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EXPERIMENTAL

Chemicals. Indium nitrate (In(NOs);, 99.9%), zinc nitrate hexahydrate
(Zn(NOs),"6H,0, 98%), 2-methylimidazole (2-MeIM, 98%), potassium bicarbonate
(KHCO;, > 99.5%) and hexadecyl trimethyl ammonium bromide (CTAB, 99%) were
obtained from MACKLIN. All the chemicals were used without further purification.
Deionized water (18.0 MQ cm) was used in all experiments.

Apparatuses. Scanning electron microscopy (SEM) images and energy dispersive
X-ray spectroscopy (EDX) data were obtained at Hitachi S-4800 (Hitachi, Japan)
equipped with a Horiba EDX system (X-max, silicon drift X-Ray detector).
Transmission electron microscopy (TEM) images, high resolution TEM (HRTEM)
images and selected area electron diffraction (SAED) image were obtained using
Tecnai G2 F20 S-Twin. The high-angle annular dark-field scanning TEM (HAADF-
STEM) and EDX mapping images were obtained from FEI Talos 200x. The powder X-
ray diffraction (XRD) patterns of the as-prepared catalysts were collected with Bruker
Foucs D8 Advanced via ceramic monochromatized Cu Ka radiation of 1.54178 A,
operating at 40 kV and 40 mA. X-ray photoelectron spectra (XPS) were recorded on a
Kratos Axis Ultra DLD X-ray Photoelectron Spectrometer using 60 W monochromated
Mg Ka radiation as the X-ray source for excitation. Raman spectra were obtained on a
confocal microscope laser Raman spectrometer (Rainshaw invia). Fourier Transform
Infrared (FT-IR) spectra were obtained on a Nicolet 6700 spectrometer (Thermo Fisher
Nicolet IS10, USA) with KBr pellets. The elemental contents of Zn and In were

measured on a Perkin Elmer Inductively Coupled Plasma (ICP Optima 8300).
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Procedures. Synthesis of In/ZnO@C hollow nanocubes. 160 mg of
Zn(NO3),-6H,0, 80 mg of In(NOs); and 4 mg of CTAB were dissolved in 8 mL purified
water to obtain a homogeneous solution. The above solution was rapidly poured into
56 mL of aqueous solution with 3.632 g of 2-MeIM under vigorous stirring at room
temperature for 0.5 h. The resultant mixture (denoted as In(OH);-Zn-MOF) was
centrifuged and the obtained white precipitate was washed with water, and then dried
in an oven at 60 °C overnight. Finally, the In(OH);-Zn-MOF was carbonized at 600 °C
for 2 h with a heating rate of 5 °C min™! under Ar to obtain In/ZnO@C.

Synthesis of ZnO@C nanocubes. 240 mg of Zn(NOs),-6H,0 and 4 mg of CTAB
were dissolved in 8 mL purified water to obtain a homogeneous solution. The above
solution was rapidly poured into 56 mL of aqueous solution with 3.632 g of 2-MeIM
under vigorous stirring at room temperature for 0.5 h. The resultant mixture (denoted
as Zn-MOF) was centrifuged and the obtained white precipitate was washed with water,
and then dried in an oven at 60 °C overnight. Finally, the Zn-MOF was carbonized at
600 °C for 2 h with a heating rate of 5 °C min~! under Ar to obtain ZnO@C.

Synthesis of carbon nanocubes. The Zn-MOF was carbonized at 950 °C for 2 h
with a heating rate of 5 °C min~! under Ar to obtain carbon NCs. The pyrolysis at 950
°C is accompanied with evaporation of Zn ions in Zn-MOF precursors (boiling point of
Zn: 907 °C), resulting in carbon NCs.

Synthesis of In,O; nanoparticles. 240 mg of In(NO3); and 4 mg of CTAB were
dissolved in 8 mL purified water to obtain a homogeneous solution. The above solution

was rapidly poured into 56 mL of aqueous solution with 3.632 g of 2-MeIM under
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vigorous stirring at room temperature for 0.5 h. The resultant mixture (denoted as
In(OH); NPs) was centrifuged and the obtained white precipitate was washed with
water, and then dried in an oven at 60 °C overnight. Finally, the In(OH); NPs was
heated at 600 °C for 2 h with a heating rate of 5 °C min~! under Ar to obtain In,O3 NPs.

