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Supplementary Figures
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Supplementary Figure 1. The calculated surface energy with different exposed atoms. (a) Cu-surface
CuSe slab; (b) Se-surface CuSe slab; (c) Cu-surface Cu20 slab; (d) O-surface Cu.0 slab. From the above
results, the Se-surface CuzSe and Cu-surface Cu20O possess lower surface energy, indicating the more
stable configuration, which are selected for the calculations of work function.
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Supplementary Figure 2. Synthesis processes of CSCO heterojunction-nanosheet arrays (HNA) on
Cu foil. (a) Schematic diagram; (b) digital and SEM images of the sample during different stages.



Supplementary Figure 3. The SEM images of L-Cu2Se nanosheets on Cu foil with different reaction
time. (a)-(b) 0.5 h; (c)-(d) 1 h; (e)-(f) 1.5 h.

Supplementary Figure 4. The SEM images of L-CuzSe nanosheets on Cu foil with different
concentration of Se precursor solution. (a)-(b) 0.5 times compared to the concentration used in the
Method; (c)-(d) 2 times compared to the concentration used in the Method.
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Supplementary Figure 5. Characterizations for L-Cu2Se nanosheets. (a) Digital images of the large-

scale Cu-CuzSe film; (b) and (c) SEM images at different scales; (d) TEM images; (¢) HRTEM images;
(f) STEM and EDS mapping images.
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Supplementary Figure 6. XRD patterns of Cu-Cu2Se under different conditions. (a) Cu-Cu.Se after
100 °C for 45 mins. (b) Cu-CuzSe after 150 °C for 45 mins. (c) Cu-CuzSe after 200 °C for 20 mins.



Supplementary Figure 7. HRTEM images during the conversion process. (a) Mixture phase of low-
temperature-phase Cu>Se (L-Cu.Se) and high-temparature-phase Cu>Se (H-CuSe) after calcination for
20 minutes; (b) H-CuzSe after the total conversion process. Of note, after full calcination, the L-Cu>Se
was completely converted to H-Cu.Se. As the result, a single phase of H-Cu>Se obtained, which would be
used for additional modifications.
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Supplementary Figure 8. Characterization for H-CuzSe nanosheets. (a) SEM images; (b) TEM images;
(c)-(e) STEM and EDS mapping images.
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Supplementary Figure 9. XRD pattern. (a) L-Cu>Se nanosheets on Cu foil, (b) H-Cu2Se nanosheets on
Cu foil and (c) Cu2Se-Cu20 (CSCO) HNA in situ grown on Cu foil.
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Supplementary Figure 10. XPS spectrum of CSCO HNA in situ grown on Cu foil. (a) High-resolution
Cu 2p spectra; (b) high-resolution O 1s spectra; (c) high-resolution Se 3d spectra.
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Cu,Se (0} K Theoretical 77 1.251 Theoretical 0.79
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Supplementary Figure 11. TEM-extended EDS spectrum of (a) the H-Cu2Se nanosheets and (b)
CSCO heterojunction. The below is the element content analysis of H-CuzSe nanosheets and CSCO
heterojunction. The corresponding samples for TEM and EDS mapping are obtained from the H-CuzSe
nanosheets arrays and CSCO HNA in situ grown on Cu foil by sonication in ethanol.
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Supplementary Figure 12. Characterizations of CSCO HNA in situ grown on Cu bulk. (a) SEM image;
(b) EDS spectrum and element content analysis; (c)-(f) element mapping images.
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Supplementary Figure 13. Characterizations of CSCO HNA in situ grown on Cu foam. (a) SEM
image; (b) EDS spectrum and element content analysis; (c)-(f) element mapping images.
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Supplementary Figure 14. Photothermal effect for CSCO HNA in situ grown on different Cu
substrates. Optical images of CSCO HNA in situ grown on (a) Cu foil, (b) Cu foam, (c) Cu bulk, and (d)
pure Cu foil without CSCO. Photothermal images after 10 s irradiation for CSCO HNA in situ grown on
(e) Cu fail, (f) Cu foam, (g) Cu bulk, and (h) pure Cu foil without CSCO. Photothermal images after 2
mins irradiation for CSCO HNA in situ grown on (i) Cu foil, (j) Cu foam, (k) Cu bulk, and (I) pure Cu foil
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Supplementary Figure 15. The illumination spectrum of our light simulator comparing with
sunlight.
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Supplementary Figure 16. The setup of photocatalytic reactor. (a) Schematic diagram and (b) digital
image of reactor for photothermal catalysis in our work; (c) schematic diagram and (d) digital image of
reactor for pure photocatalysis excluding the heat, in which the Cu-CSCO HNA film floats directly on the
water and can quickly conduct localized heat to maintain its room temperature.



