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Experimental Section

Methods

Reagents and materials. Bacterial cellulose (BC) pellicle was obtained from Guilin Qihong
Technology Co., Ltd., China. Co(NO;)'6H,O were purchased from Sinopharm Chemical
Reagent Co., Ltd. HKCO; (99.5%), KNO3 (99.0%), sodium nitroferricyanide(IIl) dehydrate
(CsFeNgNa,0-2H,0, 99.0%), sodium citrate (C¢HsNa3;O;-2H,0, 99.0%), NaOH (96.0%),
salicylic acid (C;H¢O3, 99.5%), NaClO (available chlorine > 5.0%), NH4CI (99.5%), H;PO,
(= 85%), H,SO4 (= 85%), p-aminobenzenesuifonamide (NH,C¢H4SO,NH,, 95.0%), N-(1-
naphthyl) ethylenediamine dihydrochloride (C;oH;NHC,H4;NH, 2HCI, 95.0%), ’KNO; (AR),
1“NH,CO'“NH, (AR), "'NH,CO!*NH, (AR), CoPc and CoO references were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. All solutions were prepared using
deionized water (Millipore Corp., 18.2 MQ cm). Commercial carbon paper (CP, HCPO30N)

was purchased from Shanghai Hesen Electric Co. Ltd.

Fabrication of Co-NPs/CBC, Co-0O-C and CBC. BC pellicle was frozen by liquid nitrogen
and freeze-dried in a bulk tray dryer at a sublimating temperature of —75 °C and a pressure of
0.01 m bar for 48 h. The pre-treated BC was used as the adsorbent to controllably impregnate
Co?". The BC (1.0 g) was immersed in a 400 mL solution containing 48 mmol of
Co(NO3)'6H,0 (Concentration of Co?": 120 mmol L™!) for 6 h. The BC with adsorbed Co**
was adequately washed with deionized water, freeze-dried and subjected to the pyrolytic
treatment at 360 °C for 2 h then 700 °C for 3 h under Ar atmosphere to carbothermally reduce
the adsorbed Co?* on BC to metallic Co NPs and simultaneously carbonise BC into graphitic
carbon (CBC). The resultant Co-NPs/CBC was adequately washed with deionised water and
ethanol, dried at 60 °C under vacuum for 6 h, followed by a refluxing acid-etching process
using 2.0 M H,SO4 at 120 °C for 6 h to remove metallic Co NPs. The resultant Co-O-C was
adequately washed with distilled water and ethanol, and dried under vacuum for 12 h. The
CBC sample without Co was fabricated by the pyrolytic treatment of BC precursor at 360 °C
for 2 h then 700 °C for 2 h under Ar atmosphere.

Characterization. XRD patterns were acquired using Philips X’pert PRO with Nifiltered
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monochromatic CuKa radiation (AKa1=1.5418 A) at 40 kV and 40 mA. FT-IR spectra were
measured by a Nicolet Nexus FT-IR spectrometer with KBr pellet technique ranging from
400 to 4000 cm™! at room temperature. SEM images were obtained using SU8020 (Hitachi,
Japan) with a field emission scanning electron microanalyzer at an acceleration voltage of
10.0 kV. TEM images were obtained using JEMARM 200F operating at an accelerating
voltage of 200 kV. XPS measurements were performed on an ESCALAB 250 X-ray
photoelectron spectrometer (Thermo, America) equipped with Al Kal, 2 monochromatized
radiations at 1486.6 eV X ray source. The Pd and Cu contents were quantitatively determined
by the ICP-AES (ICP-6300, Thermo Fisher Scientific). Nitrogen adsorption-desorption
isotherms were measured using an automated gas sorption analyzer (Autosorb-iQ-Cx). The
synchrotron-based X-ray X-ray absorption near-edge structure (XANES) and the extended X-
ray absorption fine structure (EXAFS) measurements were performed at the 1W1B station of
Beijing Synchrotron Radiation Facility, China. The EXAFS data were processed according to
the standard procedures using the ATHENA module implemented in the IFEFFIT software
packages. Co?" and metallic Co contents were quantitatively determined by ICP-AES (ICP-
6300, Thermo Fisher Scientific).

