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Abstract 

 Core@shell-structured, hierarchically porous manganese oxide/cobalt manganite@nitrogen-

doped carbon (MnO/CoMn2O4@N–C) nanorods with interstitially decorated CoMn2O4 

nanoparticles are synthesized via one-step carbonization of metal–organic framework (MOF)-

coated α˗manganese oxide (α-MnO2@ZIF-67) nanorods and are evaluated as bifunctional 

electrocatalytic cathodes for Li–O2 batteries (LOBs) to improve the bifunctionality, specific 

discharge capacity, and cyclability of α˗MnO2 nanorod cathode-based LOBs. The 

MnO/CoMn2O4@N–C nanorods feature a MnO nanorod core with CoMn2O4 nanoparticle 

interstitial decoration, both coated by an N–C conductive shell. The MnO core renders Mn active 

sites and oxygen vacancies, while the CoMn2O4 interstitial decoration gives additional Mn, Co 

active sites, thereby enhancing bifunctional electrocatalytic ORR–OER. The N–C shell increases 
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electronic conductivity, hierarchical porosity, specific surface area, and protects the core and 

interstitial decoration against lithium peroxide (Li2O2) passivation. The improved structural 

features allow the MnO/CoMn2O4@N–C nanorod cathode-based LOB cells to exhibit superior 

full specific discharge capacity of 8625 mAh·g-1 and cyclability of 48 discharge–charge cycles at 

200 mA·g-1 specific current and 2000 mAh.g-1 limited specific discharge capacity compared to 

their α˗MnO2 nanorod counterparts. An ORR–OER mechanism is proposed to describe the 

interesting formation of particle- and film-type Li2O2 deposits at different cycles for the 

MnO/CoMn2O4@N–C nanorod cathodes. Such MOF-derived, interstitial nanoparticle-decorated 

nanoarchitectures can lead to high-performance tunable bifunctional electrocatalysts. 

 

Highlights  

• MOF-derived core@shell MXNC nanorods with interstitial decoration was developed 

• Mn, Co, and oxygen vacancies from core and interstitial impart bifunctionality  

• Conductive high surface area N‒C shell protect the core against passivation 

• MXNC nanorods show higher cycles and capacity as LOB cathodes than α˗MnO2 nanorods 

• Tunable method for high surface area interstitially decorated bifunctional cathode 

 

Keywords Bifunctional, electrocatalytic cathodes, core@shell structure, metal–organic 

framework, nanoparticle interstitial decoration, lithium-oxygen batteries 
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1. Introduction  

 Lithium–oxygen batteries (LOBs) have gained a tremendous popularity in recent years due to 

their ultrahigh theoretical specific capacity in comparison with traditional Li-ion batteries (LIBs). 

In particular, the specific energy density of non-aqueous LOBs at discharge state (~3460 Wh·kg-

1) is approximately 10 times higher than the LIBs, while its value at charge state (~11,680 

Wh·kg-1) is nearly equivalent to the gasoline [1]. These have made envisioning the application 

prospects of LOBs as clean energy sources in pure electric vehicles. However, the main 

challenges for the practical applications of LOBs are their limited specific discharge capacity, 

poor rate capability, high over-potential, and low cyclability. These hindrances mainly result 

from the sluggish kinetics of oxygen reduction reaction (ORR) and oxygen evolution reaction 

(OER). Moreover, the deposition of insoluble and insulating discharge products in form of 

lithium peroxide (Li2O2) and their intermediates occlude the electrocatalytic sites of cathodes and 

reduce the cyclability of the LOBs [2,3]. Thus, it is necessary to design and develop energetically 

stable bifunctional electrocatalytic cathodes with improved active sites, oxygen vacancies, and 

electronic conductivity to exploit the advantages of LOBs. 

 Transition metal oxides, as tailorable and user-friendly materials, are promising candidates for 

LOB cathodes. Owing to the faster electron transport and higher electronic conductivity [4], the 

1˗D structure of α-MnO2 nanorods/nanowires is more favorable for bifunctional electrocatalysts 

than the others such as hollow spheres, nanoparticles or nanotubes [5,6]. However, at higher 

cycles, α-MnO2 nanorods suffer from deposition of insulating discharge products and low 

cyclability [7]. Though core@shell-structured CNT@MnO and MnO2 nanotube@nitrogen-doped 

exfoliated graphene  can impart conductivity and reduce passivation of electrocatalytic core to 

some extent [8,9], their bifunctional activities and specific surface areas are both far from being 
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the state-of-the-art. On the other hand, while bimetallic oxides such as CoMn2O4 and MnCo2O4 

nanoparticles have improved bifunctional activities in aprotic LOBs [10–12], they are subject to 

rapid passivation and low conductivity. It would be ideal to combine the α-MnO2 nanorods cores 

with N–C (nitrogen-doped carbon) shells and decorate them with bimetallic oxide nanoparticles 

to obtain the necessary conductivity, protection against passivation, and bifunctionality in 

electrocatalytic cathodes for the LOB cells. However, synthesis of α-MnO2 and N–C shell is a 

tedious process by itself. Further introducing bimetallic oxide nanoparticles in such a core@shell 

structure require additional steps of doping. To this end, our objective in this article is to simplify 

the cumbersome synthesizing process of α-MnO2@N–C shell nanorods with bimetallic 

CoMn2O4 nanoparticle decorations and achieve improved bifunctionality of α-MnO2 nanorods. 

We propose and demonstrate a one-step carbonization process to develop an integrated 

nanoarchitecture of MnO/CoMn2O4@N–C nanorods consisting of a core@shell structure of 

MnO core with interstitially located cobalt manganite nanoparticle (CoMn2O4), both 

encapsulated by a N–C shell. The introduction of the synergistic, bimetallic oxide nanoparticles 

at the interstitial sites alter the lattice structure and charge transfer [13]  between the surrounding 

cores and shells, thereby providing an additional boost to the bifunctional electrocatalytic 

properties of the nanoarchitectures. This, in turn is reflected in the enhanced performance of the 

LOBs with MnO/CoMn2O4@N–C nanorod cathodes compared to α-MnO2 nanorod cathodes. 