Supplementary Figure 17. Thermocatalysis using Cu-CSCO HNA. (a) Digital image of
thermocatalytic reactor; (b) the temperature controller and corresponding reaction temperature during the
thermocatalysis. Note: a ~200°C temperature was applied by a thermocouple, and no light irradiation.
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Supplementary Figure 18. Gas products detected by GC after (a) 4h and (b) 9h photocatalysis over

Cu-CSCO HNA.
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Supplementary Figure 19. The detected yield of Oz by GC during photothermal catalysis Cu-CSCO
HNA with irradiation time. The obtained yield for O, generation is around 632.96 pmol g* h. It is
worth noting that the consumed holes calculated from oxygen yield are smaller than the electrons
consumed by COz reduction. That's because a lot of the oxygen produced will be dissolved in the solution
and difficult to detect.
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Supplementary Figure 20. The standard curves of (a) CH4, (b) C2H4 and (c) CO for calculation gas
products after photocatalysis.
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Supplementary Figure 21. The yield of (a) CO, (b) CH4 and (c) CzH4 for photothermal CO:2
conversion over Cu-CSCO HNA with irradiation time. 2 x3 cm? Cu foil with 9.12 mg loading CSCO
HNA is used for the photothermal catalysis.
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Supplementary Figure 22. Performance comparison of C2Hs yield over Cu-CSCO HNA with
previous reports. All the performance in the references is obtained under photocatalysis, it clearly shows

that the yield of C2Ha4 generated by Cu-CSCO HNA outperforms most of reported catalysts. ! 234 56.7.8,
9, 10, 11, 12, 13, 14, 15, 16, 17

H,0

Supplementary Figure 23. Representative 'H NMR spectrum of the liquids after 6 h CO:2
photocatalysis over Cu-CSCO HNA. The liquid products were quantified by nuclear magnetic resonance
(NMR) (Bruker AVANCE AV Il 400) spectroscopy, in which dimethyl sulfoxide (DMSO, Sigma,
99.99%) was used as the internal standard.
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Supplementary Figure 24. Characterizations of Cu-CSCO HNA after 10 cycles of photothermal CO:2

reduction. (a) SEM images; (b) XRD patterns; (c)-(f) STEM and EDS mapping images.
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Supplementary Figure 25. Cu LMM Auger electron spectroscopy of Cu-CSCO HNA before (black)
and after (red) photothermal catalysis, in which only the peaks of Cu* were detected at around 916.7

eV.
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Supplementary Figure 26. Synchrotron-based vacuum ultraviolet photoionization mass
spectrometry (SVUV-PIMS). Absolute photoionization cross sections for (a) CO>, (b) CO, (c) CH4 and
(d) CoHa. http://flame.nsrl.ustc.edu.cn/database/data.php Supplementary Figure 26a reveals that CO-
would dissociate into CO when the photon energy approaches about 19 eV; meanwhile, the pure CO and
CHa can be detected when the photon energy is up to 13.1 eV and 12.7 eV, respectively (Supplementary
Figure 26b-c). As such, it is feasible to utilize SVUV-PIMS spectra at the photon energy of 14.5 eV for
distinguishing whether CO, CH4 and C2H4 is obtained from CO- reduction or dissociation.