Operando ATR-SERIES measurements. The operando attenuated total reflection surface-
enhanced infrared adsorption spectroscopy (ATR-SEIRAS) was performed on a FTIR
spectrometer (Nicolet iS50, Thermo Scientific) equipped with an MCT-A detector with
silicon as the prismatic window. Fist, Co-O-C ink (pure ethanol as a dispersant) was carefully
dropped on the surface of gold film, which was chemically deposited on the surface of the
silicon prismatic before each experiment. Then the deposited silicon prismatic served as the
working electrode. The platinum mesh and Ag/AgCl electrode containing saturated KCl
solution were used as the counter and reference electrodes, respectively. The CO,-saturated
0.1 M KHCO; + 0.05 M KNO; solution was employed as the electrolyte. Each infrared
absorption spectrum was acquired by averaging 128 scans at a resolution of 4.0 cm™!. The
background spectrum of the catalyst electrode was acquired at an open-circuit voltage before
each systemic measurement, and the measured potential ranges of the electrocatalysis were

—1.0 to —1.6 V vs. RHE with an interval of 0.1 V.
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Operando Raman measurements. For the operando Raman tests, the samples were recorded
on a RXNI1-785 Raman spectrometer (Analytik Jena AG, excited wavelength of 785 nm)

connected with CHI 660 E electrochemical workstation.

Electrochemical measurements. All electrochemical measurements were performed on a CHI
660E electrochemical workstation (CH Instrumental Corporation, Shanghai, China) under
ambient conditions using a Nafion 211 proton exchange membrane separated two-
compartment H-type electrochemical cell accommodated 50 mL of CO,-saturated 0.1 M
KHCO; + 0.05 M KNO; clectrolyte in each compartment and a three-electrode
electrochemical system with a Co-O-C working electrode, an Ag/AgCl (Saturated KCI)
reference electrode and a Pt mesh counter electrode. Prior to use, the Nafion 211 membrane
was treated by successive heating at 80 °C in H,O, (5.0 wt.%) aqueous solution for 1 h and in
deionized water for another 1 h. The working electrode was prepared as follows: 2.5 mg of
the targeted electrocatalyst was firstly dispersed in 95 pL of absolute ethanol and 5.0 pL of
Nafion solution (5.0 wt.%) under sonication for 30 min to form a homogeneous ink. 10 pL of
ink was loaded onto carbon paper electrode (1x1 cm?, equivalent to 0.25 mg cm™2) and dried
under ambient conditions for 40 min before use. Before the electrocatalysis, Ar gas was
persistently bubbled into the electrolyte to eliminate O, interference and the electrolyte was
bubbled with CO, for 20 min. Then the purified CO, was continuously fed into the cathodic
compartment with a constant flow rate of 20 mL min™! during the experiments. The
electrolyte in the cathodic compartment was stirred at a rate of 500 rpm during
electrocatalysis. In this work, all measured potentials vs. Ag/AgCl were converted to the
potentials vs. RHE (Eryg) according to the following equation:

Epie = EAg/AgCl +0.059pH + EOAg/AgCl (1)
where, Eag/agci 18 the equilibrium potential under standard conditions, E°ag/agct = 0.1967 V vs.

RHE at 25 °C.

Determination of urea, ammonia, nitrite and hydrazine. As-produced urea was determined

by the urease decomposition and '"H NMR method.!!-?] The content of nitrite in the electrolyte
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was also measured by ultraviolet spectrophotometry.l!?l The yielded ammonia was

determined by the standard indophenol blue method.!'-?]

Isotope labelling experiments. For quality assurance required, "N isotopic labelling
experiments were conducted using CO,-saturated 0.1 M KHCO; + 0.05 M K!’NO; as the
electrolyte with identical experimental procedure as that of CO,-saturated 0.05 M K'¥NO;
experiments. The yielded "NH,CO'>NH, and "“NH,CO!4NH, were analyzed by the '"H NMR
and "N NMR methods using Bruker Avance-600 MHZ.

Calculation of R, ., Rynys, Ryvo,~ and FE. R, and FE are calculated by the following
equations:

Curea (ug mL ") x V(mL)

Rurea (Hg h_] mgcat._l) =
t (h) X Mea. (M) Q)

16 X Nurea (mol) x F (C mol ™) x100%
0
) ®)

FE (%) =

where, Cy., and V are the measured urea concentration and the electrolyte solution volume,
respectively, t is the electrolysis period and m, is the amount of the loaded electrocatalyst, F
is the faradaic constant (96485 C mol™') and Q is the total charge transferred during
electrolysis period.

