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1 Product analysis
1.1 Gas product analysis

Gas chromatography (GC, Techcomp, GC7900) equipped with a flame ionization
detector (FID) and a thermal conductivity detector (TCD) was used to qualitatively and
quantitatively determine the gaseous products (such as H, and CO or other gaseous

hydrocarbons).

Qg n-Z-F V%-v-z-F
FE = X 100% = — X 100%
Qtotal Qtotal average ' ' m (Eq Sl)

Where V % is the relative content of gas product, v is CO, flow rate (40 sccm), z is the
electron transfer number (z = 2, 2, 8, and 12 for H,, CO, CHy4, and C,H,4, respectively),
F is the Faraday constant (96485 C-mol!), V,, is the gas molar volume (22.4 L-mol!

under standard conditions), Tyyerage is the total steady-state current density (mA-cm-2).

1.2 Liquid product analysis

Liquid products were detected by 1H nuclear magnetic resonance spectroscopy
(IHNMR). In the 1H NMR spectra, the peak area of products such as formate was used
to quantify the concentrations of formate and other liquid products. The faradaic

efficiency (FE) of the liquid product was determined as follows:

Q. n-Z-F
FE=—= x 100%

Qr QO (Eq. S2)

Where n is the mole of liquid product, z is the required number of electrons (z = 2, 6,

8, 12 and 18 for formate, methanol, acetate, ethanol, and 1-propanol, respectively). F is



Faraday constant (96485 C-mol!), Q. and Qr are the charge used to produce the liquid

product and the total charge consumed in CO,RR, respectively.



2 Kinetics calculation section of CO,RR to formate

The kinetic parameters of the kinetic models were obtained by fitting the models
with steady-state internal resistance (IR)-corrected Jycoo™-V curves using a global
optimization method, which comprises a random search using genetic algorithm and a
local optimization employing a trust-region reflective algorithm. All simulations were
performed using a commercial software package (MATLAB R2010b, the MathWorks
Inc.). The reaction rate equations and control equations are listed in Table S2. The
corresponding kinetic parameters under 20 mA-cm- are listed in Table S3. The active

site content normalized kinetic parameters under 20 mA-cm are listed in Table S4.



3 Supporting Figures and Tables

-

Figure. S1. The SEM image of BiOCl catalysts.

Figure. S2. The SEM image of Bi,,O,Br, catalysts.

Figure. S3. The SEM image of BiOlI catalysts
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Figure. S4. The atomic intensity line scanning analysis images. (a) BiOCl, (b) BiOBr,

(¢) Bip4O5Brg and (d) BiOI catalyst
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Figure. S5. The XPS Bi 4f spectrum of BiOCl, Bi,,O,Br, and BiOl.
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Figure. S6. The XPS O 1s spectrum of BiOCl, Bi,,O,Br, and BiOI. The peaks were

assigned to Bi-O structure (529.85 ~ 530.25 eV)[1], O.4s (531.95 eV)[2] and C-O

structure (533.15 ~ 533.3 eV). The C-O signal maybe come from formation of

B1,0,COj; reaction with CO, in the air. The content result was listed in Table S1.
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Figure. S7. The XPS C 1s spectrum of BiOCl, Bi,O,Br, and BiOI. The peaks were

assigned to carbon in nature (284.8 eV), C-O structure (286.4 eV)[3] and O-C=0



structure (288.6 ~ 288.8 eV). The C-O and O-C=0 signal maybe come from formation

of Bi1,0,CO; reaction with COs in the air. The content result was listed in Table S2.
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Figure. S8. The XPS Cl, Br, I spectra of BiOCl, Bi,,0,Br, and BiOL
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Figure. S9. The Raman spectra of BiOCl, Bi,,O,Br, and BiOI. In Raman spectra, the
peaks at 149 cm™! and 199 cm™! can be assigned to A, internal Bi-Cl stretching mode
and E, internal Bi-Cl stretching mode[4]; those at 114 cm™ and 154 cm™! can be

assigned to Aj, internal Bi-Br stretching mode and E, internal Bi-Br stretching



mode[5]; the characteristic Raman peak of BiOI locates at 148 cm™![6, 7].
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Figure. S10. The BiOX Faradic efficiency of formate, H, and CO during CO,RR from

