Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2022

Supporting Information

Highly efficient electrochemical CO, reduction over crystalline-amorphous In,0;-

CeO, heterostructures

Cuifeng Wang, Zhaohui Wu, Guihao Liu, Sha Bai, Lin Guo, Lei He* and Yu-Fei Song*
State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical
Technology, Beijing 100029 P. R. China.

List of contents:

Experimental procedures

Figure S1. Schematic illustration of the synthesis process of In,O3;-CeOj.

Figure S2. Corresponding EDX mapping images of In,03-CeQ,.

Figure S3. XPS spectra of a) Ce 3d for CeO, and b) In,03-Ce0O,. ¢) LSVs of In,O; and In,03-
CeO, in CO,-saturated 0.5 M KHCOj; at a scan rate of 50 mV s..

Figure S4. The CV curve of a) In,0;-CeO, and b) carbon paper without any catalyst in CO,-
saturated 0.5 M KHCO:; at a scan rate of 50 mV s'.

Figure S5. a) LSV curves of In,0;-CeO,, Iny05-CeO, and In,O; electrode in Ar-saturated
electrolyte at a scan rate of 50 mV s,

Figure S6. NMR spectrum of the liquid products for In,05-CeO, after electrolysis at -0.9 V in
CO;,-saturated 0.5 M KHCO;.

Figure S7. The FEr,mae, FEco and FEg; of a) In,03-CeO,, b) In,03-CeO, at different applied
potentials respectively. The FEy, of ¢) CeO,, d) CeO, at different applied potentials
respectively.

Figure S8. The LSV curve of the In,03-CeO, before and after stability test at -0.9V.

Figure S9. a-b) HRTEM and c-f) elemental mapping of the In,0;-CeOy after 20 h stability test.
Figure S10. Cyclic voltammograms of a) In,0;-CeO,, b) In,0;-CeO, and ¢) In,0; between -
0.55V and -0.50 V vs. RHE in CO,-saturated 0.5 M KHCO;.

Figure S11. The normalized current density for formate production by ECSA for In,O5-CeOj,
In,05-Ce0; and In,0;.

Figure S12. a, b, ¢) Mott-Schottky plots of In,O3, CeO, and CeO, respectively. d) valance band
XPS spectra.

Figure S13. Schematic illustration for charge transfer in In,O3-CeO..

Figure S14. The catalytic pathway on In,0;-CeO based on the *OCHO and *HCOOH
adsorption intermediates after optimization. Purple, yellow, red, brown, white spheres represent
In, Ce, O, C, and H atoms, respectively.

Figure S15. The computational structure and adsorption models In,O5-CeO, after optimization.
a) In,05-CeO,, b) *CO, on In,03-Ce0O,, ¢) *OCHO on In,0;-Ce0,, d) *HCOOH on In,03-
CeO,. Purple, yellow, red, brown, white spheres represent In, Ce, O, C, and H atoms,
respectively.

Figure S16. The computational structure and adsorption models In,O; after optimization. a)
In,O3, b) *CO, on In,03, ¢) *OCHO on In,0;, d) *HCOOH on In,0s. Purple, yellow, red,



brown, white spheres represent In, Ce, O, C, and H atoms, respectively.

Table 1. Comparison of the highest FE and potential on some reported In-based electrocatalysts
for the electrochemical reduction of CO, to formate.
References



Experimental Procedures

Chemicals: Cerium (III) nitrate hexahydrate (Ce(NOs3);-6H,0, Aladdin Reagent Co.,
Ltd), sodium hydroxide (NaOH, Aladdin Reagent Co., Ltd), sodium borohydride
(NaBH,4, Aladdin Reagent Co., Ltd), indium (III) chloride tetrachloride (InCl;-4H,0,
Aladdin Reagent Co., Ltd), indium oxide (In,O;, Energy Chemical), sodium carbonate
(NayCOs;, FuChen Chemical Reagent Co., Ltd), sodium sulfate anhydrous (KHCO;,
FuChen Chemical Reagent Co., Ltd), ethanol (C,HsOH, 99.7%, FuYu Chemical
Works,), Nafion-117 membrane (Alfa Aesar China Co., Ltd), CO, (99.999 %, North
Temperature Gas Factory). All the chemicals were used without further purification.
The deionized water used in all experiments was with a specific resistance of 18.2
MQ-cm.

Materials Preparation:

Synthesis of CeO,. CeO was synthesized through a one-step reduction. Typically,
Ce(NO;)3-6H,0 (1.7 g) was dissolved in H,O (20 mL) and stirred until transparent
solution, and then NaBH, (400 mg) was added and stirred intensely (20 min). After
that, the mixture was washed several times by deionized water. Ultimately, CeOy was
dried at 60°C overnight.

