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Experimental

Chemicals and reagents

All chemical reagents, including bismuth acetate (CsHoBiOg, 99.9%), cerium (III) nitrate
hexahydrate (Ce(NO;);-6H,0, 99.5%), hexamethylenetetramine (CgH;oN4, 99.9%), absolute
ethanol (C,HsOH, 99.9%), ethylene glycol (C;HO,, 99.9%), and potassium bicarbonate (KHCO3,

99.5%), were of analytical grade and used as received without further purification.

synthesis of CeO@BOC

The CeO,@BOC catalyst was synthesized via a one-step hydrothermal method. Typically, 1
mmol of bismuth acetate, 0.05 mmol of cerium nitrate hexahydrate, and 125 mg of
hexamethylenetetramine (HMT) were dispersed in a mixed solvent system containing 14 mL of
ethanol and 14 mL of ethylene glycol under continuous magnetic stirring at 1000 rpm until a clear
solution was obtained. The resulting mixture was then transferred into a 50 mL Teflon-lined
stainless steel autoclave and heated in an oven at 170 °C for 8 h. After the autoclave cooled down
to room temperature naturally, the resulting precipitate was collected and washed thoroughly with
ethanol and deionized water three times each via centrifugation. The final product was dried in a
vacuum oven at 70 °C for 2 h, yielding a light-yellow powder denoted as CeO,@BOC.

A series of x% CeO,@BOC electrocatalysts (where x represents the molar ratio of Ce/(Ce+Bi))

were prepared using the identical procedure by varying only the amount of cerium nitrate precursor.

synthesis of BOC
The control sample, denoted as BOC, was prepared using an identical procedure to that of
CeO2@BOC, with the only exception that no cerium source was added. The resulting product was

an off-white powder.

synthesis of CeO,
The CeO, control sample was prepared using an identical procedure to that of CeO,@BOC,
with the only exception that no bismuth source was added. The resulting product was a light-yellow

powder.
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Fabrication of the electrodes

5 mg of catalysts, and 20 uL of 5wt% Nafion solution was dispersed into 1 mL isopropyl
alcohol, followed by sonication for 60 min to form a homogeneous solution. Then 100 pL of the as-
prepared solution was dropped onto a carbon paper with the area of 1x1 cm?2 and dried at 60°C for

0.5h to obtain the catalytic electrode.
Materials characterizations

The morphology and dimension of as-prepared materials were characterized by Nova Nano
SEM 450 equipment. The microstructures of the samples were characterized by TEM (FEI TF30).
X-ray diffraction (XRD) pattern was collected by a D/max-2400 diffractometer (Japan Rigaku
Rotaflex) using Cu Ka radiation (A = 154.1 nm). X-ray photoelectron spectroscopy (XPS)
measurement was performed on a Thermo ESCALAB XI+ instrument. The binding energy (BE)
was calibrated with respect to the C 1s level (284.8 eV) of adventitious carbon. Fourier Transform
Infrared (FT-IR) spectroscopy was performed using the standard KBr pellet method to characterize
the vibrational modes of the chemical bonds. Meanwhile, Electron Paramagnetic Resonance (EPR)
spectroscopy was utilized to determine the presence of unpaired electrons by detecting paramagnetic
signals, with the powder sample contained in a quartz tube for analysis.
Electrochemical measurements

All electrochemical measurements were run on a CHI 760E electrochemical workstation. The
H-type cell was composed with two chambers separated by Nafion 117 membrane. The prepared
electrode was subjected as the cathode in the catholyte chamber and a platinum wire as the counter
electrode in the anolyte chamber. Saturated Ag/AgCl electrode was employed as the reference
electrode, and CO, saturated 0.5 M KHCO; with a pH of 8.34 was used as the electrolyte. Solution
resistance and charge transfer resistance were determined by electrochemical impedance
spectroscopy at frequency ranges from 0.1 Hz to 100 KHz. All potentials measured against Ag/AgCl

were converted to RHE scale using the formula:
Epup=Eag/agci +0.198 + 0.0591pH (16)

