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Experimental Section

Synthesis of MnO2 supported on nickel foam

MnO2 nanosheets supported on Ni foam were synthesized by a simple hydrothermal method. 

Typically, a piece of nickel foam of (1 cm  2 cm) was cleaned by a 3 M hydrochloric acid (HCl) 

aqueous solution, ethanol and deionized water with the assistance of ultrasonication for 15 min to 

remove the surface impurities and oxide layers. Then, the cleaned nickel foam was placed against 

the wall of a Teflon lined stainless steel autoclave that contained a homogeneous solution of KMnO4 

(1 mmol) in 30 mL deionized water. Afterward, the autoclave was sealed and maintained at 160 °C 

for 24 h to synthesize MnO2 nanosheets arrays. Finally, the Ni foam covered with MnO2 nanosheets 

was taken out and cleaned by ultrasonication for three minutes before being fully dried at 80 °C 

overnight. In this experiment, all the chemical reagents were of analytical purity and used without 

any further purification.

Material Characterization

Morphologies and microstructures of the as-prepared samples were characterized by using field-

emission scanning electron microscopy (FESEM, Quanta FEG 250) and transmission electron 

microscopy (TEM, FEI Talos F200X). X-ray diffraction measurements (XRD) were performed using 

an X-ray diffractometer (SmartLab 9 kW) with Cu Kα radiation (λ=0.154598 nm) at a scan rate of 

10° min-1 in the 2θ range from 10° to 90°. Raman spectroscopy measurements were performed with 

a high-resolution laser confocal microscopy Raman spectrometer (Horiba evolution) with a 532 nm 

excitation laser. N2 adsorption−desorption isotherms were measured on a Tristar II 3020 

Micromeritics analyzer. Pore volumes and sizes were computed by a quenched solid density 

functional theory method and specific surface areas were discerned by the Brunauer–Emmett–

Teller (BET) method. Atomic force microscope (AFM) images were collected in tapping mode in air 

by using a Bruker microscope (Dimension icon) and processed using NanoScope Analysis software. 
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X-ray photoelectron spectroscopy (XPS) measurements were performed with a Kratos AXIS Ultra 

DLD system with the Al Kα radiation as the X-ray source.

Electrochemical CO2 Reduction Measurements

All electrochemical measurements were carried out at room temperature (25 °C) in a H-type cell 

with a 0.1 M KHCO3 solution on an electrochemical workstation (CHI 660D). Platinum foil and a 

saturated calomel electrode (SCE) were used as the counter and reference electrodes, respectively. 

The MnO2-NS/NF with an area of 1 cm  1 cm was directly used as the working electrode without 

any binder or conductive additives. Prior to an experiment, CO2 was first bubbled into the 

electrolyte until it was saturated. For the electrochemical tests, a linear sweep voltammetry (LSV) 

was first carried out to examine the electrochemical activity of the samples at a scan rate of 10 mV 

s-1 within the voltage range between -1.1 and 0 V. The products and Faradic efficiency of CO2 

reduction were measured using chronoamperometry at each fixed potential. The electrochemically 

active surface area of the electrode was determined by testing the double layer capacitance, which 

is derived from the cyclic voltammetry measured at various scan rates. The electrochemical double-

layer capacitance (Cdl) was estimated by plotting the current density differences against the scan 

rate. Electrochemical impedance spectroscopy (EIS) was performed in the frequency range from 

100 kHz to 10 mHz with an AC amplitude of 5 mV. In this work, all of the measured potentials were 

referenced to the RHE according to the Nernst equation potential: ERHE(V) = ESCE(V) + 0.0592  pH 

+ 0.241 V.

Products Analysis

For the identification of the CO2 reduction products, gas chromatography (GC) and 1H nuclear 

magnetic resonance (NMR) analysis were carried out to quantify the gas and liquid products, 

respectively. The CO product was analyzed at regular time intervals by gas chromatography 

(Agilent GC-7890) equipped with a Poraplot Q column and a molecular sieve column by a thermal 
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conductivity detector with N2 as a carrier gas. The FE of the gas products were calculated by using 

the concentrations (ppm) detected by the GC as follows equation:

FECO (%)=(CCO  VCO2  10-3  t  F  N)/1344Q

where VCO2 is the flow rate of CO2 (=20 sccm); Cco is the concentration of CO product, based on 

calibration of the GC; t is electrolysis time (=7200 s); F is the Faraday constant (96485 C mol-1); N 

is the number of transferred electrons for CO product (=2); Q (C) is the total quantity of electric 

charge.