Synthesis of CeO,. CeO, was prepared using a solvothermal treatment. Specifically,
Ce(NO;);-6H,0 (0.8 g) was put into HO (5mL), and then the mixture was added into
NaOH (6M, 35 mL) and stirred intensely (30 min). After that, the solution was
hydrothermal treated at 100 °C for 24 h. The final product was washed for several times
and dried overnight.

Synthesis of In,0;-CeO,. CeOy (300 mg) was dispersed in HO (20 mL) to form a
stable solution by ultrasonication and stirring, mixed with InCl3-4H,0 (600 mg) and
then ultrasonicated (20 min). Subsequently, Na,CO; (800 mg) was added in H,O (10
mL), and then the solution was added dropwise under stirring. The mixture was stirred
for another 1 h. The precipitate was washed and dried in vacuum at 40°C. Finally,
In,0;-CeOy was obtained after the precipitate was heated in a furnace at 300°C for 1h
(5°C-min") under an Ar/H, flow.

Synthesis of In,0;-CeQO,. Except for the initial addition of the as-prepared CeO, (300



mg), the remaining steps were consistent with In,03;-CeO,. And In,O purchased from
Energy Chemical.

Characterization: X-ray diffraction (XRD) patterns were characterized by a Rigaku
XRD-6000 diffractometer equipped with a Cu Ko radiation (A = 1.5405 A). Scanning
electron microscopy (SEM) images and energy dispersive X-ray (EDX) analytical data
were obtained on the Zeiss Supra 55 SEM equipped with an EDX detector. High-
resolution transmission electron microscopy (HR-TEM) images were obtained on a
JEOL JEM-2010 transmission electron microscope operating at an acceleration voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were performed
with monochromatized AlKa exciting X-radiation (PHI Quantera SXM).
Electrochemical Measurement:

In general, the electroreduction of CO, were carried out by using a H-type cell
with three-electrode system. The catalysts were loaded onto carbon paper to serve as
the working electrode. Regularly, 5 mg of pre-catalysts (In,03-CeOy, In,O3-CeO,, and
In,0;) and 2 mg of acetylene black were dispersing in the mixture of Iml pL ethanol,
and then 20 pL of Nafion was added and sonicated for 40 min to achieve uniform
solution. Ultimately, the solution was added to carbon paper dropwise and dried.

All the electrochemical experiments were conducted on the electrochemical
workstation (CHI 660E). The electrolysis experiments were conducted at 25 °C in a H-
type cell with a working cathode, a counter anode (platinum gauze), and a reference
electrode Ag/Ag®. In the experiment, Nafion-117 membrane was used as the proton
exchange membrane that separated the cathode and anode compartments. 0.5 M
KHCOs; solution was utilized as cathodic electrolyte. H" can be transferred from anode
compartment to cathode compartment through Nafion-117 membrane, which is the
proton source. Before starting the electrolysis experiment, the catholyte was bubbled
with CO, for 30 min under stirring and the electrolysis was carried out under a steady
stream of CO,. Linear sweep voltammetry (LSV) measurements were performed in Ar
or CO,-bubbled 0.5 M KHCOs; solution. CO, was delivered during the whole CO,
electrolysis (20 mL-min!).

Product analysis:



The gaseous product of electrochemical experiments was collected using a gas bag
and analyzed by gas chromatography (GC, 2014C), which was equipped with FID and
TCD detectors using helium as the internal standard. The liquid product was analyzed
by 'H NMR (Bruker Avance III 400 HD spectrometer) in D,O with phenol as an
internal standard.!!-?]

Calculation method:

anF
FE=__
Q

a: electrons transferred to produce formate (o = 2), n: amount of formate produced, F:

Faraday constant, Q: total charge consumed during the whole electrolysis.

