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A B S T R A C T

Metal-organic framework (MOF)-derived carbon nanomaterials are investigated as promising non-noble metal-
based oxygen electrocatalysts for metal-air batteries. Herein, metal-organic framework-derived N-doped carbon
nanotubes (MOF-NCNTs) were first employed as electrocatalysts for hybrid sodium-air batteries (SABs), which
exhibited higher electrocatalytic activity and stability for the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) compared to commercial Pt/C. The battery using MOF-NCNTs displayed the voltage
gap of 0.30 V at a current density of 0.1 mA·cm―2, which is the lowest among all the tested catalysts including
commercial Pt/C (0.50 V), RuO2 (0.50 V), Co-CNTs (0.67 V), NCNTs (0.77 V), MWNTs (0.90 V), and carbon
paper (1.18 V). In addition, the average discharge plateau and round trip efficiency of the battery was 2.81 V and
87% during 35 cycles at a current density of 0.1 mA·cm―2, respectively. The remarkable electrocatalytic activity
is mainly ascribed to the synergistic effect between the N dopants and confined Co nanoparticles in the CNTs, the
hollow structure of NCNTs, and the robust porous cage structure. The N dopants and confined Co nanoparticles
in the CNTs induce more catalytic active sites and promote electron transfer for the ORR and OER. The hollow
framework structure of NCNTs not only offer structural defect sites for O2 adsorption, but also improves mass
transport and electronic conductivity, resulting in enhanced catalytic activity. The robust porous cage structure
contributes to the stability of the catalysts. The highly efficient and inexpensive metal-organic framework-de-
rived NCNT is a promising bifunctional oxygen electrocatalyst for practical applications in hybrid SABs and
other metal-air batteries.

1. Introduction

Over the past few years, considerable research has been devoted to
developing rechargeable sodium-air batteries (SABs) due to its high
theoretical specific capacity, high energy density, low cost, and low
environmental impact [1–6]. Two categories of SABs, non-aqueous and
aqueous/hybrid, are divided on the basis of electrolytes used in the
system [2,7]. The electrochemical performance of non-aqueous SABs
are limited by the insolubility of solid discharge products (e.g. Na2O
and Na2O2) which hinder the long-term operation by clogging the air
electrode [8–13]. Moreover, the battery system demands an auxiliary
pure oxygen tank to supply oxygen and prevent impurities from en-
tering the electrolytes [14,15]. In contrast, hybrid SABs can remove the
impact of insoluble discharge products by employing an aqueous

electrolyte, such as NaOH or acidic catholyte composed of NaNO3 and
citric acid [2,5]. The NaOH electrolyte participates in the ORR and OER
at the cathode as follows:

↔ + + +
+ −4NaOH 4Na O 2H O 4e(aq) 2(g) 2 (1) (1)

The discharge product is therefore the extremely water-soluble
NaOH, thus improving the battery performance. Hybrid SABs exhibit a
higher theoretical standard cell voltage of 3.11 V, a higher theoretical
specific capacity of 838mA h·g―1, and a lower overpotential than non-
aqueous SABs [1–13].

However, the ORR and OER at the cathode are sluggish, resulting in
large overpotentials and poor cycling stability during the charge-dis-
charge process [2,16]. The typical solution to this problem is to use an
electrochemical catalyst to promote the ORR and/or OER [16–18]. For
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instance, Liang et al. first proposed Mn3O4/C as an effective catalyst for
hybrid SABs, which exhibits a discharge voltage of 2.60 V at a current
density of 1mA·cm―2 [4]. Subsequently, dual-phase spinel MnCo2O4

with nitrogen-doped reduced graphene oxide hybrids (dp-MnCo2O4/N-
rGO) were employed as electrocatalysts in hybrid SABs, which ex-
hibited superior catalytic performance compared to commercial Pt/C
[3]. Kim et al. reported that a Pt/C-coated carbon paper catalyst for
hybrid SABs showed a high and stable discharge voltage of 2.85 V and a
high voltage efficiency of 84.3% at a current density of 0.025mA·cm―2

