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HIGHLIGHTS 

• MnO rich in oxygen vacancies has been synthesized.

• The synthesized MnO demonstrates excellent oxygen reduction reaction performance and high output power in Zn–air battery.

• The high catalytic activity is attributed to the synergetic catalytic effect between oxygen vacancies and in situ generated  Mn3+/Mn4+.

ABSTRACT Among various earth-abundant and noble metal-free 
catalysts for oxygen reduction reaction (ORR), manganese-based 
oxides are promising candidates owing to the rich variety of manga-
nese valence. Herein, an extremely facile method for the synthesis of 
cubic and orthorhombic phase coexisting Mn(II)O electrocatalyst as an 
efficient ORR catalyst was explored. The obtained MnO electrocatalyst 
with oxygen vacancies shows a significantly elevated ORR catalytic 
activity with a half-wave potential (E1/2) of as high as 0.895 V, in com-
parison with that of commercial Pt/C (E1/2 = 0.877 V). More impres-
sively, the MnO electrocatalyst exhibits a marked activity enhancement after test under a constant applied potential for 1000 s thanks 
to the in situ generation and stable presence of high-valence manganese species  (Mn3+ and  Mn4+) during the electrochemical process, 
initiating a synergetic catalytic effect with oxygen vacancies, which is proved to largely accelerate the adsorption and reduction of  O2 
molecules favoring the ORR activity elevation. Such an excellent ORR catalytic performance of this MnO electrocatalyst is applied in 
Zn–air battery, which shows an extra-high peak power density of 63.2 mW cm−2 in comparison with that (47.4 mW cm−2) of commercial 
Pt/C under identical test conditions.
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1 Introduction

Advanced energy storage and conversion systems, such as 
fuel cells and metal–air batteries, are attracting more and 
more attentions worldwide due to the ever-increasing fos-
sil energy consumption and accompanying severe environ-
mental problems [1, 2]. Great progresses have been made in 
metal–air batteries (especially Zn–air battery) thanks to the 
simplicity in cell structure and operation [3, 4], and more 
importantly, the opportunities of employing a large variety 
of noble metal-free catalysts. However, the thermodynami-
cally sluggish oxygen reduction reaction (ORR) kinetics 
and severe energy efficiency losses during the cell opera-
tion remain the main obstacles for the commercialization 
of this kind of metal–air batteries [5–7]. To date, platinum 
(Pt) and Pt-based catalysts are still the most commonly used 
electrocatalysts for ORR, while the high cost and scarcity of 
Pt have been greatly hindering their scale-up application in 
Zn–air battery [8–10]. Hence, the development of cost-effec-
tive catalysts with satisfactory ORR activity without using 
Pt or other noble metals is the key subject of this field [11].

Transition metal oxides are highly promising candidates 
for ORR electrocatalysis due to their electronic properties 
in the d-state, which greatly influence the electrocatalytic 
activity by changing d-orbital electrons number [12]. Vari-
ous oxidation states of transition metals enable the electrons 
transfer among the metal ions, thus contributing to their 
excellent ORR performances [13]. Among these transition 
metal oxides, manganese oxides have induced huge interests 
owing to its abundance, low cost, non-toxic and its various 
valence states (I–VI) [14, 15]. However, the large variety of 
Mn valence complicates the detailed electrocatalytic mecha-
nism study and impedes further practical application. There 
are more than 20 polymorphs for manganese oxides [16], 
and their diverse chemical compositions, crystalline struc-
tures and microstructure such as morphologies and pore 
structures, etc., are of significance or even critical impor-
tance in affecting the catalytic activity of  MnOx [17]. Actu-
ally, the crystalline structures of manganese oxides are deter-
mined by the connection types between the  [MnO6] units via 
sharing corners or edges. Bixbyite α-Mn2O3 is composed of 
corner-sharing  [MnO6] octahedra [18], and a part of which 
will have longer apical bonds due to Jahn–Teller distortion. 
The layered δ-MnO2 has  [MnO6]-shared edges in each layer 

with a variety of alkaline metal cations in between the layers, 
while different isomers of  MnO2 with one-dimensional tun-
nel structures have varied tunnel sizes, such as 2 × 2 tunnels 
for α-MnO2, 1 × 1 tunnels for β-MnO2 and 1 × 2 and 1 × 1 
tunnels for γ-MnO2 [19]. Suib and coworkers synthesized 
a series of manganese oxides including α-, β-, δ-MnO2 and 
amorphous  MnO2 (AMO) via facile methods and demon-
strated that the electrocatalytic activities follow the order 
of α-MnO2 > AMO > β-MnO2 > δ-MnO2 [20]. However, 
the electrocatalytic activities of manganese oxides are still 
not satisfactory because of the poor intrinsic activity and 
conductivity impeding the electron transfer during the ORR 
process, which could be enhanced by the introduction of 
oxygen vacancies and carbon matrix [21].