The flow cell consists of a gas chamber, a catholyte chamber, and an anolyte chamber. Each
chamber has an inlet and outlet for the feed of CO, gas or for the circulation of electrolyte. The
exposed window for electrode is 1x1 cm?. 1 M KOH aqueous solution was used as both anolyte and
catholyte and the two chambers were separated with Nafion 117 membrane. An electronic

flowmeter was employed to control the flow rate of CO, gas. A gas diffusion layer (YLS-30T) was



used, and the mass loading is around 1 mg cm2.
The calculation of electrochemical surface area (ECSA)

All ECSA measurement ranges in this paper are within the non-Faradaic range -0.1 V to -0.2
V. The ECSA was derived from the double layer capacitance (Cg), where the double layer
capacitance can be obtained by conducting cyclic voltammetry (CV) at various scan rates in the
non-faradaic region. The calculation formula is as follows:

Ca= [A(fa‘jc)]/ZAV (17)

Where Cgy represents double layer capacitance, j, represents anodic current at a specified potential,
je represent cathodic current at the same potential, AV represents the difference of scan rates!.
Determination of gaseous products and liquid products

The gas products were analyzed with an online gas chromatography (Fuli 9720plus) equipped
with a thermal conductivity detector for H, detection, and a flame ionization detector for CO
detection. Each quantitative sampling was performed for three times to achieve accurate results.
Liquid products are detected by ion chromatograph (Shenghan CIC-D100).

The Faradaic efficiency (FE) of H; or CO is calculated with the following formula:
Q

total

FE=( )x100%=AxRngxt><Fx2/VM

(18)

where 4 is the area of H, or CO from GC data, R is the correction factor, V, is the flow rate of gas,
¢ is the period of electrolysis, F is the Faraday constant of 96485 C mol-!, and ¥, of 24500 ml mol-
I represents the volume of gas per mole under test conditions. The formate FE (FEgomat) 1S
calculated with the following formula :

FEformate =2nF/Q (19)
where 2 represents the number of transferred electrons during the reaction; »n represents ERCO; to
form formate; F is the Faraday constant (96500C mol-1); and Q is the total amount of reaction
charge?.

In situ Raman measurements

The measurement was carried out by utilizing a home-made spectro-electrochemical flow cell
through a quartz window to detect the cathode GDL. A piece of catalysts supported on GDL (2 x 2
cm?, loading mass: 1.0 mg cm?) was inserted through the wall of the cell to keep the plane of the

working electrode perpendicular to the incident laser. The reference electrode was Ag/AgCl



(saturated KCI) placed in the cathodic compartment; the counter electrode was a graphite rod placed
in the anodic compartment. A syringe pump was used to pump 0.5 M KHCO; at a constant flow
rate of 5 mL min! over the GDL. Investigate the influence of electrolysis time on the structural
changes of the material: Record the spectra after electrolysis for 30 seconds, 1 min, 2 min, 3 min,
10 min, and 20 min at -0.9 V vs. RHE. Investigate the influence of electrolysis potential on the
structural changes of the material: Collect the spectra after electrolysis for 10 minutes at various set
potentials ranging from -0.7 to -1.2 V vs. RHE. Investigate the influence of the reaction intermediate
on changes with electrolysis potential: Collect the spectra after electrolysis for 10 min at OCP and
at various set potentials ranging from -0.6 to -1.2 V vs. RHE.

Supplementary Figures

E A

Figure S1. SEM image of (a) BOC, (b) CeO;and (c) CeO,@BOC.

As shown in the figures, BOC exhibits well-defined and smooth nanosheet structures (Fig.

Sla), while CeO, presents irregular nanoparticle morphologies (Fig. S1b).

Ce0,@BOCY
- .

Figure S2. (a-c) EDS elemental mapping of CeO,@BOC.
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Figure S3. (a) Area ratio of (110) crystal plane and (013) crystal plane of the catalysts prepared
under different reaction conditions; (b) XRD pattern of CeO,.

