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ABSTRACT: As a critical alternative step for the
synthesis of important chemical feedstocks and complex
carbon-based fuels, the electrochemical transformation of
CO2 into CO holds great significance for the chemical
industry. Here, MnO2 nanosheets array supported nickel
foam has been synthesized and adopted as a binder-free
catalyst for electrochemical CO2 reduction reaction
(CO2RR). The well-distributed nanosheets of MnO2
impart a much higher density of accessible active sites
for CO2RR, enabling the selective CO2 reduction to CO
with a large current density (14.1 mA cm−2), excellent
Faradaic efficiency (71%) and high electrochemical
stability (10 h). This work first demonstrates the great
potential of Mn-based oxides for electrocatalytic trans-
formation of CO2 to valuable products.

Atmosphere emission of carbon dioxide (CO2) is becoming
a serious threat to the environment with the ever-growing

worldwide consumption of fossil fuels. The conversion of excess
CO2 into valuable chemicals has attracted extensive research for
meeting the demands of sustainable utilization of the scarce fuels
and chemicals.1−9 Currently, the electrochemical CO2 reduction
reaction (CO2RR) into carbon-based feedstocks and fuels under
ambient conditions using the renewable electricity sources is
considered as a promising method for curbing CO2 emissions
while generating valuable fuels and chemicals.10−15 Among the
electroreduction products, CO is a promising one, as CO is a gas
under ambient conditions and can be easily separated from the
electrolytes for further utilization.16−18 More importantly, CO is
an important chemical that can be applied in a wide range
application. Especially, as a key component of syngas, CO can be
used to prepare a mass of basic chemical products and
intermediates by using Fischer−Tropsch chemistry.19 It is
worth noting that traditional CO2 hydrogenation to produce
CO is an equilibrium-limited endothermic reaction, which
requires a high temperature of more than 400 °C.20 By contrast,
selective electrochemical CO2RR can be performed under
ambient conditions and obtain high activity and selectivity for
CO production.

On the way to scaling up CO2RR for practical CO2
electrolysis, although noble metals (e.g., Au, Ag, Pd) have
been developed to deliver a high activity and selectivity for CO
production in aqueous solution (Table S1), the rarity and high
cost of precious metal-based electrocatalysts limit their large-
scale applications. It is urgent to develop cost-effective and high-
performance electrocatalysts. As a cost-effective alternative, an
earth-rich transition metal oxide provides an interesting
paradigm for CO2-to-CO conversion. However, to date, only
two metal oxides (ZnO and ZnGa2O4) have been designed as
efficient electrocatalysts for the conversion of CO2 to CO.21,22

Despite these breakthroughs, high Faradaic efficiency (FE) is
typically achieved at the expense of low CO reduction current.
Hence, the design of highly selective and energy-efficient
catalysts is highly desirable to enable both high FE and reduction
current for CO production at a low overpotential.
Manganese oxide, one important transition metal oxide with

merits of high redox potential, environmentally friendliness, and
rich reserves,23−26 holds great promise for widespread
application as electrode materials,27,28 sorbents,29−31 and
catalysts.32−34 In this communication, for the first time, we
demonstrate our recent finding that MnO2 nanosheets
supported on nickel foam (MnO2−NS/NF) behave as a catalyst
toward efficient electrochemical CO2 reduction with excellent
activity, selectivity, and stability for CO production under
ambient conditions. In 0.1 M KHCO3 aqueous solution, the
MnO2−NS/NF catalyst achieved a high FE of 71% at −0.95 V
versus the reversible hydrogen electrode (vs RHE). Addition-
ally, this electrochemical system also offers long-term stability
for the transformation of CO2 to CO over the MnO2−NS/NF
catalyst.
MnO2−NS/NF was prepared by the one-step hydrothermal

method shown in Figure 1a. Typically, a piece of cleaned nickel
foam was put into a Teflon-lined stainless steel autoclave and
then 30 mL homogeneous KMnO4 aqueous solution was added.
Afterward, the autoclave was sealed and maintained at 160 °C
for 24 h to obtain MnO2−NS/NF. In this synthesis process,
MnO2−NS/NF was produced via self-decomposition of
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KMnO4 in the progress of hydrothermal reaction without any
surfactant.
Scanning electron microscopy (SEM) images in Figures 1b,c

