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Supplementary Methods 

Chemicals. All chemicals and gases were purchased commercially unless otherwise stated. Ar (99.999%), 

CO2 (99.999%), CO (99.999%), NO (99.9%), NO2 (2000 ppm in Ar) and 13CO2 (99.5%) were purchased from 

Dalian Special Gases Co. and Sigma-Aldrich. Na2WO4·2H2O (99.5%), CuSO4 ( 99.95%), KHCO3 (99.7%), 

K2CO3 (99.99%), KNO3 (99.0%), KNO2 (97%), K2HPO4 (99%), KH2PO4 (99%), EDTA-Na2 (99%), Na2CO3 

(99.99%), hydrochloric acid (HCl,37% in H2O) and hydroxylamine solution (NH2OH, 50 wt.% in H2O) were 

purchased from Aladdin. The reagents used for quantitative analysis include phosphoric acid (H3PO4, >85 wt.% 

in H2O), sulfuric acid (H2SO4, 95%-98%), iron chloride (>99.9%), thiosemicarbazide (99%), sodium 

hypochlorite solution (active chlorine >10%), salicylic acid ( 99.5%), sodium citrate dihydrate (99.0%), sodium 

nitro ferricyanide dihydrate (99.0%), urea (99%), 15N-urea (99%), NH4Cl (>99.5%), 15NH4Cl (99%), K15NO3 

(98%) and diacetylmonoxime (>98%) were produced by Sigma-Aldrich. Urease (~1 U/mg) was gained from 

Shanghai yuanye Bio-Technology Co., Ltd. Dimethyl sulfoxide (DMSO, ≥99.9%) and absolute ethyl alcohol 

were supplied by Innochem. All aqueous solutions were prepared with high-purity deionized water (Milli-Q, 

resistance 18 MΩ cm−1). 

 

Characterization. The morphology and structure of catalysts were investigated by scanning electron 

microscope (SU8220, HITACHI) and cryogenic transmission electron microscope (Glacios Cryo-TEM 200 kV, 

Thermo Fisher). The phase structures of the catalysts were obtained by X-ray smart diffractometer (Rigaku 

SmartLab 9KW) and Renishaw microscopic confocal Raman spectrometer (Thermo Fisher DXR Microscope) 

using a laser wavelength of 532 nm. Fourier transform infrared (FT-IR) spectra were acquired on a Thermo 

6700 infrared spectrometer. The surface composition of the electrode films was investigated using X-ray 

photoelectron spectroscopy (XPS) on an ESCALAB Xi+ (Thermo Scientific™). 
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Supplementary Figures  

 

 

Supplementary Figure 1 The (a) Raman spectrum and (b) FT-IR spectrum of CuWO4 catalyst. 
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Supplementary Figure 2 XPS (a) O 1s and (b) survey spectra of CuWO4 catalyst. 
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Supplementary Figure 3 HAADF and elemental mapping images of CuWO4 catalyst. 
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Supplementary Figure 4 The triclinic CuWO4 crystal structure. 
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Supplementary Figure 5 (a) XRD patterns, (b) Raman spectra and (c) FT-IR spectra of WO3 and CuO 

catalysts. 
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Supplementary Figure 6 (a) XPS survey spectra, (b) Cu 2p and (c) O 1s of CuO catalyst, and (d) XPS survey 

spectra, (e) W 4f and (f) O 1s of WO3 catalyst. 
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Supplementary Figure 7 SEM images of (a) CuO and (b) WO3. 
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Supplementary Figure 8 TEM images, EDX energy spectrum, HAADF-STEM and elemental mappings 

images of CuO. 
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Supplementary Figure 9 TEM images, EDX energy spectrum, HAADF-STEM and elemental mappings 

images of WO3. 
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Supplementary Figure 10 The digital images of the H-cell and H-cell with sampling ports for electrochemical 

measurements. 
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Supplementary Figure 11 Chrono-amperometry results of (a) CuWO4, (b) CuO and (c) WO3 in 0.1 M KNO3 

at the corresponding potentials. 
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Supplementary Figure 12 Absolute calibration of the diacetylmonoxime method for quantification of urea. (a) 