14



H,0 |

DMSO

CH,CH,OH —

CH,CH,OH

Supplementary Figure 27. Representative 'H NMR spectrum of the liquids over Cu-CSCO HNA
after 6 h CO2 photocatalysis under natural solar spectrum. The liquid products were quantified by
nuclear magnetic resonance (NMR) (Bruker AVANCE AV Il 400) spectroscopy, in which dimethyl
sulfoxide (DMSO, Sigma, 99.99%) was used as the internal standard.
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Supplementary Figure 28. Product yield of Cu-CSCO HNA for CO2 photoconversion under solar
spectrum with different catalyst area, including 1 <1 cm?, 1 x2 cm?, 1 x3 cm?, 2 x2 cm?, 2 x3 cm?,

3 x3cm?.
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Supplementary Figure 29. Characterizations of L-Cu2Se nanosheet powder. (a) TEM image; (b)
HRTEM image, in which the exposed facet can be inferred along [111] direction because 0.204 nm and
0.206 nm interplanar distances match well with the da4o and doss Spacings, and the corresponding dihedral
angle of 59.7° agrees well with the calculated angle between the (440) and (044) planes; (c) XRD patterns;
(d)-(f) annular dark-field TEM images and corresponding elemental mapping images. The initially
obtained CuzSe nanosheets are also identified as L-Cu.Se. TEM and HRTEM images confirm the obtained
Cu2Se nanosheets have a flake-like morphology with hexagonal crystallinity. ESD mapping images show
their even distribution of Cu and Se elements.
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Supplementary Figure 30. Characterizations of H-Cu2Se nanosheet powder. (a) TEM image; (b)
HRTEM image, in which the exposed facet can be inferred along [001] direction because 0.285 nm and
0.285 nm interplanar distances match well with the do2o and dzo0 spacings, and the corresponding dihedral
angle of 90° agrees well with the calculated angle between the (020) and (200) planes; (c) XRD patterns;
(d)-(f) annular dark-field TEM images and corresponding elemental mapping images. Similar to the Cu.Se
nanosheets in situ grown on the Cu foil, the independent L-Cu.Se nanosheets can be easily converted into
the H-Cu,Se nanosheets by calcination in Ar atmosphere.
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Supplementary Figure 31. Characterizations of commercial Cu2O powder. (a) TEM image; (b)
HRTEM image, in which the exposed facet can be inferred along [001] direction because 0.213 nm
interplanar distances match well with the do2o and dzo0 Spacings, and the corresponding dihedral angle of
90" agrees well with the calculated angle between the (020) and (200) planes; (c) XRD patterns; (d)-(f)
annular dark-field TEM images and corresponding elemental mapping images.
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Supplementary Figure 32. Characterizations of independent CSCO heterostructure-nanosheet
powder. (a) TEM image; (b) XRD patterns; (c)-(f) annular dark-field TEM images and corresponding
elemental mapping images. After continued calcination of the independent Cu.Se nanosheets in air, CSCO
heterostructure powder can be synthesized. TEM images confirm their unchanged 2D configuration. XRD
patterns show that there are mixed crystal phases of Cu>Se (PDF: 88-2044) and Cu.O (PDF: 74-1230),
indicating the coexistence of these two compounds. STEM and element mapping images validate the
appearance of oxygen element and the even distribution of Cu and Se, further suggesting the formation of
surface Cuz0 particles.
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Supplementary Figure 33. UV-vis-NIR diffuse reflectance spectra of independent Cu20, H-Cu2Se
and CSCO powders.
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Supplementary Figure 34. UPS and experimental band structure of independent H-Cu2Se and Cu20
powder. SRPES valence-band, secondary electron cutoff spectra and Tauc plots for (a)-(c) H-CuzSe and
(d)-(f) Cu20. The corresponding band structure of (g) H-Cu2Se, (h) Cu20 and (i) CSCO heterostructure.
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Supplementary Figure 35. Schematic illustration of the energy level information from UPS. The
valence band maxima (VBM) of the samples referenced to Normal Hydrogen Electrode (NHE) can be
obtained according to the following equations®® 19
d=hv- Ecutoff
Evem = Eedge + @ - 4.5 (vs. NHE, pH =0)

