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1. Experimental section
1.1. Electrocatalyst synthesis

Copper(Il) sulfate pentahydrate (CuSO,-5H,0, 99+%, ACROS Organics), sodium
hydroxide (NaOH, 97%, Fisher Chemical), L-Ascorbic Acid (AA, 99%, Fisher
Chemical) and Tin(IV) chloride pentahydrate (SnCly-5H,0, 98+%, ACROS Organics)
were used without further purification. In a typical procedure, 90 mL of deionized water
was introduced into a 200-mL beaker. Subsequently, 1 mL of 0.1 M CuSQO, solution
was added to the beaker. The beaker was kept in a water bath at 35 °C throughout the
synthesis. Next, 4.75 mL of 1.0 M NaOH solution was introduced into the beaker with
vigorous stirring. Then, it was observed that the solution turned light blue immediately,
indicating the formation of Cu(OH), precipitate. With the addition of 5 mL of 0.2 M
AA solution, the above solution turned to orange-yellow from light green gradually.
The solution was stirred for 10 min for Cu,O crystal growth in the water bath. And then
Cu,0 nanocubes were collected by suction filtration and washed with deionized water
and ethanol thoroughly to remove residual ions and dried in a vacuum oven at 60°C for
12 hours for further use. The core-shell structured Cu,O@SnOy nanoparticles were
synthesized by dropwise adding 1.75 mL of an ethanol solution of SnCl, (1 mM) into
a suspension of 0.035 mmol of the as-prepared Cu,O nanocubes in 10 mL of ethanol
and 0.3 mL of aqueous NaCl solution (1.71 M) under stirring at room temperature for
10 min. The as-obtained products were collected by suction filtration and washed with
deionized water and ethanol thoroughly to remove residual ions and dried in a vacuum

oven at 60°C for 12 hours for further characterization.
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1.2. Structural characterizations

The crystalline structure of the samples was characterized by X-ray diffraction
(XRD) analysis with a Rigaku XRD Ultima IV diffractometer using Cu Ka radiation
generated at 40 kV and 44 mA. The XRD pattern was recorded within a 20 range from
20 to 80 at 2° min"'. The morphology of the materials was imaged using a Zeiss Sigma
Field Emission SEM. The composition was analyzed with an Orbis PC Micro-XRF
Analyzer. Transmission electron microscope analysis, scanning transmission electron
microscopy (STEM) energy-dispersive X-ray spectroscopy (EDS) were performed
using a JEOL JEM-ARM200CF Atomic Resolution S/TEM. X-ray photoelectron
spectroscopy (XPS, Kratos AXIS) was carried out to examine the surface chemistry of

the sample.

1.3. Electrochemical measurements

To prepare the working electrode, a suspension with a proportion of 15 mg of
powders (10 mg of electrocatalysts and 5 mg of carbon black), 0.76 mL of ethanol, 1.14
mL of DI water, and 100 pL of 5 wt.% Nafion solution was sonicated to achieve a
homogeneous dispersion. The resulting suspension was then painted onto one side of a
Toray carbon paper (1 cm x 2 cm, Toray TGP-H-060, Toray Industries Inc.) to achieve
an electrocatalyst loading of 1 mg cm2. All the potentials were recorded against the
reference electrode and converted to the reversible hydrogen electrode (RHE) reference

scale by the equation, Eryg = Escg + 0.241 + 0.0591 x pH. The pH values of CO,-
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saturated 0.1, 0.3, 0.5, and 0.7 M KHCO; were 6.8, 7.2, 7.5, and 7.6, respectively. The
Current densities in this work were all normalized to the geometric surface area.