 The applications of metal–organic frameworks (MOFs) prove beneficial in synthesizing the 

aforementioned cathode. The nitrogen ligands act as the source of N–C shell, while their metal 

nodes combine with the metallic core to develop interstitial bimetallic oxide decorations. We 

exploit these properties and perform one-step carbonization of the MOFs to synthesize cathodes 

for the LOBs. In addition, the carbonization of the MOFs also improves the specific surface area 
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of the MnO/CoMn2O4@N–C nanorods. MOF-derived high surface area hollow shells such as 

Co-Mn-O nanocubes, ZnO/ZnFe2O4/C nanocages, and Co,N-doped carbon polyhedra have 

gained huge impact as energy storage materials in batteries and supercapacitors [14–17]. 

However, MOF-derived core@shell-structured 1-D nanomaterials with interstitially decorated 

nanoparticles have scarcely been explored as LOB cathodes.  

 In this work, we have developed hierarchically porous 1-D core@shell-structured 

MnO/CoMn2O4@N–C nanorods with interstitially decorated nanoparticles, where MnO, 

CoMn2O4, and N–C can be obtained simultaneously via one-step carbonization process. From 

here onwards, we designate MnO/CoMn2O4@N–C nanorods as MXNC nanorods, where M 

represents MnO (manganese oxide), X represents CoMn2O4 (cobalt manganite), and N–C 

represents nitrogen-doped carbon. It is to be noted that, in this study, ZIF˗67 (Zeolitic Imidazole 

Framework-67) has been chosen as a suitable MOF for sheathing the α˗MnO2 nanorods. The 

interstitial CoMn2O4 decorated nanoparticles are derived from the Co nodes of ZIF-67, while the 

N–C shell is derived from the nitrogen containing ligands. The schematic of the synthesis 

process has been shown in Scheme 1. The carbonization of the core@shell α˗MnO2@ZIF˗67 

nanorods at high temperature under argon results in: (i) reduction of α-MnO2 to multivalent MnO 

cores that act as oxygen vacancy-induced bifunctional electrocatalytic sites; (ii) decoration of 

interstitial CoMn2O4 nanoparticles that enhances the bifunctionality through Mn, Co bimetallic 

synergism; (iii) encapsulation of the cores with electrically conductive N–C shell derived from 

the ZIF-67, that improves the electron migration as well as protects the core against Li2O2 

deposition; and (iv) increases the specific surface area and hierarchical porosity for easy 

diffusion of Li+ ions and oxygen molecules.  
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2. Experimental Section 

2.1 Materials  

 The following materials were used: potassium permanganate (KMnO4), ammonium fluoride 

(NH4F), cobalt nitrate hexahydrate (Co(NO3)2.6H2O), 2-methylimidazole (HMeIM), 

polyvinylpyrole (PVP) with M.W˗50,000, methanol, absolute ethanol, de-ionized water, 

polytetrafluoroethylene (PTFE), isopropanol, Super P carbon,  16 mm diameter discs of GDS230 

carbon paper, Whatmann glass fiber GF/D, and lithium foil, lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI), tetraethylene glycol dimethyl ether (TEGDME). 

The non-aqueous electrolyte solution was composed of 1(M) LiTFSI in TEGDME. All 

chemicals were obtained from Acros Organic with 98–99% purity and used without further 

treatment, unless otherwise specified.  

 

2.2 Synthesis of nanorods 

 Synthesis of α-MnO2 nanorods: The α˗MnO2 nanorods were synthesized according to 

previous literature [4]. Briefly, an aqueous solution of 0.1 g potassium permanganate, 0.9 g 

ammonium fluoride, and 40 mL of water was prepared under magnetic stirring. The solution was 

heated at 200oC for 24 h in an air oven. The resulting solution was cooled to room temperature 

and the brown precipitate obtained was filtered and washed with distilled water for several times. 

The precipitate was dried at 80oC for 12 h. 

 Synthesis of MnO/CoMn2O4@N–C (MXNC) nanorods: In order to prepare the core@shell 

MXNC nanorods, 50 mg of α-MnO2 nanorods were dispersed in 10 mL methanol and 

ultrasonicated for 15 min. A solution made of 250 mg PVP dissolved in 5 mL of methanol was 
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added to the α-MnO2 nanorods dispersion. The mixed solution was ultrasonicated for 10 min to 

ensure uniform functionalization of the α-MnO2 nanorods with the PVP surfactant. To this was 

added a solution containing 328 mg (4 mmol) HMeIM dissolved in 5 mL methanol and the 

combined solution was ultrasonicated for 10 min. Finally, a solution of 291 mg (1 mmol) 

Co(NO3)2.6H2O dissolved in 5 mL methanol was added dropwise into the mixture containing 

α˗MnO2 nanorods, PVP, and HMeIM. The mixture was ultrasonicated for 10 min and kept at rest 

for 24 h at room temperature. The precipitate obtained (α˗MnO2@ZIF˗67 nanorods) was washed 

repeatedly with methanol and dried in vacuum at 80oC/12 h. The precipitate was calcined in 

argon atmosphere till 900oC at 2oC·min-1 and maintained at that temperature for 3 h. The 

schematic of the synthesis process has been shown in Scheme 1. For the purpose of comparison, 

the previously synthesized precipitate of α˗MnO2@ZIF˗67 nanorods was carbonized in argon 

atmosphere till 650oC at 2 oC·min-1 and maintained at that temperature for 3 h. The sample was 

named as MXNC nanorods-650. 

 As a control, pure ZIF˗67 was also prepared. Typically, a solution was prepared by dissolving 

291 mg Co(NO3)2.6H2O in 15 mL methanol. Another solution was prepared by dissolving 328 

mg HMeIM in 5 mL methanol. The two solutions were mixed and ultrasonicated for 10 min and 

kept at rest at room temperature for 24 h [18]. In order to compare the full specific discharge 

capacity of the shell only, the synthesized ZIF˗67 was calcined in argon atmosphere till 900oC at 

2 oC·min-1 and maintained at that temperature for 3 h. It was named as ZIF˗67˗900. 

