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Experimental Section

Chemicals

Chitosan, Cobalt chloride hexahydrate (CoCl,-6H,0, AR, 99%), K,SO,4 (AR, 99.0%),
NaOH (96.0%), sodium nitroferricyanide(Ill) dehydrate (CsFeN¢Na,O-2H,0, AR,
99.0%), salicylic acid (C;7HgOs3, AR, 99.5%), N-(1-naphthyl) ethylenediamine
dihydrochloride (C,(H;NHC,H4NH,:2HCI, AR, 95.0%), thiosemicarbazide (CHsNj3S,
AR, 99.0%), sulfanilamide (NH,C¢H4SO,NH,, AR, 95.0%), I’KNO; (AR),
(""'NH4)2SO4 (AR), D,0(99.9 atom% D) were all purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. NaClO (AR, 6-14% active chlorine base), NH,ClI
(AR, 99.5%) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
Sodium citrate (C¢HsNa;O07:2H,0, AR, 99.0%), KNO; (AR) were purchased from
Sinopharm Chemical Reagent Co.,Ltd. The water used for all solutions was purified
through a Millipore system (Millipore Corp., 18.2 MQ cm). Commercial carbon paper
(CP, HCPO30N) was purchased from Shanghai Hesen Electric Co. Ltd. All chemicals

were used as received without further purification.
Synthesis of CC

6.0 g chitosan powder was ground and pyrolyzed at 900 °Cfor 1 hour under Ar
atmosphere with a heating rate of 3 °C min™! in a tubular furnace. After cooling to
room temperature, wash the dark solid powder with deionized water and ethyl alcohol

several times. Finally, the catalyst was collected by centrifugation and dried overnight.
Synthesis of Co-NPs/CC

6.0 g chitosan powder and 0.25 M CoCl,-6H,0 were added into 100 mL deionized
water with stirring at 80 °C for 12 h to dry the solution into the solid mixture. Then,
pyrolyzed in a tubular furnace under Ar atmosphere with a heating rate of 3 °C min!
to 900 °C and kept forl hour. After cooling down to room temperature, the resulting
dark solid powder was collected by centrifugation and then dried in the oven

overnight after washing by deionized water and ethyl alcohol for several times.



Material Characterization

The scanning electron microscopy (SEM) images were obtained using SU8020
(Hitachi, Japan). The transmission electron microscopy (TEM) images were obtained
using JEMARM 200F. The aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) measurements
andenergy-dispersive X-ray (EDX) spectroscopy were performed using JEM-
ARM200F. X-ray diffraction (XRD) patterns were acquired using Philips X’pert PRO
with Cu Ka radiation (A = 1.5418 A) at 40 kV and 40 mA. Nitrogen adsorption-
desorption isotherms were measured using Autosorb-iQ-Cx. X-ray photoelectron
spectroscopy (XPS) analysis was performed on an ESCALAB 250 X-ray
photoelectron spectrometer (Thermo, America). The content of metallic Co was
quantitatively determined by ICP-AES (ICP-6300, Thermo Fisher Scientific). In situ
attenuated total reflection surface-enhanced infrared adsorption spectroscopy (ATR-
SEIRAS) measurements were conducted by a Nicolet Nexus FT-IR spectrometer. The
synchrotron-based X-ray absorption near-edge structure (XANES) and the extended
X-ray absorption fine structure (EXAFS) measurements were performed at the

BLO5U station of Shanghai Synchrotron Radiation Facility, China.
Electrochemical measurements

All the electrochemical measurements were performed on a CHI 660E
electrochemical workstation (CH Instrumental Corporation, Shanghai, China) using
an H-type cell, which was separated by a Nafion 211 proton exchange membrane. The
Nafion 211 membrane was treated at 80 °C in H,O(5 wt.%) and 0.5 M
H,SO4aqueous solution in turn to protonate and then rinsed with deionized water
before use. The catalyst inks were prepared by dispersing 5 mg sample into 500 pL of
ethanol, 450 pL of water and 50 pL of Nafion (5 wt.%) under ultrasonic for 30 min,
and then were loaded on a carbon paper (1.0x1.0 cm?) as the working electrode with
Img cm? catalyst. The saturated Ag/AgCl electrode was used as the reference

electrode and a platinum mesh was used as the counter electrode. Before use, the



working electrode was activated in 0.1 M K,SO, +0.1 M KNOj solution. Unless
otherwise stated, all experiments were performed in 0.1 M K;SO, +0.1 M KNO;
solution. All measured potentials versus Ag/AgCl were transformed into the
potentials versus reversible hydrogen electrode (RHE) according to the following
equation:

Erne=Eagagcit0.059pHAE® sg/aqci
where the Eagagci 1s the equilibrium potential under standard conditions and

EOAg/AgCl:0.197V versus RHE at 25°C.
Determination of ammonia.