-0.72 V to -1.05 V vs. RHE of (a) BiOCl, (b) Bi,,O,Br, and (c) BiOL.
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Figure. S11. The CV curves of the BiOX catalysts during ECSA test from 100 mV-s-!

to 10 mV-s'L. (a) BiOCl, (b) Bi,,O,Br;, and (c) BiOL
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Figure. S12. The Cg value of BiOCl, Bi,,0,Br, and BiOI. Bi,,O,Br;, has the lowest Cq
(0.094 mF-cm?) compared with BiOCI (0.241 mF-cm?) and BiOI (0.174 mF-cm),
support that Bi,O,Br, high performance is attributed to the feature of active sites rather

than the number of the active sites.
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Figure. S13. The Cy normalized formate partial current density of BiOCl, Bi,O,Br,

and BiOL. BiOI has the largest normalized Jycoo™, which means that BiOI has the most



CO,RR active sites density. The Bi,O,Br, anomalous Jicoo™ decrease in 1.0 V (vs.
RHE) observed here is a common phenomenon during electrode selectivity test on Bi-
based catalysts. Numerous publications have mentioned a sudden decrease in formic
acid faradaic efficiency at around -1.0 V vs. RHE[7, 8]. Therefore, the phenomenon
observed in this paper is normal, and its underlying mechanism is expected to be further

explored by subsequent researchers.
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Figure. S14. The Bi,,0,Br;, FE of formate, H, and CO generation during the 7h CO,RR

stability test.



200 nm

Figure. S16. The SEM image of Bi,,0,Br;, after 1 hour electrolysis. (a) The SEM image

of electrode surface. (b) The SEM image of electrode surface under high magnification.
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Figure. S17. The XRD pattern of BiOCl, Bi,,O,Br, and BiOI after CO,RR.

Figure. S18. The SEM images of (a) BiOCl, (b) Bi,,O,Br, and (c) BiOI after CO,RR.
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Figure. S19. The XPS total spectra of Bi,O,X,-derived Bi,0,COjs catalysts after

CO,RR.
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Figure. S20. The EIS test results of BiOCl, Bi,,O,Br, and BiOI from 0.1 Hz to 20000

Hz. The Internal Resistance is 1.48 Q of BiOCl, 1.64 Q of Bi,O,Br, and 1.55 Q of

BiOl.
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Figure. S21. The gas chromatographic spectra of Bi,O,Br, during CO,RR stability

test. (a) TCD spectrum, (b) FID spectrum. The H; and CO are only two gas products.
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Figure. S22. The 'H-NMR spectrum of Bi,O,Br, during CO,RR stability test. The

HCOQO:- is the only one liquid product.
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Figure. S23. The XRD pattern of BiOCl, Bi,,O,Br, and BiOI after CV activation.



Table S1. The XPS O 1s content results of Bi,0,X,, before CO,RR.

Bi-O /% Oads / % C-O/%
BiOCl 59.64 24.87 15.49
Bi,0,Br, 49.66 41.66 8.68

BiOl 34.26 45.02 20.72




Table S2. The XPS C 1s content results of Bi,,0,X,, before CO,RR.

C-C/% O-C=0/% C-O/%
BiOCl 94.31 5.69 0
Bi,0,Br, 82.87 7.13 10.00

BiOl 82.45 9.13 8.42




Table S3. Reaction rate equations and control equations for CO,RR to formate.

Kinetic equations for the elementary steps of CO,RR

Pco
ry =Ko - (1= 9602 ds COOH ) (—) (Eq. S1)
"-1= K102 0o, (Eq. S2)
Ceo

2 aFn
2= K01 0co, (F) rexp() (Eq. S3)

CHCO

(1-a)Fn
T2 =Kp1" HCOOHadS' ( ) - exp( - —T) (Eq. §4)
aFn
r3= K301 9000Had exp( - —) (Eq. S5)
CHCOO - (1-a)Fn

T_3=Kz5 - (1- 9C02,ads - HCOOHadS) - ( 5 ) - exp( - T) (Eq. S6)

