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Supplementary Figures and Tables

Fig. S1 TEM images of CN and Cux-CN catalysts. (a-b) CN. (c-d) CU0.0l-CN.(e-f)
Cuo.05-CN. (g-h) Cuo2-CN. (i-j) Cuos-CN

S1/512


http://doi.org/springer/40280
mailto:yyma@dhu.edu.cn
mailto:jianpingyang@dhu.edu.cn

Nano-Mico Letters

Fig. S2 The HAADF-STEM images of the Cuo2-CN (a) and Cuos-CN catalysts (b).
The aberration-corrected HAADF-STEM image of the Cuos-CN catalyst

a 120 b oo
= ——CN SAy=17.313 m?/g — —¢CN
E 100{ —O—CuggCN SAG=21.055m?/g J 0.04 4 O Cugp-CN
5 ——CUgos-CN  SAg;=36.433 m’/g * = Cug5-CN
& 80 ——Cup,CN SA,;=44.729m%/g 7 = 0.03 ——Cup,CN
< ——Cup N SA=39.222m¥Yg 7 P E T —0—Cug-CN
g 60 ' AR o
3 A o0
> 40 < 3
~
5 7 3
£ 0.01 -
2 204
a
°
< o 0.00 4

0.2 0.4 0.6 0.8

Relative Pressure (P/Pg)

10 15 20 25 30 35 40

Pore diameter (nm)

Fig. S3 Nitrogen sorption-desorption isotherms (a) and the corresponding pore size
distribution (b)

Fig. S4 The original HAADF-STEM
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Fig. S5 The characterization of Ni and Fe doped g-C3N4 materials. (a) XRD patterns
of Nix-CN materials. (b) XRD patterns of Fex-CN materials. (c) Aberration-corrected
HAADF-STEM images of Feo2-CN. (d) TEM image of Feo0:-CN. () TEM image of
Feo.05-CN. (f) TEM image of Feo.-CN. (g) TEM image of Nio.02-CN. (h) TEM image
of Nig.o5-CN. (i) TEM image of Nig2-CN
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Fig. S6 (a) XPS survey spectra of Feo2-CN. (b) Fe 2p spectra of Feo2-CN. (c) XPS
survey spectra of Nig2-CN. (d) Ni 2p spectra of Nio2-CN. Inserts in (b) and (d) depict
the atomic ratio of Fep2-CN and Nio2-CN, showing a slightly lower metal content than
Cuo2-CN (Cu: 1.75 at%)
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Fig. S7 (a) The first derivatives of the Cu K edge XANES spectra of the Cux-CN and
reference samples in Figure 2d. (b) The estimated average oxidation state of Cu in
Cuo.0s-CN and Cuos-CN catalysts
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Fig. S8 XPS spectra of different catalysts
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Fig. S9 (a) Cu 2p spectra of different Cux-CN catalysts. Peak fitting of Cu 2p spectrum
of (b) Cuo.01-CN, (c) Cuo.05-CN, (d) Cuo2-CN, and (e) Cuos-CN catalyst. (f) Cu LMM
spectra of Cux-CN catalysts
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Fig. S10 (a) N 1s spectra of different catalysts. Peak fitting of N 1s spectrum of (b)
CN, (c¢) Cuo.01-CN, (d) Cuo.05-CN, (e) Cuo-CN, and (f) Cuos-CN catalyst
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Fig. S11 (a) C 1s spectra of different catalysts. Peak fitting of C 1s spectrum of (b)
CN, (c¢) Cuo.01-CN, (d) Cuo.05-CN, (€) Cuo-CN, and (f) Cuo5-CN catalyst

S5/S12


http://doi.org/springer/40280

Nano-Mico Letters

Cu-O

O1s

c-Cu0*0.2

Cu(acac),*0.2

Intensity (a.u.)

I Cu,s-CN
cuO.z'cN
>4 i Cu, ¢5-CN

/ ; \ “o.o;‘c
l/\_ N1\

CN

526 528 530 532 534 536 538 540
Binding Energy (eV)