[16]. However, the scarcity and high cost of Pt/C are major barriers for
the large-scale application of the air electrodes [19]. Cheon et al. in-
vestigated the charge-discharge curve of hybrid SABs with different
electrocatalyst-coated carbon papers and found that although graphitic
nanoshell/mesoporous carbon nanohybrids (GNS/MC)-based batteries
exhibit a low charge-discharge polarization of about 115mV [20], the
ORR activity is unsatisfactory. In addition, it is difficult to prepare this
material on a large scale due to the complicated synthetic method.
Abirami et al. applied porous cobalt manganese oxide (CMO) nanotubes
as the cathode electrocatalyst in rechargeable aqueous SABs/seawater
batteries, displaying good cycling performance and ORR activity [21],
but the CMO catalyst showed a high charge voltage, resulting in a large
voltage gap of 0.53 V at a current density of 0.01mA·cm―2.

Metal-organic frameworks (MOFs) are a novel type of porous crys-
talline material that possess high specific surface area, controllable
structure, tunable pore sizes, and customizable framework functional-
ities. The diversity of framework structures are a result of different
types of covalent bonding which allow for a variety of MOF-derived
nanocomposites [22–24]. Hence, MOFs are considered as alternative
precursors for various types of nanocarbon composites [25,26]. Pre-
vious studies have demonstrated that the MOF-derived N, S-co-doped
nanocarbon electrocatalyst exhibits high catalytic activity toward the
ORR [27]. Yang et al. reported the first example of the synthesis of
NCNTs using Zn-Fe-ZIFs nanospheres [28]. The robust network of
aligned NCNTs not only improved mass transport, but also provided
more available active sites, resulting in enhanced catalytic activity of
electrocatalysts [11,29–31]. Subsequently, Xia et al. reported the
synthesis of an N-doped carbon nanotube framework (NCNTFs) derived
from ZIF-67, which exhibit remarkable electrocatalytic activity for ORR
and OER compared to commercial Pt/C [32]. However, the mechanism
of catalysis was not explained in depth and the use of MOF-derived
carbon nanomaterial electrocatalysts for SABs have rarely been re-
ported [21,24]. This opens up new possibilities for exploring other
MOF-derived carbon nanomaterials as highly effective bifunctional
electrocatalysts for SABs.

Herein, we report the enhanced electrochemical performance of
hybrid SABs by using MOF-NCNTs as an active and stable bifunctional
electrocatalyst for ORR and OER. The porous cage structure of MOF-
NCNTs are obtained by a simple heat-treatment of polyhedral ZIF-67
particles, resulting in catalysts that exhibit excellent activity and dur-
ability compared with commercial Pt/C and RuO2 in hybrid SABs.
These results reveal that the remarkable electrocatalytic properties of
MOF-NCNTs can be ascribed to the synergistic effect between N dopants
and confined Co nanoparticles in CNTs, the CNT structure, as well as
the robust open porous framework structure.

2. Experimental

2.1. MOF-NCNT catalyst preparation

The MOF-NCNT materials were synthesized by the heat-treatment of
purple ZIF-67 particles under a mixture of Ar and H2 atmosphere. The
purple ZIF-67 precursor particles were obtained by a chemical copre-
cipitation method at room temperature [32]. 7.88 g 2-methlimidazole
(Macklin, 98%) was first dissolved in a solvent mixture of 80mL me-
thanol and 80mL ethanol to form a clear solution and 6.984 g Co
(NO3)2·6H2O (Macklin, 99%) was dissolved in a separate identical

solvent mixture to form a red solution. The two solutions were then
mixed in a beaker, stirred for 60 s, and maintained at room temperature
for 20 h to form a purple precipitate. The precipitate was then separated
by centrifugation, washed with ethanol, and dried at 80 °C for 10 h.
Finally, the purple ZIF-67 particles were calcined to form the MOF-
NCNTs by heating under Ar/H2 flow (9:1 in volume) at 350 °C for
135min with a ramp rate of 2 °Cmin―1 then maintaining the tem-
perature at 700 °C for 315min. The resulting as-prepared black powder
was added to a 0.5 M H2SO4 solution for 6 h. The products were ob-
tained by centrifugation, washed with distilled water several times, and
then dried at 80 °C. For comparison, other products were synthesized
according to a similar thermal treatment process at 650 °C and 750 °C.