Preparation of working electrodes. The working electrodes were prepared by
dispersing 4 mg of the electrocatalyst powder together with 60 uL of 5 wt% Nafion in
1 mL of 4:1 v/v water/ethanol under ultrasonication to form a uniform catalyst ink, and
then 50 uL of the catalyst ink was dropped onto a glassy carbon electrode (1.0 x 1.0
cm?). The loading of catalysts was 0.2 mg cm 2.

Electrochemical measurements. Electrochemical CO, reduction was conducted in
a gas-tight H-type cell with Nafion 115 membrane to separate the two compartments.
A carbon rod and a KCl-saturated Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. The calibration of the reference electrode was
checked against an RHE and the measured potentials (vs. Ag/AgCl) were converted to
RHE using the formula E(RHE) = E(Ag/AgCl) + 0.197 V + 0.0591 x pH. The
electrolyte was 0.5 M potassium bicarbonate (KHCO;) saturated with CO, (pH = 7.4).
Before electrolysis, the electrolyte was purged with CO, gas (99.998%) for at least 30
min. Each compartment contained 35 mL of electrolyte with a 55 mL headspace. The
electrolyte in the cathodic compartment was stirred at a rate of 600 rpm to enhance
mass transport of CO, and products around the surface of the working electrode. The
electrochemical measurements were carried out using a CHI660e.

CO; reduction product analysis. For product analyses, the CO, reduction was
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performed for 2 h at various potentials in the electrolyte. Gas products were quantified
by a gas chromatography system equipped with a HP-plot molesieve (5A) column and
a Pulsed Discharge Detector (PDD). Nitrogen (99.999%) and helium (99.999%) were
used as the carrier gases, separately. The Faradaic efficiencies of the gas products were

calculated as follows:

Negp, X N XF
FE coa(%) = — ZQ x 100%

n
where CO/HZis the measured amount of CO or H; in the cathodic compartment and Q

(A-s) is the total quantity of electric charge, N (2) is the number of electrons required to
form a molecule of CO or Hz, F'is the Faraday constant (96500 C mol ™).

Liquid products were collected at the end of electrocatalysis and analyzed by 'H
NMR (AVANCE III HD 600MHz). For the '"H NMR measurement, 0.5 mL of the
catholyte was mixed with 0.1 mL of D,O and 10 pL of dimethylsulfoxide (DMSO, as
the internal standard). The concentration of formate was quantitatively determined from
its NMR peak area relative to that of the internal standard using the calibration curve
from a series of standard HCOONa solutions. The calibration curve was made by
measuring standard solutions of formate. The Faradaic efficiencies of liquid products

were calculated as follows:

n _XNXF
HCO0O

FE %) = x 1009
Hcoo‘(/o) Q o

n -
where HCOO g the measured amount of formate in the cathodic compartment and

O (A-s) is the total quantity of electric charge, N (2) is the number of electrons required

to form a molecule of formate, F is the Faraday constant (96500 C mol ).
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The cathodic and anodic reactions of the aqueous rechargeable Zn-CO,
battery during charge and discharge processes. i) When the aqueous Zn-CO,; battery
discharges, the following reactions are assumed to take place:

Cathode (CO,-saturated 0.8 M KHCOs, pH = 7.6):
CO, + 2¢” + 2H" — HCOOH

Anode (0.8 M KOH with 0.02 M Zn(CH;COO),)

Zn—>Zn2+ + 2e

2+
/n

+ 40H ™ — Zn(OH)*;

Overall discharge reaction:

Zn + CO,+ 2H" + 40H~ — Zn(OH)’; + HCOOH

ii) When aqueous Zn-CO,; battery discharges, the following reactions are assumed to
take place:

Cathode :

H,0 — %0, + 2H " + 2¢~

Anode:

2+

Zn(OH)’; — Zn® " + 40H"

anJr + 2¢ —7Zn

Overall charge reaction:

Zn(OH)’, + H,0 —Zn + %0, + 2H " + 40H "
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. S1 TEM image of In(OH);-Zn-MOF.
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Fig. S2 (A) XRD pattern and (B) EDX of In(OH);-Zn-MOF.