where @ is the work function, hv is the photon energy of the excitation source (hv =40 eV in our work),
Ecutor 1S the energy of secondary electron cutoff, and Evewm is the valence band maxima of samples vs.
NHE at pH = 0.
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Supplementary Figure 36. XPS spectra and photoluminescence (PL) spectra of independent H-
CuzSe, Cu20 and CSCO. (a) High-resolution Se 3d spectra of H-Cu,Se and CSCO powder; (b) high-
resolution O 1s spectra of Cu20 and CSCO powder. One can clearly see that Se 3d peaks shift towards the
low energy while O 1s peak shifts towards the high energy after forming the CSCO heterostructure, which
demonstrates that the electrons are transferred from Cu20 to CuzSe in the CSCO heterostructure. (c)
Room-temperature PL spectra, in which the CSCO powder exhibits the lowest PL signal, indicating the
best performance for charge carrier separation compared with the pure H-CuzSe and Cu.0.
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Supplementary Figure 37. The performance of CSCO heterostructure-nanosheet powder sprayed
on the quartz (CSCO-Q). The yield of (a) CO and (b) CHa4 with reaction time; (c) *H NMR spectrum of
liquid products after 12 h reaction; (d) the generation rate of various products over this catalytic system.
In this control experiment, mass loading of CSCO heterostructure-nanosheet powder is calculated to 1.52
mg cm2, the same with that obtained in the Cu-CSCO HNA.
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Supplementary Figure 38. The performance of CSCO heterostructure-nanosheet powder sprayed
on the Cu foil (CSCO-C). The yield of (a) CO, (b) CH4 and (c) C2H4 with reaction time; (d) *H NMR
spectrum of liquid products after 12 h reaction; (e) the generation rate of various products over this
catalytic system; (f) digital images of CSCO heterostructure-nanosheet powder spraying on the Cu foil. In
this control experiment, mass loading of CSCO heterostructure-nanosheet powder is calculated to 1.52 mg

cm2, the same with that obtained in the Cu-CSCO HNA.
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Supplementary Figure 39. Photothermal effect of CSCO powder sprayed on Cu foil (CSCO-C) and
guartz (CSCO-Q). (a)-(b) optical and photothermal images after 2 mins irradiation for CSCO-C; (c)-(d)
optical and photothermal images after 2 mins irradiation for CSCO-Q. CSCO-C exhibits much higher
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temperature than that in the CSCO-Q under the solar irradiation, indicating that the Cu foil can efficient
avoid the heat dissipation and retain the localized high temperature.
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Supplementary Figure 40. The performance of mechanically mixed catalytic system of Cu2Se
nanosheet and commercial Cu20 powder. The yield of (a) CO and (b) CH4 with reaction time; (c) 'H
NMR spectra of liquid products after 12 h reaction; (d) the generation rate of various products over this

catalytic system.
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Supplementary Figure 41. Cu-CSCO HNA treated by mechanical friction. (a) The scheme of the
mechanical friction process. (b) Digital images of Cu-CSCO HNA with (blue box) and without gap (red
box). (c) Digital images of Cu-CSCO HNA without gap for catalysis experiment. (d) SEM image.
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Supplementary Figure 42. The performance of Cu-CSCO HNA without gap for photothermal CO:
reduction. (a) GC of the gas products, in which the CO, CH4 and C,H4 were detected as the reduction
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products while the Oz was the oxidation product. (b) *H NMR spectrum for liquid product, in which
DMSO was used as the reference. (c) The yield of each product (CO: 5.44 pmol gt h'l; CH4: 86.32 pmol
gl h?; CoHa: 0.81 pmol gt ht; ethanol: 12.17 pmol gt h).

10 pm

Supplementary Figure 43. SEM cross section images. (@) CSCO HNA in situ grown on Cu foil (Cu-
CSCO); (b)-(c) CSCO heterostructure-nanosheet powder sprayed on Cu foil (CSCO-C). A distinction
between the sprayed and in situ grown systems lies in the presence of numerous spatial gaps between the
vertically arranged Cu»Se nanosheets and an increased abundance of Cu-Cu,Se interfaces within the in
situ grown Cu-CSCO system.

