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Methods

DFT computational method and model. The first-principles calculations were
conducted using the Vienna ab initio simulation package (VASP). The Perdew-Burke-
Ernzerhof with generalized gradient approximation (GGA) was adopted to describe the
electron-electron interaction. An energy cutoff of 450 eV was used, and a k-point
sampling set of 3 X 3 x 1 was tested to be converged. The corresponding cell parameters
are a=14.760 A, b=14.760 A, and c = 16.000 A; o.=90°, B = 90°, and y = 120°. The
criterion for all structural optimizations was set to 10 eV for electronic energy
convergence and the Hellmann-Feynman force less than 0.01 eV A-! for ionic
relaxation loop. The vacuum space along the z-direction is set to be 15 A. The Hubbard
U correction was also employed within the DFT+U approach in all spin polarized
calculations. The van der Waals dispersion forces were included using the zero damping
DFT-D3 method of Grimme. The implicit solvent model, VASPsol, was applied to
considered effects between the solute and solvent on the activation energies. The
adsorption energy AE of the A group on the surface of the substrates was defined as:

Eads =Exsintermediate — E+ — Emotecute (1)

where E«iinermediate and E« are the energies of the surface with and without adsorbed
molecules, respectively, and the Ejecue 18 the energy of the molecule in the gas phase.

The Gibbs free energy change (AG) of each chemical reaction is calculated as follows:

AG = AE — TAS + AZPE + AGpy (2)
where AE is the total energy difference between reactants and products in a specific
step, AZPE is the zero-point energy correction, and AS is the entropy change in the
reaction step. Here, T was set as room temperature (298.15 K). AG,y is the contribution

of H" and is equal to —kgTxIn(10)xpH, where kg is Boltzmann’s constant.

Synthesis of FeCoNC. To prepare FeCoNC, 2 ml pyrrole was adequately dispersed in
deionized water by ultrasonic vibration. Excess ferrous chloride, cobalt chloride, and
hydrogen peroxide were added, and the reaction lasted several hours until a bright
yellow and transparent solution was obtained. Sodium chloride, zinc chloride, and
silicon dioxide was further dissolved in the solution to be used as a template. The
product was collected by freezedrying to obtain brown powders. The material was then
placed in a ceramic boat and carbonized at 700 °C for 2 h under argon protection. The

carbonized material was firstly washed with hydrofluoric acid to remove the silicon
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dioxide. Then, after removing the salt templates through sufficient washing with a lot
of water and ethanol, the products were dried in a vacuum at 60 °C overnight to obtain

black powders.

Synthesis of FeNC. To prepare FeNC, 2 ml pyrrole was adequately dispersed in
deionized water by ultrasonic vibration. Excess ferrous chloride and hydrogen peroxide
were added, and the reaction lasted several hours until a bright yellow and transparent
solution was obtained. Sodium chloride, zinc chloride, and silicon dioxide was further
dissolved in the solution to be used as a template. The product was collected by
freezedrying to obtain brown powders. The material was then placed in a ceramic boat
and carbonized at 700 °C for 2 h under argon protection. The carbonized material was
firstly washed with hydrofluoric acid to remove the silicon dioxide. Then, after
removing the salt templates through sufficient washing with a lot of water and ethanol,

the products were dried in a vacuum at 60 °C overnight prior to use.

Physical characterization. The morphology was investigated by a field emission
scanning electron microscopy (FESEM, SU8010, Japan) and a field emission
transmission electron microscopy (FETEM, FEI Tecnai G2 F20 S-TWIN TMP, Hong
Kong). The dispersion of single Fe and Co atoms was characterized by atomic
resolution high-angle annular dark-field scanning transmission electron microscopy on
a JEOL JEM-ARMZ200F instrument equipped with a probe spherical aberration
corrector. The catalyst was characterized by X-ray diffraction (XRD, D8 Advance,
Bruker) and Raman spectroscopy (HR evolution, Horiba Jobin Yvon, France). The
XANES and the EXAFS spectra were obtained at 1 W1B station in Beijing Synchrotron
Radiation Facility (BSRF). The storage rings of BSRF were operated at 2.5 GeV with
a maximum current of 250 mA. The data collection was carried out in transmission
mode using Si (111) double-crystal monochromator, ionization chamber for Fe foil, Co
foil and in fluorescence excitation mode using a Lytle detector for FeCoNC. N,
adsorption analysis was performed by an ASAP 2020 accelerated surface area and
porosimetry instrument (Micromeritics) equipped with an automated surface area,

using BET to calculate the surface area at 77 K.