Herein, we demonstrate the fabrication of a novel Mn(II)
O electrocatalyst with superior ORR performance via a fac-
ile “two-step” approach of  Mn3O4 synthesis and subsequent 
heat treatment at varied temperatures under the reducing 
atmosphere. It has been found that MnO obtained by the 
treatment at 600 °C shows the highest ORR electrocatalytic 
activity of 0.895 V in half-wave potential (E1/2), which is 
18 mV higher than that of commercial Pt/C (E1/2 = 0.877 V). 
More impressively, the ORR activity further demonstrates 
a significant enhancement during the long-term electro-
chemical test because of the in situ generation and stable 
existence of higher valence species in the form of  Mn5O8, 
i.e.,  2Mn2O3·MnO2. The production of  Mn3+ and  Mn4+ is 
responsible for the obviously enhanced  O2 transformation 
ability and peroxide decomposition, respectively, further 
confirming that the presence of  Mn3+/Mn4+ in a ratio of 2:1 
in the present case is vital for the high ORR activity of MnO.

2  Experimental Section

2.1  Materials

Manganese (III) acetylacetonate  (C15H21MnO6, 98% +) was 
purchased from Adamas Reagent Co., Ltd. Absolute ethyl 
alcohol was purchased from Shanghai Lingfeng Chemical 
Reagent Co., Ltd. Nafion D-520 dispersion (5 wt%) was pur-
chased from Dupont China Holding Co., Ltd. Commercial 
20 wt% Pt/C and the carbon black (XC-72) were purchased 
from Shanghai HEPHAS Energy Equipment Co., Ltd. All 
materials were used as received without further purification.
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2.2  Synthesis of  Mn3O4

The  Mn3O4 sample was synthesized by the hydrothermal 
method. First, 1 mM of manganese acetylacetonate was dis-
solved in 40 mL of absolute ethyl alcohol. Second, the solu-
tion was transferred into an 80 mL Teflon reaction kettle and 
was heated at 120 °C for 10 h. Third, the as-obtained mix-
ture was washed with ethyl alcohol for three times and then 
washed with deionized water for one time by the centrifugal 
separation. Finally, the prepared powder was collected after 
the freeze drying for 12 h.

2.3  Synthesis of MnO

The as-obtained  Mn3O4 powder was thermal treated to 
obtain the final MnO electrocatalyst at varied temperatures 
(400, 500, 550, 600 and 700 °C) for 2 h in reducing gas flow 
(containing 5 vol% hydrogen and 95 vol% argon) in the tube 
furnace with the heating rate is 5 °C  min−1. Among all sam-
ples, it has been found that 600 °C is the optimal treatment 
temperature for the highest catalytic activity.

2.4  Materials Characterization

The powder X-ray diffraction (XRD) patterns were acquired 
on a Rigaku D/Max-2550 V X-ray diffractometer with a Cu 
 Kα radiation target (40 kV, 40 mA) at a scan rate of (4°) 
 min−1. X-ray photoelectron spectroscopy (XPS) signals 
were measured on a Thermo Fisher Scientific ESCAlab250 
XPS instrument with monochromatic Al  Kα X-rays. Binding 
energies of high-resolution spectra were measured after cali-
bration, specifically, by setting C 1s at 284.6 eV. Spherical 
aberration-corrected HAADF-STEM measurements were 
taken on a JEM-ARM300F instrument (Shanghai Institute 
of Microsystem and Information Technology). Scanning 
electron microscope (SEM) imaging was carried out using a 
FEI Magellan-400 field emission scanning electron micros-
copy (5 kV). Transmission electron microscopy (TEM) 
patterns were collected using a JEM-2100F field emission 
transmission electron microscopy (200 kV). Electron spin 
resonance (ESR) signals were measured on a Bruker A300 
ESR instrument.

2.5  Electrochemical Measurements

The electrochemical measurements were carried out in 1 M 
KOH solution by a CH Instruments 760E electrochemical 
workstation using a standard three-electrode setup. Dur-
ing ORR test, a glassy carbon electrode (GCE) coated with 
catalysts, an Ag/AgCl electrode and a graphite rod were 
employed as the working electrode, reference electrode and 
counter electrode, respectively. The Ag/AgCl electrode was 
stored in 3 M KCl solution and rinsed with deionized water 
before use. All potentials were calibrated relative to the 
reversible hydrogen electrode (RHE) scale according to the 
Nernst equation (ERHE = EAg/AgCl + 0.059 × pH + 0.209 V), 
where EAg/AgCl is the external potential measured against 
the Ag/AgCl reference electrode, which has been corrected 
with a reversible hydrogen electrode.