 

2.3 Physicochemical characterizations of nanorods 

 The crystallographic information of the samples was obtained from the XRD (X-ray 

diffraction) patterns recorded using a diffractometer (Rigaku Smartlab X-Ray, operated at 40 kV 
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using a Cu Kα radiation). The Rietveld analyses of the XRD patterns were performed with 

MAUD. The elemental analysis and oxidation states of the samples were obtained from XPS (X-

ray photoelectron spectroscopy) performed with Kratos Axis Ultra DLD and referenced to the 

C1s neutral carbon peak at 285 eV. The thermal stability and carbon content were determined by 

heating the samples under nitrogen and oxygen respectively at 10oC·min-1 in thermo-gravimetric 

analyzer (Mettler Toledo TGA/DSC3+). The surface area and pore volumes of the samples were 

analyzed by N2 physisorption at 77 K in a surface analyzer (Micrometrics ASAP 2020). To 

identify the nature of the carbon, the Raman spectra of the samples were collected with 

Renishaw Raman spectrometer. The morphologies of the samples were determined from the 

STEM (Scanning Transmission Electron Microscope) and SEM (Scanning Electron Microscope) 

using JEOL JEM-2100F microscope and TESCAN VEGA microscope respectively. The 

electrical conductivities of the cathodes were measured using a four-probe resistivity/Hall system 

(HK5500PC, Bio-Rad). For post-mortem characterizations, the discharged cathodes were washed 

with TEGDME before conducting any of the above characterizations.  

 

2.4 Fabrication of cathodes and their LOB cells 

 For the preparation of the cathodes, a homogeneous ink was composed of 60% MXNC 

nanorods, 20% Super P carbon, and 20% PTFE dissolved in isopropanol. The dispersion was 

drop-casted on carbon paper discs (1.6 cm diameter, 0.019 cm thick, 2 cm2 area) and dried in 

vacuum at 120oC. The total mass loading of the MXNC nanorods and Super P was 1±0.05 

mg·cm-2. A cathode made of 80% Super P and 20% PTFE with same mass loading was 

composed to compare the performance efficiency of the MXNC nanorods cathodes toward the 

LOBs. 
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 The LOB cells were fabricated using an EQ-STC-Li-air split test cell (Figure S1) from MTI 

inside a glove box filled with argon gas (O2 and moisture content < 0.1 ppm). The 

aforementioned cathode prepared with MXNC nanorods, Whatmann glass fiber separator, 

lithium anode, and 60 µL of electrolyte were assembled into the EQ-STC-Li-air cell and sealed 

tightly with screws. The cells were flushed with 99.7% pure oxygen supply for 0.5 h and kept for 

3 h in open circuit condition before performing the electrochemical measurements. 

 

2.5 Electrochemical characterizations of LOB cells 

 The galvanostatic discharge–charge profiles (vs. Li+/Li) of the 2˗electrode system LOB cells 

were obtained from a LANDT 2001 CT battery tester within the voltage window of 2–4.5 V and 

at different specific current densities. The cyclic ability was evaluated at a specific current 

density of 200 mA·g-1 and a limited specific capacity of 2000 mAh·g-1. The rate performances 

were executed at a limited specific capacity of 2000 mAh·g-1 and increasing specific current 

densities of 100, 200, and 400 mAh·g-1 and back to 100 mAh·g-1. The specific discharge capacity 

and specific current densities were calculated based on the active material mass loading of the 

cathode. The Cyclic Voltammetry (CV) was conducted with a CHI 660E Electrochemical 

Impedance Spectroscope (EIS) at a voltage sweep rate of 5 mV·s-1 and voltage range of 2–4.5 V. 

The impedance spectrum for Nyquist plots of the LOB cells at different stages were recorded at a 

perturbation amplitude of 5 mV and frequency range of 10-3 to 105 Hz. The EIS impedance 

spectra was fitted to equivalent circuit by ZView software. 

3. Results and discussion 

3.1 Physicochemical properties of MXNC nanorods 
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 The physicochemical characterizations of MXNC nanorods are compared with α-MnO2 

nanorods, ZIF-67, and α-MnO2@ZIF-67 nanorods. For that the purpose, XRD, N2 physisorption, 

Raman spectroscopy, TGA, XPS, SEM, TEM, and 4-probe conductivity measurement have been 

used. An ideal air-cathode should have high surface area and conductivity. To develop the 

conductive MOF-derived N–C shell, it is necessary to optimize the carbonization temperature of 

the core@shell α-MnO2@ZIF-67 nanorods. The TGA analysis of α-MnO2@ZIF-67 nanorods 

performed under N2, in Figure S2 (a) shows that at 310oC, the solvent molecules trapped in the 

pores of ZIF-67 were removed. Further heating till ~500oC was accompanied with slight loss 

indicating the complete activation of the ZIF-67. The sharp weight loss from 500 to 900oC was 

due to the decomposition of the ligands and collapse of the ZIF-67 framework structure. Since 

the graphitization was completed at 900oC, therefore, it was selected as the optimum temperature 

for carbonization.  

 Crystal structure analysis: The XRD pattern and crystal structure of the core precursor, 

α˗MnO2 nanorods in Figures S3(a-b), confirm their phase purity and body-centered tetragonal 

phase (JCPDS card no. 44-0141, space group I4/m) [19]. The MnO6˗octahedral units of α˗MnO2 

arrange in form of chain along the 2×2 tunnels [20]. The Rietveld refinement of the XRD pattern 

of shell precursor, pristine ZIF˗67 crystals (Figure S3(c-d)), are in agreement with the sodalite 

cage type structure (space group I4/3m) [21]. The XRD pattern of the core@shell MXNC 

nanorods in Figure 1(a) shows the characteristic peak of graphitic carbon (002) at 2θ=23.8o. The 

carbonization of the thermo-labile ligands of the ZIF˗67 and the promotional activity of cobalt 

ions are responsible for the graphitization of carbon [22]. The planes of (111), (200), and (311) 

belong to the cubic phase MnO (JCPDS-07-0230, space group Fm-3m). The remaining peaks 

have been assigned to the crystal planes of (101), (112), (211), (220), and (413) of tetragonal  
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nanorods obtained from Rietveld refinement of the XRD pattern (Figure 1(b)) corresponds with 

the core@shell-structure, where the core MnO with interstitial CoMn2O4 nanoparticles are 

encapsulated with a N–C shell. The Rietveld refinement parameters of the α˗MnO2 nanorods, 

ZIF-67, and MXNC nanorods have been listed in Table S1. 

