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Experimental section

Materials

Cu(OAC)2.H20 (99.0%), KHCO3 (99.0%), ethanol (99.5%), sodium ascorbate (SA, 98%),
cetyltrimethylammonium chloride (CTAC, 96%), tannic acid (TA)were purchased from

Alfa Aesar and used without purification.
Materials characterizations

Transmission electron microscopy (TEM) images were conducted on a FEl Talos
F200X G2 with acceleration voltage 200 kV and scanning electron microscopy (SEM)
images were achieved from JEOL JSM-7500F microscope with acceleration voltage 5
kV. X-ray diffraction (XRD) patterns were measured on a Rigaku Mini Flex 600 powder
diffractometer with Cu Ka radiation. X-ray photoelectron spectroscopy (XPS) spectra
were obtained on Perkin Elmer PHI 1600 ESCA system. Fourier transform infrared

(FTIR) spectra were taken from Nicolet iS50, Thermo Fisher Scientific.
Sample preparation

Firstly, to prepare Cu nanoparticles (NPs), 0.72 g of CTAC, 154 mL of H,0, and 2 mL
of 0.1 M Cu(OAc),.H,0 solution was mixed together and stirred for 15 min. Next, 4 mL
of 0.5 M SA solution was added to above solution and continued to stir for 15 min.
Then, the solution was heated to 100 °C and lasted for 180 min. After cooling to room
temperature, Cu NPs were collected by centrifugation and washed by H,0 and ethanol
at 8000 rpm for 6 min at least three times. Finally, Cu NPs were obtained after heating

at 60 °C for 6 h under vacuum condition. Then, a desired amount of TA and Cu NPs



were mixed and ultrasonicated for 0.5 h in ethanol solution to prepare Cu-xTA (x
represented the designed mass ratio of TA:Cu). Then the sample was centrifuged and

dried at 60 °C for overnight under vacuum condition.

Electrode preparation

10 mg of nanoparticles was dispersed into 1 mL ethanol with 50 pL Nafion solution
and sonicated for 1 h to obtain homogenous suspension. Then, 10 ulL catalyst ink was
dropped on glassy carbon electrode (6 mm in diameter) and dried at room

temperature.

Electrochemical CO; reduction test in H-Cell

Electrochemical tests were performed in an H-type Cell separated by proton
exchange membrane (Nafion-117) in COz-saturated 0.1 M KHCOs electrolyte with
Parstat 4000 electrochemical workstation (AMETEK). Pt sheet and Ag/AgCl electrode
(filled with saturated KClI solution) were used as counter electrode and reference
electrode, respectively. Before CO2RR test, the electrolyte was bubbled for at least 30
min with high-purity CO; (99.999%) to saturate electrolyte at a flow of 20 sccm with
digital mass flow controller. In this work, all potentials were converted to reversible
hydrogen electrode (RHE) unless mentioned by the following equation:
ErHe=Eag/agci+0.059pH+0.197.
Electrochemical CO; reduction test in flow cell

The 50 ulL of catalyst ink was dropped onto the commercial Sigracet 29 BC carbon
paper with a size of 15 x 15mm and dried at room temperature. Pt sheet and Ag/AgCl

electrode (saturated KCl solution) were used as counter electrode and reference



electrode, respectively. The anode and cathode chamber was separated by anion
exchange membrane (Fumapem FAA-3-PK-130), the membrane was pre-treated in 1
M KOH solution for 24 h at room temperature before usage. CO, gas was through the
cathode side at a flow of 30 sccm during CO; electrolysis. The electrolyte both cathode
and anode was 1 M KHCOs solution and circulated by peristaltic pump at a rate of 20
mL/min. The applied potentials were converted to RHE reference with iR
compensation in following equation: Erne=Eag/agci+0.059pH+0.197V-0.85iRs. The Rs was
measured by electrochemical impedance spectroscopy operated from 100 KHz to 0.1
Hz with an amplitude of 10 mV at open-circuit voltage. Kinetic isotope effect (KIE) tests
were performed by replacing H.O with D,0O as solvent and other operations were
identical.
Analysis of CO; reduction products

The gaseous products were quantified by on-line gas chromatography (GC 2014C)
equipped with flame ionization detector (FID) for CO, CHa, CyHa and thermal
conductivity detector (TCD) for H». Liquid products were determined by *H-NMR on
Bruker AVANCE Il 400MHz. The method was as follows: 600 pL electrolyte was mixed
with 100 pL D0 and 1mM of DMSO was used as internal standard, the procedure was
set with water suppression for 64 scans. Faradaic efficiency (FE) of gaseous and liquid

products were calculated as followed, respectively.