UV-Vis spectra of urea with various concentrations. (b) The calibration curve for urea. 
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Supplementary Figure 13 Urea quantification of different catalysts electrolysis in 0.1 M KNO3 electrolyte with 

CO2 feeding gas at the corresponding potential for 1 hour. (a) UV-Vis spectra of the electrolyte of CuWO4 with 

diacetylmonoxime indicator. (b) Urea yield rate at different potentials for CuWO4. (c) UV-Vis spectra of the 

electrolyte of CuO with diacetylmonoxime indicator. (d) Urea yield rate at different potentials for CuO. (e) UV-

Vis spectra of the electrolyte of WO3 with diacetylmonoxime indicator. (f) Urea yield rate at different potentials 

for WO3.   
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Supplementary Figure 14 Absolute calibration of ion chromatography for quantification of nitrite ions. (a) The 

measurement data of nitrite ions with various concentrations. (b) The corresponding standard curve of nitrite 

ions. 
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Supplementary Figure 15 Measurement data of nitrite ions in 0.1 M KNO3 electrolyte by ion chromatography. 
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Supplementary Figure 16 Nitrite ions quantification of different catalysts electrolysis in 0.1 M KNO3 

electrolyte with CO2 feeding gas at the corresponding potential for 1 hour. (a) The measurement datas of 

CuWO4 electrolytes by ion chromatography. (b) Nitrite ion concentration at different potentials for CuWO4. (c) 

The measurement datas of CuO electrolytes by ion chromatography. (d) Nitrite ion concentration at different 

potentials for CuO. (e) The measurement datas of WO3 electrolytes by ion chromatography. (f) Nitrite ion 

concentration at different potentials for WO3. 
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Supplementary Figure 17 Effect of co-existing nitrite on urea quantification by DAMO-TSC method. (a) UV-

Vis spectra of nitrite standard solutions without urea by DAMO-TSC method. (b) UV-Vis spectra of nitrite 

standard solutions with 2.5 ppm urea by DAMO-TSC method. 
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Supplementary Figure 18 Absolute calibration of the indophenol blue method for quantification of NH3 

estimated by NH4
+ ion concentration. (a) UV-Vis spectra of NH3 with various concentrations. (b) The calibration 

curve for NH3. 
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Supplementary Figure 19 Absolute calibration of the ion chromatography method for quantification of NH4
+ 

ion concentration. (a) The chromatographic curves of NH4
+ with various concentrations. (b) The calibration 

curve for NH4
+.  
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Supplementary Figure 20 Chromatographic curves (a, b) and UV-vis absorption spectra (c) of urea quantified 

by urease decomposition method for CuWO4 based on ion chromatography and the indophenol blue method. 
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Supplementary Figure 21 (a) NH3 yield rates of CuWO4 via ion chromatography and the indophenol blue 

method. (b) Urea yield rates of CuWO4 quantified by urease decomposition method based on ion 

chromatography and the indophenol blue method. (c) Faradaic efficiency of different products for CuWO4 at 

different applied potentials. 
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Supplementary Figure 22 Chromatographic curves (a, b) and UV-vis absorption spectra (c) of urea quantified 

by urease decomposition method for CuO based on ion chromatography and the indophenol blue method. 
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Supplementary Figure 23 (a) NH3 yield rates of CuO via ion chromatography and the indophenol blue method. 

(b) Urea yield rates of CuO quantified by urease decomposition method based on ion chromatography and 

the indophenol blue method. (c) Faradaic efficiency of different products for CuO at different applied potentials. 
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Supplementary Figure 24 Chromatographic curves (a, b) and UV-vis absorption spectra (c) of urea quantified 

by urease decomposition method for WO3 based on ion chromatography and the indophenol blue method. 
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Supplementary Figure 25 (a) NH3 yield rates of WO3 via ion chromatography and the indophenol blue method. 