Surface area and pore size distribution analysis: Despite the high temperature carbonization of 

α˗MnO2@ZIF˗67 nanorods, the resulting MXNC nanorods showed twice the specific surface 

area than the α˗MnO2 nanorods. The Type I isotherm of ZIF˗67 indicates their microporous 

nature [24], while the Type II isotherm of α˗MnO2 nanorods indicates their mesoporosity [4]. It 

is seen from Figure 1(c) that individually, α˗MnO2 nanorods and ZIF˗67 possess specific surface 

area of 38.60 and 1498.31 m2·g-1, respectively. The successful inclusion of the α˗MnO2 nanorods 

as cores inside the ZIF˗67 framework reduced the specific surface area of α˗MnO2@ZIF˗67 

nanorods to 806.44 m2·g-1. After carbonization, the MXNC nanorods formed, have a high 

specific surface area of 80.87 m2·g-1 owing to the shell derived from the outer ZIF˗67. The Type 

IV isotherm and H4 hysteresis loop reflects the mesoporosity of the MXNC nanorods. The 

destruction of the framework of ZIF˗67 and generation of nanoscale voids due to migration of 

Co atoms during carbonization resulted in the mesoporosity of the shell [15,25]. Pore size 

distribution analysis in Figure S4 shows that the α˗MnO2 nanorods have mesopores at pore 

widths of ~ 4.6 nm (contributed from the 2×2 tunnels [4,26]) and 37.0 nm. Whereas, the 

hierarchically porous MXNC nanorods have micropores and mesopores at various pore widths 

from 1–68.5 nm. The small pore size of the 2×2 tunnels in α-MnO2 nanorods is considered to be 

unfavorable for the fast diffusion of Li+ ions and oxygen molecules [8,23,27]. In contrast the 

wide range of large sized mesopores in MXNC nanorods provide short diffusion pathways for 

the penetration and transportation of the Li+ ions and oxygen molecules. The high surface area 
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and hierarchical pore size distribution in MXNC nanorod cathodes enhance the mass transfer and 

reaction rate of ORR–OER in the LOBs [28]. 

 Chemical state and composition analysis: The Raman spectroscopy of MXNC nanorods in 

Figure 1(d) shows two peaks at 1363 and 1587 cm-1 corresponding to the D and G-bands 

respectively. The D-band arises from the sp3 disordered carbon while the G-band indicates the 

co-existence of sp2 graphitic carbon [29]. The 2D-band at 2220 cm-1 is attributed to the highly 

graphitic layers of carbon formed due to the catalytic effect of Co on the graphitization process at 

high carbonization temperature [30]. During carbonization, the imidazole linkers of ZIF-67 

surrounding the cobalt ions get catalytically converted to graphitic carbon. In spite of the 

formation of the highly developed graphitic layers of carbon as indicated by the peak at 2220 cm-

1, the ratio of ID/IG is ~1.48. This anomaly is due to the presence of fair amount of edge defects 

imparted by the cobalt and nitrogen on the carbon shell derived from ZIF-67 [23]. Such defects 

are also induced during the high temperature carbonization process when α-MnO2 is reduced to 

MnO [31]. In contrast no such D and G-bands are observed in case of α-MnO2 nanorods due to 

the absence of a MOF-derived N–C shell. The carbon content of MXNC nanorods was 

determined by their calcination in air. It was calculated from Figure S2(b) that MXNC nanorods 

contain ~13 wt. % carbon in its structure. It is surmised that the carbon content is combination of 

disordered and graphitic in nature. The graphitic carbon content corresponds to the (002) peak in 

the XRD patterns. 

 The successful formation of core@shell-structured MXNC nanorods with interstitial 

CoMn2O4 decoration is further confirmed from the overall XPS spectra (Figure S5) and the  
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corresponding atomic concentration analysis (Table 1). After the carbonization process of α-

MnO2@ZIF-67 nanorods, the nitrogen and cobalt content reduced, and carbon content increased. 

The Mn 2p spectrum of α-MnO2 nanorods in Figure 2(a) has two peaks corresponding to Mn 

2p3/2 (641.6 eV) and Mn 2p1/2 (653.2 eV). The deconvolution of the peaks [20,32] and spin 

energy difference of 11.7 eV between Mn 2p3/2 and Mn 2p1/2 orbitals confirm the presence of 

Mn4+ ions in α-MnO2 nanorods [33]. Due to the formation of oxygen vacancies during reduction 

of MnO2 to MnO at carbonization temperature, a blue shift of Mn 2p peaks is observed for 

MXNC nanorods (Figure 2(b)) [34]. The deconvolution of Mn 2p peaks of MXNC nanorods in 

Figure 2(c) indicate the presence of Mn2+ and Mn3+ as the dominant phases after the 

carbonization process. It is in agreement with the XRD crystal structure (Figure 1(b)), where 

Mn2+ and Mn3+ occupy the tetrahedral and octahedral sites respectively. It had been confirmed 

previously from the XRD pattern that Co atoms in MXNC nanorods exist as CoMn2O4 phase. 

The Co 2p spectrum of MXNC nanorods in Figure 2(d) show the presence of multivalent Co2+ 

and Co3+, which arise due to polaron hopping during carbonization. The activation energy 

Table 1. Atomic concentration of elements by XPS 

 Mn Co O N C 

α˗MnO2 nanorods 35.68 - 64.32 - - 

α˗MnO2@ZIF˗67 

nanorods 

3.11 5.64 11.12 16.67 63.46 

MXNC nanorods 2.72 1.18 7.12 0.76 88.22 

MXNC nanorod-650 2.86 1.35 9.11 1.02 85.66 
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between the Co2+ and Co3+ is comparable. This induces the increase in oxidation state of Co2+ via 

electronic transfer through polaron hopping between the Mn3+ and Co2+. Consequently, the Co3+ 

concentration increases, and they migrate from the tetrahedral sites to the octahedral sites. The 

vacancy left in the tetrahedral sites are thus filled by the Mn3+ ions which get reduced to Mn2+ 

ions in the process [34,35]. The presence of such multivalent Co and Mn ions in the interstitials 

provide the additional boost to bifunctional activity of the MXNC nanorods.  