Fig. S3 (A) SEM and (B) TEM images of Zn-MOF.
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Fig. S4 (A) XRD pattern and (B) EDX of Zn-MOF.

Fig. S6 TEM image of carbon NCs.
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. S7 SEM image of In(OH); NPs.
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Fig. S8 (A) XRD pattern and (B) EDX of In(OH); NPs.
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Fig. S9 FT-IR spectra of 2-Methylimidazole, Zn-MOF, In(OH);-Zn-MOF and In(OH)s.
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The structural variation of precursors was investigated by the Fourier transform infrared
(FT-IR) spectra. For 2-Methylimidazole, Zn-MOF, and In(OH);-Zn-MOF, the peak at
1590 cm™! is due to C=N stretching vibration of imidazole, the peaks at 1143 and 994
cm™! are attributed to C-N stretching vibrations, and the peak at 1436 cm™! is ascribed
to the methyl bending vibrational peak. In contrast, these signals are not observed in

In(OH)s, indicating the non-coordination between In ions and 2-MeIM.
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Fig. S10 TGA curve of In(OH);-Zn-MOF, Zn-MOF and In(OH)j.

TGA results of In(OH);-Zn-MOF, Zn-MOF and In(OH); are also informative for the
combination between In and 2-MeIM. A series of mass-loss occur for In(OH);-Zn-
MOF and Zn-MOF. The initial mass-loss below 300 °C is due to the evaporation of
pore-occluded solvent, while the subsequent mass-loss regions, at 500-700 °C and 700-
900 °C, are attributed to the loss of free rotational methyl groups and framework/ligand
decomposition, respectively. The negligible mass-loss for In(OH); at the temperature

above 300 °C is consistent with the non-coordination between In and 2-MelM.
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Fig. S11 EDX of carbon NCs.
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Fig. S12 EDX of In,O3; NPs.
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Fig. S13 High-resolution XPS spectra of (A) C Is, (B) N 1s, (C) O 1s and (D) Zn 2p

for ZnO@C.
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Fig. S14 High-resolution XPS spectra of (A) C Is and (B) O 1s for carbon NCs.

The O 1s spectrum of carbon NCs is deconvoluted into adsorbed O,/OH~ and oxygen
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vacancies without the bond between metal and oxygen, which verifies the inexistence

of metal.
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Fig. S15 High-resolution XPS spectra of (A) In 3d and (B) O 1s for In,O3 NPs.

— D S — carbon NCs
S —Zno@cC
L] — IniZnO@C
o
[
c
2
=
y T 4 ¥ Y T y
500 1000 1500 2000 2500

Raman shift (cm”)

Fig. S16 Raman spectra of In/ZnO@C, ZnO@C and carbon NCs.
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Fig. S17 TGA curves of In/ZnO@C, ZnO@C and In,O3; NPs in air.
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Fig. S18 The standard curves of (A) In and (B) Zn by ICP-OES.
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Fig. S19 Gaseous products of In/ZnO@C in CO,-saturated solution.
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Fig. S20 (A) Liquid product of In/ZnO@C in N,- and CO,-saturated solution. (B)
Standard curve of formate by plotting the formate concentration with respect to the

formate/DMSO NMR peak area ratio.
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Fig. S21 Faradaic Efficiencies of HCOO-, CO and H, at different potentials on (A)

ZnO@C and (B) In,O3 NPs.
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Fig. S22 (A) LSVs of carbon NCs in N,- and CO,-saturated 0.5 M KHCOj solutions.