To prepare catalyst ink for ORR test, 5 mg catalyst, 5 mg 
carbon black and 10 μL of Nafion were dispersed in 900 μL 
of isopropanol and 90 μL of deionized water. Similarly, the 
commercial Pt/C ink was prepared by dispersing 10 mg 
catalyst in a solution containing 10 μL of Nafion, 900 μL of 
isopropanol and 90 μL of deionized water. After the mixture 
was sonicated for 30 min, 10 μL of homogeneous ink was 
pipetted onto the glassy carbon electrode. Before all electro-
chemical measurements, high-purity  N2/O2 gas was bubbled 
into the solution for at least 30 min. The cyclic voltammetric 
(CV) measurements were performed in 1 M  O2-saturated 
KOH solution at a scan rate of 100 mV s−1. Then, the linear 
sweep voltammetric (LSV) curves were measured in 1 M 
 O2-saturated KOH solution at a scan rate of 10 mV s−1 at 
a rotating speed of 1600 rpm. Besides, the electrochemi-
cal impedance spectroscopy (EIS) measurements were 
conducted in a frequency range of  10−2 to  105 Hz with an 
amplitude of 5 mV at a fixed voltage of 0.965 V (vs. RHE).

The kinetics parameters including electron transfer num-
ber (n) and the yield of  H2O2 can be calculated from the 
following Eqs. (1) and (2).

(1)n =
4ID

ID + IR∕N

(2)%H2O2 =
200IR∕N

ID + IR∕N
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where ID and IR are the disk current and the ring current, 
respectively, and N is the experimental current collection 
efficiency by Pt ring on the ring-disk electrode, generally 
determined to be the value of 0.37 from the reduction of 
 K3Fe(CN)6.

The electrochemical active surface areas of the electrode 
were calculated according to the Randles–Sevcik equation 
(Eq. (3)) [22, 23]:

where Ip refers to the cathodic peak current, n is the total 
number of electrons transferred (n = 4), A is the effective 
surface area of the electrode, D is the diffusion coefficient for 
KOH = 1.9 × 10−5 cm S−1, C* is the concentration of KOH, 
and v is the scan rate.

2.6  Zinc–Air Battery Measurements

To prepare catalyst ink for zinc–air battery test, 6 mg cata-
lyst, 2 mg carbon black and 10 μL of Nafion were dispersed 
in 900 μL of isopropanol and 90 μL of deionized water. 
Similarly, the commercial Pt/C catalyst ink was prepared by 
dispersing 6 mg catalyst in a solution containing 10 μL of 
Nafion, 900 μL of isopropanol and 90 μL of deionized water. 
After the mixture was sonicated for 30 min, the as-prepared 
ink was pipetted onto a carbon paper substrate (the loading 
amount: 2 mg cm−2) as zinc–air battery cathode. A polished 
Zn foil was applied as the anode, and 6 M KOH filled with 
0.2 M Zn(Ac)2 was applied as the electrolyte to form zin-
cate (Zn(OH)4

2−) to ensure reversible Zn electrochemical 
reactions at the anode. The polarization curves of zinc–air 
battery were recorded by a CH Instruments 760E electro-
chemical workstation using a standard three-electrode setup.

3  Results and Discussion

3.1  Catalyst Synthesis and Characterization

The schematic diagram of MnO synthesis is shown in 
Fig. 1a. First, the flower-like  Mn3O4 nanosheets assemblies 
were readily prepared via hydrothermal treatment, which is 
kind of spinel oxides with mixed  Mn3+ and  Mn2+ valences 
at the tetrahedral and octahedral sites, respectively [24]. Sec-
ond, the MnO electrocatalyst was obtained by the thermal-
reduction of pre-synthesized  Mn3O4 at varied temperatures 

(3)Ip = (2.69 × 105) n3∕2AC ∗ D
1∕2

v
1∕2

(400, 500, 550, 600 and 700 °C) under mixed gas flow of 
5 vol% hydrogen and 95 vol% argon. From the powder 
XRD patterns (Fig. 1c), MnO exists in the forms of both 
cubic (PDF#07-0230) and orthorhombic phase structures 
(PDF#04-0326). Furthermore, the intensities of diffraction 
peaks of MnO electrocatalyst clearly increase along with 
the increase in reduction temperature owing to the enhanced 
crystallinity. After measured in 1 M  O2-saturated KOH solu-
tion for 1000 and 2000 cycles as ORR electrocatalyst, the 
sample MnO-600 displayed in Fig. S1 shows atypical XRD 
pattern of monoclinic phase  Mn5O8, i.e.,  2Mn2O3·MnO2 
(PDF#39-1218), which reveals the generation and coexist-
ence of Mn(III) and Mn(IV) in the catalyst (Fig. 1b) [25].

The scanning (SEM, Fig. 2a) and the transmission elec-
tron microscopic (TEM, Fig. 2b) images also demonstrate 
the successful synthesis of  Mn3O4 nanoflowers composed 
of a large amount of nanosheets. After the reduction treat-
ment at 600 °C, these nanosheets are evolved into numer-
ous tiny nanoparticles (Fig. 2c, d). It can also be found that 
several big bulks appear due to the inevitable drastic grain 
growth during treatment at elevated temperatures. Never-
theless, as shown in Figs. S2–S4, the nanoflowers’ skeleton 
structures are well preserved in a wide range of temperatures 
(400–700 °C), which confirms the morphological stability of 
the  MnOx nanoflowers. In order to further prove the structure 
stability under electrochemical test conditions, the SEM and 
TEM images of MnO-600 after 1000 and 2000 ORR cycles 
are shown in Figs. 2e, f and S5, respectively, and it can be 
seen that there is no significant structure change after the 
test. Furthermore, the lattice fringes in spherical aberra-
tion-corrected TEM image (Fig. 2g) can be found with the 
measured interplanar spacings being 0.259 nm and 0.503 nm 
corresponding to the (111) planes of cubic MnO and (020) 
planes of orthorhombic MnO, respectively, consolidating 
the mixed cubic and orthorhombic phase structure of the 
sample MnO-600. In the meantime, the elemental mapping 
images of MnO-600 shown in Fig. 2h confirm the highly 
homogeneous dispersion of Mn and O elements.