No distinct CeO, diffraction peaks are observed in CeO,@BOC, likely due to the low content
and the similar lattice parameters of CeO, and BOC. As shown in Fig. S3b, the XRD pattern of pure
CeO, displays characteristic peaks at 28.554°, 33.081°, and 47.478°, corresponding to the (111),

(200), and (220) planes of CeO,, respectively?.
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Figure S4. (a) SAED pattern of CeO,@BOC and (b) BOC

The SAED patterns of CeO,@BOC and BOC show symmetrical diffraction spots assigned to
the (110) and (020) planes of BOC. In the SAED pattern of CeO,@BOC, additional spots

corresponding to the CeO, (422) and (511) planes are also detected.
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Figure S5. (a) FTIR spectra of CeO,@BOC and BOC; (b) Raman spectra of CeO,@BOC, BOC,
and CeO; (c) EPR spectra of CeO,@BOC and BOC.

The FTIR spectra of BOC and CeO,@BOC (Fig. S5a) exhibit an absorption peak at 1389 cm-
I corresponding to the antisymmetric vibration (vs) of CO3%, while the peak at 845 cm'! is assigned
to the out-of-plane bending vibration (v2) of CO;*. The peak at 1065 cm' originates from the
symmetric stretching vibration (vi) of COs%, and the band at 553 cm! is attributed to the stretching
vibration of the Bi=O bond. The Raman spectra (Fig. S5b) show two characteristic peaks at 162 and
1068 cm!, confirming the formation of BOC, and he strong peak at 1068 cm'! is assigned to the v,
vibration of chemisorbed carbonates®. In the Raman spectrum of CeO2@BOC, the peak at 467 cm!
is attributed to the F,, vibrational mode of fluorite-structured CeO,’. The feature at 596 cm!
corresponds to defect-induced oxygen vacancies®. Furthermore, EPR analysis (Fig. S5¢) provides

additional evidence for the presence of oxygen vacancies in CeO,@BOC.
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Figure S6. XPS spectrum of CeO,@BOC and BOC: (a) Bi 4f, (b) O 1s and (c) C 1s.

The signals of Bi, O, Ce, and C are all detected in the synthesized samples. In the Bi 4f
spectrum, the characteristic peaks at 159.04 eV and 164.35 eV correspond to the Bi 4f;,, and Bi 415/,

orbitals of Bi**The O 1s spectra exhibit peaks corresponding to lattice oxygen and surface-adsorbed




oxygen species’. In the C 1s spectra, the peaks at binding energies of 284.8 eV, 286.3 eV, and 288.3

eV can be assigned to C-C, C-O, and O-C=0 species, respectively®. The peaks at 288.3 ¢V and

284.8 eV correspond to carbonates and amorphous carbon, respectively®.
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Figure S7. XPS spectra of BOC(a) and CeO,@BOC(b): Ce 3d.

The Ce 3d spectrum!? contains two sets of spin—orbit doublets corresponding to Ce 3ds/, (u)

and Ce 3ds, (v). The u” and v’ peaks are characteristic of Ce3*, while the peaks u, u”, u”, v, v”, and

v" are associated with Ce*". Based on this, the peaks for Ce** have been labeled in the figure,

enabling integration calculations to determine Ce>*/ (Ce**+ Ce*") proportion.

04 BOC
& &
‘= 0 0.7V
5101 5 0.8V
< ——9.09% Ce0,@BOC < .
E201 4 76% ceo,@BoC Eo] 09V
-
%‘ "30] ——1.96% ce0,@BOC >
2 T L 1.0V
@
G404 520
€ © ERRY
£ -
£-50- Sl
3 g 1.2 V]
- 3
60 3
————————————1—— -40 . . . . . . .
-04 -0.5 -06 -0.7 0.8 -09 1.0 -11 1.2 1.3 [} 500 1000 1500 2000 2500 3000 3500
Potential (V vs. RHE) Time(s)

C
Ce0,@BOC
& o4 0.7 V|
E 08V
< 10+ 0.9V
E
2201 1.0V]
L]
c -
g 30+ ERRY
-
c -
g0 1.2V
=1
o

0 500 1000 1500 2000 2500 3000 3500
Time(s)

Figure S8. (a) Linear sweep voltammograms of catalysts with different cerium-bismuth ratios
under saturated carbon dioxide conditions; Current-time curves of (b) BOC and (c) CeO,@BOC at

different voltages.