Nitrogen purification. The '“N, commercially purchased from Messer Gas Product

Co., Ltd. (Germany) and "N, commercially purchased from Newradar Special Gas Co.,
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Ltd. (China) were sequentially flowed through acid (0.1 M HCI), oxidising (0.1 M
KMnOy), and alkaline traps (0.1 M KOH) to remove possible contaminants, including
NHj3, NO, and NO,. Then, the gas was passed through a drying tube to prevent water
vapour from entering the electrochemical cell. To examine whether the gases have been
sufficiently purified, the purified gases were analyzed using spectrophotometric

method.

Detection of NH; in purified gas. To ensure that no NHj remains in the purified gas,
the gas is passed into ultrapure water at a flow rate of 50 standard cubic cm per min
(sccm) for 1 h. The obtained solution was analyzed using the indophenol blue method
with some improvements. Specifically, 2 ml of 1 M sodium hydroxide solution
containing sodium citrate and salicylic acid were mixed with 2 ml of treated water.
Then, 1 ml of 0.05 M sodium hypochlorite solution and 0.2 ml of 1 wt.% sodium
nitroferricyanide were added into the solution. The above mixture was shaken well and
left to stand in the darkness for 2 hours, then the UV-vis absorption spectrum was
measured. The absorbance at 655 nm was used to determine the concentration of
indophenol blue. Ultrapure water was used as a blank (zero) for the baseline. The
concentration-absorbance curves were calibrated using a standard ammonium chloride

solution with a series of concentrations in H,O.

Detection of NO, contamination in purified gas. NO and NO, can be converted into
NO, and NO;5™ and captured once passing through the oxidising and alkaline traps.
NO,~ was determined by Griess spectrophotometric method. The test gas was fed into
50 ml gas absorption solution with 30 sccm for 1 hour. 0.5 g sulfanilic acid was
dissolved in a mixture of 5 ml acetic acid and 90 ml H,O. Then, 5 mg N-(1-naphthyl)-
ethylenediamine dihydrochloride was added and the solution was filled to 100 ml to
obtain chromogenic agent. 4 ml chromogenic agent were added into the 1 ml gas
absorption solution. After further standing for 15 min, the UV-vis absorption spectrum
was measured at 540 nm. The concentration-absorbance curves were calibrated using
standard sodium nitrite solution with a series of concentrations in H,O. NO;~ was
determined by sulfamic acid method. In detail, the test gas was fed into 50 ml gas
absorption solution with 30 sccm for 1 hour. 0.1 ml 1 M HCI and 0.01 ml 0.8 wt.%
sulfamic acid solution were added into the gas absorption solution. The absorption

spectrum was recorded using an UV-vis spectrophotometer. The final absorbance value
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was calculated by this equation: A = A0 nm — 2A275 nm- The concentration-absorbance
curves were calibrated using standard sodium nitrate solution with a series of

concentrations in H,O.

Cathode preparation. First, 1 mg of catalyst was dispersed in 980 pl of ethanol, to
which 20 pl of Nafion solution (5 wt.%) was added and sonicated for one hour. The

mixed solution was used as homogeneous ink. Then, 50 pl of ink was evenly coated on

the carbon paper over an area of 1 X1 ¢cm? and dried at 80 °C for three hours. The

obtained electrode was used for electrochemical measurements.

Electrochemical NRR measurements. The reduction of N, gas was carried out at
room temperature in a two-chamber cell which was separated by a Celgard membrane
with hydrophilic treatment. A three-electrode system was used for electrochemical
measurements, with a carbon rod as the counter electrode and Ag/AgCl (4 M KCl) as
the reference electrode. All measured potentials are converted to standard potentials
versus RHE by calibration. Purified N, was continuously fed into the cathode section
at a certain flow rate through a suitable sprayer, ensuring that the entire working
electrode is in full contact with N, gas bubbles during the experiment. Electrochemical
NRR reactions were carried out in N,-saturated 0.1 M HCI at ambient temperature and
pressure. The potentiostatic tests were carried at different potentials including -0.1, -

0.2,-0.3,-0.4,-0.5 V vs. RHE.

Detection of the produced ammonia. For the colorimetric method, the produced
ammonia in the 0.1 M HCI electrolyte was detected using the same method as that in
water, except the ultrapure water was replaced with 0.1 M HCI. For quantitative 'H
NMR measurements, various concentrations of ammonium sulfate were used to prepare
the standard curve. The electrolyte was removed after electrolysis at -0.2 V vs. RHE.
Then, the solution was concentrated to 0.5 ml and was mixed with 0.1 ml of
dimethylsulfoxide-d6. Maleic acid was used as the internal standard. The produced

ammonia was quantified by using "H NMR spectroscopy (Agilent 600 MHz).