Rnm; and FE are calculated by the following equations:

-1
Raw(ug h™' mgea ™) = Crin(ug mL™ ) x V(mL)

t (h) x Mea (M) (4)
FE (%) = 8 x N (Mol)x F (C mol ™) <100%
Q(©) (5)

where, Cyys and V are the measured NH; concentration and the electrolyte solution volume,
respectively, t is the electrolysis period and m,. is the amount of the loaded electrocatalyst, F
is the faradaic constant (96485 C mol™') and Q is the total charge transferred during
electrolysis period.

R no.” and FE are calculated by the following equations:
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Cro: (ug mL ™) x V(mL)

RNOz_ (Mg 1’171 mgcat.il) ==
t (h) X Mea. (Mg) (6)

2x 1o (moh)xF(Cmol™) 0,
® \ ™

where, Cyo,~ and V are the measured NO,™ concentration and the electrolyte solution volume,

FE (%) =

respectively, t is the electrolysis period and m, is the amount of the loaded electrocatalyst, F
is the faradaic constant (96485 C mol™) and Q is the total charge transferred during

electrolysis period.

Determination of carbon monoxide (CO) and hydrogen (H3). The amounts of CO and H,

were quantitatively analyzed by gas chromatography (GC) measurements.

Calculation of H,0, concentration. The H,O, concentration in the electrolyte was quantified
by ceric sulfate titration following the reaction:
2Ce*" + H,0, — 2Ce*" + 2H" + O,

where, the yellow-colored Ce*" was reduced by H,0, to colorless Ce3* and can be measured
by ultraviolet-visible spectroscopy. A series of standard Ce(SOy), solution was prepared by
dissolving Ce(SO,), in 0.5 M H,SO,, then we obtained the calibration curves between the
absorbance and concentration of Ce*" performed on spectrophotometer at 317 nm. Thus, the
concentration of H,O, can be calculated based on the absorbance before and after reaction.

Calculation of H,0, FE. The FE of H,0, was calculated by the following equation:

2 X Nio: (1’1’101) xF (C mOI_l) x100%
8(®) ®

FE (%) =

where, F is the Faradaic constant (96485 C mol'!) and Q is the total charge transferred during

the electrocatalysis period.

Theoretical calculations. All the spin-polarized DFT calculations were performed using the
Vienna Ab-initio Simulation Package (VASP), and the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was used

with the projector augmented wave method. A kinetic energy cutoff of 450 eV was used for
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plane wave expansion, the convergence threshold was set as 107 eV in energy and 0.02 eV
A~1 in force. The vacuum distance was set to 15 A to minimize the artificial interactions of
the interlayer.[>#l During the total calculations, the symmetry was switched off and the dipolar
correction was also included. DFT-D3 method was used for the dispersion correction.l®] The
Gibbs free energy of the NRR reaction pathways was referenced to the computational

hydrogen electrode (CHE) model, which proposed by Nerskov and co-workers.[6]

Supplementary Tables and Figures
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Table S1. Structural parameters extracted from the Co K-edge EXAFS fitting data of Co-O-C

before and under various potentials during C—N coupling.

Scatterin
Samples ring CN R@A)  oX10342)  AE,(eV)
Pair
Co foil Co-Co 12.00 2.49 6.17 6.74
Co-NPs/CBC Co-Co 8.50 2.50 6.56 725
Co-0-C Co-O 4.00 1.97 8.91 561
gAs synﬁthesisegl) B B B B B B B B L
Co-0-C
Co-O 4.60 2.07 4.98 -0.89
(-1.1V)
Co-0-C
Co-O 465 2.09 4.60 -0.90
(-13V)
Co-0-C
Co-O 470 2.08 446 134
(1.5 V)
Co-0-C
Co-O 4.00 1.98 9.48 8.82
(OCP)

CN is the coordination number; R is interatomic distance (the bond length between central atoms and

surrounding coordination atoms); o? is Debye-Waller factor (a measure of thermal and static disorder); 4E,

is edge-energy shift (the difference between the zero kinetic energy value of the sample and that of the

theoretical model).

S8



Table S2. Electrocatalytic urea synthesis performance of the reported elecatalysts and Co-O-C.