To further assess the product selectivity, 1 h chronoamperometry tests were carried out in CO,-

saturated electrolyte at potentials ranging from -0.7 to -1.2 V vs. RHE. The I-T curves (Figure S4b-c)

show that both BOC and CeO,@BOC maintain stable electrolysis throughout the test.
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Figure S9. (a) Faradaic efficiencies of various products for BOC; (b) Methanation Faraday
efficiencies of catalysts with different cerium-bismuth ratios at different voltages

The formate Faradaic efficiency of BOC but remains below 75% across the entire potential

range.
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Figure S10. The schematic illustration of the flow-cell configuration
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Figure S11. (a) LSV curves of CeO,@BOC in an H-cell and a flow cell; (b) NMR spectra of the
liquid products at high current density
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Figure S12. Cyclic voltammograms of BOC(a) and CeO,@BOC(b) in the non-Faradaic potential
region, at scan rates of 20, 40, 60, 80, and 100 mV s°!.
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Figure S13. (a) Cq fitting for BOC and CeO,@BOC; (b) Tafel plots of CeO,@BOC and BOC.

The Tafel plots (Fig. S13b) show that the Tafel slopes of all samples exceed 118
mV dec’!, indicating that they share the same rate-determining step, namely the

formation of the *CO," intermediate!’.
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Figure S14. (a) EIS spectra of CeO,@BOC and BOC; (b) OH- adsorption measurements of



CeO,@BOC and BOC in Ar-saturated electrolyte. Therefore, single-oxidation LSV was

performed in Ar-saturated 0.1 M NaOH to assess the OH- adsorption behavior

%y LT
Figure S15. SEM images of CeO,@BOC after electrolysis for (a) 1 min and (b) 1 h, and of BOC
after electrolysis for (¢) 1 min and (d) 1 h.
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Figure S16. Relative proportions of the Bi (110) metallic phase and the BOC (110) facet in
CeO,@BOC after the reaction.
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Figure S17. (a) XPS Ce 3d spectrum of CeO,@BOC before the reaction; (b) XPS Ce 3d spectrum
of CeO,@BOC after the reaction.
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Figure S18. (a-b) operando Raman spectra of CeO,@BOC and BOC at different electrolysis
durations and (b-c) operando Raman spectra of CeO,@BOC and BOC under different applied
potentials.

Table S1. Performance and stability of similar catalysts reported in recent years.

FE%

Catalysts (Formate) j (mA cm™) Stability (h) Cell Type Ref.
CeO,@BOC >90% 225 120 Flow-Cell This work
BiNS 95% 24 10 H-cell 12
Bi,05/BiO, 95.4 220 30 H-cell 13
Bi MP 95 271.7 10 Flow-cell 14
In/Bi-750 90.82 200 13 Flow-cell 15
BiOBr 96 90 1.94 Flow-cell 16
BOC NFs 97 230 5 MEA 17
BBS 95 400 2.78 Flow-cell 18
Bi-ene 99.8 100 3 Flow-cell 19
Bi,0;@C-800 93 200 10 Flow-cell 20

Big1Sn 95 100 2400 Flow-cell 2




2D-Bi
BOC-NSs
CuO/F/C(w)
Bip6Cug4 NSs

Cu,-C-1100-4

99 17.3 10 H-cell

93 930 12 H-cell
56.8 145 10 H-cell
99.23 260 400 H-cell
63.4 180 14 MEA

22

23

24

25

26

We compared the performance and stability of our catalyst with similar catalysts reported in

recent years. The results demonstrate that our catalyst simultaneously achieves >90% high Faradaic

efficiency, a high catalytic current density of 225 mA c¢cm2, and exceptional long-term stability of

120 hours. The comprehensive performance of these three indicators ranks among the top of all

catalysts in the table.
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