The large variety of Mn valence makes the structural 
and property investigation complicated. To clearly reveal 
the relationship between Mn valence and electrochemical 
performance, XPS measurements were performed to con-
firm the surface elemental composition of the catalysts. The 
survey spectra (Fig. S6) of  Mn3O4 and MnO-T catalysts 
show clearly the peaks centered at around 530 and 640 eV, 
corresponding to O 1s and Mn 2p, respectively. Figure 
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S7 shows the XPS Mn 2p spectra of  Mn3O4 sample. The 
Mn 2p1/2 and 2p3/2 peaks of pre-synthesized  Mn3O4 are at 
653.05 and 641.16 eV, respectively, which is consistent with 
the previous reports [26]. As shown in Fig. S8, its binding 
energy values at 529.98 and 531.74 eV are attributed to the 
metal–oxygen bonding (O1) and surface oxygen defect sites 
(O2), respectively [27]. Besides, the comparison of XPS O 
1s spectra among different MnO-T catalysts is shown in 
Fig. 3a. As the temperature gradually increases from 400 to 
600 °C, the intensity ratio of O1 to O2 peak largely increases 
from 0.223 to 1.506, meaning an enhanced content of oxy-
gen vacancies produced at elevated temperatures. The spe-
cific O1/O2 concentrations and the intensity ratio of O1 to 
O2 are displayed in Fig. 3b and Table S1.

The comparisons of XPS Mn 2p spectra among MnO-T 
(T = 400, 500 and 600 °C) catalysts are displayed in Fig. 3c, 
and the corresponding binding energy values are listed in 
Table S2. After the heat treatment at 400 °C, Mn 2p1/2 and 

2p3/2 peaks shifted toward higher binding energy, which is 
due to the partial decomposition of spinel-structural  Mn3O4 
and the formation of  Mn2O3 (III) and MnO (II) mixture. As 
the reduction temperature was elevated to 500 °C, two peaks 
further shifted toward higher binding energy owing to the 
higher reduction degree and more significant spinel-struc-
ture decomposition. However, when the reduction tempera-
ture was raised to 600 °C, the binding energies of two char-
acteristic peaks began to decrease due to the disappearance 
of  Mn3+, only pure MnO phase remained at this moment.

To further study how the Mn valences in manganese 
oxides influence the electrochemical performance of cata-
lysts, XPS spectra of MnO-600 after 1000 and 2000 cycles 
of ORR tests are obtained and displayed in Fig. 3d. Com-
pared with the pristine MnO samples, the corresponding 
binding energy values of Mn 2p1/2 and 2p3/2 peaks for the 
samples after the 1000 cycles are obviously enhanced owing 
to the in situ generation of high-valence Mn ions  (Mn3+ and 
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 Mn4+), which is consistent with the XRD result of the for-
mation of  Mn5O8. Then, the Mn 2p1/2 and 2p3/2 peaks con-
tinue to shift toward higher binding energy levels of 653.96 
and 642.3 eV (as shown in the data of Table S3), respec-
tively, thanks to the further increase in high-valence Mn ion 
content after 2000 cycles, which is still in accordance with 
those of  Mn3+ and  Mn4+ mixture in the previous report [28]. 
In summary, the XRD patterns and XPS survey spectra all 
confirm the production of  Mn5O8  (2Mn2O3·MnO2) phase 
during ORR tests.

Besides, the electron spin resonance (ESR) measure-
ments were adopted to further verify the existence of oxy-
gen vacancies and the variation of Mn valence. As shown in 
Fig. 3e, all samples show the resonance peaks at the g value 
of 2.003 attributed to oxygen vacancies [29], and the relative 
peak intensity increases gradually along with the increase in 

heat treatment temperature indicating the formation of more 
amount of oxygen vacancies, which is in accordance with 
the previous XPS results (Fig. 3a). More importantly, ESR 
technique is commonly used for valence analysis of transi-
tion metals and rare-earth elements owing to the incomplete 
occupied electron orbitals (3d, 4d, 5d, 4f…) and lone pair 
electrons. Generally,  Mn5+ ions without lone pair electron 
display no ESR signal, whereas  Mn2+ ions with three lone 
pair electrons show a typical sextet ESR pattern [30]. It can 
be found that all samples in Fig. 3f display such sextet pat-
terns (g = 2.00624, Aiso = 96.5G) and the higher intensity 
sextet indicates the larger portion of  Mn2+ in samples. As the 
reduction temperature reaches 600 °C, the MnO-600 sam-
ple shows the highest intensity sextet signals among ESR 
measurements, indicating the largest amount of  Mn2+ in the 
material.