. Urea Production FE By-
Ref Catalyst Reactant Conditions o
Rate () product
Pd]CU]/TiOQ-
7 N, + CO, 0.1 M KHCO; 336 mmol h™' g 8.92  CO, H,, NH;
400
0.1 M Li,SOy/ NH;
8 PPy-coated Pt N, + CO, 2.4 umol h™! 7.1 ’
0.03 M H* HCOOH
9 Bi/BiVO, N, + CO, 0.1 M KHCO; 591 mmol h™' g 12.55 CO, H,, NH;
10 BiFeO;/BiVO, N, + CO, 0.1 M KHCO; 494 mmol h™' g7'  17.18 CO, Hp, NH;
11 Ni;(BOs3), N, + CO, 0.1 M KHCO; 9.70 mmol h™! g!  20.36 CO, H,, NH;
Co-PMDA-2-
12 N, + CO, 0.1 M KHCO; 14.47 mmol h™' g7 48.97 CO, H,, NH;
mbIM
Rice-like
13 N, + CO, 0.1 M KHCO; 6.85mmol h™' g7 20.97 CO, H,, NH;
InOOH
166.67
14 Pd]CleriOz N2 + C02 0.5M KQSO4 22.54 H2, NH3
mol h™! molpy™!
15 Zn-Mw/N, Cl N, + CO, 1.0 M H,SO, 413 mmolh™' g7'  63.5 CO, Hp, NH;
16 Vn-CusN-300 N, + CO, 0.1 M KHCO; 81 pgem™2h™! 28.7 CO, H,, NH;
307.97 CO, H,
17 Sb,Bi; Oy N, + CO, 0.5 M K,S0O, 10.9 HCOOH,
-1 -1
ng h Mgcat, NH3
18 MoP N, + CO, 0.1 M K,S0O, 124 pgh ' mge, ™! 36.5 H,, NH;
19 Ni-Pc NO, + CO, 0.2 M KHCO; - 40 CO, NH;
20 FeTiO; NO, + CO, 1.0 M NaHCO; - - -
. CO, HZ) N2a
21 Cu-TiO, NO,”+ CO, 0.2 M KHCO; 20 umol h™! 43.1 NH
3
CO, HZ) N2a
22 Te-Pd NCs NO,”+ CO, 0.05 M KNO, - 12.2 NH
3
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Fig. S1. FT-IR spectrum of pre-treated BC.
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Fig. S2. SEM images of (a) Co-NPs/CBC and (b) Co-O-C samples.

S14



Fig. S3. (a) TEM image of Co-NPs/CBC sample. (b) Corresponding elemental mapping
images of Co-NPs/CBC.

The transmission electron microscopy (TEM) image of Co-NPs/CBC displays
homogeneous Co nanoparticles loaded onto carbon support (Fig. S3a). The corresponding
elemental mapping analysis revealed that C, O and Co elements are homogeneously

distributed over the entire sample (Fig. S3b)
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Fig. S4. Aberration-corrected HAADF-STEM images obtained from different locations of
Co-O-C.
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Fig. S5. (a) N, adsorption-desorption isotherms of Co-NPs/CBC and Co-O-C samples. (b)

Corresponding pore size distribution curves.
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Fig. S6. High-resolution XPS spectra of (a) Co 2p, (b) C 1s and (¢) O ls of Co-NPs/CBC.

The Co 2p3); core level region of Co-NPs/CBC (Fig. S6a) presents three peaks located at
782.1, 783.7 and 788.0 eV, corresponding to the oxidized cobalt species and specific
shakeup satellite peak, respectively. The high-resolution C 1s and O 1s XPS spectra (Fig.
S6b, c) indicate the existence of rich oxygen functional groups and the formation of weak

Co-O bonds in Co-NPs/CBC.
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Fig. S7. (a) Survey XPS spectrum and high-resolution XPS spectra of (b) Co 2p, (¢) C 1s
and (d) O Ls of Co-O-C.
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Fig. S9. (a) UV-Vis absorption spectra obtained from the solutions with different NH4*-N
concentrations (0, 0.05, 0.10, 0.25, 0.50, 1.0, 2.0 and 3.0 ug mL™"). (b) Calibration curve

used to determine NH4"-N concentration.