2.2. MOF-NCNT catalyst characterizations

The morphology and microstructure of MOF-NCNTs were observed
by field-emission scanning electron microscopy (FESEM; Hitachi,
SU8010) at 3.0 kV, transmission electron microscopy (TEM; JEOL, JEM-
2100) at 200 kV, and X-ray diffraction (XRD; Rigaku, D/max-TTR III)
operated with Cu Kα X-ray source. The chemical bonding state and
composition were analyzed by X-ray photoelectron spectroscopy (XPS;
PHI, PHI5000) with a Mg Kα X-ray source at a scan rate of 0.02°·s―1.
HAADF-STEM with energy-dispersive X-ray spectrometry (EDS) images
was obtained using a FEI Titan G2 60–300 electron microscope with an
accelerating voltage of 300 kV. Raman spectra were recorded using a
LabRAM HR evolution spectroscopy system (Raman, HORIBA). The N2

sorption isotherms are collected using a Quadrasorb evo at liquid-ni-
trogen temperature.

2.3. Rotating-disk electrode (RDE) measurements

The catalytic activity of the MOF-NCNT electrocatalyst for ORR and
OER was analyzed using a rotating disk electrode (RDE, HP-1 A, China)
based on a three-electrode cell, where platinum foil and Ag/AgCl (3.0M
KCl) were used as the counter electrodes and reference electrode, re-
spectively. All test results were converted to potentials versus RHE
according to the following relationship:

= + × +E E 0.0591 pH 0.2046(RHE) (Ag/AgCl) (2)

The ORR performance was measured in an O2-saturated 0.1 M KOH
solution at various rotation rates with a scan of 10mV·s―1. RDE linear
sweep voltammetry (LSV) for OER was performed at 1600 r.p.m at a
scan rate of 5mV·s―1 in a 0.1 M KOH solution. The catalyst ink was
prepared by homogeneously mixing 5mg of catalyst in a mixture of
0.95mL of ethanol and 50 μL of 5 wt% Nafion solution, followed by
ultrasonication for several hours. The mass loading of MOF-NCNTs was
0.708mg·cm―2 on a glassy carbon (GC) disk electrode (3mm in dia-
meter). For comparative studies, the commercially available Pt/C
(40 wt% Pt, JJ040, China) and RuO2 (99.9%, Macklin) were tested
according to a similar procedure for the ORR and OER. The electron
transfer number (n) is calculated by the Koutecky-Levich equation at
various electrode potentials:

= + = +
1
i

1
i

1
i

1
nFAkC

1
Bωk d 0

1/2 (3)

=B 0.62nFC D V0 0
2/3 -1/6 (4)

where i, ik and id represent measured, kinetic, and diffusion-limiting
current, respectively. F is the Faraday constant (96,485 C·mol―1). A is
the geometric electrode area (0.07065 cm2); k is the rate constant for
ORR (m·s―1); C0 is the saturated concentration of oxygen in 0.1M KOH
solution (1.2×10―6 mol·cm―3); D0 is the diffusion coefficient of
oxygen in 0.1 M KOH solution (1.9×10―5 cm2·s―1); V is the kinematic
viscosity of solution (0.01 cm2·s―1); and ω is the angular rotation speed
(rad·s―1).
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2.4. Hybrid SAB tests

The air-electrodes for hybrid SABs were prepared as follows. First,
the gas diffusion layer (GDL) was obtained by a typical procedure [33].
Then, a slurry was made by dispersing 15mg of the MOF-NCNT catalyst
and 4mg of conductive carbon powder in a solvent mixture of 1mL
ethanol and 1mL deionized water, followed by one drop of 5% PTFE
binder. Then, the slurry was homogenously coated onto the GDL and
the catalyst layer was pressed onto the nickel mesh for the fabrication
of the air electrode. The mass loading of the MOF-NCNT catalyst was
2mg·cm―2. For comparison, the 40 wt% Pt/C (JJ040, China), RuO2

(99.9%, Macklin), Co-CNTs (Dongying technology, China), 3.46 wt% N-
doped carbon nanotubes (NCNTs, DK nano, China), Multi-walled
carbon nanotubes (MWNTs, DK nano, China)-coated GDL and uncoated
carbon papers (EBORY, China) were prepared with the same mass
loading.

