, 99.99%, Aladdin) were used as received without any purification. 

Characterizations: The X-ray diffraction (XRD) patterns were collected with a Rigaku 

SmartLab X-ray powder diffractometer using Cu Kα radiation. The X-ray photoelectron 

spectrum (XPS) characterizations were performed on an ULVAC-PHI 5000 VersaProbe 

Ⅲ XPS system using monochromatic Al Kα radiation (1486.6 eV). TEM, HAADF-

STEM and EDX mapping images were performed on an FEI Talos F200X G2 operated 

at 200 kV. Atomic resolution HAADF-STEM images were performed on an FEI Titan 

Themis G2 at 300 kV with spherical aberration corrected. The Ultraviolet-visible (UV-

Vis) absorbance data were measured on Agilent Cary 8454 spectrophotometer. The 

ICP-AES data were obtained on a Thermo iCAP 7000 SERIES instrument. The Fourier 

transform infrared (FT-IR) spectrum data were recorded on a Bruker Vertex 70v 

spectrometer. Zeta potentials were measured on a ZetaPALS zeta potential analyzer. 

Synthesis of partially methylated P4VP: 150 mg of Poly(4-vinylpyridine) (P4VP) 

was added into 2.0 mL of CH3I and then stirred in Ar at 50 °C for 2 hours. The product 

was then separated by a rotary evaporator and dried under vacuum at room temperature 

for 3 hours. 

  



 

Figure S1. Absorption spectra (a, c) and corresponding standard curves (b, d) of NH4Cl 

(a, b) and NaNO2 (c, d) solutions. 

  



 

Figure S2. N 1s XPS spectra of P4VP (bottom) and partially methylated P4VP (top). 

The orange and blue peaks were assigned to pyridinic N and cationic N, respectively. 

  



 

Figure S3. Characterization of methyl groups attached to cationic N sites by C 1s XPS 

spectra. (a) Spectra of P4VP (bottom) and partially methylated P4VP (top). (b) Spectra 

of Fe-N-C (bottom) and Fe-N-C-Me (top). The orange, blue and green peaks were 

assigned to C atoms in C-C, C-N and N+-CH3 moieties, respectively. 

  



 

Figure S4. Fe 2p XPS spectra of (a) Fe-N-C and (b) Fe-N-C-Me. The spectra were 

deconvoluted into 2p3/2 and 2p1/2 peaks of Fe(III) species (orange) and satellite features 

(blue). Circles show the data and solid curves show the fitting. 

  



  

Figure S5. IR spectra of Fe-N-C and Fe-N-C-Me. 

  



 

Figure S6. Fitting of EIS spectra in solution containing 1 mM of NaClO4. (a) Schematic 

of equivalent circuit for the fitting. Cc and Rc are the contact capacitance and resistance 

between glassy carbon electrode and the catalyst material, respectively. The resistance 

of electron movement in the catalyst is neglected due to the high conductivity of the 

carbon matrix. Cdl is the double layer capacitance between catalyst and solution. Rct is 

the resistance of charge transfer at the catalyst-solution interface. Zdiff is the impedance 

of diffusion of ions. Rs is the resistance of solution. Example of (b) Nyquist plot and (c) 

Bode plot used for fitting: Fe-N-C at 0 V vs SHE. Circles are experimental data and 

lines are fitting curves. 

  



 

Figure S7. Comparison of the electrocatalytic performances of Fe-N-C with and 

without SCN−. (a) CV curves of Fe-N-C in solution containing 0.1 M of NaNO3 (orange) 

and in solution containing 0.1 M of NaNO3 and 10 mM of KSCN (blue). (b) Partial 

current density of NH3 (orange and yellow) and NO2
− (dark and light blue) of Fe-N-C 

in solution containing 0.1 M of NaNO3 (solid circles) and in solution containing 0.1 M 

of NaNO3 and 10 mM of KSCN (hollow circles). (c) Enlargement of panel (b) between 

0 and 3 mA·cm−2. 

  



 

Figure S8. Comparison of the electrocatalytic performances of Fe-N-C and Fe-N-C-

acid in solution containing 0.1 M of NaNO3. (a) CV curves. (b) Partial current density 

of NH3 (orange and yellow) and NO2
− (dark and light blue) of Fe-N-C (solid circles) 

and Fe-N-C-acid (hollow circles). (c) Enlargement of panel (b) between 0 and 2.5 

mA·cm−2. 

  



 

Figure S9. Comparison of partial current density of NH3 of Fe-N-C (orange), Fe-N-C-

Me (blue) and the state-of-the-art catalysts (dark green: metallic Cu and noble metal-

based catalysts; pink: other catalysts). The table below lists the references, names, 

electrolyte composition and highest FE of NH3 of each catalyst.1-10 

  



 

Figure S10. Tafel analysis of ammonia formation on Fe-N-C (orange) and Fe-N-C-Me 

(blue) in (a) 0.1 M of NaNO3 and (b) 1 mM of NaNO3 and 30 mM of NaClO4. The 

overpotential was calculated based on the fact that the equilibrium potential for 

ammonia formation (NO3
− + 10H+ + 8e− → NH4

+ + 3H2O) at pH 7 is 0.36 V vs SHE. 

However, since the electrolyte was not buffered, the local pH near cathode was 

significantly higher than 7. A large fraction of overpotential was originated from the 

nonuniform pH distribution. 

  



Table S1. Fitting of high-resolution N 1s XPS spectra of Fe-N-C and Fe-N-C-Me. 

  Fe-N-C Fe-N-C-Me 

Pyridinic N Binding energy (eV) 398.5 398.5 

Percentage (%) 47 29 

Fe-Nx Binding energy (eV) 400.4 400.4 

Percentage (%) 23 22 

Pyrrolic N Binding energy (eV) 401.4 401.3 

Percentage (%) 30 17 

Cationic N Binding energy (eV) -- 402.2 

Percentage (%) -- 32 

 

  



Table S2. Concentration of ionic species (unit: mM) and ionic strength (unit: mM) of 

river water in Dezhou, Shandong, China.11 

 Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2− Cl− NO3
− Ionic 

strength* 

Max. 4.07 5.54 27.15 1.42 11.75 8.26 23.47 2.39 68.83 

Min. 1.11 1.15 2.77 0.04 0.78 1.14 4.93 0.003 11.06 

Mean 2.19 3.78 10.43 0.62 6.41 3.75 10.92 0.80 34.03 

* Ionic strength was calculated according to: 

𝐼 =
1

2
∑ 𝑐𝑖𝑧𝑖

2
𝑖   

In this equation, ci and zi are the molarity and charge number of species i, respectively. 
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