H1 NMR spectroscopy was collected on a Bruker AVANCE AV III 400 spectrometer to identify 

if any liquid-phase CO2 reduction products. In detail, 0.5 mL electrolyte after electrolysis at the set 

potential was mixed with 0.1 mL D2O and 0.03 μL dimethyl sulfoxide (DMSO, 99.99%) as an internal 

standard. The 1H spectrum was measured with water suppression using the pre-saturation 

method.
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Fig. S1. The low-magnification SEM images of the as-prepared MnO2 nanosheets.
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Fig. S2. The microstructure characterization of MnO2 nanosheets by TEM: (a,b) The low-

magnification TEM images; (c-f) High-angle annular dark-field STEM image and the corresponding 

EDS elemental mapping.
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Fig. S3. AFM characterization of the as-prepared MnO2 nanosheets: (a-c) AFM images of MnO2 

nanosheets; (d) The corresponding height profiles to the AFM images.
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Fig. S4. The BET characterizations of the as-prepared MnO2-NS/NF: (a) N2 adsorption-desorption 

isotherms; (b) Pore size distribution.
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Fig. S5. XRD pattern of commercial MnO2.
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Fig. S6. SEM images of commercial MnO2.
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Fig. S7. LSV of the MnO2-NS/NF catalyst were performed from 0 to –1.1 V in Ar-saturated and CO2-

saturated 0.1 M KHCO3 electrolyte at a scan rate of 10 mV s-1. Obviously, the MnO2-NS/NF catalyst 

shows a much higher current density in CO2-saturated aqueous solution than that of Ar, 

demonstrating that the high activity of MnO2-NS/NF catalyst towards the electrochemical CO2 

reduction. In addition, no any carbonaceous products were detected in Ar-saturated 0.1 M KHCO3 

electrolyte.
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Fig. S8. SEM images of the MnO2-NS/NF catalyst after the electrolysis.
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Fig. S9. XRD pattern of the MnO2-NS/NF catalyst after the electrolysis.
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Fig. S10. The electrochemically active surface area characterization: Cyclic voltammetry curves of 

(a) commercial MnO2 and (c) MnO2-NS/NF in non-faradaic capacitance current range at a scan 

rate of 10, 15, 20, 25, and 30 mV s–1.
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Fig. S11. Nyquist plots of the MnO2-NS/NF catalyst after the electrolysis.
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Table S1. CO evolution over noble metal-based electrocatalysts by the electrochemical CO2 reduction reaction in aqueous electrolytes.

Catalysts Electrolyte FECO
(%)

Current density
(mA cm-2)

Potential
(V vs. RHE)

Time
(h) Ref.

5 nm Ag/C 0.5 M KHCO3 79.2 0.23 –0.75 – 1

Au-CeOx/C 0.1 M KHCO3 89.1 12.9 –0.89 10.3 2

Oxide-derived Ag 0.1 M KHCO3 89 1.15 –0.8 - 3

Oxide-derived
Au

0.5 M KHCO3 96 ~3.8 –0.35 8 4

Au nanoparticles 0.5 M KHCO3 97 – –0.52 0.5 5

Oxygen plasma-trated 
Ag

0.1 M KHCO3 90 - –0.6 3 6

Ultrathin Au 
Nanowires

0.5 M KHCO3 94 8.16 –0.35 6 7

Au/Cu Nanoparticles 0.1 M KHCO3 ~94
~3.5

–0.8 12 8
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Nanoporous Ag 0.5 M KHCO3 93.1 37.3 –0.8 2 9

Triangular Ag 
Nanoplates

0.1 M KHCO3 96.8 ~2 –0.86 168 10

SnOx/Ag 0.5 M KHCO3 85 ~1 –0.6 – 11

3.7 nm Pd 
nanoparticles

0.1 M KHCO3 91.2 ~9 –0.89 – 12

Pd icosahedra/C 0.1 M KHCO3 91.1 ~2 –0.8 10 13

4.5 nm Pd/PdOx 0.5 M KHCO3 90 2.53 –0.55 24 14

Pd nanosheets 0.1 M KHCO3 94 400 –0.9 8 15

Ag-IO 0.1 M KHCO3 80 – – – 16

Cu-Ag 0.5 M KHCO3 95.7 27.3 –1.0 14 17

PD-Ag 0.5 M KHCO3 97.3 2.93 –0.7 10 18
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