The synthesized MOF-NCNT catalysts were used in hybrid SABs.
Fig. 1 shows a schematic of the hybrid SAB applied in current research
and the ORR and OER process at the surface of Co confined in the
NCNTs. The Na3Zr2Si2PO12 solid electrolyte (NASICON, ionic con-
ductivity of 1.3× 10―3 S·cm―1 at 25 °C) was used to separate the 1M
NaOH aqueous electrolyte and 1M NaClO4 in EC/DMC(1:1) with 1-vol
% FEC organic electrolyte. We has demonstrated that the NASICON
separator was immersed in the 1M NaOH anode at room temperature
for 20 days without significant change observed in the XRD pattern of
the NASICON (Figure S1). The NASICON solid electrolyte is acceptably
stable in the presence of the organic electrolyte and alkaline aqueous
electrolyte [34,35]. The mechanism of hybrid SABs has been discussed
in our previous work [1–4]. The electrochemical performances of the
SABs were tested at 30 °C with a relative humidity (RH) of 70%. The
charge and discharge behavior of the hybrid SABs were tested on a
LAND battery testing station (CT2001 A, Wuhan LAND electronics).

3. Results and discussion

3.1. Characterization of MOF-NCNTs

The crystallinity of the as-prepared MOF-NCNTs was characterized
by XRD, shown in Fig. 2a. There are well-defined peaks at 44.2°, 51.5°,
75.8° corresponding to (111), (200), and (220) planes of the metallic
cobalt nanoparticles (JCPDS No.15-0806), respectively. The peak at
26.2° corresponds to the carbon (002) plane, indicating the diffraction
of graphitic structure [28]. The Raman spectrum of MOF-NCNTs also
demonstrates the D band and G band corresponding to the defect/

disordered carbon and graphitic carbon (Fig. 2b), respectively. It is
reported that the carbon graphitization in the electrocatalysts can im-
prove the electronic conductivity and corrosion resistance in electro-
catalysis [36]. The defect/disordered carbon can provided catalytic
active sites. The value of ID/IG (0.9) indicates a relatively high ratio of
graphitic carbon and acceptable density of defect/disordered carbons,
which contributes to the superior catalytic activity of the MOF-NCNTs.

Fig. 2c shows the FESEM images of the MOF-NCNTs obtained by
heat-treating ZIF-67 particles at 700 °C in the presence of H2. The
particles possess a polyhedral morphology and a rough surface, on
which many CNTs are grown (Figure S2). The tiny network of crystal-
line CNTs not only enhances the efficiency of mass transport and su-
perior corrosion resistance, but also improves electronic conductivity
[37,38]. As shown in Fig. 2d, some particles reveal open pores, in-
dicating the establishment of a porous cage structure. The inter-
connected CNTs grow on the hollow framework surface with a thick-
ness about 200 nm. This is beneficial as it increases the specific surface
area of the MOF-NCNTs to enhance mass transfer and electrolyte dif-
fusion during electrochemical reactions [39].

The morphology and microstructure of the MOF-NCNTs were fur-
ther characterized by TEM. Fig. 2e shows the particle length of the
MOF-NCNT catalyst is in the range of 500–600 nm containing an open
pore structure with a shell composed of CNTs. As shown in Fig. 2f, some
cobalt nanoparticles are sealed by several layered graphitic carbon
shells at the top of the CNTs. The interconnected CNTs grow on the
hollow MOF surface in accordance with the results of HRTEM images
(Figure S3a). The graphitic layers in the CNT walls are not completely
parallel to the axis direction of the CNTs, resulting in plentiful graphitic
edges exposed on the surface of CNTs, which are favorable for im-
proving catalytic activity (Figure S3b).