All the experiments were carried out on a potentiostat/galvanostat (Autolab
PGSTAT302N) in a two-compartment gastight H-cell separated by a Nafion membrane
(Nafion® 117, Alfa Aesar) with a saturated calomel electrode (SCE) reference electrode
and a piece of platinum gauze (3 cm x 3 cm) counter electrode. Each compartment
contained 39 mL of electrolyte and left a headspace of about 31 mL. The KHCO;
aqueous solution was used as electrolyte directly without any purification. Prior to the
CO; reduction, the cathodic electrolyte was saturated with CO, (99.99%, Praxair
Canada Inc.) at a flow rate of 20.0 mL min"!' controlled by a mass flow controller
(Brooks Instrument). In order to enhance the mass transport of CO,, the catholyte was
magnetically stirred during the electrolysis. The gas products of CO, electroreduction
from the cathode compartment were analyzed using an on-line gas chromatography
(GC, Agilent 6890N) equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD). The FID with methanizer was used to quantify CO, CHy,,
C,H4 and C,Hs, and the TCD was used to quantify H,. A standard gas mixture
composed of CHy, C;H,, C,Hg, CO, H,, and CO, (Praxair Canada Inc.) was applied to
obtain the calibration curve for each component. Argon was employed as the carrier
gas. Every GC run lasted for 8.4 min. For every potential, the first GC run was initiated
at the 10" min, and thereafter reinitiated every 8.4 min for twice. The average of the

results from these three measurements was used in the data analysis.

S5



1.4. Calculation of energetic efficiency (EE)

. ) 123 + (-E
Cathodic voltage efficiency: VE modic = ﬁ (S1)
CO cathodic energetic efficiency: EEcahodic = VEcathodic X FEco (S2)

where E,moqe Was the applied cathode potential versus RHE; Eco = —0.11 V versus
RHE was the thermodynamic potential of CO, reduction to CO; FEo was the Faradaic

efficiency toward CO.

1.5. Synergistic effect between Cu and Sn

The observed enhanced selectivity for CO on the Sn-OD-Cu was attributed to the
synergistic effect between Cu and Sn. To interpret the synergistic reaction mechanism,
the electronic structure of the hybrid catalyst surface must be taken into consideration.
It could be modified by the electron relocation between Cu and Sn, which altered its
binging strength for reaction intermediates.

The d-band center was one of the most widely-used reactivity descriptors for the
chemisorption models on transition-metal surfaces and their alloys.! Generally, a metal
site with a higher d-band center exhibited a stronger affinity to adsorbates.?

The combination of Cu with Sn caused the charge transfer from Sn to Cu because
Cu had a stronger electronegativity than Sn,? and a half-empty 4s band that could act
as an electron acceptor.* In this work, the positively chemical shift measured by XPS
for Sn 3d confirmed the electron transfer from Sn to Cu which was consistent with the

previous report.’ In addition, a Bader analysis also indicated the charge transfer from
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Sn to Cu in a Cu-Sn alloy.® Such charge transfer would result in an up-shift of the d-
band center of surface Cu sites which could strengthen the substrate-adsorbate
interaction.

The activation of CO, through the formation of a *COOH intermediate on Cu sites
generally had an uphill energy barrier.” The enhanced affinity of the Cu site to *COOH
intermediate due to the upshifted d-band center significantly decreased the energy
barrier for the formation of *COOH intermediate.

In addition to the desirable electronic structure, the favorable adsorption geometry
was also important. Sn was identified as a metal with higher O affinity and weaker H
affinity than Cu.® The additional O-Sn binding contributed by the O-binding site of Sn
added up to the stability of *COOH on the Cu sites. In this work, the first proton-
coupled electron-transfer step to form the *COOH intermediate was proposed as the
rate-determining step. Thus, the improved *COOH stability resulted in a lowered
energy barrier for CO, reduction to CO on the Cu-Sn hybrid catalyst. Therefore, the
origin of the improved selectivity of the Sn-OD-Cu for CO came from a combination
of electronic and geometric effects.

Furthermore, through the density functional theory calculations, the above-
mentioned combined effect weakened the binding of *H intermediate of Cu-Sn hybrid
catalyst which increased the thermodynamic limiting potential for H, production.®

The Cu/SnO interface was supposed to play an indispensable role in the combined
effect. However, the complete covering of Cu with SnO was unlikely to support the

combined effect (Figure S5).
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1.6. iR-correction

A current interrupt measurement was performed to determine the uncompensated
resistance value (R,). As illustrated in Table S2, R, was measured at different potentials
in CO,-saturated KHCO; solution with different concentrations. R, varied little with
the potential, but, decreased as the concentration of KHCOj; increased.