(B) Faradaic efficiency of gaseous products at different potentials on carbon NCs.
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Fig. S23 Stability measurements over a period of 12 h for electrolysis at -1 V. The

FEncoo™ 18 around 70% at -1 V.
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Fig. S24 SEM image of In/ZnO@C after electrolysis.
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Fig. S25 XRD pattern of In/ZnO@C after electrolysis. This XRD pattern was obtained

with the glassy carbon plate coated with In/ZnO@C. The thin film electrode leads to

relatively weak diffraction peaks related to the one in Figure 2A (powder sample).
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Fig. S26 EIS curves of different electrodes.
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Fig. S27 CV curves in the range of 0.1 to 0.4 V with different scan rates (20 ~ 100

mV-s) for (A) In/ZnO@C and (B) In,O3 NPs.
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Fig. S28 (A) N, adsorption-desorption isotherms and (B) pore size distribution for

In/ZnO@C and In,O; NPs.
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Table S1. CO,RR performance of various electrocatalysts.

Electrocatalysts Electrolyte Potential (V FEtymae  Current Density Refs.
vs. RHE) |(mA cm?)]
Sn/CF 0.5 M KHCO; -1.14 80% 23 1
Cu-Sn/rGO 0.5 M NaHCO; -0.99 87% 24 2
ZnSnO; 0.5 M NaHCO; -0.9 55% 3 2
CdSnO; 0.5 M NaHCO; -0.9 50% 6 2
Sn modified N-doped carbon 0.5 M KHCO; -0.8 62% 9 3
nanofiber
Sn/SnOy thin film 0.5 M NaHCO; -0.7 40% 4 4
Electroplated Sn/gas diffusion 0.5 M NaHCO; -1.1 71% 20 5
SnO nanoparticles 0.5 M KHCO;, -0.86 75% 10 6
Sn—Pb alloy on carbon cloth 0.5 M KHCO; -1.37 79.8% 573 7
Sn/gas diffusion electrode 0.5 M KHCO; -1.17 73% 13.45 8
Sn/Nafion gas diffusion 0.5 M NaHCO; -1.17 70% 27 9
electrode

Sn/gas diffusion electrode 0.5 M KHCO; -1.17 78.6% 22.2 10
Zn,Sn04/Sn0O, 0.1 M NaHCO; -1.08 77% 13 11
Zn,Sn0;4 0.1 M NaHCO; -1.08 72.65% 11 11
SnO, 0.1 M NaHCO; -1.08 64.91% 3 11
RAD-Zn 0.5 M NaHCO; -1.93 87.1% 14.7 12
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Table S2. Comparison of various Zn-CO, batteries.

Discharge Discharge-
Open Peak power
Current Charge
Cathode Electrolyte circuit density Product Refs.
Density Cyclability
voltage (V)  (mW cm?)
(mA cm?) (h)
Pd Catholyte: 1 M NaCl+ 0.1 M 0.89 N/A 0.56 33 HCOOH 23
HCOONa
Anolyte: | M KOH + 0.02 M
CH3CH20Na
Ir@Au Catholyte: 0.8 M KHCO; 0.76 N/A 5 30 Cco 24
Anolyte: 0.8 M KOH + 0.02 M
Zn(Ac),
NiPG Catholyte: 3 M KHCO; + 1.5 M 0.5 0.28 0.5 13 Cco 25
KCl
Anolyte: 6 M KOH + 0.2 M
Zn(Ac),
SAs-Ni-N-C Catholyte: 0.5 M KHCO; 1 1.4 1 32 Cco 26
Anolyte: 5M KOH + 0.2 M
Zn(Ac),
Cu—N,/GN Catholyte: 0.5 M KHCO; 1.77 0.62 1 40 Cco 27

Anolyte: 5M KOH + 0.2 M
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Zn(Ac),
FeNC/S; Catholyte: 0.8 M KHCO;
Anolyte: 0.8 M KOH + 0.02 M
Zn(Ac),
In/ZnO@C Catholyte: 0.8 M KHCO;

Anolyte: 0.8 M KOH + 0.02 M

Zn(Ac),

0.727

1.35

0.52

1.32

0.5

25

51

Cco

HCOOH

28

This

work
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