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Physicochemical characterization:

Morphological observations of the material were carried out on a field emission
scanning electron microscope (SEM) (Hitachi S-4800). X-ray diffraction (XRD)
patterns of samples were obtained on a Bruker D8 X-ray diffractometer with Cu Ka
radiation (A = 1.5406 A) and a high-resolution transmission electron microscope
(HRTEM) (Philips Tecnai G2 F30 S-TWIN) along with high-angle annular dark field
scanning TEM (HAADF-STEM) and elemental mapping. X-ray photoelectron
spectroscopy (XPS) measurements were measured on a Thermo Scientific X-ray
photoelectron spectroscopy system (ESCALAB 250Xi) with monochromatic Al Ka
Radiation (E=1486.2 eV), and the binding energies were calibrated by C s to 284.8
eV.

Electrochemical characterization:

All electrochemical tests were performed on a CHI660E electrochemical workstation
(Chenhua, Shanghai, China). A proton exchange membrane (PEM, Nafion 117) was
used as a separator for CO,RR in an H-cell to avoid cross-product contamination. For
the CO, reduction half-reaction, 0.5 M KHCOj solution was prepared as the electrolyte
in a conventional H-cell, which utilized a three-electrode system including a modified
working electrode, an Ag/AgCl reference electrode and a platinum sheet counter
electrode. The volume of electrolyte in each cathode chamber was controlled to be 80
mL, and the effective contact area between the working electrode and the electrolyte
was maintained at 1 cm?.

Prior to performing individual electrochemical tests, high purity gases were passed into
the solution for at least 40 minutes to ensure saturation. The pH of 0.5 M KHCO;
saturated with argon was 8.7, and that of 0.5 M KHCOj saturated with carbon dioxide
was 7.7. The gas flow rate was maintained at 20 sccm during the test by a Gas flow
quality controller (IKFD-LC-300SCCM) (Aino Instrument Technology Co., Ltd
(Beijing, Chin). To avoid chance, all electrochemical tests were performed in at least

three sets of parallel experiments. All potentials measured in CO,RR were converted to



reversible hydrogen electrodes (RHE): E(RHE) = E(Ag/AgCl) + 0.059xpH + 0.197
(V).

For the CO, reduction, linear scanning voltammetry (LSV) was measured in Ar and
CO, saturated 0.5 M KHCO; at a sweep rate of 5 mV s’!, respectively. Cq was
calculated by varying sweep rates from 20 to 120 mV s'! in the potential range of -0.1
to 0.1 V (vs. RHE). The electrochemical impedance spectrum (EIS) was measured at a
potential of -0.75 V (vs. RHE) with a frequency range of 0.01 Hz to 100 kHz and an

amplitude of 5 mV.

Calculation of FE, production rate (PR), single-pass conversion efficiency (SPCE),
energy efficiency (EE) and electricity consumption

The FE of liquid products for CO,RR was calculated as follows:
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Here, Z is the number of transfer electrons to form 1 mol formate, 2 for CO,RR. n is
the moles of formate. F is Faraday constant (96,485 C mol!). Q. is number of charges

transferred by the reaction.

The Faraday efficiency of gas product was calculated as follows:

ZFV(mlmin™) - v(vol%) - P(Pa
4 X 100% = ( - ) ( ) K )><100%
Qeotal [((A)RT(K) 2

FE =

For CO,RR, Z = 2 is the number of transfer electrons to form 1 mol H, or CO. F is
Faraday constant (96,485 C mol!). V is the gas flow rate (mL min!). v (vol%) is the
volume concentration of CO or H, in the outlet gas. P is the pressure of the
chromatography inlet ring (Pa). R is the ideal gas constant (8.314 J mol! K!). T is the

pressure of the chromatography inlet ring (K).

The PR (mmol h! cm) of formate produced by CO,RR was calculated as follows:
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where C (mmol L) is the molar concentration of formate in the electrolyte. V (L) is
the volume of the electrolyte, t (h) is the electrolysis time and S (cm?) is the geometric

area of the working electrode.

The SPCE for the conversion of CO, to formate was calculated as follows:
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where Q (C) is the total charge through the system. V (L min') is the CO? flow rate. t
is the electrolysis time (min). Z is the number of transfer electrons to form 1 mol

formate, and i is the recorded current (A).

The EE for the conversion of CO, to formate was calculated as follows:
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Where AE® (V) is the thermodynamic equilibrium potential of the specific product, F is

the Faraday constant (96,485 C mol™"), and Ec; (V) is the applied cell voltage.

Calculation of electricity consumption for formate production:
After 30 minutes of electrolysis, the consumed electricity (W) could be calculated
according to the following equation:

W=UXIxt=UXQ
where U is the applied cell voltage (V), I is the current (A), t is the electrolysis time (h),
and Q is the total charge (C).