(b) Urea yield rates of WO3 quantified by urease decomposition method based on ion chromatography and 

the indophenol blue method. (c) Faradaic efficiency of different products for WO3 at different applied potentials. 
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Supplementary Figure 26 Determination of the ECSA for the CuWO4/CFP, CuO/CFP and WO3/CFP 

electrodes. CV curves of (a) CuWO4/CFP, (c) CuO/CFP and (e) WO3/CFP in 0.1 M KNO3 with different scan 

rates at selected potential range. The corresponding capacitance Δj(|jcharge−jdischarge|) of (b) CuWO4/CFP, (d) 

CuO/CFP and (f) WO3/CFP electrodes versus the scan rates. The scanning potential range is from 0.3 V to 

0.42 V vs RHE. ECSA of electrode was obtained from CV curves, in details, by plotting the Δj (|jcharge−jdischarge|) 

at Faradaic silence potential range against the scan rates, the linear slope is obtained, which is a positive 

correlation with the double-layer capacitance (Cdl), and been used to represent the corresponding ECSA. 
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Supplementary Figure 27 (a) The LSV curves and (b) urea yield normalized by ECSA of CuWO4/CFP, 

CuO/CFP and WO3/CFP electrodes. 
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Supplementary Figure 28 NMR spectra and calibration curves for quantification of 15N-urea and 15NH4
+. (a) 

NMR spectra of 15N-urea with various concentrations. (b) The calibration curves for 15N-urea. (c) NMR spectra 

of 15NH4
+ with various concentrations. (d) The calibration curves for 15NH4

+. 
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Supplementary Figure 29 (a) Chrono-amperometry results of CuWO4 in 0.1 M K15NO3 with CO2 feeding at 

the corresponding potentials. (b) 1H NMR data of isotope calibration experiment in 0.1 M K15NO3 with CO2 

bubbling (20 mL min−1) at different applied potentials. (c) 15NH3 yield rates via integrated peak area from NMR 

data. 
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Supplementary Figure 30 NMR spectroscopy results of CuWO4 in 0.1 M KNO3 with CO2 at −0.2 V versus 

RHE, CuWO4 in 0.1 M K15NO3 with CO2 at −0.2 V versus RHE and other control experiments. 

  



34 

 

 

Supplementary Figure 31 CuWO4 electrolysis in 0.1 M KNO3 electrolyte with Ar bubbling at the 

corresponding potential for 1 hour. (a) Chrono-amperometry results of CuWO4 at the corresponding potentials. 

(b) UV-Vis spectra of the electrolyte before and after urease decomposition with indophenol indicator. (c) NH3 

yield rate at different potentials for CuWO4. (d) Urea yield rate on CuWO4 at different applied potentials. (e) 

Faradaic efficiency of different products for CuWO4 at different applied potentials.  
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Supplementary Figure 32 Chrono-amperometry results of CuWO4 at −0.2 V versus RHE in 0.1 M KNO3 with 

(a) 5 mL min−1, (b) 10 mL min−1 and (c) 30 mL min−1 CO2 feeding flow rates. (d) Urea yield rates for CuWO4 at 

−0.2 V versus RHE in 0.1 M KNO3 with different CO2 feeding flow rates. (e) Urea FEs for CuWO4 with different 

CO2 feeding flow rates. 
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Supplementary Figure 33 (a) Chrono-amperometry results and (b) urea yield rates of CuWO4 at −0.2 V 

versus RHE in different concentrations of KNO3 electrolyte with CO2 bubbling (20 mL min−1). 

 



37 

 

 

Supplementary Figure 34 (a) 1H NMR spectra of 14N-urea with various concentrations. (b) The calibration 

curves for 14N-urea. 
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Supplementary Figure 35. (a, c, e) three long-term repeated tests of urea synthesis during 20 h of electrolysis 

at −0.2 V vs. RHE in 0.1 M KNO3 with CO2 bubbling (20 mL min−1) and (b, d, f) 1H NMR data of corresponding 

electrolyte. 
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Supplementary Figure 36 (a,b) SEM images of CuWO4/CP electrode before catalysis reaction. (c,d) SEM 

images of CuWO4/CP electrode after catalysis reaction. 
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Supplementary Figure 37 Raman spectra of CuWO4/CP electrodes before and after catalysis reaction. 
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Supplementary Figure 38 TEM images of CuWO4 after catalysis reaction. 
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Supplementary Figure 39 XPS spectra of CuWO4 before and after catalysis reaction (in Ar protection or in 

the air). XPS spectra of Cu 2p (a) and W 4f (b). 
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Supplementary Figure 40 In-situ Raman spectra of CuWO4/CP electrodes in 0.1 M KNO3 electrolyte with 

CO2 feeding gas at different operating potentials. 