It is seen from Figure 2(e), that the deconvolution of N 1s spectrum of MXNC nanorods, 

confirms the presence of pyridinic (398.8 eV) and graphitic (400.1 eV)nitrogen [36]. The 

nitrogen content of the carbon matrix is imparted by the imidazole linkers of the ZIF-67. The 

pyridinic nitrogen atoms bonded to the carbon matrix are strong electron acceptors. They donate 

one electron to the conjugated π bond system and possess one lone pair of electrons. 

Consequently, a net positive charge is imparted on the neighboring carbon atoms. This favors the 

adsorption of oxygen atoms and attracts the electrons from anode towards them to facilitate the 

ORR [37].   

 The C 1s spectrum of MXNC nanorods in Figure 2(f) indicates the existence of  C˗C/C=C 

(284.6 eV), C˗N (285.2 eV), C˗O (286.7 eV) and C=O (289 eV) [38]. Therefore, it could be 

concluded that the carbon shell was graphitic in nature with nitrogen doping.  

 The O 1s spectrum of MXNC nanorods in Figure 3(a) shows a red shift compared to α˗MnO2 

nanorods. This is due to the presence of oxygen vacancies [39] and interactions of the O atoms 

with Co, N, and C species. The deconvoluted O1s spectrum of MXNC nanorods in Figure 3(c) 

confirms the presence of lattice oxygen (529.8 eV), loosely bound oxygen from water molecules 

on the surface of MXNC nanorods (531.2 eV) [40], and adsorbed oxygen (532.9 eV). The 

adsorbed oxygen content is a significant parameter to verify the presence of oxygen vacancies. It  
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crystals have a diameter of ~ 300 nm. After the carbonization, the MXNC nanorods formed have 

a carbon shell surrounding the reduced MnO nanorods core (Figures S7(d) and 4(a)). The 

HRTEM image of MXNC nanorods in Figure 4(b) reveals a carbon shell layer ~23 nm in 

thickness. As explained earlier, the carbon shell is an amalgamation of graphitic and disordered 

carbon. Thus, it can be seen from Figure 4(c) that there are some defects on the shell which 

occurred during the carbonization of ZIF-67 crystals. Apart from the role of doped nitrogen and 

cobalt species in the formation of defects on the carbon shell, it is surmised that the high 

temperature carbonization is also partially responsible. During the carbonization process under 

argon gas, the particles undergo diffusive motion. The frictional force imparted due to abrasion 

against the carbon shell, generate edge defects [43,44]. The formation of MnO core, interstitial 

CoMn2O4 at sporadic locations, and oxygen vacancies are observed and their corresponding 

lattice distances (Figure 4(d)) corroborate with the XRD pattern of MXNC nanorods. The EDX 

line scan of the MXNC nanorods in Figures 4(e) and 4(f) proves that the MnO is located at the 

core, while the MOF-derived N‒C exists as the shell. 

 Electronic conductivity: The voltage versus current graph in Figure S8, as obtained from the 

4-probe conductivity measurement, shows that that the electronic conductivity of the α˗MnO2 

nanorod and MXNC nanorod cathodes are 1.22 and 4.25 S·cm-1, respectively. The ~4 times 

higher conductivity of the MXNC nanorod cathode is imparted by the MOF-derived N‒C shell, 

which consists of graphitic and disordered carbon and helps in promoting faster electron 

transport.  
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3.2 Electrochemical performance of MXNC nanorod cathode-based LOB cells 

 The electrochemical characterizations of the MXNC nanorod cathode-based LOB cells are 

evaluated in this section.  

 Discharge–charge and rate performance: The full specific discharge and charge capacities 

of the LOB cells with different cathodes are compared in Figure 5(a). At a specific current 

density of 200 mA·g-1, the MXNC nanorod cathode-based LOB cell provided a remarkable full 

specific discharge capacity of 8625 mAh·g-1 (~5.17 mAh·cm-2). In comparison, the α˗MnO2 

nanorod (parental core) and ZIF˗67˗900 (shell only equivalent) cathode-based LOB cells 

delivered a full specific discharge capacity of 3144 and 2014 mAh·g-1, respectively. The low 

performance of α˗MnO2 nanorod and ZIF˗67˗900 cathode-based LOB cells is due to the fact that 

pristine MnO and CoO by themselves have lower affinity for O2/OH- adsorption compared to 

Co-Mn oxide [45]. Therefore, ZIF˗67˗900, despite having higher surface area (Figure S10) than 

MXNC nanorod delivers lower full specific discharge capacity, proving that the capacity 

enhancement for MXNC nanorod cathode-based LOB cell is attributed not only to the porous 

and conductive shell, but also to the electrocatalytic active Mn, Co sites and oxygen vacancies 

from core and interstitial nanoparticles of MXNC nanorods. The full specific discharge capacity 

of the MXNC nanorods˗650 cathode-based LOB cell is lower due to insufficient graphitization 

and oxygen vacancies (higher oxygen content than MXNC nanorods) at low carbonization 

temperature (Figures S3(a), and Table 1). The increasing trend of discharge and charge 

polarizations with higher specific current density for MXNC nanorod cathode-based LOB cell 

(Figure 5(b)), prove that they are stable for ORR–OER reactions. At lower specific current 

density, the MXNC nanorod cathode-based LOB cell delivered a higher specific discharge 

capacity due to improved ionic conductivity of Li+ ions through the porous conductive N‒C shell 
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network, and the synergism of the active sites comprised of Mn, Co, and oxygen vacancies. With 

the increasing specific current density, the gradient of oxygen concentration across the cathodes 

gets elevated, which builds up a diffusion restriction regime across the gas-cathode interface 

[46]. Despite that, the MXNC nanorod cathode-based LOB cell could deliver up to 6300 mAh·g-

1 specific discharge capacity at 400 mA·g-1, indicating the kinetic stability of ORR–OER on the 

