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Experiments

1. In situ ATR-SEIRAS test:

Au film deposition: Due to the low intensity of ECRR intermediates, Au film was used to
increase the Infrared signals. Before deposition, the Si crystal was immersed in Piranha solution
(a solution with a volume ratio of H,SO4 to H,O, of 3:1) for 20 min to clean the organic
contaminants on crystal. In order to improve adhesion of the Au film, the reflecting plane of the
Si crystal was then immersed in 40 % NH4F solution for 5 min to remove the oxide layer and
generate a hydrogen-terminated surface. After that, the reflecting plane of Si crystal was
immersed in a mixture of 85 pL of 40 % HF and 5 mL of Au plating solution for 5 min at 55 °C

to obtain the final Au film.

ATR-SEIRAS sample prepared: The electrocatalyst ink was prepared by adding 3 mg sample
into 200 pL ethanol-water solution containing 20 pL 0.5 vol% Nafion solution. The electrodes

were made by dropping 50 pl ink on Si prism over Au film and dried with N, flow.

ATR-SEIRAS experiments: The Si prism with incidence of 55° angle, a Pt foil and an
Ag/AgCl electrode were served as working electrode, counter electrode and reference electrode,
respectively. An H-type cell separated by Nafion membrane was used to accommodate the Si

prism. A Thermo Fisher Nicolet IS50 spectrometer equipped with MCT detector and a Pike
Technologies VeeMAX III ATR accessory was employed for the electrochemical ATR-SEIRAS.
Firstly, a 5 L/min N, flow was aerated continuously to purge the optical path system to reduce

the influence of CO, (g) and H,O (g) in air. All spectra were collected with a 4 cm™! resolution

and 32 scans. The electrolyte was CO,-saturated 0.5 M KHCO; aqueous solution.



2. Differential Electrochemical Mass Spectrometry (DEMS):

Preparation of working electrode: The working electrode for the DEMS measurements was a
commercially available glassy carbon electrode. The working electrode was polished using
progressively smaller sizes of Al,O;3 (1, 0.05 and 0.03 um), and sonicated in ethanol, water and
dried under nitrogen. Then, the working electrodes were prepared by dropping 10 ul ink on disk

arca.

DEMS experiments: The DEMS measurements were carried out using a thin layer flow cell
under the continuous mass transport conditions. The volatile or the dissolved gaseous products
were evaporated in the high vacuum of a prechamber, and the remaining species were directed to
a main chamber, where the sample was analyzed by a commercial quadrupole mass spectrometer
(Prisma Plus). The glassy carbon, a Pt wire and a saturated Ag/AgCl electrode were served as
working electrode, counter electrode and reference electrode, respectively. In this thin layer flow
cell configuration, the working electrode was pressed against a 0.3 mm spacer that separated it
from the flow cell. The reference electrode was positioned in the electrolyte inlet and the counter
electrode was positioned in the electrolyte outlet. The electrode was separated from the porous
PTFE membrane. The gap between the working electrode and the flow cell formed the thin-layer
cell for DEMS determination. The CO,-saturated 0.5 M KHCO; electrolyte solution was flowed
at a rate of 10 pL/s. The volatile products of the electrochemical reactions were monitored at

different values of m/z ionic signals.

3. Computational Details:

Periodic density functional theory (DFT) calculations were performed with the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional ! and the projector-augmented wave (PAW)



method.> 3 The Vienna ab initio Simulation Program (VASP) package was used for the
calculations in this work.* > The recommended default potentials were employed for the C, H, O
element. For the Sn atom, the Sn (5s, 5p) was treated as valence state. An energy cutoff of 400
eV was used throughout this work, with spin polarization also considered. Gaussian smearing
with a width of 0.05 eV was applied for the structural optimizations. The electronic energy of the
supercell was converged to 10-6 eV in the self-consistent field calculations, whereas the force on

each relaxed atom was converged to 0.02 eV/A in the ionic relaxation calculations.

For the oxygen deficit SnO, slab, we constructed the SnO, (110) surface as the substrate. And
three types of structure models including clean SnO, (110), Sn/SnO, (110) and Sn/ SnO, (110)
were built with different Sn/O ratios. For the SnO, (110) substrate, a p-(3%2) supercell was
constructed with vacuum layer of 15 A inserted between adjacent slabs, and half of the bottom
layers were kept constraint during optimizations. A I'-centred Monkhorst-Pack k-point mesh of

(1x1x1) was applied throughout the calculations.