Fig. 2  a, c, e SEM and b, d, f TEM images of  Mn3O4 sample (a, b), original MnO-600 catalyst (c, d) and the correspondingly tested MnO-600 
catalyst for 2000 ORR cycles (e, f). g, h Spherical aberration-corrected TEM (g) and TEM-EDS elemental mappings (h) images of MnO-600 
sample
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3.2  Electrocatalytic ORR Performances

The electrocatalytic performances of the synthesized cata-
lysts for ORR were evaluated in  N2 and  O2-saturated 1 M 
KOH solutions using a rotating disk electrode (RDE) and 
a rotating ring-disk electrode (RRDE) system. First, the 
cyclic voltammetric (CV) measurements were conducted 
at a scan rate of 100 mV s−1 on MnO catalysts obtained 
at varied reduction temperatures to manifest the influ-
ence of sample reduction on the morphology evolution 
and electrochemical performance. As shown in Fig. 4a, 
MnO-600 exhibits a much higher electrochemical active 
surface area (ECSA = 0.405 cm2) and peak current density 
than the electrocatalysts treated at other temperatures. In 
the meantime, from the linear sweep voltammetric (LSV) 
polar curves (Fig. 4b), the MnO-600 catalyst clearly shows 
the highest ORR electrocatalytic activity of 0.895 V in 
its half-wave potential (E1/2), which is 18 mV higher than 
that of commercial Pt/C (E1/2 = 0.877 V). Furthermore, 
the limiting current density of MnO-600 catalyst is highly 
comparable to that of the state-of-the-art commercial Pt/C 
catalysts. The specific activity at 0.89 V versus RHE for 
MnO-600 is 1.52 mA cm−2, about 1.4 times and 4.5 times 
higher than that of Pt/C and MnO-500 (Fig. S9). It can also 
be found that there is a downward peak at around 0.623 V 
(vs. RHE) for MnO-600 sample, which is attributed to 
the valence change between Mn(II) and Mn(III) under 
elevated potentials. The presence of Mn(III) is beneficial 
to the improvement of electrocatalytic activity and thus 
endows the catalyst with enhanced current density. Figure 
S10 displays the CV curves of MnO-600 sample in  N2 and 
 O2-saturated media, which shows the presence of redox 
peaks and further confirms oxygen reduction activity in 
 O2-saturated electrolyte.

To assess the stability of such a simple MnO-600 catalyst, 
a long-term cycling test between 0.6 and 1.0 V (vs. RHE) 
was performed. It can be found from Fig. 4c that there is 
no significant decrease in the ORR electrocatalytic activ-
ity even tested for 2000, 4000 and 6000 cycles, indicating 
the excellent ORR catalytic stability of MnO-600 catalyst 
during prolonged cycling tests, and the half-wave potential 
value has only suffered a slight loss by 25 mV. Apparently, 
the downward peak at around 0.623 V (vs. RHE) become 
gradually weakened and finally disappeared during the ORR 
cycling tests from the initial to 6000 cycles, indicating the 
completed valence change of Mn ions from 2 + to 3 +/4 + , 

as discussed above after the long-term cycling test. To fur-
ther evaluate the catalyst stability, the chronoamperometry 
test was also performed. Impressively, the ORR activity will 
experience a significant enhancement (150% of initial cur-
rent) (Fig. 4d) after the MnO electrocatalyst being meas-
ured for 1000 s under the constant applied potential (0.7 V 
vs. RHE), which can be explained by the production of a 
new component  Mn5O8 as shown in the XRD patterns (Fig. 
S1) from MnO samples discussed above. After experienc-
ing a period of electrochemical operation, Mn(II) ion has 
been fully oxidized to Mn(III) and Mn(IV), and these in situ 
generated  Mn3+ and  Mn4+ species are the key to achieve 
enhanced ORR activities. After that, the catalyst keeps stable 
at a high current density for at least 25,000 s to the end of 
the test, which further proves the excellent ORR stability 
of MnO-600 catalyst. Meanwhile, to prove the role of oxy-
gen vacancies in MnO in elevating the ORR activity and 
conductivity, comparisons of LSV and ESI results between 
MnO-600 and MnO-purchase are shown in Figs. S12 and 
S13. It is clear that the MnO-600 rich in oxygen vacancies 
exhibits much higher ORR catalytic activity than the MnO 
purchased.