ZnF ZPV,VF
FEgye=——=
Q RTQ

Z: transfer electron number for specific product,

n: mole for specific product,



F: Faraday constant,

P: 101325 Pa,

Vo: volume of gaseous product measured by GC,

V: volume of CO; through digital mass flow controller during CO2RR,
R: gas constant (8.314 J/(mol-K)),

T: room temperature (298 K),

Q: quantity of charges during the CO; electrolysis.

ZnF _ ZCDMSOSproduct H DMSOVF

FEjiquia= Q

SDMSOHproductQ

Z: transfer electron number for specific product,
n: mole for specific product,
F: Faraday constant,
Comso: concentration of DMSO internal standard,
V: volume of electrolyte in the cathode chamber,
S product and Spmso: peak areas of product and DMSO in the H-NMR spectrum,
respectively,
H product and Hpmso: numbers of hydrogen in the product and DMSO, respectively,
Q: quantity of charges during the CO; electrolysis.
The electrochemically active surface area (ECSA) tests
The electrochemically active surface area (ECSA) tests were performed using cyclic
voltammetry (CV) with different scan rates in the range of 30-70 mV/s from 0.20 to
0.22 V.

OH" adsorption and desorption test



The OH" adsorption measurements were carried out to explore the influence of OH"
behavior after TA-modified Cu NPs. Prior to test, electrolyte was bubbled for at least
30 min with Ar. The OH" adsorption and desorption tests were measured using cyclic
voltammetry (CV) from 0 to 0.8 V in Ar-saturated 0.1 M KOH solution.

In situ ATR-SEIRS spectroscopy

The Au film was deposited on Si prism using reported chemical reduction method.
Before Au film deposition, the Si prism was soaked in aqua regia solution for 30 min
and washed by deionized water. Then Si prism was polished with Al,O03 powder for 10
min and sonicated in acetone and deionized water for three times in sequence. Next,
Si prism was treated by fresh piranha solution for 30 min and NHa4F solution (40 %) for
5 min. Finally, Si prism was immersed into 15 mL Au plating liquid solution (0.01mM)
mixed with 3.4 mL 2% HF solution for 5 min and washed by deionized water.

In situ ATR-SEIRS spectra were performed by the Fourier Transform Infrared
Spectrophotometer (FTIR, Nicolet iS50, Thermo Fisher Scientific) with mercury
cadmium telluride (MCT) detector. All spectra were conducted in transmission units
and spectral resolution was set to 4 cm™ at an incidence angle of 60°. Before
experiment, CO; gas was bubbled into in 0.1 M KHCOs3 at least 30 min to make
electrolyte saturate and remove the residual air. CO2 gas was continuously bubbled
during the test. The spectra were measured by between -0.5 and -1.4 V and reference
spectra was obtained at -0.1 V.

Computational section

The density functional theory (DFT) calculation was performed by the Vienna Ab



initio Simulation package (VASP). We optimized the adsorption configuration of TA on
Cu and studied the *CO adsorption and *CO hydrogenation energy. The DFT
calculation was adopted by the Perdew, Burke, Ernzerhof exchange-correlation
potential and the energy cut-off of 450 eV was set to deal with the electron—ion
interactions. A 4 layer (7 x 7) of Cu (111) supercell with the top two layers relaxed was
built as the exposed Cu (111) surface model and the 15 A was set along the z-direction.
The Visualization for Electronic and Structural Analysis (VESTA) was used to visualize

the optimized structure in the work.?



Figure S1 Molecular structure of TA molecule.



Cu(OAc),

Ultrasound
- o ) O + é - o -

Cu TA Cu-TA

Figure S2 Synthesis process for Cu and Cu-TA NPs.
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Figure S3 TGA curves of TA and Cu-xTA (x from 0.5 to 4) NPs under Ar condition.



Figure S4 SEM image of prepared Cu NPs.
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Figure S5 XRD pattern of Cu, Cu-1TA and Cu-3TA NPs.
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Figure S6 TEM image of prepared Cu-3TA NPs.
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Figure S7 XPS survey of Cu, Cu-1TA and Cu-3TA NPs.