XIXIXIX]
IXIXIXTX]
IXIXIXIX]

[=%
o
-,

3074 —u— 7 direction -310.94 4 —a—x direction -310.94 4 —s—y direction

i :
-310.96 -310.96 1
3081 -310.98 -310.981 .
-311.00 7 -311.00 \
Al -311.02 £ .311.02
£
-311.04 = 311041
310
311.06 4 311.06 4
2311 e -311.08 4 S— -311.08 4

L S
-311.10

Energy (eV)
Energy (¢V)

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
z direction shift (A) x direction shift (A) y direction (A)

Supplementary Figure 44. The initial structure models and energy changes during the optimization
processes. (a)-(c) Views of initial models of Cu>Se nanosheet on Cu foil along different directions; (d)-(f)
total energy changes of the structure during optimization along x, y and z directions.
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Supplementary Figure 46. The charge density difference (CDD) of Cu-Cu2Se nanosheet array model.
(@) Three dimensional distribution; (b) one dimensional distribution. The yellow and blue isosurfaces
correspond to the increase in the number of electrons and the depletion zone, respectively. The isosurfaces
are 0.002 e Bohr,
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Supplementary Figure 47. CO adsorption energy on different slab models. (a)-(c) Theoretical models
and DFT calculated energy (Eprr) of CO adsorbed on the interface of Cu-Cu»Se; (d)-(e) theoretical models
and DFT calculated energy (Eprr) of CO adsorbed on the surface of Cu.Se; (f) the optimized CO
adsorption energy on CuzSe (-0.68 eV) and Cu-Cu,Se (-0.89 eV).
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Supplementary Figure 48. Finite-element method simulations. (a) The size of the theoretical models.
(b) Concentration distribution of CO>. (¢) Concentration distribution of CHs* specie. (d) Concentration
distribution of CO* specie.
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Supplementary Figure 49. CO:2 adsorption isotherms for Cu-CSCO HNA with (red) and without
gap (black).
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Supplementary Figure 50. CO-TPD measurement. The temperature of CO desorption for the Cu-CSCO
HNA without gap (treated by mechanical friction method) is 136 C, which is much smaller than that for
the Cu-CSCO HNA with gap (213 C), confirming the CO desorption is harder in the Cu-CSCO HNA

system with gap.
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Supplementary Figure 51. The energy of CO desorption and protonation processes on the surface
of (a) pure Cu2Se and (b) Cu-Cu2Se models.
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Supplementary Figure 52. In situ FTIR spectroscopy characterization for co-adsorption of a mixture
of CO2 and H20 vapor under light irradiation over CSCO heterojunction powder sprayed on Cu
foil (CSCO-C).
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Supplementary Figure 53. In situ Raman spectra characterization for co-adsorption of a mixture of
CO2 and H20 vapor under light irradiation over Cu-CSCO HNA system. The peaks at around 2040
and 2100 cm™ are attributed to o(CO) while the peaks at 2805 and 2924 cm™ are assigned to the
characteristic bands of v(CHs),?-?2 both of which are crucial initial intermediate for ethanol generation.
The offset at 2500 cm™ is due to switching grating.
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Supplementary Figure 54. Transition states (TS) of the coupling processes of CO* and CHs*
intermediates on the surface of pure Cu foil. The TS are calculated by the CI-NEB method, in which
the energy barrier is computed to 0.99 eV. Brown ball: Cu; red ball: O; white ball: H; gray: C.
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Supplementary Figure 55. TS of the coupling processes of CO* and CHs* intermediates on the
surface of pure CuzSe. The TS are calculated by the CI-NEB method, in which the energy barrier is
computed to 1.12 eV. Brown ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 56. TS of the coupling processes of CO* and CHs* intermediates on the
interface of Cu-Cu2Se. The TS are calculated by the CI-NEB method, in which the energy barrier is
computed to 0.83 eV. Brown ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 57. TS of the coupling processes of CO* and CHs* intermediates on the
interface of Cu-CuzSe with 1 additional CO*. (a)-(h) The TS models. (i) The calculated TS energy plots.
TS are calculated by the CI-NEB method, in which the energy barrier is computed to 0.803 eV. Brown

ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 58. TS of the coupling processes of CO* and CHs* intermediates on the

interface of Cu-CuzSe with 2 additional CO*. (a)-(h) The TS models. (i) The calculated TS energy plots.