Then, the potentials used for plotting were corrected by using the measured R,
(Table S3). The magnitude of potential correction increased as the potentials became
negatively. With iR-correction, the potential became positively with a maximum
percentage change of 23.4% in 0.1 M CO,-saturated KHCOj solution as compared with
the initially used potential of —1.2 V versus RHE. However, over the low- to the
moderate-overpotential range (<—0.7 V versus RHE), the correction was less than 10%.
As the differences between potentials with and without iR-correction over the low-
overpotential range were very little, the electrokinetic analysis, including the Tafel plot
analysis and reaction order study over the kinetically controlled region (i.e., low-
overpotential range), was consistent at potentials with and without iR-correction. Based
on the above discussion, the ohmic drop plays a negligible effect on the electrokinetic
analysis. In other words, the observed enhancement on the activity of CO,RR was really
an effect of the concentration of HCO5~.

As such, Figure 4a in the main text was replotted using the iR-corrected potentials.
With iR-correction, the Sn-OD-Cu exhibited better performance, including the
maximum CO partial current density of 25.0 mA cm at a lowered overpotential in 0.7

M CO,-saturated KHCOj solution (Figure S17). To facilitate the comparison with other
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reported results, as well as the reaction order study conducted at the consistent potential
in CO,-saturated KHCOj solution with different concentrations, the potentials without

iR-correction were applied in this work.

1.7. Derivation of the theoretical Tafel slope and reaction order with respect to
[HCOs7]

The first electron transfer for the formation of CO,~ was regarded as the rate-
determining step (RDS) in the electrochemical reduction of CO, to CO when a Tafel
slope of ~118 mV dec! was obtained. However, it was incomprehensible that the
formation of CO,~ (-1.9 V versus SHE) was much more negative than the onset
potential for CO production.’

Except for the formation process of CO,"~ regarded as the activation step for CO,,
the formation process of the intermediate of *COOH by a proton-coupled electron
transfer (PCET) was also considered to be the CO, activation step.!%-20

Based on the proposed RDS (CO, + HCO3™ + e + * — COOH* + CO;2"), the CO

partial current could be described as

ico = nFA[CO,][HCO; ](1-0)exp( oy ) (83)
where 0 was the total surface coverage, E was the applied potential, k£ was a rate constant
for the RDS, S was the symmetry factor and was assumed to be equal to 0.5, F" was
Faraday’s constant, R was the gas constant, and 7 was the temperature. The derived

value of the Tafel slope was 2.3RT/BF, or 118 mV dec™!, which was consistent with the
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experimental obtained Tafel slope values.
Based on the rate expression of Eq. S3, the partial derivative of the j-o with respect
to [HCO;7] or [CO;] at constant overpotentials yielded an expression for the reaction

order equaling to 1, as shown below:

, —BEF
log(ico) = log(nFi(1-0)) + log([CO,])+ log([HCOs™]) + 5557 (54)
dlog (ico)
dlog ([CO.) | (S5)

adlog (ico)

dlog ([HCO5]) (56)

The kinetic modeling of the CO, bubbling showed that [CO,] maintained constant in
CO,-saturated KHCOj; solution with different concentrations. Therefore, it could be
concluded that the experimentally obtained reaction order with respect to [HCO; | was
independent with [CO;] and consistent with the theoretically calculated one in the

kinetically controlled region (i.e., low overpotential range).

1.8. Concentration effect of KHCO; on the activity of H, and C,H, production

In the main text, the concentration effect of KHCO; on the activity for CO,
conversion to CO was kinetically analyzed from reaction order study. Using the same
method, the concentration effect of KHCOj; on the activity for H, and C,H,4 production
was also studied. The linear correlation was also found between log (ji, or jcons) and
log (JHCO57]) (Figure S18). The slopes of the plots of log (jco Or jua OF jcona) Versus
log ([HCO37]) at the different potentials were listed in Table S4. The positive and

negative values of the slopes indicated the promoting and inhibiting effects respectively.
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The magnitude of the numerical absolute value of a slope indicated the degree of the
effect.

For CO,RR to CO, the slopes decreased as the potentials became more negative,
indicating that the promotion effect of KHCO; concentration on CO production
weakened as the potentials became more negative. For the HER, there was a role
transition for KHCO; concentration effect as the potentials became more negative,
which initially suppressed HER and then promoted it. For CO,RR to C,Hy, the
promotion effect of KHCOj; concentration increased as the potentials became more
negative.