Figure S8 (a, b) Schematic diagram of H-Cell and corresponding photo in our

experiment.
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Figure S9 LSV curves of catalysts in Ar or CO,-saturated 0.1 M KHCOs solution.
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Figure S10 CV curves with different scan rates for (a) Cu, (b) Cu-1TA and (c) Cu-3TA

catalysts. (d) The corresponding fitting current versus scan rates.



a = Cu
60 Cu-Fitted line
e Cu-1TA
~ 454 —— Cu-1TA-Fitted line
£ 4 Cu-3TA
= | —Cu-3TAFitted line
N 30+
154
0 . . ; ,
0 15 30 45 60
b Z' (ohm)
Cu Cu-1TA Cu-3TA
R. 6.55 6.39 6.53
Rt 51.57 52.92 53.69

Figure S11 (a) Nyquist plots of catalysts determined at open circuit voltage. (b) The

corresponding fitted values in H-Cell.
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Figure S12 (a, b) CV and LSV curves of catalysts in Ar-saturated 0.1 M KOH solution at

the scan rate of 50 mV/s.
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Figure S13 'H-NMR spectra of liquid products after electrolysis for Cu catalyst at -0.85
Vin flow cell.
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Figure S14 (a) FE of products on Cu catalyst under different applied potential and (b)
corresponding chronoamperometry curves in CO;-saturated 0.1 M KHCOs solution in

H-Cell.
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Figure S15 FE of products on (a) Cu-1TA and (c) Cu-3TA catalyst at different applied
potential and (b, d) corresponding chronoamperometry curves in CO,-saturated 0.1 M

KHCOs solution in H-Cell.
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Figure S16 Chronoamperometry curve and FE of C;H4 for Cu-1TA catalyst at -1.2 V for

14400 s in H-Cell.



Figure S17 SEM image of Cu-1TA catalyst after stability test.



Figure S18 (a, b) TEM images of Cu-1TA catalyst after stability test.
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Figure S19 (a, b) FTIR and XRD curves of Cu-1TA catalyst after stability test.
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Figure S20 (a, b) Scheme of flow cell reactor and corresponding photo in our work.
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Figure S21 (a) Nyquist plots of catalysts determined at open circuit voltage and (b) the
corresponding equivalent circuit diagram in flow cell reactor.
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Figure S22 Chronoamperometry curves of (a) Cu, (b) Cu-1TA and (c) Cu-3TA catalyst

under different potentials in flow cell.
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Figure S23 FE of products on Cu catalyst at different applied potential in flow cell.
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Figure S24 (a, b) Representative GC profiles of gaseous products on Cu-1TA catalyst at

-0.85 V and (c) corresponding concentration in flow cell.
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Figure S25 (a, b) Representative GC profiles of gaseous products on Cu-3TA catalyst at

-1.05 V and (c) corresponding concentration in flow cell.
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Figure S26 Standard curves of (a) CHs and (b) C;Ha components for GC analysis.
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Figure S27 (a, b) Photo of the in situ ATR-SEIRAS setup and corresponding working

mechanism.
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Figure S28 In situ ATR-SEIRS spectra of Cu-1TA catalyst in COz-saturated 0.1 M KHCO3

solution.
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Figure S30 Optimized adsorption configuration of TA on Cu (111) facet.



Figure S31 Optimized adsorption configuration of (a) *CO, (b) *CHO and (c) *COH

intermediate on Cu (111) facet.



Figure $32 Optimized adsorption configuration of *COH intermediate on Cu-TA catalyst.



Table 1 Performance comparison of CO2RR to C;Hs on molecule modified Cu-based

catalysts.
Catalyst FE (%) Electrolyzer Electrolyte Ref.

Cu-1TA 53 H-Cell 0.1 M KHCO3 This work
EDTA-Modified Cu 50.1 H-Cell 0.1 M KHCOs3 2
Cu-PANI 48.8 H-Cell 0.1 M KHCOs3 3
Cu-N-arylpyridinium 72 flow cell 1M KHCOs3 4
Cu-polyamine 87 flow cell 10 M KOH 5
Cu-copolymer 55 H-Cell 0.1 M KHCOs3 6
aromatic doped Cu-Ag 51 MEA Cell 0.1 M KHCOs3 7

ionic liquid on Cu 77.3 H-Cell 0.1 M KHCO3 8




Table 2 Performance comparison of CO2RR to CHas in flow cell.

Catalyst FE (%) j (mA/cm?) Electrolyte Ref.
Cu-3TA 53.27 532.7 1 M KHCO3 This work

Cu 48 108 1 M KHCO3 9

CoO-Cu 60 135 1 M KHCO3 10

Auin Cu 56 112 1M KHCOs3 11

Cu 48 120 1.5 M KHCO3 12

Ag@Cu,0 74 178 1 M KOH 13

Fe single atom on Cu 64 128 1 M KHCO3 14

Amine-GQDs 63 170 1 M KOH 15
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