Moreover, the RRDE tests of the catalysts were conducted 
in  O2-saturated 1 M KOH solution to calculate the  H2O2 
yields and the corresponding electron transfer numbers. As 
shown in Fig. 4e, the  H2O2 yield for MnO-600 is about 10% 
and the corresponding electron transfer number (n) is close 
to the theoretical value of 4 at potentials ranging from 0 to 
1.0 V (vs. RHE), proving a four-electron transfer pathway 
for ORR. The corresponding ring currents,  H2O2 yields and 
electron transfer numbers for the other catalysts are shown in 
Figs. S14–S16, respectively. For further comparison, Fig. 4f 
displays the  H2O2 yield histogram and corresponding elec-
tron transfer numbers at 0.8 V (vs. RHE) of different cata-
lysts. Similar to the catalytic activity discussed earlier, the 
MnO-600 electrocatalyst shows the lowest  H2O2 yield and 
the highest electron transfer number among all samples. The 
results further prove that MnO-600 electrocatalyst demon-
strates better catalytic performance than the other catalysts.

The electrochemical impedance spectroscopy (EIS) meas-
urement was conducted at 0.965 V (vs. RHE) and in the 
frequency range from  10−2 to  105 Hz to elucidate the charge 
transfer resistance at the electrode surface. As shown in 
Fig. 4g and the inset, the MnO-600 electrocatalyst shows a 
quite low solution resistance (Rs = 5.31 Ω) and displays the 
smallest semicircle diameter from Nyquist plot, indicating 
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the fastest charge transfer among all samples. Besides, the 
corresponding equivalence circuit for MnO-600 catalyst is 
shown in Fig. S17. The faster charge transfer between elec-
trode and electrolyte results in the more significant enhance-
ment of the catalytic activity for  O2 reduction. On the whole, 
it is concluded that the MnO-600 electrocatalyst exhibits the 
most excellent ORR catalytic performance because of its 
lower charge transfer resistance and faster charge transfer 
speed.

Besides, the tolerance measurements to methanol crosso-
ver were conducted at 0.7 V (vs. RHE) in 1 M  O2-saturated 
KOH solutions by the amperometric i − t curves (Fig. 4h). 
After tested for 1200 s, 0.5 M methanol into the electrolyte 
was added every 600 s for 4 times in all. It can be clearly 
seen that the current of the MnO-600 catalyst almost keeps 
unchanged after the additions of methanol, while the com-
mercial Pt/C catalyst suffers substantial current density 
losses and remains only 37% of the initial current at the end 
of the tests. By comparing the ORR half-wave potentials and 

−6
0.6 0.7 0.8 0.9

)c()b()a(

)f()e()d(

)h()g( (i)

1.0 0.2 0.4 0.6 0.8 1.01.1

−4

−2

0

2

4

6
MnO-500
MnO-550
MnO-600
MnO-700

j/(
m

A 
cm

−2
)

j/(
m

A 
cm

−2
)

)EHR.sv(V/E)EHR.sv(V/E

0.20.0 0.4 0.6 0.8 1.0
E/V (vs.RHE)

0.20.0 0.4 0.6 0.8 1.0

0.2 0.4 0.6 0.8 1.0
E/V (vs.RHE)

−5

−4

−3

−2

−1

0

j/(
m

A 
cm

−2
)

−5

−4

−3

−2

−1

0
MnO-500
MnO-550
MnO-600
MnO-700
Pt/C

Before
After 2000 cycles
After 4000 cycles
After 6000 cycles

25 mV

0
0

0 600 1200 1800 2400 3000 3600

5000 10000 20000 2500015000

100

200

300

400
MnO-600

R
el

at
iv

e 
cu

rr
en

t (
%

)

H
2O

2 
(%

)

H
2O

2 
(%

)

n
H2O2

Time (s)

Time (s)

150%

1

2

3

4

−10

0

10

20

30

40

50

n

0

10

20

30

40

50

MnO-700MnO-600MnO-550

n=3.88n=3.92
n=3.65

@0.8V vs.RHE

n=3.54

MnO-500

5.2 5.6 6.0 6.4 6.8
0.0

0.5

1.0

1.5

2.0
MnO-500
MnO-550
MnO-600
MnO-700

0

500

1000

−Z
''(

)

−Z
''(

)

Z' ( )

Z' ( )

0 1000 2000 3000

0

50

100

150

200

250

300

2 M1.5 M1 M

Pt/C
MnO-600

R
el

at
iv

e 
cu

rr
en

t (
%

)

0.5 M

37%

Ref. 18

Ref. 22b

Ref. 22a

Half-wave potential (V)

C
at

al
ys

ts

This
work

Ref. 12

Mn2+ → Mn3+/Mn4+

Fig. 4  ORR performances of the prepared catalysts and their comparisons in 1  M KOH solution. a CV curves of MnO-T catalysts. b LSV 
curves of MnO-T catalysts at a scan rate of 10 mV/s. c Stability measurements for MnO-600 sample at the initial cycle and after 2000, 4000 and 
6000 cycles. d Time-dependent current density curve at 0.7 V (vs. RHE) obtained by continuous test for 25,000 s. e  H2O2 yields of MnO-600 
at varied potentials and the corresponding electron transfer numbers. f  H2O2 yields (dots) and the corresponding electron transfer numbers (col-
umns) at 0.8 V (vs. RHE) for different catalysts. g Nyquist plots of the catalysts (inset: AC impedance curves of different catalysts at the poten-
tial of 0.965 V (vs. RHE) and in the frequency range from  10−2 to  105 Hz). h Tolerance measurements to methanol at 0.7 V (vs. RHE) for Pt/C 
and MnO-600 catalysts. i Comparison of ORR performances among  MnOx-based electrocatalysts in the alkaline electrolyte