Because of the different modes of action of the concentration effect of KHCO; on
different reactions, the relative activities of the catalyst to different products maintained
almost constant when the concentration of KHCOj; increased from 0.3 M to 0.7 M. The

almost unchanged relative activities resulted in the similar FEs in 0.3 ~ 0.7 M KHCO;.
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2. Supplementary Figures (Figure S1-S18)

Figure S1. SEM images of (a) Cu,0 nanocubes and (b) SnO, modified Cu,O.
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Figure S2. (a) X-ray diffraction pattern of as-prepared Cu,O and Cu,O@SnOy core-
shell nanoparticles. (b) Cu 2p XPS spectrum and the corresponding fitting results of the

fresh and tested electrodes of Cu,O@SnOy core-shell nanoparticles.
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Figure S3. The high-resolution TEM image of SnO4 modified Cu,O.
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Figure S4. Potential versus time recorded during reduction at —3.0 mA cm of Cu,0O in
CO,-saturated 0.1 M KHCOj; solution and of SnO, modified Cu,O in CO,-saturated

KHCO; solution with different concentrations.
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Figure S5. High-resolution TEM image and the corresponding fast Fourier
transformation image of the core-shell structured Cu,O@SnOy nanoparticle derived

hybrid catalyst in the tested electrode.
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Figure S6. (a) Total current densities and (b) partial current densities of H, on Sn-OD-

Cu and OD-Cu in CO,-saturated 0.1 M KHCOj5 solution at various potentials.
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Figure S7. Current densities as a function of time at various applied potentials for CO,
reduction experiments on (a) Sn-OD-Cu and (b) OD-Cu in CO;-saturated 0.1 M

KHCO; solution.
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Figure S8. FEs of hydrocarbon products over the Sn-OD-Cu and OD-Cu at various

potentials.
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Figure S9. Total current density versus time at —0.8 V versus RHE during the long-term

stability test for 24 h of Sn-OD-Cu in CO;-saturated 0.1 M KHCO:s.

S20



- ®- 0.1 MKHCO,
- ®- 0.3 MKHCO,

0.5 M KHCO,
- w=0.7MKHCO,

Current density (mA cm2)

-1.2 -1.0 -0.8 -06 -0.4
Potential (V vs. RHE)

Figure S10. Total current densities on Sn-OD-Cu derived from chrono-amperometric

measurements in CO,-saturated KHCOj; solution with different concentrations.
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Figure S11. (a-c) Current density as a function of time at various applied potentials for
CO; reduction experiments on Sn-OD-Cu in CO,-saturated 0.3, 0.5 and 0.7 M KHCO;

solution, respectively.
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Figure S12. Partial current densities of CH4 on Sn-OD-Cu derived from chrono-
amperometric measurements in CO;-saturated KHCO; solution with different

concentrations.
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Figure S13. Partial current densities of C,Hy on Sn-OD-Cu derived from chrono-
amperometric measurements in CO;-saturated KHCO; solution with different

concentrations.
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Figure S14. Partial current densities of H, on Sn-OD-Cu derived from chrono-
amperometric measurements in CO;-saturated KHCO; solution with different

concentrations.
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Figure S15. Faradaic efficiencies of CH,4 at different potentials for Sn-OD-Cu in CO,-

saturated KHCOj; solution with different concentrations
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Figure S16. Faradaic efficiencies of H, at different potentials for Sn-OD-Cu in CO,-

saturated KHCOj; solution with different concentrations
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Figure S17. CO partial current densities of the Sn-OD-Cu in CO,-saturated KHCO;

solution with different concentrations at iR-corrected potentials.
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Figure S18. The partial current densities of the Sn-OD-Cu for CO, H,, and C,H, versus

KHCOj; concentration at constant potentials.
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3. Supplementary Tables (Table S1-S4)

Table S1. Comparison of CO,RR catalytic performance of Sn-OD-Cu with state-of-

the-art noble metal-based catalysts in similar operating conditions.