For urease decomposition method, 0.4 mL of urease solution (5.0 mg mL™") was added
into 3.6 mL of urea electrolyte, and then reacted at 37 °C in constant temperature shaker
for 40 min. Urea was decomposed by urease into CO, and two NH; molecules. After the

decomposition, NH; concentration of urea electrolyte with urease was detected via above

indophenol blue method.
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Fig. S10. (a) Time-dependent current density curves of Co-NPs/CBC at different applied
potentials in CO,-saturated 0.1 M KHCO; + 0.05 M KNO;j electrolyte over a 2 h reaction
period. (b) UV-Vis absorption spectra of the corresponding samples recorded in

accordance with the indophenol blue method.
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Fig. S11. (a) Time-dependent current density curves of Co-O-C at different applied
potentials in CO,-saturated 0.1 M KHCO; + 0.05 M KNO;j electrolyte over a 2 h reaction
period. (b) UV-Vis absorption spectra of the corresponding samples recorded in

accordance with the indophenol blue method.
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Fig. S12. Ryy; and corresponding FE on (a) Co-NPs/CBC and (b) Co-O-C at different

applied potentials.
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Fig. S13. (a) UV-Vis absorption spectra obtained from the solutions with different NO,™-
N concentrations (0, 0.05, 0.1, 0.25, 0.5, 0.75 and 1.0 ug mL™"). (b) Calibration curve used

to determine NO, -N concentration.
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Fig. S14. (a) UV-Vis absorption spectra of Co-NPs/CBC at different applied potentials. (b)

Dependence of Ryo.~ and FE on the applied potentials. (¢) UV-Vis absorption spectra of
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Fig. S16. Determination of H, by the gas chromatography (GC). (a) Chromatograms of

the H, standards and (b) Corresponding calibration curve.
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Fig. S17. FE distribution of all electrocatalytic products obtained from Co-NPs/CBC

catalyzed urea synthesis at different applied potentials.
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Fig. S18. The high-performance liquid chromatography (HPLC) spectra of produced urea

over Co-O-C and standard urea solution.
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Fig. S19. (a) 'H NMR spectra of 0.1 M KHCO; + 0.05 M K"“NO3/K"°NO; electrolytes
saturated with CO, after 2 h of electrolysis over Co-O-C and standard
YNH,CO!“NH,/""NH,CO!*NH, solutions. (b) ’N NMR spectra of 0.1 M KHCO; + 0.05
M K"NOjs electrolytes saturated with CO, after 2 h of electrolysis and standard

I5’NH,CO!NH, solutions.

S31



[V
o

H,O "“NH,CO"NH, Standard Curve
d6-DMSO Y =331.292X-132.553
g R’ =0.999

14 14,
NH,CO"NH,

.....

3
8
— ©
5 g
S ©
2 E
c
E x
=
4
9 8 7 6 5 4 3 2 1 0 10 20 30 40
Chemical shift (ppm) Concentration of "*NH,CO"*NH, ppm)

Fig. S20. (a) 'H NMR spectra of “NH,CO'NH, standards. (b) The corresponding

14NH,CO!“NH, calibration curve.

Urea standards were prepared by dissolving different qualities of urea in mixed solutions
of 0.1 M KHCO; + 0.05 M KNOj;. The concentration of urea exhibits a linear relationship
with the integral area of characteristic peak, thus the concentration of the products could

be calculated via the fitting formula of the calibration curves.
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Fig. S21. (a) '"H NMR spectra of "'NH,CO!’NH, standards. (b) The corresponding

I5NH,CO!SNH, calibration curve.
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Fig. S22. 'H NMR spectra of the samples obtained at different conditions.

'H NMR spectra of Co-O-C in the CO,-saturated 0.1 M KHCOj; + 0.05 M KNOs3, Co-O-C
in Ar-saturated 0.1 M KHCO; + 0.05 M KNOj; solution and pure CBC in CO,-saturated
0.1 M KHCO; + 0.05 M KNOs solution at —1.5 V (vs. RHE), as well as Co-O-C in CO;-
saturated 0.1 M KHCOj; + 0.05 M KNOj solution under open-circuit potential (OCP).
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Fig. S23. Time-dependent current density curves of Co-O-C at —1.5 V (vs. RHE) in CO,-
saturated 0.1 M KHCO; + 0.05 M KNO; for 10 h.
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Fig. S24. Cycling stability test of Co-O-C at —1.5 V (vs. RHE) in CO,-saturated 0.1 M
KHCOj; + 0.05 M KNO; for 8 cycles with 1 h reaction period per cycle.
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Fig. S25. High-magnification aberration-corrected HAADF-STEM images of Co-O-C

after 8 consecutive cycles.
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Fig. S26. XRD pattern of Co-O-C after 8 consecutive cycles.
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Fig. S27. The physical photographs of flow-cell reaction system and reactor for