Control equations for the CO,RR process

dqco
c —2=r —-T_=T,+T (Eq. S7)
COZ,ads dt 1 -1 2 -2
dbcoon
CCOOHads—dt STy-T_-T3tr_g (Eq. S8)
dE
Cargy = J@O) = [(ry=7_D+ (rs-7_] F/n (Eq. S9)

Note: Where r is the elementary reaction rate (mol'm2's’'), K is the reaction rate
constant (mol'm2's!), ¢ is the concentration (mol'm=), 0 is the coverage, a is the
symmetry coefficient, 1 is the overpotential (V), R is the gas constant (J'mol-"'K-1), T
is the temperature (K), 6 which subscripts CO, and COOH represent the intermediate

CO,, ads and COOH, ads, respectively, and ¢ which subscripts CO, and HCOs-



represent the reactant CO; and electrolyte KHCOs3, respectively.



Table S4. The rate constants under 20 mA-cm™2 for the elementary steps of CO,RR on

the BiOCl, Bi,O,Br, and BiOI-derived Bi,0,COjs catalysts.

Rate Constants BiOClI Bi,O,Br, BiOI
K101 1.22x10°! 2.62x10! 1.60x10°!
Koz 3.93x10! 3.27x1072 7.12x1072
aFn
Ky - exp(ﬁ) 3.66x107 1.52x10° 3.53x10°
(1-a)Fn
Kzoz-exp(—T) 5.25x107° 8.71x10°10 3.01x1010
aFn
K1+ exp(r) 8.27x10°5 2.24x10° 5.67x10°
(1-a)Fn
K30, - exp(-————) 7.98x10 4.15x1073 2.31x10°

RT




Table S5. The active site normalized content rate constants under 20 mA-cm™2 for the

elementary steps of CO,RR on the BiOCl, Bi,0,Br, and BiOl-derived Bi,0,CO;

catalysts.

Normalized Rate Constants BiOClI Bi,O,Br, BiOI
K191/N 6.08x10° 1.90x10! 3.02x10°
Kygo/N 1.96x103 2.38x10° 1.34%10°

aFn
Kao1 * exp() /N 1.83%10° 1.11x107 6.66x10
(1-a)Fn
Kooy - exp(=——2—)/N 2.63x107 6.33x108 5.67x10°
aFn
K01 - exp(=)/N 4.13x10° 1.62x10° 1.07x10
(1-a)Fn
K30z - exp(=—5——)/N 3.99x102 3.02x10! 4.36x102

Note: Where N is the parament which represents active site content. N=Bi-O content

(%) % Cq. The Bi-O content were calculated by XPS Ols results after CO,RR.



Table S6. The XPS O 1s content results of Bi,0,X,, after CO,RR.

Bi-O / % 0-C=0/% Ouas / %o O-F/ %
BiOCl 8.30 7.76 59.65 24.29
Bi,O,Br, 14.65 18.20 51.23 15.92

BiOl 30.50 23.47 29.46 16.57




Table S7. The mole fraction of Bi*" dissolution of BiOClI, Bi,,0,Br, and BiOI

calculated by ICP-OES results.

Bi3* dissolution mole fraction / %

BiOCl
Bi,O,Br,

BiOl

3.099

3.026

2.988




Table S8. Comparison of catalytic performances of Bi,,O,Br, catalysts and the reported

Bi-based catalysts in H-type cell when they reach at 90 % FEpcoo™

Jhcoo / mA-cm™2 Potential / V (vs. RHE)
Bi,,O,Bry(This work) 52.31 -0.85
Bi,0,S[10] 32.7 -0.90
Ce0O4-Bi,0,CO5[11] 18 -1.00
BiOI microflower[12] 41.3 -1.00
Bi@B,0,CO;[13] 20 -0.80
Bi-BTB[9] 12.70 -0.67
2D-Bi,0,C03[14] 3 -0.80
Bi,0;@C-800[15] 7.5 -0.90
BiPO,4[16] 17 -1.20
2D-Bi[17] 21 -0.83
In / Bi-750[18] 32.22 -1.40
Bi-TiO,-700[19] 8.4 -1.00
BisO;1[20] 14.9 -0.89

Bi»S3-ppy[21] 56.95 -1.20
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