To demonstrate the specific active sites of MOF-NCNTs, the HAADF-
STEM was employed. As shown in Fig. 2g, a number of atomically
dispersed bright spots are attributed to Co atoms by contrasting char-
acteristic of atomic number. Fig. 2h-j shows C, N, and Co elemental
mappings from EDS analysis, respectively. The nitrogen and cobalt
atoms were evenly scattered amongst carbon, indicating successful N
and Co dopant within the CNTs. In addition, figure S4 also showed the
metal Co nanoparticle mainly distributed on the top of the CNTs. It can
be suggested that with the growth of CNTs under the catalysis of Co
nanoparticle and Co nanoparticle were simultaneously doped in the
CNTs. The highly dispersed Co species and N dopants in the CNTs as
active sites can improve the electrocatalysis performance of MOF-
NCNTs. Open porous cage structures composed of N-doped carbon
nanotubes are formed in the H2 atmosphere during the thermal

Fig. 1. Schematic illustration of a typical hybrid sodium-air battery and the ORR and OER process at the surface of Co confined in MOF-NCNTs.
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treatment and it is clear that the open pore structure is formed before
the acid leaching treatment (Figure S5) [40]. The open porous frame-
work structure is derived from the ZIF-67 particles which provided the
carbon and nitrogen source for the growth of MOF-NCNTs with the
assistance of the catalytic metallic cobalt nanoparticles [32,40,41]. The
carbon-sealed cobalt nanoparticles were retained during acid treatment
due to the complete seal of the graphitic carbon shell.

In order to further investigate the evolution of MOF-NCNTs, the
microstructure at different temperatures were observed. At a higher
temperature of 750 °C, a greater density of longer CNTs are present on
much rougher surface, indicating a more complete pyrolysis process but
poor N dopants and low defect density (Figure. S6a) [32]. With a de-
crease in temperature to 650 °C, incomplete pyrolysis leads to the for-
mation of shorter CNT clusters and some wrinkles (Figure. S6c). The
structure formed at 700 °C is a robust open porous cage structure with
NCNTs, which is most favorable for catalytic applications.

N2 sorption isotherms of MOF-NCNTs are showed in Figure S7. The
curve of MOF-NCNTs can be identified as type-Ⅳ isotherms with pro-
nounced hysteresis loop, suggesting the formation of mesoporous
structure (Figure S7). Moreover, the MOF-NCNTs material exhibits a
relatively broad mesoporous distribution, with an average pore size of
∼11.4 nm according to the density functional theory model (DFT)
(inset of Fig. S7). The specific surface area estimated by the Brunauer-
Emmett-Teller (BET) method and the total pore volume are 446 m2 g―1

and 1.27 cm3· g―1, respectively.
In order to investigate the catalytic properties of MOF-NCNTs, XPS

was used to characterize the chemical composition and the effect of
nitrogen doping for MOF-NCNTs. As shown in Fig. 3a, the full XPS
spectrum revealed that the as-obtained MOF-NCNTs consist of Co, C, N,

O with a nitrogen content of around 1.30%. As can be observed from
Fig. 3b, the N 1 s spectrum was deconvoluted into three types of ni-
trogen peaks, corresponding to typical pyridinic N at 398.6 eV, Co-NX at
399.9 eV and graphitic N at 401.0 eV [42]. The pyridinic N atoms play
an important role in the excellent electrocatalytic activity for ORR/OER
process due to the strong electronic affinity, which is beneficial for the
adsorption of oxygen atoms and electronic interactions [43–46]. The N-
containing species of the Co-NX and graphitic N were demonstrated to
be favorable for the onset potential and the limiting current density,
respectively, resulting in the outstanding ORR catalytic activity [42].
The Co 2p3/2 spectrum showed the presence the two types of cobalt
bands, Co-NX at 780.3 eV and Co-Co at 778.7 eV [47].