electrocatalytic urea synthesis.
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Fig. S28. (a) LSV curve of Co-O-C in 0.1 M KHCOj; + 0.05 M KNO;s electrolyte with Ar
or CO, feeding gas in a flow cell. (b) Time-dependent current density curves of Co-O-C at

different applied potentials in CO,-saturated 0.1 M KHCO; + 0.05 M KNO;j electrolyte

over a 2 h reaction period in a flow cell.
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Fig. S29. The physical photographs of operando ATR-SEIRAS measurements system and

reactor for electrocatalytic urea synthesis.
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Fig. S30. The physical photographs of operando Raman measurements system and reactor

for electrocatalytic urea synthesis.
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Fig. S31. Co K-edge EXAFS fitting curves of Co-O-C at R space under (a) —1.1 V (vs
RHE), (b) —1.3 V (vs. RHE), (¢) —1.5 V (vs. RHE) and (d) OCP at R space.
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electrolyte containing 2.0 mmol K;[Fe(CN)g] at 1600 rpm to calibrate the collection efficiency.
(b) Calculated collection efficiency (N) based on LSV result via dividing the ring current by the
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Fig. S34. (a) UV-vis spectra of Ce*" solution with various concentrations. (b) The corresponding

standard curve.
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Fig. S35. (a) Time-dependent current density curves of Co-O-C at different applied potentials in
O,-saturated 0.1 M KHCOj; + 0.05 M KNO;s electrolyte over a 2 h reaction period. (b) UV-vis
absorption spectra of Ce*" solutions after injecting electrolytes at different potentials. (c)

Dependence of H,O, yield rate and FE on the applied potentials.
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Fig. S36. (a) DFT optimised configuration of Co-(O-C,),. Gray sphere: C, red sphere: O, Blue
sphere: Co. (b) Aberration-corrected HAADF-STEM image of Co-O-C. (c)-(e) Corresponding

intensity profiles obtained on the zoomed areas in panel (b).

Fig. S36a shows the optimized Co-(O-C,), configuration of eight Co-O bonds with the Co-Co
bond length of 4.95 A. We then conducted the aberration corrected high resolution TEM
(HRTEM) with sub-Angstrom resolution to calculate the distance between the two adjacent Co
atoms. HAADF-STEM results (Fig. S36b) revealed the homogeneously distributed small bright
dual dots in a porous carbon matrix, attributed to heavy Co than light O and C atoms. The
distance between two adjacent Co atoms tagged by red circles from different locations of Co-O-C

is ~5.0 A (Fig. S36¢-¢), which is essentially consistent with the theoretical value.
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Fig. S37. Variations of temperature and energy vs time for AIMD simulations of Co-(O-C,)4. The

simulation is run under 300 K for 10 ps with a time step of 2 fs.
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Fig. S38. DFT optimised configurations of *NOs;~ and *CO, adsorption on the Co-(O-C,)4 and

*OH-Co-(0-C,), sites. The blue, red, grey and white balls represent Co, O, C and H atoms,

respectively.
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*OH + *NH,CO *OH + *NH,CONO,  *OH + *NH,CONH,

*OH + *NH,CO,

Fig. S39. Top view of corresponding intermediates structures for each step. The blue, red, light

blue, grey and white balls represent Co, O, N, C and H atoms, respectively.
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Fig. S40. Side view of corresponding intermediates structures for each step. The blue, red, light

blue, grey and white balls represent Co, O, N, C and H atoms, respectively.
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Fig. S41. Corresponding intermediates structures of intermediates in urea synthesis process.

*NH, has higher nucleophility compared to *NO,, therefore *NH, coupling with *CONH, should
have higher probability, we simultaneously adsorb *CONH, and *NH, on each Co-(O-C,), site
without considering the adsorption of *OH in alkaline electrolyte (*CONH, + *NH, —
*NH,CO,NH, + *) (Fig. S41). The calculations results indicated that the corresponding kinetic
energy barrier was calculated to be a large kinetic energy barrier of +1.11 eV for the formation of
*NH,CONH,; on Co-(0O-C,), site, which was much higher than *OH + *NH,CONO, to *OH +
*NH,CONH, (-3.71 eV) (Fig. 5¢). Therefore the process from *OH + *NH,CONO, to *OH +

*NH,CONH,; is more thermodynamically favourable for C—N coupling reaction.
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Fig. S42. Corresponding intermediates structures of *OOH and *OH + *OOH. The blue, red,

grey and white balls represent Co, O, C and H atoms, respectively.
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