Fig. S12 The C 1s spectra of commercial CuO nanoparticle (c-CuQO), Cu(acac)z, and
different Cux-CN catalysts
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Fig. S13 The product distribution on different catalysts. (a) CN. (b) Cuo.01-CN. (c)
Cuo.05-CN. (d) Cuo2-CN. (e) Cuos-CN
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Fig. S14 The 'H NMR spectra of the electrolyte for Cuo.os-CN catalysts at different
potentials. (a) At -0.9 Vrre. (b) At -1.0 Vree. (C) At -1.1 Vrue. (d) At -1.2 Vree. (€)
At -1.3 VrHE
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Fig. S15 To determine whether the Cu atoms would agglomerate after CO2RR
electrolysis, a working electrode prepared by coating 2 mg of the Cuo.05-CN catalyst
(without carbon black) on a piece of carbon paper (1 cm?) is tested under CO2RR
condition at -1.2 VVrxe for 2 hours. (a) The photographs of the working electrode before
and after CO2RR electrolysis. (b) The XRD and grazing incidence X-ray diffraction
(GIXRD) of the working electrode before and after CO2RR electrolysis. The XRD
patterns show no crystalline Cu species (CuO or metallic Cu) form after CO2RR
electrolysis. Further, we also perform GIXRD with an incident angle of 1 degree, which
is sensitive to the surface catalyst layer on the electrode. It can be seen that the
diffraction peaks of the carbon paper substrate are largely decreased. Similarly, there is
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still no crystalline copper species can be detected. (¢c) The TEM image of the Cug.0s-CN
catalyst peeled off from the electrode after CO2RR electrolysis. Although the TEM
image is less clear than that of the as-prepared Cuo.0s-CN catalyst due to the addition of
Nafion binder, the layered structure of the Cuo.0s-CN catalysts without crystalline Cu
species can be observed.
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Fig. S16 The CO-TPD measurement and control samples. (a) CO-TPD curves of CN
and Cuo05-CN catalysts. (b) The GC signal of the hydrocarbon products on Cugs-CN
catalyst and control samples, including 0.05-CN and carbon black. (c) FEs and current
density of 0.05-CN catalyst. (d) FEs and current density of carbon black
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Fig. S17 The Nyquist plots of CN and Cux-CN catalysts in CO-saturated 0.1 M
KHCOs3
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Fig. S18 The comparison of CO2RR performance and FE ratios of CH4/C2H4 with the
reported literatures [S1-S5]

Fig. S20 The fitting curve of k3-weighted EXAFS spectra in R space of Cuo.os-CN,
using the Artemis module of IFEFFIT. The corresponding model is shown as insert.
The fitting for Cuo.0s-CN was done on the k3-weighted EXAFS function y(k) data
from 2.7 to 11 At in the R-range of 1.0-2.0 A. The fitting parameters are listed in

Table S2
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Cu;-g-C3N,

Fig. S21 The optimized structure and the differential charge densities of Cu1-g-C3Na.
Yellow represents electron accumulation and cyan denotes electron depletion. It is
clear that the electrons transfer from Cu atoms to the coordinated N atoms

Fig. S22 The models of pristine g-CaNa (1), Cu1-g-C3aNa (I1), Cuz-g-CaNa (111), and Cuo-
d-C3Nas (IV). Based on the experimental results, four models were first built, namely
the pristine carbon nitride (g-C3N4), one Cu atom incorporated in the nitrogen cavities
of g-C3N4 (Cu1-g-C3Na), two Cu atoms incorporated in the nitrogen cavities of g-C3Na
(Cuz2-g-C3Na4), and the damaged g-C3N4 framework hosted two adjacent atomic Cu sites
with different coordination structures (Cu-d-C3Na)

Note: Based on the structural and compositional characterizations, the C-N
heterocycles of g-C3Na are partially damaged and the defects increase in the Cux-CN
catalysts with high Cu loads, including the Cuo2-CN and Cuos-CN catalysts.
Meanwhile, the increasing O and Cu content and the emergance of Cu?* species indicate
the formation of Cu sites with O-coordination in the Cuo2-CN and Cuos-CN catalysts.
Therefore, the Cuz-d-CsNas structure is proposed to investigate the CO2RR on the Cuo .-
CN and Cuos-CN catalysts.
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Fig. S23 The free energy diagram of CO> to CH4 and C2Hs on Cuz-d-C3N4

Table S1 The Cu content in CN and Cux-CN catalysts determined by ICP-AES

Catalysts CN Cup01-CN CuUo.05-CN Cug2-CN Cuos-CN 0.05-CN

Cu (wt.%) / 0.210 % 0.954 % 2.554 % 3.811 % 0.003 %

Table S2 EXAFS fitting parameters for Cuo.os-CN

Sample Path N R o* AEq R factor
P A) (103 A?) (eV)

Cuo.os-CN Cu-N 3.33 1.92 8.05 11 0.016
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