3.2. Electrocatalyst performances of MOF-NCNTs and application

To further demonstrate the ORR catalytic activity of MOF-NCNTs,
linear scan voltammetry (LSV) measurements were performed using a
rotating disk electrode at various rotations rates under an O2-saturated
0.1 M KOH solution (Figure S8a). Based on the LSV curve at various
rotation rates, the Koutecky-Levich equation and the linearity of the
K–L plot is used to investigate the electron transfer number (n) at dif-
ferent potentials (Figure S8b). The value of n is calculated to be
3.70–3.92 at the potential of 0.55-0.75 V, suggesting a 4 electron ORR
pathway. As shown in Fig. 4a, the good ORR catalytic activity of MOF-
NCNTs was reflected by a relatively higher onset potential than the
commercial Pt/C. The half-wave potential of MOF-NCNTs is 9mV
higher than the commercial Pt/C catalyst (E1/2: 0.850 V versus
0.841 V), suggesting the excellent ORR activity is a result of the MOF-
NCNTs catalyst. Moreover, the MOF-NCNTs displayed the most

Fig. 2. Representative (a) XRD; (b) Raman (c, d); FESEM; (e, f) TEM images of MOF -NCNTs; (g) HAADF-STEM image of MOF-NCNTs and the corresponding element
mapping of (h) C, (i) N, and (j) Co.
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excellent catalytic activity for ORR compared to that of the MOFs ob-
tained at 650 °C and 750 °C. As shown in Fig. 4b, the OER polarization
curves of the all MOFs samples, Pt/C and RuO2 catalyst were in-
vestigated in an N2 saturated 0.1M KOH solution at 1600 r.p.m. The
MOF-NCNTs obtained at 700 °C exhibits the best OER activity com-
pared with other temperatures prepared material. Moreover, the MOF-
NCNTs exhibited a relatively lower onset potential compared to the
commercial Pt/C catalyst, indicating superior OER activity of MOF-
NCNTs. The MOF-NCNT catalyst showed a lower potential than Pt/C at
a current density of 10mA·cm―2 versus reversible hydrogen electrode
(RHE) (1.68 versus 1.78 V). Although the OER started at a slightly
higher potential, the MOF-NCNTs showed similar potential to those of
the RuO2 at 10mA·cm―2 (1.68 versus 1.63 V, RHE). These results

demonstrated that the MOF-NCNT catalyst is an excellent bifunctional
electrocatalyst for ORR and OER.

The MOF-NCNTs were used as the electrocatalyst for hybrid SABs,
and the electrochemical performance of the batteries were investigated
by galvanostatic charge-discharge processes at a current density of
0.1 mA·cm―2. As shown in Fig. 4c, the battery using the MOF-NCNT
catalyst showed the best electrochemical behavior, exhibiting a high
and stable discharge voltage of 2.80 V and round trip efficiency of
90.0%. In contrast, the commercial Pt/C (40 wt%), RuO2 and carbon
paper catalysts exhibited a discharge voltage of 2.76 V,2.64 V and
2.20 V with corresponding round trip efficiencies of 85%, 84% and
65%, respectively. Compared with the Pt/C and RuO2 catalyst, the
batteries using the MOF-NCNT catalyst displayed higher discharge

Fig. 3. (a) XPS survey spectra and high-resolution spectra of (b) N 1 s and (c) Co 2p3/2 of MOF-NCNTs.

Fig. 4. (a) ORR and (b) OER polarization curves of all MOFs samples, Pt/C, and RuO2 catalysts in 0.1M KOH solution; (c) Charge-discharge curves of hybrid sodium-
air batteries using MOF-NCNTS, Pt/C, RuO2, and carbon paper catalysts at a current density of 0.1 mA·cm―2; (d) Discharge voltage curves of hybrid sodium-air
batteries using different catalysts at different current densities.
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plateau and lower charge plateau, suggesting superior ORR and OER
catalytic performance of MOF-NCNT. Most importantly, the batteries
using the MOF-NCNT catalyst displayed the most narrow voltage gap of
0.30 V compared to that of Pt/C (0.50 V), RuO2 (0.50 V), Co-CNTs
(0.67 V), NCNTs (0.77 V), MWNTs (0.90 V), 650 °C (0.64 V), 750 °C
(0.61 V), and carbon paper (1.18 V) (Table 1, Figure S8c).