 Nano-Micro Lett. (2020) 12:161161 Page 10 of 14

https://doi.org/10.1007/s40820-020-00500-7© The authors

electron transfer numbers between the presently prepared 
MnO-600 catalyst and other  MnOx-based alkaline electro-
catalysts in the previous reports (Figs. 4i, S18 and Table S4) 
[31, 32], it can be found that the MnO-600 catalyst demon-
strates the most excellent ORR catalytic performance.

3.3  Zinc–Air Battery Performance

To further demonstrate the extra-high ORR catalytic activity 
of the as-synthesized MnO (II) electrocatalyst, zinc–air bat-
teries were assembled as exemplified in Fig. 5a, in which a 
carbon paper pre-coated with the ORR catalyst MnO-600, or 
commercial Pt/C catalyst, was used as an air cathode, in cou-
pling with a Zn anode and a glassy fiber membrane soaked 
with aqueous 6 M KOH electrolyte as the separator. Fig-
ure 5b shows the polarization and power density curves of 
air-breathing zinc–air battery with a working electrode area 
of 3 cm2 and catalyst loading amount of 2 mg cm−2, which 
were operated at room temperature of ~ 20 °C. It can be seen 
that the peak current density and peak power density of 
MnO-600 are as high as 102.7 mA cm−2 and 63.2 mW cm−2, 
respectively, which are markedly higher than those of 
commercial Pt/C (peak current density = 69.2 mA cm−2; 
peak power density = 47.4 mW cm−2) under identical test 
conditions.

It can be confirmed from Fig.  5c that the cell volt-
age of MnO-600 catalyst keeps as stable as commercial 
Pt/C at the relatively low applied currents in the range of 
2–10 mA cm−2. When the applied current density reaches 
20 mA cm−2, the commercial Pt/C experiences a rapid deac-
tivation, while MnO-600 still retains a cell voltage platform, 
suggesting the much better stability of MnO-600 catalyst 
under high current density. Moreover, durability of the bat-
teries was further evaluated using galvanostatic recurrent 
pulse method at a constant current density of 10 mA cm−2 
and a discharge/recharge cyclic duration of 10 min (5 min 
each) (Fig. 5d). It is obvious that the Zn–air battery using 
MnO-600 as cathode catalyst is highly rechargeable and 
shows negligible voltage decay during 35 h of the cyclic 
test, which is highly comparable to that of commercial 
Pt/C benchmark. As an example for practical application 
(Fig. 5e), multiple Zn–air batteries were connected in series 
to power different light-emitting diode (2–2.2 V) and the 
LED display (1.5 V). A real-time LED video powered by 
Zn–air batteries by using MnO-600 as cathode catalyst is 

shown in Supplement Movie. All these operations clearly 
demonstrate that MnO-600 catalyst is a promising catalyst 
for advanced energy storage and conversion technologies.

4  ORR Mechanism Probing

Generally, the electrocatalytic oxygen reduction in alka-
line media could proceed via either a direct four-electron 
pathway producing hydroxide  (OH−) or a two-step (two-
electron + two-electron) pathway producing hydroperoxide 
 (HO2

−) groups. The detailed reaction equations are displayed 
in Eqs. (4)–(7) [33, 34].

or

It has been believed that pure  Mn2+ or  Mn4+ species are not 
ORR kinetic-favorable owing to the occurrence of a portion 
of two-electron reduction pathway. Nevertheless, the catalyst 
will experience an oxygen reduction pathway via a quasi-four-
electron pathway after the introduction of a small amount of 
 Mn3+ [35]. However,  Mn3+ would be unlikely to exist stably 
due to the inevitable Jahn–Teller distortion [36]. According to 
the Jahn-Tell effect, unstable  Mn3+ will be disproportionated 
to  Mn2+ and  Mn4+ (2  Mn3+ = Mn2+ + Mn4+) at pH < 9 [37]. 
In this study,  Mn3+ was in situ generated which could exist 
stably in 1 M KOH solutions (pH = 14) via the electrochemi-
cal method under the constant applied potential.