and S1 show the representative MnO2 nanosheet directly grown
on the Ni foam on a large scale. The anisotropic growth enabled
MnO2−NS/NF to be well interconnected with each other,
forming the uniform arrays with a three-dimensional (3D)
hierarchical structure. This 3D structure can significantly ensure
high accessibility to the electrolyte and allow fast ion diffusion by
shortening the diffusion paths, resulting in significant improve-
ment of the electrochemical CO2RR properties.15,35,36 The
detailed microstructures of the MnO2 nanosheets were further
characterized by transmission electron microscopy (TEM). As
shown in Figures 1d,e and S2, the MnO2 nanosheets are
connected to each other to form a 3D structure. AFM images
and the corresponding height profiles in Figure S3 demonstrate
that the MnO2 nanosheets have an approximate average
thickness of 4 nm. Besides, the N2 adsorption−desorption test
indicated that the as-synthesized MnO2 nanosheets possess a
surface area as high as 387.4 m2 g−1 and a pore size of 1.1 nm
(Figure S4). The large surface area and the porous structure
would be beneficial to the exposure of more active sites and rapid
transportation of CO2RR relevant species. Moreover, the high-
resolution TEM (HR-TEM) showed clear lattice fringes with an
interplanar spacing of 0.24 nm, which can be assigned to the
typical (−111) plane of birnessite-type MnO2 (Figure 1f).
The crystalline structure of MnO2−NS/NF was characterized

by XRD analysis. As shown in Figure 2a, four diffraction peaks
located at 12.5°, 25.3°, 36.2°, and 65.6° agreed well with the
(001), (002), (1̅11), and (020) planes of the monoclinic

structure of MnO2 phase (JCPDS No. 80-1098) with lattice
constants of a = 0.5149 nm, b = 0.2842 nm, and c = 0.7047 nm.37

The strong peaks marked with “#” are ascribed to the Ni foam.
Furthermore, the Raman spectrum of MnO2−NS/NF (Figure
2b) shows one distinct peak located at 633.4 cm−2 can be
assigned to the symmetric stretching vibration of the Mn−O
bond parallel to the basal (001) plane.38,39 Furthermore, the
composition information on MnO2−NS/NF was investigated
by X-ray photoelectron spectroscopy (XPS). As results, the
high-resolution Mn 2p XPS spectrum (Figure 2c) displays two
representative characteristic peaks at 642.4 and 653.9 eV
corresponding to the Mn 2p3/2 and Mn 2p1/2, respectively,
which indicate a +4 oxidation state for Mn in MnO2−NS/
NF.40,41 For the O 1s spectrum (Figure 2d), it can be
deconvoluted into two components assigning to two different
types of oxygen bonds: Mn−O−Mn and Mn−O−H at 529.9
and 531.4 eV, respectively.40,42 XPS quantitative analysis
indicated that the atomic ratio of Mn to O was approximately
0.5. These gave strong evidenced of the successful growth of
MnO2 nanosheets on nickel foam.
The electrochemical CO2RR performances of the MnO2−

NS/NF catalysts were evaluated in high-purity CO2-saturated
0.1 M KHCO3 aqueous solution by using a typical three-
electrode system, where the counter electrode, reference
electrode, and separator were Pt foil, the saturated calomel
electrode (SCE), and a Nafion-115 proton exchange membrane,
respectively. For comparison, commercial MnO2 was also tested
under the same conditions (Figures S5 and S6). First, linear
sweep voltammetry (LSV) was performed to examine the
CO2RR catalytic activity of the catalysts. As revealed in Figure
3a, the MnO2−NS/NF catalyst shows a much higher current
density (32.6 mA cm−2 at −1.1 V) in CO2-saturated aqueous
solution than that of N2 and Ar (Figure S7), demonstrating that
the high activity of MnO2−NS/NF catalyst toward the
electrochemical CO2 reduction.

43

To further investigate the electroreduction CO2 performance
ofMnO2−NS/NF, the reduction products were identified with a
chrono-amperometry method after 2 h of electrolysis for each

Figure 1. (a) Schematic of the synthetic procedure of MnO2−NS/NF;
(b, c) SEM images; (d, e) TEM images; (f) HR-TEM image.

Figure 2. Structural characterization of the as-prepared MnO2−NS/
NF. (a) XRD pattern. (b) Raman spectrum. High-resolution XPS
spectra of (d) Mn 2p and (d) O 1s.
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applied potential. The products were quantified by an 1H
nuclear magnetic resonance (NMR) spectrometer and an online
gas chromatography (GC). As observed, the MnO2−NS/NF
catalyst exhibited a higher FE for CO production with respect to
the commercial MnO2 at each applied potential (Figure 3b). No
liquid products were detected by 1H NMR. Specifically, with the
potential increases from −0.7 to −0.95 V, the FE of CO
increases gradually. At−0.95 V, themaximumFE of theMnO2−
NS/NF catalyst for CO production can reach up to 71%,
whereas the FE of the commercial MnO2 was 36%. At each
applied potential, theMnO2−NS/NF catalyst exhibited a higher
current density toward electrochemical CO2 reduction to CO
production (Figure 3c). Typically, at −1.05 V, the current
density of the MnO2−NS/NF catalyst for CO production was
up to 14.1 mA cm−2. In addition, stability was another crucial
factor in evaluating CO2RR performance. To test the opera-
tional stability of the MnO2−NS/NF catalysts, CO2RR was
carried out over an extended period of time (600 min). As
shown in Figure 3d, the MnO2−NS/NF catalyst displayed a
stable current density and FE during the long-term continuous
stability test, indicating the preferable durability of the catalyst.
Moreover, MnO2−NS/NF also kept its original morphology
(Figure S8) and crystalline structure (Figure S9) after 10 h of
electrolysis.
The electrochemical CO2RR mechanism for CO production