Detection of the produced hydrazine. The concentration of the produced hydrazine

in the 0.1 M HCI was tested by the Watt and Chrisp method. The solution formed by



the mixture of ethanol (300 ml), HCI (concentrated, 30 ml), and p-
dimethylaminobenzaldehyde (5.99 g) was used as the coloring agent. 5 ml of the above
coloring agent was added into 5 ml of the reacted electrolyte and mixed well by stirring.
Its absorbance was measured at a wavelength of 455 nm. Standard hydrazine
monohydrate solutions at a series of concentrations in 0.1 M HCI was prepared to build

the calibration curves and quantify the produced hydrazine.

Determination of hydrogen evolution. The H, was manual sampling and analyzed by

gas chromatography (GC-2014, Shimadzu).

Faradaic efficiency and the yield rate. The Faradaic efficiency and yield rate of NH;
were calculated as follows:
Faradaic efficiency (NH3) = [3F x ¢(NH3) x V] / Q 3)
Yield rate (NH3) = [17¢(NH3) x V] / (t x m) 4)
where F is the Faraday constant (96,485 C mol™), ¢ is the electrolysis time (1 h), m is
the loading mass of the catalysts, Q is the total charge passed through the electrode, V'
is the volume of the electrolyte, and ¢(NH3) is the measured ammonia concentration.
The Faradaic efficiency of H, was calculated as below:

Faradaic efficiency (Hy) = [2 x V; x P x V' x 103/ RT)/ [l % tu/ F]1 ~ (5)
where V; is volume percentage obtained from the GC analysis of H,, P is the
atmospheric pressure (101.325 KPa), R is the gas constant (8.314 J mol™! K™!), V'is the
volume of sampling loop (1 cm?), T is the temperature in Kelvin (298.15 K), I, is the

recording current, and ¢ 1s the time required to fill the sampling loop.

I5N isotopic labeling experiment. Purified 1N, was used as the feeding gas in the
labeling experiments. After the electrolytic reaction, the obtained SNH,*-contained
electrolyte was collected. The generated 'SNH;3 was quantified either by colorimetric

method or 'H NMR measurements (Agilent 600 MHz, USA) as that for “NHj.



FeFeNC CoCoNC
Fig. S1. Configurations of (a) FeFeNC and (b) CoCoNC.
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blue, blue, green, pink, and white spheres represent C, N, Fe, Co, and H atoms,
respectively.
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Fig. S5. (a) Scanning electron microscopy image, (b) transmission electron microscopy
image, and (c) element mappings of FeNC.
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Fig. S7. Cyclic voltammograms of (a) FeCoNC and (b) FeNC taken at different scan
rates in a potential window where only double-layer charging and discharging occurs.
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Fig. S9. Nyquist plots obtained using electrochemical impedance spectroscopy for the
different electrodes, inset: the equivalent circuit used to fit the experiment data. Upon

impedance spectra fitting, the charge transfer resistances (R) are determined to be 14.6
Q cm2 for FeCoNC and 16.2 Q ¢cm™? for FeNC.

15



o
o

0 pg mi H-0 0.8 NH3 Standard Curve 2
0.84 0.1 pgml”! _ yd
< e y=0.459x+0.0659
——0.2 ugml = 2
’:? —— 0.4 pgml?! = 0.6 R*=0.999 &
< 064 ——08pugml! m | Retest:3 times >
: — 1.2 pgml’ o o
g — 1.6 pgml" b ’J
S04 2 0.41
5 2
73] =
fﬂ’ § 0.2 ‘ ¥
0.2 1 < (o ,g
]
\—/\ o
0.0 T T T T T 0.0 T T T T
500 550 600 650 700 750 800 0.0 0.5 1.0 1.5
Wavelength (nm) Concentration (NH3, ug ml™")

Fig. S10. (a) The UV-vis absorption spectra and (b) corresponding calibration curves
for the colorimetric determination of NHj3 in ultrapure water using the indophenol blue
method. The error bars correspond to the standard deviations of three separately
prepared samples measured under identical conditions.
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Fig. S11. (a) The UV-vis absorption spectra and (b) corresponding calibration curves
for the colorimetric determination of NO, in ultrapure water using the Griess
spectrophotometric method. The error bars correspond to the standard deviations of
three separately prepared samples measured under identical conditions.
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Fig. S12. (a) The UV-vis absorption spectra and (b) corresponding calibration curves
for the colorimetric determination of NO;™ in ultrapure water using the sulfamic acid
spectrophotometric method in water. The error bars correspond to the standard
deviations of three separately prepared samples measured under identical conditions.
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Fig. S18. Scanning electron microscopy image of FeCoNC after NRR electrolysis.
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Fig. S19. XRD patterns of FeCoNC before and after NRR electrolysis.
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