The concentration of the produced ammonia was detected by the indophenol blue
method.'In detail, taken 100 uL of electrolyte in a cathode cell after 2 h
electrocatalysis, and then added 9900 pL of deionized water in a 15 ml colorimetric
tube. Subsequently, 500 puL of coloring agent (composed of 10 g salicylic acid, 10g
sodium citrate, 55 ml 2 M sodium hydroxide with deionized water in 200 ml solution),
100 pL of oxidizing solution (containing 5ml sodium hypochlorite and 45ml 2 M
sodium hydroxide in 50 ml solution), and 100 pL of catalyst solution (1.0 g
Na,[Fe(CN)sNO]-2H,0 diluted to 100 mL with deionized water) were added to the
measured sample solution in turn. After the color development for lh at room
temperature, the absorbance measurements were performed by UV-Vis
spectrophotometer at a wavelength of 697.5 nm. The obtained calibration curve was

used to calculate the ammonia concentration.
Determination of nitrite.

The produced nitrite in the electrolyte was detected by the Griess method.? In detail,
the N-(1-naphthyl) ethylenediamine dihydrochloride (1 g), sulfonamide (20 g) and
H;PO,4 (50 mL, 85%) were dissolved in 250 ml of deionized water and then set the
mixture to 500 ml volumetric flask to form the Griess reagent. Added 1 ml of reacted
electrolyte with 9 ml of deionized water into a 15 ml colorimetric tube then mixed

with 200 pL of Griess reagent and placed for 20 min at room temperature. UV-vis



spectrophotometer was used to measure the absorbance of the generated nitrite at the
wavelength of 540 nm. Then the concentration of NO,  was obtained by the

calibration curve.
Calculation of NtrRR Performance

Rnms, FE and Syy; are calculated by the following formulas:

Cnis (ug mL™)x V(mL)
t(h)*S (cm®)

Rnms(pugh™ ecm™) =

8 x N (Mol) x F (C mol ™)
Q)

Snis (%) = O N 00%

Crno2 - N+ CNH3 -N

FE (%) = x100%

Cnns 1s the concentration of produced NH; and V is the volume of electrolyte. t is the
electrolysis time, S is the area of the loaded electrocatalyst, F is the faradaic constant
(96485 C mol!) and Q is the total charge transferred during electrolysis. Cnps.y is the
concentration of produced NH3-N and Cno, .y 1S the concentration of produced NO, -
N.

R no2” and FE are calculated by the following equations:

Cro: (ug mL™")x V(mL)
t(h)*S Ccm?)

Rno: (ugh™ em™) =

2x1o: (mol)x F (C mol ™)
Q(©)

Cnozis the measured NO;™ concentration and V is the volume of electrolyte solution. t

FE (%) = x100%

is the electrolysis time, S is the area of the loaded electrocatalyst, F is the faradaic

constant (96485 C mol!) and Q is the total charge transferred during electrolysis.
I5SN Isotope Labeling Experiments

SN isotopic labeling experiments were conducted using 0.1 M K,SO, + 0.1 M
K!SNOj; as the electrolyte with the same experimental procedure of 0.1 M K,SO, +
0.1 M KNO; experiments. The yielded "’NH; was measured by the 'H NMR methods

with D,O used as an internal standardusing Bruker Avance-400 MHz.



In situ ATR-SEIRAS Spectroscopy Measurement

The in situ ATR-SEIRAS was performed on a Nicolet iS50 FTIR spectrometer
(Thermo Scientific) equipped with an MCT-A detector with silicon as the prismatic
window and cooled by liquid nitrogen during the electrochemical process. The NtrRR
was performed in a three-electrode reactor with the Ag/AgCl and Pt wire used as the
reference and counter electrode. The working electrode was prepared by the following
method: first, the gold film was deposited on the silicon prismatic surface by chemical
deposition, then the catalyst ink was dropped on the surface of the gold film. The
spectrum was recorded in the 0.1 M K,SO,4 + 0.1 M KNO; electrolyte by the potential
from -0.7 to -1.2 V vs RHE with an interval of 0.1 V. The background spectrum of the
catalyst electrode was obtained at an open-circuit voltage before systematic

measurement.
The online DEMS tests

The online DEMS tests were performed in 0.1 M K;SO4 + 0.1 M KNOj electrolyte
solution in a three-electrode reactor with the Ag/AgCl, Pt wire, and the catalyst which
dropped on abreathable film with gold plating layer used as the reference, counter,

and working electrode, respectively. The potential of -1.0V vs. RHE was applied for 1
min after the baseline of the mass spectrometry remained stable. The differential mass
signals were recorded when the gaseous products formed on the electrode surface.
The next cycle began when the signal returned to baseline, using the same conditions

to avoid accidental error. The one cycle lasted 6 min.



Supplementary Figures and Tables
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Fig. S1 Schematic illustration of the synthetic process of CC sample.