MXNC nanorod cathodes [47]. The kinetic stability of the MXNC nanorod cathodes is further 

confirmed from their corresponding LOB cells’ rate performances as shown in Figures 5(c) and 

5(d). At a limited specific discharge capacity of 2000 mAh·g-1 and increasing the specific current 

density of 100, 200, and 400 mA·g-1, the average discharge voltage continuously decreased as 

2.79, 2.76, and 2.74 V accordingly. On the other hand, the corresponding average charging 

voltage increased with specific current density. The average charging voltages at 100, 200, and 

400 mA·g-1 were 3.54, 3.64, and 3.73 V accordingly. At a fixed specific discharge capacity and 

constant specific current density, energy efficiency of a LOB cell is defined as the ratio of 

average discharge voltage to average charge voltage. Therefore, the energy efficiencies at 100, 

200, and 400 mA·g-1 are calculated as 78.6, 75.7, and 73.4% accordingly. When the specific 

current density was set back to 100 mA·g-1, the MXNC nanorod cathode-based LOB cell was 

able to recover with a round trip energy efficiency of 78.3%. The round-trip energy efficiency of 

MXNC nanorod cathode-based LOB cell at 2000 mAh·g-1 limited specific discharge capacity is 

comparable to RuO2/NiO, MnCo2S4 nanosheets, and expensive PtAu/C cathode-based LOB cells 

[47–49]. 

 Cyclability: To verify the merits of the core@shell structure, the cyclic stability of the MXNC 

nanorod cathode-based and α˗MnO2 nanorod cathode-based LOB cells were compared at a 

limited specific discharge capacity of 2000 and 200 mA·g-1 specific current density as shown in 
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Figures 6(a-d). Comparing the first discharge–charge cycles of the LOB cells, it can be observed 

that the MXNC nanorod cathode reduced the ORR and OER overpotentials by 300 and 110 mV, 

respectively, compared to α˗MnO2 nanorod cathode, thereby proving the bifunctionality of the 

MXNC nanorods during discharge–charge. The oxygen vacancies and pyridinic nitrogen content 

of N–C shell in MXNC nanorod cathode enhance their affinity towards oxygen adsorption 

[50,51], while the Mn, Co active sites improve the redox kinetics of the ORR–OER, thereby 

lowering the overpotential. In the subsequent cycles, the discharge voltage decreased, and the 

charge voltage increased for both the LOB cells. However, the discharge voltage plateau of the 

MXNC nanorod cathode-based LOB cell showed good consistency till 48th cycle and the voltage 

dropped till 2.63 V. On the other hand, the discharge voltage plateau for α˗MnO2 nanorod 

cathode-based LOB cell dropped to 2.16 V by the 10th cycle. The sudden increase in charging 

voltage from the 1st to 10th cycle in α˗MnO2 nanorod cathode-based LOB cell is attributed to the 

passivation of the cathode by Li2CO3. Generally, the carbon from the electrolyte reacts with the 

Li2O2 to form Li2CO3 [52,53]. The decomposition of the Li2CO3 require a higher charging 

voltage than the Li2O2, which resulted in the high charging voltage at the 10th and subsequent 

cycles [48]. The MXNC nanorod cathode-based LOB cell sustained 48 cycles with 100% 

coulombic efficiency, while the α˗MnO2 nanorod cathode-based LOB cell was stable till 8 

cycles, after which the specific discharge capacity and coulombic efficiency started dropping. 

The high cyclic stability of MXNC nanorod cathode-based LOB cells is attributed to the unique 

morphology the MXNC nanorods, such as: (i) the synergism of Mn, Co active species and the 

oxygen vacancies that could efficiently decompose the surface deposited insulated intermediates 

such as Li2O2 [54]; (ii) the N–C shell acted as a shield and prevented the deposition of the  
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Electrochemical impedance spectroscopy (EIS): The electrochemical kinetics of MXNC 

nanorods and α˗MnO2 nanorods as cathodes for LOB cells were compared by CV in the potential 

range of 2–4.5 V (Figure 7(a)). In the absence of oxygen, MXNC nanorod cathodes showed 

almost no ORR–OER activities. However, in the presence of oxygen, the specific current density  

of MXNC nanorod cathodes, in both ORR and OER regions surpassed that of the α-MnO2 

nanorod cathodes. The ORR and OER onset potentials for MXNC nanorods were higher and 

lower respectively compared to α˗MnO2 nanorods. The high Mn4+ content in α-MnO2 nanorod 

improves the ORR but inhibits the surface OH- oxidation and lowers the OER rate [55]. Their 

poor electrical conductivity further impedes the electrochemical performance. On the other hand, 

Mn2+ and Mn3+ in conductive MXNC nanorods are favourable for exchange of oxygen atoms, 

stabilizing the O2 adsorbates, and improving rates of electron transfer during ORR. This results 

in reducing the overpotential [27,52,55]. The addition of Co increases the Mn–O covalency, thus 

strengthening the Mn–O bond, and promoting redox reactions [56]. The multivalent Co and Mn 

in CoMn2O4 decoration has low oxygen binding ability, hence conducive to the OER [14,57]. 

Additionally, the oxygen vacancies present in MXNC nanorods act beneficially towards both 

ORR and OER by adsorbing O2 and stabilizing the OER intermediates respectively [34,54]. The 

presence of large number of active electrocatalytic sites in form of MnO, CoMn2O4, and oxygen 

vacancies in the MXNC nanorods reduce the activation barrier for ORR–OER. Due to the 

absence of multivalent Co ions and oxygen vacancies, the α-MnO2 nanorods show higher OER 

onset potential and smaller peak. The sluggish OER performance in α-MnO2 nanorods results in 

incomplete decomposition of Li2O2 and eventually failure of the battery after 8th cycle. The high 

porosity of the N–C shell in MXNC nanorods exposes and stabilizes the metal active sites as 

well as improves the mass transport for intermediates. The conductivity of the N–C shell 
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enhances the electron transport through the 1D core in MXNC nanorods. Such synergistic effect 

has been observed in various metal-nitrogen-carbon (M–N–C) electrocatalysts such as: 