Besides the effect on electron transfer number, the non-
negligible role of  Mn3+ in ORR catalysis can also be found 
on facilitating the interaction between the electronic structure 
and absorbed oxygen. The coexistence of  Mn3+ and  Mn4+ has 
been reported to promote the cleavage of O–O bonds and thus 
ensures the rapid reduction of  O2 to  OH−. The trivalent Mn ion 
adopts a high-spin  d4 configuration (t32geg

1) [38], whereas the 
produced  Mn2+ and  Mn4+ (due to the charge disproportiona-
tion of  Mn3+) possess non-degenerated t32geg

2 and t32geg
0 configu-

rations, respectively (Fig. 6a) [37]. In a truncated octahedral 
environment, the antibonding orbitals of  Mn3+ will overlap 
directly with that of top-absorbed O species thus to influence 

(4)O2 + 2H2O + 4e− = 4OH− (four - electron pathway)

(5)
O2 + H2O + 2e− = HO−

2
+ OH− (two - electron pathway)

(6)HO−
2
+ H2O + 2e− = 3OH− (two - electron pathway)

(7)
(

orHO−
2
= OH− + 1∕2O2

)
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the bonding strength of  O2 onto  Mn3+ via the filling status 
(Fig. 6b) [19]. According to the wildly accepted four-step pro-
ton-coupled electron transfer reaction mechanism (Fig. 6c), 
the four-electron process for the ORR catalyzed by  MnOx can 
be schemed as [39]: (1)  O2 is absorbed and transformed into 
 OO2

− on a Mn site by displacing the  OH− group originally 
adhered on the catalyst surface in the alkaline solution; (2) the 
 OO2

− group is protonated to form  OOH−; (3) an  OH− group 
is removed from  OOH−, leaving a superoxo  O2

− group on the 
previous Mn site; (4) the  O2

− group is again protonated to 
form  OH− thus to rebuild the initial hydroxyl-covered surface 
of  MnOx. This is a complete cycle of ORR accompanying the 

reversible component change on the  MnOx catalyst surface 
during the oxygen reduction. The corresponding reactions are 
formulated as follows:

(8)O2 +Mn − OH + e− = Mn − OO∗ + OH−

(9)Mn − OO∗ + H2O + e− = Mn − OOH + OH−

(10)Mn − OOH + e− = Mn − O + OH−

(11)Mn − O + H2O + e− = Mn − OH + OH−
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From the four ORR steps taking place on the MnO, i.e., 
the oxygen adsorption to replace  OH− group at the Mn site 
(step 1) is regarded as the rate-determining step in the ORR 
kinetics on metal oxides. On the one hand, the synthesized 
MnO-600 catalyst possesses the largest amount of oxy-
gen vacancies in the prepared materials according to the 
XPS O1s spectra and ESR result, and thus, the presence 
of oxygen vacancies will accelerate the adsorption of  O2 
molecules to promote step (1), resultantly facilitating the 
ORR activity elevation. On the other hand, the in situ gener-
ated large quantity of  Mn3+ ions during the electrochemical 
test of MnO will lead to much weakened oxygen adsorption 
because of the existence of electron in the orbitals of  Mn3+, 
thus favoring the cleavage/desorption of  OH− groups from 
the Mn sites and accelerating the steps (1) to (4), conse-
quently resulting in largely enhanced ORR kinetics.

In addition,  Mn4+ is proved to be highly active for perox-
ide decomposition [40]. The in situ generated  Mn4+ species 
in  Mn5O8 of MnO-600 catalyst will facilitate the reaction 
(10) and accelerate the ORR process during the electro-
chemical tests. Thus, the excellent ORR performance of 
synthesized MnO-600 can be attributed to the synergistic 
catalytic effect among the presence of oxygen vacancies and 
the in situ generated  Mn3+ and  Mn4+ species, in which the 
oxygen vacancies accelerate the adsorption of  O2 molecules, 

 Mn3+ catalyze ORR and  Mn4+ catalyze peroxide decompo-
sition in a synergetic way, i.e., the oxygen vacancies,  Mn3+ 
and  Mn4+ ions function successively in the ORR catalysis 
[41], resulting in overall enhanced ORR catalytic activity.

5  Conclusion

A simple noble metal-free Mn(II)O electrocatalyst with 
excellent ORR performance has been fabricated via a fac-
ile “two-step” strategy. The excellent ORR electrocatalytic 
performance has been obtained on the MnO catalyst synthe-
sized by heat-reducing the starting  Mn3O4 at 600 °C, which 
exhibits a half-wave potential (E1/2) of as high as 0.895 V, 
18 mV higher than that of commercial Pt/C (E1/2 = 0.877 V). 
Besides, the marked Zn–air battery performances in terms 
of peak current density, peak power density and durabil-
ity have been achieved by using the MnO-600 as the cath-
ode electrocatalyst. More impressively, the ORR activity 
can be significantly enhanced during the long-term elec-
trochemical test owing to the in situ generation and stable 
existence of higher valence manganese ions in the form of 
 2Mn2O3·MnO2. According to the mechanism analysis for 
the ORR reaction pathway, a synergetic catalytic effect has 
been proposed, in which the oxygen vacancies, and in situ 
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generated  Mn3+ and  Mn4+ species function successively in 
the ORR catalysis, resulting in the much enhanced catalytic 
activity. This work not only broadens our horizon for con-
structing high-performance noble metal-free electrocatalyst 
by employing multivalence transition metal oxides, but also 
provides an in-depth mechanistic probing on the relation-
ship between Mn valence and electrochemical performance.
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