Fig. S2 SEM image of Co-NPs/CC.
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Fig. S3 (a) The particle sizes of the Co-NPs and (b) the thickness of the carbon layer
for the Co-NPs-CC.
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Fig. S4 (a) Nitrogen adsorption—desorption isotherm curve and (b) Pore size

distribution curve of Co-NPs/CC.
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Fig. S5 High-resolution XPS spectra of (a) C 1S, (b) N 1s, (¢) O 1s of Co-NPs/CC



1.6
Co K-edge
1.2 -
3
£
v 0.8 -
u -
Z )
> —— Co foil
0.4 - — Co,0, 3
—— Co-NPs/CC ..
0.0 " o

7680 7700 7720 7740 7760 7780 7800 7820
Energy (eV)

Fig. S6 Co K-edge XANES spectra and the corresponding partial enlarged view.
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Fig. S7 (a) UV-Vis absorption spectra of various NH,4*-N concentrations (0, 0.05, 0.1,
0.25, 0.5, 1.0, 2.0, 2.5 and 3 ppm). (b) The calibration curve used for calculation of

NH,"-N concentrations.
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Fig. S8 (a) UV-Vis absorption spectra of various NO,-N concentrations (0, 0.05, 0.1,
0.25, 0.5, 0.75 and 1.0 ppm). (b) The calibration curve used for calculation of NO,-N

concentrations.
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Fig. S9 (a) The j-t curves at different potentials in 0.1 M K,SO, + 0.1M KNO;

electrolyte over a 2 h period. (b) UV-Vis absorption spectra of the corresponding

samples.
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Fig. S10 The yield NO,-N and FE of NO,™ in different potentials between —0.7 to
—1.2 V (vs. RHE).
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Fig. S13 The electrochemical impedance spectra of Co-NPs/CC and CC.
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Fig. R15 The j-t curve of long-time stability test for 20h at -1.0 V vs. RHE.



Fig. S16 SEM image of Co-NPs/CC after 8 NtrRR recycles.
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Fig. S17 XRD patterns of Co-NPs/CC after 8 NtrRR recycles
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Fig. S18 (a) Survey XPS spectrum and high-resolution XPS spectra of (b) Co 2p, (¢)
C 1s, (d) N 1s and (e) O 1s of Co-NPs/CC after 8 NtrRR recycles.
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Fig. S19 XRD pattern of the Co-NPs/CC-700, Co-NPs/CC-800 and Co-NPs/CC-900.
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Table S1. Comparison of NtrRR performance between Co-NPs/CC catalyst and

others electrocatalysts recently-reported.

NH; yield rate
Catalyst Electrolyte FE (%) Refs.
pgh'cm?
0.3 M KNO 82
Ti ’ 1850 3
0.1 M HNO; (-1.0V vs. RHE)
74
Cuy 65Pdo 350« 0.1 M KNO; 1410 4
(-0.2V vs. RHE)
0.1 M Na,SO, 88.4
Bi,S3/MoS,/CC 2550 >
0.1 M NaNO; (-0.8V vs. RHE)
0.1 M KOH 84.7
Cu-N-C 4500 6
0.1 M KNO; (-1.0V vs. RHE)
5 mM Cs,CO; 80.6
a;-Ru-CNTs 362.75 7
500 ppm NaNOs; (-0.2V vs. RHE)
0.1 M K,SOy4 88.7
CO304/CO 4430 8
1000 ppm KNO; (-0.8 V vs. RHE)
Fe;04,@TiO,/T 0.1 M PBS 88.4
12393 ?
P 0.1 M NaNO; (-0.9 V vs. RHE)
05M Na2804 78
Pd/NF 25840 10
0.1 M NaNO; (-1.4 V vs. RHE)
0.1 M Na,SO, 85.2
Co-Fe@Fe,04 880.5 1
500 ppm NaNO; (-0.75V vs. RHE)
0.1M PBS 79.6
CuNi-NC \ 12
50 ppm NaNO; (-1.0V vs. RHE)
Pd-NDs/Zr- 0.1M Na,SOy4 58.1
1870 13
MOF 500 ppm NO; (-1.3V vs. RHE)
0.25 M K,S04 75
Fe single atom 7820 14
0.5 M KNO; (-0.66 V vs. RHE)
Fe,TiOs PBS 1241 87.6 15




0.1M NaNO; (-0.9V vs. RHE)
1.0 M KOH 81.9
CUC0204/CFS 2703 16
0.1 M KNO; (-0.3 Vvs. RHE)
1.0 M KOH 87.0
Cuyg 6slro.140, 7140 17
0.1 M KNO; (OV vs. RHE)
1 M KOH 84.38
Cu,0-Cu 2170 18
250 ppm NaNO; (-0.25 V vs. RHE)
0.1 M PBS 81.3
SmCO; 1440 19
0.1 M NaNO; (-1.0V vs. RHE)
0.01 M PBS 87.2
Cugp NPC 2602 20
0.1 ppm NaNO; (-1.1 Vvs. RHE)
0.5 M K,SOq, 96.97
NizP@CU3P 4732.8 2l
200ppm KNOs-N (-00.49 V vs. RHE)
0.1 M K,SO, 9181.72 88.71 £4.02%
This work
0.1 M KNO; + 60.88 (-1.0V vs. RHE)
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