Co−Ni/N–C or Co3O4/MnO2-CNTs used in zinc-air battery, CoMn2O4/N–CNT/3D graphene for 

aluminium-air battery, Co–Fe binary alloy embedded bimetallic organic frameworks used in  

alkaline fuel cell, and Fe–N–C electrocatalyst for proton exchange membrane fuel cells 

[45,51,58–60]. It is to be noted that MXNC nanorod cathodes feature a second small peak at 4.34 

V in the OER regime owing to the stepwise decomposition of Li2O2. Possibly, the bulk particle-

type Li2O2 deposits on the cathode was decomposed at low potentials (3.24 V) through electron 

tunnelling, while the film-type Li2O2 decomposed at high potentials through polaron hopping 

[61,62]. The EIS spectra of α˗MnO2 nanorods and MXNC nanorod cathodes in Figures 7(b) and 

7(c) agree with the galvanostatic results described previously and reflect the electrochemical 

superiority of the latter. The ZView software was used to fit the impedance spectra to generate 

the equivalent circuit (inset in Figure 7(c)). The ionic resistance, Rs is imparted by the 

electrolyte. Rct is the resistance against charge transfer process at the anode/electrolyte and the 

electrolyte/cathode interface. CPEdl is the constant phase element due to the double layer 

capacitance. Zw is the Warburg impedance arising due to the resistance against Li+ ion diffusion 

[34,46]. The initial resistance parameters, Rs and Rct of MXNC nanorod cathodes before cycles 

were lower compared to the α-MnO2 nanorod cathodes (Table S2). For the α-MnO2 nanorod 

cathodes, Rct rapidly increased from the 1st to the 10th cycle due to the increased thickness of the 

insulating Li2O2 or Li2CO3 layer at the electrolyte/cathode interface [63]. This corroborates the 

increase in overpotential from the 1st to the 10th cycle as in Figure 6(b). The Rct increased 

significantly for both the cathodes after the first discharge. This was due to the build-up of the  
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death of the LOB cells mainly occurred due to poor charge transport across the deposited Li2O2 

during OER [63]. The CPEdl of the MXNC nanorod cathodes was higher than the α˗MnO2 

nanorod cathodes signifying the presence of higher number of electrocatalytic active sites that 

drive the ORR–OER reactions and their high capability to store charges in hierarchical pores of 

the conductive shell during the discharge–charge cycles. The CPEdl increased with charging for 

both the cathodes reflecting the process of oxidation of Li2O2 during OER. The faster OER 

kinetics on the Mn, Co sites of MXNC nanorod cathodes resulted in a significantly higher CPEdl 

after the first recharge. Further, the CPEdl of α-MnO2 nanorod cathodes after the 10th recharge 

was lower than the pristine cathode indicating that the insulating Li2O2 deposit had not been 

completely decomposed by the Mn active sites [64]. The passivation of the active sites of 

α˗MnO2 nanorod cathodes by Li2O2 decreased the specific discharge capacity at the 10th cycle 

(Figure 5(b)). The morphological attributes of high surface area and short diffusion paths offered 

by the hierarchical pores of MXNC nanorod cathodes facilitated the electrolyte permeability. 

The lower Zw for MXNC nanorod cathodes indicated the dominant mass transport and faster 

diffusion of Li+ ions across the electrolyte/cathode interface [48]. Zw increased during discharge 

due to the pore blocking by the Li2O2 and the reduced Li+ ion diffusivity. 

 

 Post-mortem characterizations and proposed mechanism of ORR–OER in LOB cells: To 

evaluate the reversibility of the formation and decomposition of Li2O2 on the discharged and 

recharged MXNC nanorod cathodes respectively, we conducted ex-situ XRD, Raman 

spectroscopy, and SEM on the discharged and recharged cathodes. As shown in Figure S9(a), 

the peak at 790 cm-1 indicates the formation of Li2O2 side products on the discharged MXNC 

nanorod cathodes [65]. However, in the subsequent recharged MXNC nanorod cathodes, the 
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Li2O2 peak is absent. Similarly, the XRD patterns of the discharged MXNC nanorod cathodes 

(both 25th and 50th cycles) in Figure S9(b) showed the presence of Li2O2 (JCPDS-09-0355), 

which decomposed on recharging. It should be noted that the discharged MXNC nanorod 

cathode at the end of 50th cycle showed an extra peak of Li2CO3, both in XRD pattern and 

Raman spectrum. Due to the reduced stability of the MXNC nanorod cathodes in contact with 

the electrolyte at the end of 50th cycle, the decomposed electrolyte reacted with the surface 

species of the cathode and the Li2O2 to form irreversible Li2CO3 [66]. The particle-type Li2O2 

formation could be observed from the SEM after the 25th discharge, which disappeared after the 

recharge. Interestingly, a film-type Li2O2 was formed at the end of the 50th discharge cycle. The 

gradual deposition of irreversible Li2CO3 and film-type Li2O2 resulted in the drastic drop of the 

specific discharge capacity and loss of reversibility in MXNC nanorod cathode-based LOB cells 

at the end of 50th discharge cycle [65]. 

 In this regard, it is important to analyse the reaction mechanisms that underwent in the LOB 

cells during the discharge–charge reactions and the consequent formation of different Li2O2 

morphologies. The ORR–OER reactions generally follow the below pathways [67–69]: 

 

  Li+ (sol) + e– + O2 (sol)             Li+ (sol) + O2
– 

(sol)                                               Equation 1      

  LiO2
*             Li+ (sol) + O2 (sol) + ion pairs+ higher aggregates                  Equation 2  

  2(Li+ (sol) + O2
– (sol))               Li2O2 + O2                                                                                Equation 3 

  2Li+ (sol) + O2
– (sol) + e–            LiO2

* + Li+ + e–            Li2O2                                Equation 4 

 

During discharge, the Li+ ions diffused through the porous N–C shell and migrated towards the 

core and interstitial active sites composed of Mn, Co, and oxygen vacancies. Due to the fast 
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electron transfer between multivalent Mn, Co ions and N–C shell [70], the formation of solvated 

LiO2
* intermediates in electrolyte was favoured [71]. The oxygen vacancies combined the O2 

with solvated LiO2
* and following a disproportionation reaction gave rise to Li2O2 particles 

(Equations 1–3) in the 25th discharge cycle (Figure 8(b)). After the 25th recharge, oxidation of 

Li2O2 was evident from the free surface of MXNC nanorod cathodes as depicted in Figure 8(c), 

which was comparable to the initial state of the cathodes (Figure 8(a)). This is attributed to the 

large number of active sites and facilitated mass transport through the hierarchically porous 

structure of MXNC nanorods that accelerated the decomposition of Li2O2 at low overpotential. 