The quality of the formate could be calculated by the following formula:
m=cXV
Here, V is the volume. the energy consumption per kilogram of formate was obtained

as follow:



w
Energy consumption = —
mé



DFT calculations

All first-principles DFT calculations were conducted using the Vienma ab initio
simulation package. It adopts the generalized gradient approximation in the
Perdew—Burke—Ernzerhof functional (GGAPBE) to treat the electron exchange and
correlation interaction while utilizing the projector-augmented wave method to
describe the ion electron interactions. We applied a plane-wave basis set with a kinetic
energy cut-off of 450 eV to perform the calculations. The orbital cutoff of 4.0 A was
used and the I'-point and a 2 x 2 x 1 k-point mash were used to sample the Brillouin
zones. For the CuO, a unit cell with 88 atoms was built, and a 20 A vacuum space above
the surface was created to separate the surface slab and its periodic image. All the
molecules were placed in the same box of CuO. All calculations were conducted within
the framework of spin-polarized DFT and the spin states were fully relaxed. The
convergence criteria for the energy change, maximum force, and maximum
displacement tolerances were set to 1.0 x 105 Ha, 0.005 Ha/A, and 0.005 A,
respectively. The free energy of each system is calculated by adding a Gibbs free energy
correction, including contributions from zero-point energy (ZPE), enthalpy (H) and
entropy (S) to the total energy calculated in Dmol®. All the Gibbs free energy
corrections were calculated in gas phase at 298.15 K. Each electrochemical reaction
step during catalysis considered in the present work involves a (H" + ¢) pair transfer
from the solution to the adsorbed species on the catalyst. All Bi;O3/CuO, In,O3/CuO

and Bi,0;- In,O;3/CuO supported systems were calculated under the standard pressure.
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Fig. S1 SEM images of (a) Bi;O;@CuO NWs and (b) In,O3;@CuO NWs.
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Fig. S2 EDX spectrum of Bi,03-In,03@CuO NWs.
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Fig. S3 SAED image of Bi,03-In,O;@CuO NWs.
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Fig. S4 Contact angle test of (a) Bi,03-In,O3@CuO NWs, (b) Bi,03;@CuO NWs and
(C) InzOg@CuO NWs.
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Fig. S5 LSV curves of Bi,0;@CuO NWs, In,0;@CuO NWs and Bi,03-In,0O;@CuO
NWs in CO,-saturated 0.5 M KHCOj solution at scan rate of 5 mV sl
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Fig. S6 CV curves of (a) Cu foam, (b) Bi,0;@CuO NWs, (¢) In,0;@CuO NWs and
(d) Biy03-In,03;@CuO NWs from scan rate of 20 to 120 mV s in 0.5 M KHCO;,

potential ranges: -0.1 to 0.1 V (vs. RHE).
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Fig. S7 EE of Bi,05-In,0;@CuO NWs for cathodic CO,RR. Data are presented as

mean = SD (n=3).
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Fig. S8 SPCE of CO, toward formate using Bi,03-In,O;@CuO NWs, Bi,O;@CuO
NWs and In,0O;@CuO NWs.
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Fig. S9 (a) GC spectrum of the mixed standard gas (H,, CO, CH,, et.al). (b) GC

spectrum of the Bi,03-In,O3;@CuO NWs catalyst at -0.75 V (vs. RHE) electrochemical

test in CO,RR. Standard curves for (c¢) formate, (d) CO, (¢) CH4 and (f) H,.
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Fig. S10 XPS spectra of Bi,0;3-In,0;@CuO NWs before and after CO,RR. (a) Bi 4f,
(b) Cu2p, (c) In 3d and (d) O 1s.



Table S1 Comparison of electrocatalytic CO,RR to formate performance on various

catalysts in H-cell from recent literatures.

-0.75 88.7 28.4 529.5
Bi,05-In,0; )
@CuO NWs 0.5 M KHCO; -0.85 83.7 335 624.5 This work
-0.95 69.2 31.8 593.7
Bi dendrite 0.5 M KHCO; -0.74 89.0 2.7 / 7
Bi nanosheets 0.1 M KHCO; -1.10 86.0 16.5 / 8
f- Bi,O3 0.1 M KHCO; -1.20 87.0 20.9 / 9
Bi,S5-Bi,0; 0.1 M KHCO; -0.90 90.1 3.7 / 0
Bi,0;@GO 0.5 M KHCO; -0.94 83.0 22.8 / u
In,O;@In-Co PBA 0.1 M KHCO; —0.96 85.0 13.5 135.7 iz
SnInO, 0.1 M KHCO; -1.30 80.0 24.0 / 13
Agsolnso@In, 05 0.5 M KHCO; —-0.90 83.0 7.5 268.4 v
InBDC 0.5M KHCO; -0.67 88.0 6.8 / 15
In; 5Cuy sNPs 0.1 M KHCO; -1.20 90.0 3.9 214.3 6
Cu,O/Cu@NC 0.1 M KHCO; —0.68 70.5 4.3 188.7 17
Bi,0;-CuOy 0.5 M KHCO; -0.76 89.3 8.2 / 8
Cu NWs-BiNSs 0.5 M KHCO; -0.86 87.0 6.3 / ”
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