The Gibbs free energy for each species in a given elementary step was calculated as G = Eelec
+ EZPE — T*S, where Eelec is the electronic energy at 0 K from the DFT calculation, EZPE is
the zero-point energy term, and the pV is the constant-pressure heat capacity. For gaseous
molecules including HCOOH, H,, and CO,, the entropies were obtained from NIST chemistry
webbook.® For surface-adsorbed species, all 3N degrees of freedom of the adsorbate were treated
as harmonic vibrations, and the entropy was calculated as a sum of the contributions from these

vibrational motions.



Fig. S1. SEM images of (a, d) SnO,(p)-10, (b, ) SnO,(p)-20, (c, f) SnO,(p)-30, (g, j) SnO,-10,

(h, k) Sn0,-20 and (i, 1) Sn0,-30.



Fig. S2. TEM images of (a) SnO,(p)-10, (b) SnO,(p)-20, (c) SnO,(p)-30, (d) SnO,-10, (e) SnO,-

20 and (f) SnO,-30.



Fig. S3. Effect of the morphology on catalyst specific surface area.

When the densities of all above aggregates are assumed to be one, V, S are the volume and the

superficial area, respectively. The specific surface area, Sy, can be obtained, S,;=5/V.

4 3
For the sphere, a with a radius () of 300 nm, V= §7rr3, S =4nr?, Ss= = 0.01;

6
For the cube, b with a side length (/) of 400 nm, V,=, S,=6/°, Ssbz7 =0.015;

6
For the cube, ¢ with a side length (/) of 500 nm, V.=, S=61°, S;= 1=

0.012;
For the concave cube, d with a side length (/) of 400 nm, the depth of the concave is 85 nm
(Fig. 1c), a four pyramid with side length (/,) of 400 nm and height (%) of 85 nm represents the

volume and surface area of the recessed part. Thus,

1 lpx,k%f + Oy

Va=136 X312 x h,S;=6x4x 2 8,=0.028;
For the concave cube, e is assembled by many nanosheets (f), a small pyramid with side length

(/,) of 30 nm, thickness () of 10 nm and height (4) of 60 nm represents the nanosheet.

1 l,,x,/(%)z + (hy? tx,/(%)z + ()
3

Vi=3hxtxhS§=2xC 2+ 2 ),

S¢=10.353, 0.028 < §,, < 0.353.
Thus, the specific surface areas of these aggregations satisfy the following order:

Ssa < Ssc < Ssb < Ssd < Sse
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It can be seen that the concave cube assembled with small nanosheets is able to provide larger

surface area.

Fig. S4. SEM and TEM images of (a,c) Sn/SnO,-1h and (b,d) Sn/SnO,-3h.
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Fig. SS5. TEM EDS spectrum of Sn/SnO,-2h.
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Fig. S6. (a) HRTEM image and (b) SAED pattern of Sn/SnO,-2h.
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Fig. S7. XRD patterns and of SnO,(p)-10, SnOy(p)-20, SnO,(p)-30, SnO,-10, SnO,-20 and
SH02-30.
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Fig. S8. XPS survey spectra of SnO,(p)-20, Sn/SnO,-1h, Sn/SnO,-2h and Sn/SnO,-3h.
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Fig. S9. Nitrogen adsorption-desorption isotherms of SnO,(p)-20, Sn/SnO,-1h, Sn/SnO,-2h and

Sn/SnO,-3h.
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Fig. S10. FEs for CO, HCOO-, and H, at different voltages for (a) SnO,(p)-10, (b) SnO,(p)-30,

(¢) Sn/SnO,-1h and (d) Sn/SnO,-3h.
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Fig. S11. (a) LSV curves for Sn/SnO,-2h electrode with and without acetylene black (AB). FEs
for CO, HCOO-, and H, at different voltages for (b) pure AB electrode and (c) Sn/SnO,-2h
electrode without AB.

The presence of acetylene black (AB) would improve the electrical conductivity and the
dispersion of electrocatalytsts (Fig. S11a) to enhance the ECRR. Especially, the pure AB
electrode exhibits high FE for hydrogen evolution (Fig. S11b). The result suggests the hydrogen
evolution is the key reaction at the AB electrode in the applied potential range. Meanwhile, the
control experiment based on the Sn/SnO,-2h electrode without AB was also carried out and
shown in Fig. S11c. Compared with the FEs at the Sn/SnO,-2h electrode with AB (Fig. 3d), the
slight changes on the Faraday efficiency at Sn/SnO,-2h electrode without AB are observed. The
results suggest the presence of AB improves the current density for carbon dioxide reaction by

improving the electrical conductivity and dispersion of electrocatalysts.