As we can see from Fig. 4d, the discharge voltage of MOF-NCNTs is
the highest compared to Pt/C and carbon paper at different current
densities. Increasing the current density from 0.1 mA·cm―2 to
1.0 mA·cm―2 during the discharge process results in a voltage drop of
0.44 V, 0.57 V and 0.63 V for MOF-NCNTs, Pt/C and carbon paper,

respectively, indicating that the MOF-NCNTs have superior catalytic
activity and stability. Additionally, the discharge voltage decreases al-
most linearly with increasing the current density (Figure S8d) and the
fitted slopes of the catalysts are in accordance with the trend of MOF-
NCNTs < Pt/C < carbon paper, demonstrating the excellent catalytic
performance of the MOF-NCNTs compared with Pt/C and carbon paper.

The cycling performance of the hybrid SABs with MOF-NCNT cat-
alysts were measured at 0.1 mA·cm―2 for 35 cycles. As can be seen from
Fig. 5a, the voltage gap at the first cycle was approximately 0.30 V,
indicating exceptional electrocatalytic activity of MOF-NCNTs. The
average discharge plateau is 2.81 V, resulting in a high round trip ef-
ficiency of 87% over 35 cycles. Meanwhile, the FESEM image of the
catalyst structure is observed, which showed the identical polyhedron
morphology and structure of MOF-NCNTs before (Fig. 5b) and after
(Fig. 5c) cycling, implying the excellent stability of MOF-NCNTs.
However, the charge voltage increases from 3.12 to 3.30 V over 35
cycles, which could be attributed to the increased NaOH concentration
by evaporating of water in aqueous electrolyte, resulting in a slight
decline to electrochemical performance of hybrid SABs [1,4]. However,
when a small amount of water was re-introduced into the aqueous
electrolyte, the SAB system once again demonstrates good cycling
performance (Figure S9).

The excellent catalytic activity and stability of MOF-NCNTs was
demonstrated by the lack of change in the catalyst structure as shown in
the FESEM images before and after cycling. In addition, the electro-
chemical performance can be further stabilized by reintroducing fresh
aqueous electrolyte to the hybrid SABs. In the future, this issue can be
resolved by employing a peristaltic pump to maintain a constant con-
centration of NaOH to enhance the electrochemical performance of
hybrid SABs [1,49].

3.3. The role of MOF and NCNT

The superior electrochemical behavior of MOF-NCNTs can mainly
be ascribed to the synergistic effect between N dopants and confined Co
nanoparticles within the CNT, the structure of the NCNTs formed, and
their robust open porous framework structure [32,47,50]. In previous
reports, the work functions and densities of states (DOS) of carbon-
based electrocatalysts were used as effective parameters for demon-
strating the ORR activity [51,52]. Meng et al. demonstrated the sy-
nergistic effect between N dopants and confined Co particles in CNTs
increases the densities of states (DOS) near the Fermi level and reduces
the work function by density functional theory (DFT) simulations,
hence improving the ORR catalytic performance [47]. The electro-
negative N dopants induce a higher positive charge density on adjacent
carbon atoms, which is beneficial for the adsorption and reduction of
oxygen atoms in the NCNTs, resulting in excellent ORR/OER catalytic
activity of MOF-NCNTs [27,53–55]. The structure of NCNTs also im-
proved the gas and liquid transport, electronic conductivity, as well as
corrosion resistance [11,37]. Moreover, the metallic Co nanoparticles
sealed by the graphitic carbon shell greatly improve catalytic activity
due to the electronic interaction between metal nanoparticles and
NCNTs shell, thereby accelerating the formation of the OOH species
[56]. Interaction between cobalt nanoparticles and NCNTs affected the
properties of the outer walls, which induced more O2 adsorption active
sites [47,57–59]. The robust porous framework structure improved
electrocatalytic stability and activity by promoting mass transport, and
electronic interactions during the ORR and OER process [31,60,61].