over the MnO2−NS/NF catalyst can be interpreted by two
coupled electron−proton transfer reactions. As shown in Figure
4a, the CO2 molecule is first adsorbed and protonated on
MnO2−NS/NF by combining with one proton (H+) and one
electron (e−) to form the important intermediate (COOH*).
Subsequently, the second electron−proton pair is transferred to
achieve adsorbed CO*. Finally, the CO* desorbed from the
surface of the catalyst and thus produced CO gas. According to
previous reports, the second reaction can occur naturally with
thermal access, while the reaction rate of electrochemical
CO2RR is determined by the first step of CO2 adsorption or the
last step of CO desorption.

To gain insight into the origin of catalytic activity of the
MnO2−NS/NF catalyst for the production of CO production,
the electrochemically active surface area (ECSA) was analyzed.
In general, the ECSA was evaluated by the electrochemical
double layer capacitance (Cdl) using typical cyclic voltammetry
(CV),44,45 which was measured under a CO2-saturated 0.1 M
KHCO3 electrolyte at scan rates of 10, 15, 20, 25, and 30mV s−1,
respectively (Figure S10). As shown in Figure 4b, the Cdl of
MnO2−NS/NF (17.0 mF cm−2) is significantly higher than that
of commercial MnO2 (2.4 mF cm−2). This is mainly due to the
direct growth of MnO2−NS/NF from the underlying
conductive substrate, which eliminates the use of any binders.
Besides, the large Cdl of MnO2−NS/NF implied a higher surface
area and more exposed active sites, which is beneficial to
enhance the electrochemical CO2 reduction activity. Addition-
ally, the electrochemical impedance spectroscopy (EIS) is a
powerful tool for studying reaction kinetics in the catalytic
process. Typically, theNyquist plots (Figure 4c) were composed
of one semicircle and a straight line at high-frequency and low-
frequency regions, respectively. Specifically, MnO2−NS/NF has
a smaller radius of the semicircle than that of commercial MnO2,
manifesting the fast electron transfer rate across the electrode−
electrolyte interface and faster CO2 catalytic kinetics of MnO2−
NS/NF.36,46 Meantime, the Nyquist plots for the MnO2−NS/
NF electrode before (Figure 4c) and after (Figure S11) stability
test are similar. This also demonstrated that the MnO2−NS/NF
catalyst had excellent stability, which agreed well with the
characterization results of the morphology and crystalline
structure of MnO2−NS/NF.
In summary, nickel foam-supported MnO2 nanosheets were

prepared and applied to the electrochemical CO2 reduction
reaction. Benefiting from the abundant exposed active sites, the
MnO2 nanosheets enabled the efficient and robust CO2
reduction to CO with the combination of large reduction
current density (14.1 mA cm−2 at −1.0 V), high selectivity (FE
of 71%), and great durability (no activity or selectivity loss for 10
h). The high performance was among the best results reported
for aqueous CO2RR on metal oxide-based electrocatalysts and
was comparable to the previously studied noble metal catalysts

Figure 3. Electrochemical CO2RR performance characterization. (a)
LSV of the MnO2−NS/NF catalyst performed in CO2-saturated and
N2-saturated 0.1 M KHCO3 electrolyte at a scan rate of 10 mV s−1. (b)
FE for the production of CO at different applied potentials. (c) Current
density for CO production at the set potentials. (d) Long-term stability
of MnO2−NS/NF operated at the applied potential of −0.95 V for
more than 600 min continuous electrolysis.

Figure 4. (a) Scheme of the CO2 reduction into CO over MnO2−NS/
NF. (b) Plots of the current density versus the scan rate forMnO2−NS/
NF and commercial MnO2. (c) Nyquist plots of MnO2−NS/NF and
commercial MnO2.
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(such as Au, Ag, and Pd). Our work offers a new opportunity for
the application of abundant manganese for CO2 conversion.
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