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Experimental Procedures

Chemicals and Reagents

Sodium borohydride (NaBH,, 98%), copper chloride dehydrate (CuCl,2H,0, >99%), potassium
hydroxide (KOH, 95%) were purchased from Sinopharm. Hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4H,0) was obtained from Aladdin. Nafion solution (5 wt%) was supplied by Sigma-Aldrich

Chemical Reagent Co., Ltd. All chemicals were used without further purification.
Catalyst Synthesis

AuCuB-400 was prepared with following a slightly modified literature recipe.! HAuCl4;3H,0 (40
umol) and CuCl,2H,0 (40 pmol) were dissolved in DMF (4 mL), and the solution was sonicated until
completely dissolved. Then NaBH, (400 umol) was added with stirring at 0 °C using an ice bath. After
stirred for 5 min, the material was centrifuged and washed with ethanol and water. Finally, the material
was put into vacuum and dried at 60 °C for 8 h to obtain AuCuB-400. AuCuB-300 and AuCuB-500 were
prepared by changing the amount of NaBH, to 300 umol and 500 pmol. AuCu-400 catalyst was also
synthesized in the same way excepted H,O instead of DMF.

Material Characterizations

The morphology of the sample and lattice structure was characterized by a JEM-2100F Transmission
electron microscope operated at 300 kV. The crystal structure of the sample was characterized by XRD
[Ultima IV type with Cu-Ka as the X-ray source (L= 1.5406 A)]. X-ray photoelectron spectroscopy (XPS)
adopted the AXIS Ultra DLD type to irradiate the material with an Al-Ka ray beam and used C 1s with a
binding energy of 284.6 eV as the standard. The content of Cu, Au, and B in the sample is mainly
determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Agilent 7700

Series).
The electrochemical CO, reduction

Preparation of the Working Electrode The working electrode was prepared by dropping the catalyst
ink onto a carbon paper. This catalyst ink was prepared by dispersing 2 mg of as-synthesized catalyst in
20 pL of Nafion 117 solution and 40 pL of water, ultrasonicating for 30 min. The catalyst loading of all

the catalysts on the carbon paper was 1 mg cm2.

CO; reduction and product analysis A gas diffusion electrode was used for CO, reduction. An anion

exchange membrane was separated between the catholyte and anolyte chamber. A mass flow controller
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was used to set the CO, flow rate at 15 SCCM. A saturated calomel electrode (SCE) and Pt mesh electrode
were utilized as the reference electrode and counter electrode, respectively. The electrocatalytic
performance of two catalysts for the CO,RR was conducted by LSV curves in an N,-saturated (pH 14.0)
or CO,-saturated (pH 13.5) 1 M KOH electrolyte and a sweep rate of 50 mV s-!. The measured potentials
(V vs SCE) were converted to the RHE reference scale using Erpg = Egcet0.0591xpH+0.241 as
previously reported.? Then, for product analysis, the GC (Agilent Technologies 7890A) with detected by
thermal conductivity detector and flame ionization detector was used for the detection of gaseous and
liquid products, Meanwhile, the liquid products were collected and analyzed using '"H NMR technique.

The Faradaic efficiency for a specific product is calculated using the following equation:
FE =ZxnxF/Q

The amount of substance represented by n; the number of electrons transferred by the product produced
by Z; the value of F is 96485 F mol!; the total electrolytic electricity represented by Q. The partial current

density for a specific product equals total current density multiplies Faradaic efficiency for this product.
Operando Raman Measurements

All in situ electrochemical experiments were performed in a custom-made three-electrode cell
(Tianjin Aida Hengsheng Technology Development Co., Ltd.). Operando Raman spectra was taken on a
Raman microscope (Renishaw) with a 633 nm excitation laser. The Raman probe was focused on the
electrode/electrolyte interface through a quartz window. Raman spectra was collected during
chronoamperometry at various potentials. All potentials which refered to Raman data discussed in the

results were against the RHE and converted to the RHE scale by Erug = Exg/agcrt0.198+0.0591xpH.
Computational methods

The first-principles density functional theory (DFT) calculations with plane-wave basis set were
performed using the Vienna ab initio simulation package (VASP) software.? All calculations used the
generalized gradient approximation (GGA) with the projector-augmented wave (PAW)* pseudopotentials
and the Perdew-Burke-Ernzerhof (PBE)* exchange-correlation functional. The plane wave cutoff energy
was set to 400 eV. The convergence of energy and forces were 1x10- eV and 0.02 eV A-! for structural
optimization. The AuCu(111) and AuCu(111)-B surfaces were modeled by p(1x1) four-layer slabs and
15 A of vacuum space was applied to eliminate the spurious interactions between slabs along the Z
direction. The Brilouin zone was sampled with 7x7x1 Monkhorst-Pack mesh for structural relaxations
and 14x14x1 for electronic structure analysis. The bottom layers were fixed while the top three layers
were fully relaxed during structural optimization. The Gibbs free energy change (AG) for each CO,RR

process was given by



AG = AE+ AZPE-ATS

Where E can be directly obtained from DFT calculations, ZPE and TS were defined as zero-point energy

and entropy change at room temperature (298.15 K), respectively.