TS are calculated by the CI-NEB method, in which the energy barrier is computed to 0.622 eV. Brown
ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 59. TS of the coupling processes of CO* and CHs* intermediates on the
interface of Cu-CuzSe with 3 additional CO*. (a)-(h) The TS models. (i) The calculated TS energy plots.
TS are calculated by the CI-NEB method, in which the energy barrier is computed to 0.561 eV. Brown

ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.

36



2 n\U‘H NI »" ! n’\’,‘ﬂﬁ'\l'\ ; ."" V\;\V’\'\"“"‘»l‘j

4

» < Y
'\y\l'\r‘\AV\'A\_l’\‘. '\,\‘y\rl\A'\'A\""\- '\y\"\u‘l’ '\"“'

4":'1‘,"1‘ 4‘_1"\»1“"4 ”\r‘~‘r\"‘47\4“"4 "‘:l\"\“‘"\l“’\l

’\, \".\ 4“"\'1\"\ 71 N

’V“':'l“""“"‘

0.433 eV

s
=

&
%

o 1 2 3 4 5 6 7
Reaction coordinate
Supplementary Figure 60. TS of the coupling processes of CO* and CHs* intermediates on the
interface of Cu-CuzSe with 4 additional CO*. (a)-(h) The TS models. (i) The calculated TS energy plots.
TS are calculated by the CI-NEB method, in which the energy barrier is computed to 0.433 eV. Brown

ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 61. TS of the coupling processes of CO* and CHs* intermediates on the
interface of Cu-CuzSe with 5 additional CO*. (a)-(h) The TS models. (i) The calculated TS energy plots.
TS are calculated by the CI-NEB method, in which the energy barrier is computed to 0.364 eV. Brown
ball: Cu; yellow: Se; red ball: O; white ball: H; gray: C.
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Supplementary Figure 62. The initial structure models and energy changes during the optimization
processes. (a) Initial models of CuzSe-Cu,O; (b)-(c) Views of the optimized initial models of CuzSe-Cu,0O

along different directions; (d)-(f) total energy changes of the structure during optimization along z, x and
y directions.
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Supplementary Figure 63. CDD of CSCO heterostructure model. (a) Three dimensional distribution;
(b) one dimensional distribution. The yellow and blue isosurfaces correspond to the increase in the number

of electrons and the depletion zone, respectively. The isosurfaces are 0.001 e Bohr3. The enriched charge
density at the interface is beneficial for H.O adsorption.
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Supplementary Figure 64. Transition states (TS) of H20* dissociation into OH* and H* on the
surface of pure Cu20. The TS are calculated by the climbing image nudged elastic band (CI-NEB)
method, in which the energy barrier is computed to 0.647 eV. Brown ball: Cu; red ball: O; white ball: H.
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Supplementary Figure 65. Transition states (TS) of H20* dissociation into OH* and H* on the
interface of CSCO. (a)-(g) The TS models. (h) The calculated TS energy plots. TS are calculated by the
climbing image nudged elastic band (CI-NEB) method, in which the energy barrier is computed to 0.462
eV. Brown ball: Cu; gray ball: Se; red ball: O; white ball: H.
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Supplementary Tables

Supplementary Table 1. Free energy correction for species during COz2 conversion.

| Unit@V) | _E__| ZPE_| TS |

H, -0.76 0.27 0.40
co, -22.98 0.31 0.66
H,0O -14.21 0.56 0.67
CO -14.79 0.13 0.6

Supplementary Table 2. Total energy and free energy correction for CuzSe slab and corresponding
reaction intermediate models.

---

Cu,Se (*)  -359.65 /
CO* -375.12 0.18 0.12
CHO*  -378.25 0.45 0.20

Supplementary Table 3. Total energy and free energy correction for Cu-Cu2Se slab and
corresponding reaction intermediate models.

“--
Cu—Cuzse (*) -311.98
CO* -327.66 0.17 0.15
CHO* -330.34 0.42 0.13
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