) E (Vvs. COFE COEEY
Material Electrolyte J (mA cm?) Reference
RHE) (%) (%)
0.1 M
Sn-OD-Cu -0.8 4.87 90.5 59.7 This work
KHCO;
0.5M
Sn-OD-Cu -0.7 8.5 94.6 65.7 This work
KHCO;
0.7M
Sn-OD-Cu -0.6 5.01 98.1 71.8 This work
KHCO3
0.1M Chem.
Anodized Ag -0.6 3.8 92.8 68.0
KHCO; Commun.?!
0.1M ChemistrySel
Silver Foam -0.99 10.8 94.7 57.2
KHCO; ect.??
Nanoporous 0.5M Nat.
-0.6 18 92 67.4
Ag KHCO;3 Commun.?
Nanocoral 0.1 M
-0.6 6.6 95 74.4 ACS Catal **
Ag KHCO;3
0.5M J. Am. Chem.
OD-Au -0.35 ~2 96 81.4
NaHCO; Soc.??
8 nm Au 0.5M J. Am. Chem.
-0.67 ~6.7% 90 63.5
NPs KHCO;3 Soc.%6
0.5M
Au needles -0.35 ~15 95 80.6 Nature.?”
KHCO;3
2.4 nm Pd 0.1 M J. Am. Chem.
-0.89 ~10 91.2 57.7
NPs KHCO;3 Soc.?$
3.7 nm Pd
1 M KHCO; -0.7 - 93.4 64.9 Nano Res.?’
NPs
Angew.
0.1 M €
Pd/C catalyst -0.8 ~4.2¢ 91.1 60.1 Chem., Int.
KHCO;3
Ed30

aThis value is not mentioned in the article but derived from the graphical results and calculated from
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the current density and Faradaic efficiency.  These values are derived from the equations of S1 and

S2. ¢ The unit of current density is A g'. NPs, nanoparticles; COFE, Faradaic efficiency toward CO;

COEE, energetic efficiency toward CO.
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Table S2. R, at different potentials in CO,-saturated KHCO; solution with different

concentrations.
Potential Ru(©Q)

(V vs. RHE) 0.1 M KHCO; 0.3 M KHCO; 0.5 M KHCO; 0.7 M KHCO;
-1.2 20.6 9.5 6.0 4.7
-1.1 20.5 9.7 6.2 4.8
-1.0 20.8 9.9 6.4 5.0
-0.9 20.9 10.0 6.5 5.1
-0.8 20.8 10.1 6.6 5.2
-0.7 21.0 10.1 6.7 5.3
-0.6 21.2 10.0 6.7 5.2
-0.5 21.1 10.0 6.6 5.2
-0.4 21.1 10.0 6.6 5.3
-0.3 21.5 10.1 6.7 5.4
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Table S3. iR-corrected potentials in CO,-saturated KHCO; solution with different

concentrations.

Used potential iR-corrected potential (V vs. RHE)

(Vs RHE) = 1y KHCO;  03MKHCO;  05MKHCO;  0.7M KHCO;

-1.2 -0.92  23.4% -0.95  21.0% -0.97 18.8% -1.01  16.1%
-1.1 -0.86  21.6% -0.88  20.1% -0.90 18.0% -0.94  14.9%
-1.0 -0.81 19.4% -0.81 18.6% -0.83  16.8% -0.86  13.9%
-0.9 -0.75  16.4% -0.76  16.0% -0.77  14.7% -0.79  12.5%
-0.8 -0.70  12.6% -0.70  12.6% -0.71 11.6% -0.72 10.2%
-0.7 -0.64  8.7% -0.64  8.8% -0.64  8.1% -0.65  7.3%
-0.6 -0.57  4.9% -0.57  4.9% -0.57  4.7% -0.57 4.4%
-0.5 -0.49  2.0% -0.49  2.0% -0.49  1.9% -0.49  1.9%
-0.4 -0.40  0.7% -0.40  0.6% -0.40  0.6% -0.40  0.6%
-0.3 -0.30  0.3% -030  0.1% -0.30  0.1% -030  0.1%
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Table S4. The slopes of the plots of log (jco or ju or jcona) versus log ((HCO;]) at

different potentials.

Slopes of plots of log () vs. log ([HCOj57]) at different
Potential

potentials
(V vs. RHE)

CcO H, C,Hy4
-1.2 0.41 0.85 1.36
-1.1 0.45 0.77 1.25
-1.0 0.51 0.7 1.07
-0.9 0.55 0.56 0.87
-0.8 0.62 0.37 0.83
-0.7 0.68 0.12 -
-0.6 0.76 -0.12 -
-0.5 0.84 -0.22 -
-0.4 0.94 -0.31 -
-0.3 0.98 - -
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