Results and Discussion
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Figure S1. Histograms of the particle size distribution of AuCu-400 (A) and AuCuB-400 (B).
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Figure S2. The possible reactions for the formation of AuCuB

As NaBH,; was added into DMF, Na* can be strongly solvated by DMF through coordination,
allowing high dissolution of NaBH, and dissociation of borohydride anion (BH4").> The BH4~ anions can
act as reductant for AuCu formation. Meanwhile, BH;~ can also decompose on surface of AuCu to
produce B atoms on the growing AuCu surface [Eq S1-S5].¢ As shown in Table S1, the decomposition
of BH;™ could also occurred on prepared AuCu or Cu (entries 4 and 6), unfortunately not on the surface
of Au (entries 2 and 5).
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Figure S3. LSV curves recorded at a scan rate of 50 mV s'! in 1 M KOH for AuCu-400.
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Figure S4. TEM images (A, B) and histograms of the particle size distributions (C, D) of AuCuB-300
(A, C) and AuCuB-500 (B, D).
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Figure S5. XRD patterns of AuCuB-300 (black line) and AuCuB-500 (blue line).
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Figure S6. FE( for different AuCuB electrocatalysts (AuCuB-300, AuCuB-400 and AuCuB-500).
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Figure S8. Cyclic voltammetry curves of AuCu-400 (A) and AuCuB-400 (B) at different scan rate (40
mV/s, 60 mV/s, 80 mV/s, 100 mV/s, and 120 mV/s).
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Figure S9. Charge density difference of the AuCuB model. The yellow and blue regions represent the

electron accumulation and depletion, respectively. Au: large yellow, Cu: large blue, B: small green.
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Figure S10. Potential-dependent Operando Raman spectroscopy recorded on AuCu-400 (A) and
AuCuB-400 (B) in 1 M KOH.

According to the previous literature,” the mechanism was shown as follows, in general, it can be
divided into following three steps [Egs. (S6)-(S8)] :

CO, + * + H' + & »*COOH (S6)
*COOH + H* + e —*CO + H,0(1) (S7)
*CO — CO + * (S8)

* implies an adsorption site. CO, undergoes a proton-coupled electron transfer (PCET) step to give
*COOH, which is further reduced to *CO after another PCET step. Finally, the adsorbed *CO is released

from the surface as the product.
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Figure S11. Computational models of the AuCu(111) (A) and AuCu(111)-B (B). Au: yellow, Cu:

orange, B: pink.
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Figure S12. Gibbs free energy profiles of CO,RR to CO on AuCu(111) and AuCu(111)-B calculated

with VASPsol code, considering the solvation effect of water.



Table S1 Controlled experiments for the synthesis of AuCuB

Entry Synthesis processes Synthesized materials B content (at%)
1 HAUCI;H,0 + CuCl2H;0 + NaBH; =™ AuCuB 3.93
2 HAUCI{H,0 + NaBH, o= Au(B) -
3 CuCl2H,0 + NaBH, Ty=> - -

1) HAuCl4H,0 + CuCly;2H,0 + NaBH, .o AuCu
2

4 AuCuB-2 1.2

2)  AuCu + NaBH4 DVE

1) HAuCIyH,0 + NaBH, —/——=> Au
H,O

5 Au(B)-2 -

2) Au + NaBH, VE

1) CuCly2H,0 + NaBH, —=> Cu
H,0

6 CuB-2 0.7

2)  Cu + NaBH, DVE

Table S2 Summary of reported heteroatom-doped catalysts for CO production via CO,RR.

Catalyst Max FEco (%) Jco @MaxFE (mA cm2) Ref
AuCuB 99 76 this work
Ordered AuCu 75 78.3 8
MoSeS alloy monolayers 45.2 43 ?
PdH(111) octahedra 92 40.2 10
Bi-CMEC 80 30 1
LiET-Zn 91.1 23 12
Aug4Pdg 94 10 13
Ag/Pd alloys 98.6 9.3 14
PdCus/NC 99.2 4.45 15
NCNTs 80 0.75 16
N,S-Co doped carbon layers 92 2.63 17
F-C 90 0.26 18
3D-NG 85 1.8 19
g-C3Ny/MWCNTs 60 0.6 20
ZIF-8 mediated NC 78 1.1 21
BNMC 95 3.0 22
NPCM 92 3.1 23
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Table S3 B content (ICP-AES) with different NaBH,4 conditions

Kinds of Catalysts B content (at%)
AuCuB-300 2.06
AuCuB-400 3.93
AuCuB-500 5.88
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