Cdl
ECSA=RS=—3S

Cs
S: the geometric area of work electrode, which is 1 cm? in this work, R: the roughness
factor, Cy: the double-layer capacitance of work electrode. The specific capacitance
(Cs) for a flat surface is generally found to be in the range of 20-60 uF cm2. Based on
the literature report,’] we adopt 40 uF cm? as the one for calculations of the

electrochemically active surface area below.
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Density functional theory (DFT) calculations:

Calculations were performed using the DFT method in the CP2K packagel*. The
exchange-correlation potential was described by generalized gradient approximation
(GGA) with the spin-polarized Perdew-Burke-Ernzerhof (PBE) functional
Wavefunctions were expanded in molecularly optimized (MOLOPT)B! triple {-valence
polarized basis set with an auxiliary plane-wave basis set with a cutoff energy of 500

Ry. Core electrons were modeled by scalar relativistic norm-conserving Goedecker-



Teter-Hutter (GTH) pseudopotentials!®! with 12,13, 4, 6, and 1 valence electrons for Ce,
In, C, O, and H, respectively. The Ce basis set and pseudopotential were modified to
properly account for localized 4f electronic statel”#l, DFT + U method was employed
to provide a satisfying description of the electronic structure since the strong correlation
of 4f electron in Ce, U value of 7.0 eV was used for the Cel’l. Grimme’s D3(BJ)
method!'% !l was added to study the impact of van der Waals interaction. Only I" point
was used in all calculations. To simulate the surface environment, The atoms in the
bottom layer were constrained.

The Gibbs free energy was computed following the equation:

AG =AE -TAS + ZPE + prdT

where the AE is the electronic energy, AS is the entropy, ZPE is the zero-point
vibration energy, and the C, is the heat capacity at p =1 atm and T = 298.15 K. These
data were obtained by the Shermo program. The AE was computed following the
equation:
AE = E(Slab + adsorbate) — E(Slab) — E(adsorbate)

where E(Slab + adsorbate), E(Slab), and E(adsorbate) are the total energies of the
slab with adsorbate, clean slab surface, and adsorbate in the gas phase, respectively.

The projected density of states (p-DOS) was analyzed using the molden file
formed in the single-point calculation of the optimized structure of In,O5-CeOy and
In,0;-CeO, with the Multiwfn package.['”] The p-DOS was calculated with the C-
Squared Population Analysis (SCPA) method!'3! and the Gaussian function was
selected to be the broadening function. The electron density difference and charge
displacement curve were analyzed using the cube file formed in the single-point
calculation of the optimized structure of In,0O;-CeO, and In,O3-CeO, with the Multiwfn

package.



Supplementary Figures/Tables
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Figure S1. Schematic illustration of the synthesis process of In,0O5-CeO.

Figure S2. Corresponding EDX mapping images of In,03-CeO,.
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Figure S3. XPS spectra of a) Ce 3d for CeO, and b) In,03-CeO,. ¢) LSVs of In,O3 and
In,0;-CeO, in COj-saturated 0.5 M KHCO; at a scan rate of 50 mV s
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Figure S4. The CV curve of a) In,0;-CeOy and b) carbon paper without any catalyst in

CO,-saturated 0.5 M KHCOj at a scan rate of 50 mV s,
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Figure S6. NMR spectrum of the liquid products for In,0;-CeOy after electrolysis at -
0.9 V in CO,-saturated 0.5 M KHCOs.
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Figure S7. The FEgomate, FEco and FEy, of a) In,O53-CeOy, b) In,05-CeO, at different
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potentials respectively.
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Figure S8. The LSV curve of the In,0;-CeOy before and after stability test at -0.9V.

Figure S9. a-b) HRTEM and c-f) elemental mapping of the In,03;-CeOy after 20 h

stability test.
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Figure S15. The computational structure and adsorption models In,0;-CeQO, after
optimization. a) In,05-CeQO,, b) *CO, on In,05-CeO,, ¢c) *OCHO on In,03-Ce0,, d)
*HCOOH on In,O0;-CeO,. Purple, yellow, red, brown, white spheres represent In, Ce,

O, C, and H atoms, respectively.

1963500440208

Figure S16. The computational structure and adsorption models In,O5 after
optimization. a) In,O;, b) *CO, on In,0;, ¢) *OCHO on In,03, d) *HCOOH on In,05;.
Purple, yellow, red, brown, white spheres represent In, Ce, O, C, and H atoms,

respectively.



Table 1. Comparison of the highest FE and potential on some reported In-based

electrocatalysts for the electrochemical reduction of CO, to formate.

Catalysts Max FEgrmate Potential References
In;O3/InN 95.7% -1.48V [14]
MIL-68(In)-NH, 94.4% -1.1V [13]
Ni-In,O3;@CNFs 93.6% 0.8V (o]
In/In Oxide 93% -1.1V [17]
H-InO, NRs 91.7 % 0.7V [18]
In-MOF 90% 09V [19]
In/Iny O« 89.2% 0.8V [20]
In-Co PBA 85% -0.96 V [21]
In,0;-rGO 84.6% -12V [22]
Sn-InOy 80% -1.0V [23]

In,03-CeOy 94.8% 09V This Work
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