 

  



44 

 

 

Supplementary Figure 41 In-situ Raman spectra of WO3/CP electrodes in 0.1 M KNO3 electrolyte with CO2 

feeding gas at different operating potentials. 
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Supplementary Figure 42 In-situ Raman spectra of CuO/CP electrodes in 0.1 M KNO3 electrolyte with CO2 

feeding gas at different operating potentials. 
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Supplementary Figure 43 Cu 2p XPS spectra of CuO before and after catalysis reaction (in Ar protection or 

in the air). 
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Supplementary Table 1 Electrocatalytic performance of coupling CO2 and oxynitride to urea performance on 
heterogeneous catalytic systems in published works. 

Catalyst Electrolyte Reactants 

Operating 
potential (V 
vs. RHE ) 

FE (%) 

Partial current 
density (mA 
cm−2) 

Quantitative  
methods 

Ref. 

CuWO4 0.1 M KNO3 NO3
−, CO2 −0.2 70.9 0.95 

Colorimetric 
method This 

work 
CuWO4 0.1 M K15NO3 

15NO3
−, 

CO2 
−0.2 70.1 0.95 NMR 

In(OH)3 0.1 M KNO3 NO3
−, CO2 −0.6 53 0.3 

Colorimetric 
method 

[1] 

VO-InOOH 0.1 M KNO3 NO3
−, CO2 −0.5 51 0.9 

Colorimetric 
method 

[2] 

Cu-GS 
0.1 M KHCO3 
+ 0.1 M KNO3 

NO3
−, CO2 −0.9 28 27 

Colorimetric 
method 

[3] 

Cu@Zn 
Nanowires 

0.2 M KHCO3 NO3
−, CO2 −1.02 9.28 3.13 

Liquid 
chromatography 

[4] 

AuPd 
nanoalloy 

0.075 M 
KHCO3 + 
0.025 M 
KNO3 

NO3
−, CO2 −0.4 15.6 − 

Colorimetric 
method 

[5] 

Te-doped 
Pd 

0.1 M KHCO3 
+ 0.01 M 

KNO2 
NO2

−, CO2 −1.1 12.2 − 
Colorimetric 
method 

[6] 

ZnO-VO 
0.2 M 

NaHCO3 + 
0.1 M NaNO2 

NO2
−, CO2 −0.79 23.2 5.3 

Liquid 
chromatography 

[7] 

Zn 
0.2 M KHCO3 

+ 0.02 M 
KNO3 

NO3
−, CO2 −1.3 35 − 

Colorimetric 
method 

[8] 

Ni-Pc 
0.2 M KHCO3 

+ 0.02 M 
KNO2 

NO2
−, CO2 −1.1 41 − 

Colorimetric 
method 

[9] 

TiO2/Nafio
n 

0.1 M KNO3 NO3
−, CO2 −0.5 40 0.8 

Colorimetric 
method 

[10] 

TiO2 
nanotubes
-VO/Cu 

0.2 M KHCO3 
+ 0.02 M 

KNO2 
NO2

−, CO2 −0.4 43.1 3.2 
 
Colorimetric 
method 

[11] 

Cd 
0.2 M KHCO3 

+ 0.02 M 
KNO3 

NO3
−, CO2 −0.6 55 − 

Colorimetric 
method 

[12] 

AuCu 
SANFs 

0.5 M KHCO3 
+ 0.02 M 

KNO2 
NO2

−, CO2 −1.0 24.7 20 
Colorimetric 
method 

[13] 

Zn foil 0.2 M KHCO3 NO, CO2 −0.92 11.2 40 
Liquid 
chromatography 

[14] 

B-FeNi-
DASC 

0.1 M KHCO3 
+ 0.05 M 

KNO3 

NO3
−, CO2 −1.5 17.8 43 

Colorimetric 
method 

[15] 