However, at the 50th cycle, the MXNC nanorod cathode-based LOB cell failed and their 

corresponding overpotential was high as shown in Figures 6(c) and 6(d). It is presumed that 

with increasing cycles, some active sites were passivated, and the undecomposed Li2O2 was 

accommodated in the N–C shell. This reduced the porosity of the N–C shell, and the diffusion of 

Li+ ions and electron transfer through the core diminished, hence, the LiO2* was adsorbed on the 

surface-exposed defect sites of the N–C shell. The high concentration of adsorbed LiO2*could 

not be efficiently solvated by the electrolyte, hence the LiO2* disproportionated a second time 

via surface adsorption pathway (Equation 4) to form a film-type Li2O2 [71] as shown in Figure 

8(d). The film-type Li2O2 deposition drastically increased the charge transfer resistance [69]. 

Additionally, the carbon from the electrolyte reacted with the Li2O2 to form Li2CO3, that fuelled 

the loss of reversibility  and death of the cell [53,69]. 

 The OER occurring  during the recharge oxidized the Li2O2 via the following pathways [62]: 
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interstitial decoration and oxygen vacancies accelerate the decomposition of Li2O2, thus proving 

the bifunctionality of the MXNC nanorods [72].  

   The above results prove that the active sites comprised of Mn, Co, and oxygen vacancies  act 

as bifunctional electrocatalytic sites for the ORR–OER [73,74] in MXNC nanorod cathodes, 

while the N–C shell provide the necessary conductivity and protect the core electrocatalytic sites 

from passivation by accommodating the Li2O2 deposits. The improvement in the ORR–OER due 

to the modified morphology and bifunctionality of MXNC nanorods is depicted from the CV 

curve with favourable onset potentials and high specific current density. The pyridinic nitrogen 

content of the carbon shell enhance the oxygen adsorption [74], while the MnO and interstitial 

CoMn2O4 nanoparticles with mixed valence states stabilize the electrocatalytic sites and 

accelerate the ORR–OER [72]. Oxygen vacancies promote both ORR and OER by improving the 

migration of Li+ ions and electrons, as well as, acting as active sites for binding to oxygen and 

Li2O2 [57]. The co-existence of core and interstitial active sites composed of oxygen vacancies 

and multivalent Mn, Co impart bifunctionality that  favour both ORR and OER [14,34,42,54]. 

This corroborates with various M–N–C type electrocatalysts [45,51,58–60]. Further in-situ 

investigations are required to distinguish the exact electrocatalytic sites responsible for the 

specific reactions during discharging and charging. The high specific surface area and 

hierarchical porosity of the MXNC nanorods enhance the diffusion of the Li+ ions and oxygen, 

while the conductive N–C shell promote electrical conductivity. These features led to lower 

overpotential and higher cyclability of the MXNC nanorod cathode-based LOB cell. However, 

the incoming oxygen is also responsible for its reaction with the Li+ ions to form the side 

products: Li2O2 and Li2CO3. 
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 Overall, the above proposed ORR–OER mechanism can support the different morphologies of 

Li2O2 depositions on the cathode surface, the discharge–charge profiles, CV, and EIS curves 

generated from the LOB cells with MXNC nanorod cathodes. 

 

4. Conclusions 

 We have successfully synthesized core@shell-structured, hierarchically porous 

MnO/CoMn2O4@N–C (MXNC) nanorods with interstitial CoMn2O4 nanoparticle decorations, as 

a bifunctional electrocatalyst for high-performance cathodes in LOBs. The one-step 

carbonization process of the α-MnO2@ZIF-67 MOF, have led to the formation a 

nanoarchitecture consisting of a protective N–C shell over the core MnO nanorods and 

interstitial CoMn2O4 nanoparticles. When used as cathodes in LOB cells, the MXNC nanorods 

have showed ~6 times higher cyclability (48 cycles) than the α˗MnO2 nanorods at a limited 

specific discharge capacity of 2000 mAh·g-1 and specific current density of 200 mA·g-1. The 

MXNC nanorod cathode-based LOB cells have exhibited a full specific discharge capacity of 

8625 mAh·g-1 at 200 mA·g-1 specific current density, that is ~ 2.7 times compared to α-MnO2 

nanorods counterparts. The electrochemical kinetic stability of the MXNC nanorod cathode is 

seen from their round-trip energy efficiency of 78.3%, which is comparable to RuO2/NiO, 

MnCo2S4 nanosheets, and expensive PtAu/C cathodes. Correlating the structural and 

electrochemical characterizations of MXNC nanorods, it has been deduced that the high specific 

discharge capacity and low overpotential of the LOB cells are a result of the increased number of 

bifunctional electrocatalytic sites imparted by the MnO core, interstitial multivalent CoMn2O4 

nanoparticle decoration, and oxygen vacancies. The MOF-derived porous conductive N–C shell 

promoted the electron migration and acted as a protective barrier over the core active sites 
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against Li2O2 depositions, thus improving the cyclability. The bifunctional actives sites and 

core@shell structure of MXNC nanorods have also influenced the LiO2* solvation and resulted 

in formation of particle- and film-type Li2O2 deposits on the cathode surface. These results 

signify that careful tailoring of MOF-derived shells over transition metal oxides is a promising 

strategy to improve the bifunctionality, porosity, and conductivity of inexpensive cathodes for 

non-aqueous LOBs. Since MOF is tunable, therefore, this approach may be extended to fine-tune 

the composition and morphology of the interstitial nanoparticles for applications in other type of 

air-batteries and supercapacitors. Further investigations on the electrolyte would shed new lights 

on the solubility of intermediate LiO2* and prevention of Li2O2 growth and cell death. 
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