15



(a) —380mvs" —100mvs’ (b) —80mvs’ ——100mvs’
21 120 MV S| e—140mv s’ e 120 MV S e—140my s
—_ 1 ——160mvs’ Az —160mv s’
& &
£ 1- =
(&) O 14
<< ] <
E04 E ol
—~ —
-1 1.
028 030 032 034 0.36 '0.28 0.30 0.32 0.34 036
Vvs. RHE) E (V vs. RHE)
(c) —380mvs" ——100mvs” (d) 1.6y —somvs’ ~——100mvs’
3H o 0mvs! ——140mys” ——120mvs' ——140mvs’
e — ——160mvs’
2 / qE 0.8
e =z S
21- = p <
- 0.0-
Eo £
= B
-1 -0.8
058 030 032 034 036 028 030 032 0.34 036
V vs. RHE) E (V vs. RHE)

Fig. S12. (a-d) CV curves for SnO,(p)-20, Sn/SnO,-1h, Sn/SnO,-2h and Sn/SnO,-3h,

respectively, at different scan rates.
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Fig. S13. (a) Long-term stability tests and FEs for SnO,(p)-20. (b) Quasi in situ XRD

measurements during CO, electroreduction at -1.1 V vs. RHE for SnO,(p)-20.
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Fig. S15. In situ ATR-SEIRAS spectra collected during different potential scans on Au film

electrodes of SnO,(p)-20.
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Fig. S16. (a) DEMS in the presence of CO, on SnOy(p)-20 electrode. Bottom: LSV curves at
scan rate of 5 mV/s in CO, saturated 0.5M KHCOj; solution. Upper: lon current signals during
LSV scans. H, (m/z=2), HCOOH (m/z=28, 44, 45, 46), CO (m/z=28). Ion currents for HCOOH
by DEMS with dependence of different potentials of (b) SnO,(p)-20 and (c) Sn/SnO,-2h

samples.
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Fig. S17. Top and side views of optimized structure of (a,b) SnO, (110), (c,d) Sn/SnO, (110),

and (e,f) Sn/SnO; (110).
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Fig. S18. Reaction pathways of ECRR to formate on (a) SnO, (110) plane, and (b) Sn/SnO,

(110) plane (gray, red, brown and white spheres represent Sn, O, C and H atoms, respectively).
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Table S1. The performance comparison of various electrocatalysts for carbon dioxide reduction.

Catalyst FEgncoo.- (%) FEc (%) E (V vs. RHE) Electrolyte Ref.
Sn/Sn0O,-1h 77.2 922 -1.2 0.5 M KHCO; This
work
Sn/Sn0,-2h 78.8 92.5 -1.0 0.5 M KHCO;
Sn/Sn0,-3h 63.2 88.3 -0.9 0.5 M KHCO;
SnO,/graphene 93.6 — -1.8 0.1 M NaHCO; 7
SnO,/carbon black 86 — -1.16 0.1 M NaHCO; 7
Sn quantum 89 — -1.8 (vs. SCE) 0.1 M NaHCO; 8
sheets/GO
AgSn/SnOy 80 — -0.8 0.5 M NaHCO; 9
SnO, porous 80 — -0.8 0.1 M NaHCO; 10
nanowires
Sn NPs 58 ~90 -0.8 0.1 M KHCO; 10
Ultra-small SnO, NPS 64 — -1.12 1.0 M KHCO; 11
Ultra-small SnO 66 — -0.9 0.5 M KHCO; 12
Urchin-like SnO, 62 — -1.0 0.5 M KHCO; 13
SnO,; quantum wires 80 90 -1.16 0.1 M KHCO; 14
1D SnO; with wire-in- 63 93 -0.99 0.1 M KHCO; 15
tube
Zn,Sn04/Sn0, 77 — -1.08 0.1 M KHCO; 16
Sn modified N-doped 62 91 -0.8 0.5 M KHCO; 17
CF
SnO,/Sn 70 — -1.05 0.1 M KHCO; 18
Sn/SnO,/Ti foil ~40 ~97 -0.7 0.5 M NaHCO; 19
Electrodeposited Sn 71 82 -1.1 0.5 M NaHCO; 20
GDE
SnO; GDE 68 — -1.28 0.5 M KHCO; 21
Sn GDE ~73 — -1.1 0.5 M KHCO; 22
Sn foil 63.5 — -1.37 0.5 M KHCO; 23
SnOy dendrite/Sn foil 71.6 83.4 -1.36 0.1 M NaHCO; 24
Single atom Sn®* on 74.3 — -1.6(vs. SCE) 0.25 M KHCOs3 25

N-G
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