Vo-CeO2 
0.1 M KHCO3 

+ 0.05 M 
KNO3 

NO3
−, CO2 -1.6 4.8 40 

Colorimetric 
method 

[16] 
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Supplementary Figure 44 Images of the experimental set-up and cell for operando Raman test. 
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Supplementary Figure 45 Operando Raman spectra of CuO/CP electrodes in 0.1 M KNO3 with CO2 bubbling 

at different applied potentials. 
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Supplementary Figure 46 Operando Raman spectra of WO3/CP electrodes in 0.1 M KNO3 with CO2 bubbling 

at different applied potentials. 
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Supplementary Figure 47 The m/z signals of 28 (a) and 44 (b) in CO-temperature programmed desorption 

(TPD) of CuWO4, CuO and WO3. 
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Supplementary Figure 48 Photograph of (a) differential electrochemical mass spectrometer and (b) DEMS 

cell. 
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Supplementary Figure 49 Online DEMS of (a) WO4 and (b) CuO in 0.1 M KNO3 with saturated CO2 at −0.2 

V versus RHE. 
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Supplementary Table 2 The list of controlled experiments carried out to elucidate the mechanism of urea 

production. 

Catalysts C source N source V versus RHE Urea? Electrolyte 

CuWO4 

CO2 NO3
− −0.2 Yes 0.1 M KNO3 

CO3
− NO3

− −0.2 Yes 0.05 M KCO3 + 0.1 M KNO3 

HCO3
− NO3

− −0.2 Yes 0.05 M KHCO3 + 0.1 M KNO3 

CO NO3
− −0.2 Yes 0.1 M KNO3 

HCHO NO3
− 0.0 to −0.4 NO 0.05 M HCHO + 0.1 M KNO3 

CH3OH NO3
− 0.0 to −0.4 NO 0.05 M CH3OH + 0.1 M KNO3 

CO2 NO2 −0.2 Yes 0.1 M KHCO3 

CO2 NO2
− 0.0 to −0.4 NO 0.1 M KNO2 

CO2 NO 0.0 to −0.4 NO 0.1 M KHCO3 

CO2 NH2OH 0.0 to −0.4 NO 
0.05 M NH2OH + 0.1 M KHCO3 

(adjust the pH to 7) 

CO2 NH3 0.0 to −0.4 NO 
0.05 M NH4Cl + 0.1 M KHCO3 

(adjust the pH to 7) 

CO NO2 −0.2 Yes 
0.1 M phosphate buffered 

solution (pH=6.8) 
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Supplementary Figure 50 The construction of four possible CuWO4 (111) surfaces and their surface energy. 

Red, orange and cyan balls represent O, Cu and W, respectively. 

 

Supplementary Discussion 

Calculation of surface energy 

For the four different CuWO4 (111) surfaces, the surface energy (Esurf) is calculated as 

𝐸𝑠𝑢𝑟𝑓 =
1

2𝐴
(𝐸𝑠𝑙𝑎𝑏 −𝑁 ∗ 𝐸𝑏𝑢𝑙𝑘)                                  (1)  

where Eslab is the total energy of a surface periodic slab, Ebulk refers to the energy per atom of the bulk metal, 

N denotes the number of atoms in the surface slab, and A is the cross-sectional area of the surface slab unit 

cell. 

As shown in Figure Supplementary Fig. 50, the slab 1 has the lowest surface energy (71.68 meV/Å2), 

implying its geometry structure to be the most stable one among those different CuWO4 (111) surfaces. 
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Supplementary Figure 51 The possible reaction mechanism, intermediate states with the lowest energy and 

an enlarged version of the CuWO4 (111) facet. Gray, blue, red, orange, cyan, and yellow balls represent C, N, 

lattice O, Cu, W, and adsorbate O, respectively. 
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Supplementary Figure 52. Free-energy diagram for CO hydrogenation and C–N coupling process. 
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Supplementary Figure 53 The planar-averaged electron density difference Δρ and the charge density 

difference of (a) the *CO and (b) *NO2 adsorbed on the CuWO4 (111) surface. The iso-value is 0.002 e/Å3. 

Cyan and yellow represent a depletion and an accumulation of electrons, respectively. 
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Supplementary Figure 54. Free-energy diagram for the second C–N bond formed. 
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