In addition, the Co-CNT and N-CNT display a higher discharge
voltage than MWNT due to the Co dopants or electronegative N dopants
[11,31]. Compared with NCNTs and MWNTs, Co-CNTs exhibited a re-
latively higher discharge voltage, suggesting the contribution of metal
Co nanoparticle for ORR catalytic performance. Moreover, the work
function value of Co4@CNTs (3.92 eV) is smaller than pure CNTs
(4.2 eV) from DFT simulations. This reduced work function is expected
to enhance its chemical activity [47]. Nevertheless, the N-CNT or Co-
CNT show unsatisfactory ORR and OER catalytic performance com-
pared to MOF-NCNT because of the reduced number of active sites.
Furthermore, as compared with other catalysts in previous reports
(Table 1), the MOF-NCNTs exhibited superior ORR and OER activity
under the same conditions due to the synergistic effect of N and Co
inducing more catalytic active sites [37,62]. Moreover, the three-

Table 1
Discharge–charge performance of hybrid sodium-air batteries with different catalysts.

Catalysts Discharge voltage
(V, plateau)

Charge voltage
(V, plateau)

Voltage gapa

(V)
Current densities/NaOH concentration (mol⋅L−1) Ref.

dp-MnCo2O4

/N-rGO
2.75 3.14 0.39 0.13 mA⋅ cm−2 /1 [3]

Mn3O4/C 2.60 3.51 0.91 1mA⋅ cm−2/ 1 [4]
Carambola-

shaped VO2

2.81 3.45 0.64 0.01mA⋅ cm−2/0.1 [6]

Pt/C1 2.94 3.55 0.61 0.01mA⋅ cm−2/0.1 [6]
Pt/C2 2.85 3.38 0.53 0.025mA⋅ cm−2/0.1 [16]
GNS/MC 2.98 3.10 0.12 60mA g−1/0.1 [20]
Pt/C3 3.03 3.21 0.18 60mA g−1/0.1 [20]
Co3(PO4)2 2.82 3.41 0.59 0.01mA⋅ cm−2/0.1 [48]
MOF-NCNTs 2.80 3.10 0.30 0.1mA⋅ cm−2/1 Present work
Pt/C 2.76 3.26 0.50 0.1mA⋅ cm−2 /1 Present work
NCNTs 2.64 3.41 0.77 0.1mA⋅ cm−2 /1 Present work
MWNTs 2.51 3.41 0.90 0.1mA⋅ cm−2 /1 Present work
Co-CNTs 2.74 3.41 0.67 0.1mA⋅ cm−2 /1 Present work
RuO2 2.64 3.14 0.50 0.1mA⋅ cm−2 /1 Present work
MOFs-650 °C 2.67 3.21 0.64 0.1mA⋅ cm−2 /1 Present work
MOFs-750 °C 2.68 3.19 0.61 0.1mA⋅ cm−2 /1 Present work
Carbon paper 2.22 3.40 1.18 0.1mA⋅cm−2 /1 Present work

a Voltage gap calculation based on charge–discharge voltage plateau. Pt/C1, Pt/C2, and Pt/C3 represent batteries tested under different current density and NaOH
concentrations.
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dimensional hierarchical porous structure and carbon nanotubes of
MOF-NCNTs provide a large specific area, which enhances electro-
catalytic activity by promoting mass transport and electronic interac-
tions during the electrochemical reaction [31,60,61].

4. Conclusions

MOF-NCNT catalysts were synthesized for hybrid SABs using ZIF-67
particles as the precursor. By calcinating in Ar/H2 atmosphere at
700 °C, the ZIF-67 precursor was pyrolyzed and converted into hier-
archical shells of interconnected crystalline NCNTs with a robust
hollow framework structure. The MOF-NCNTs demonstrated efficient
and stable bifunctional electrocatalyst performance for the ORR and
OER within hybrid SABs. Compared with commercial Pt/C and RuO2,
MOF-NCNT demonstrated remarkable electrocatalytic activity and
stability. A low voltage gap of 0.30 V was obtained at a current density
of 0.1mA·cm―2, resulting in a high round trip efficiency of 90% for the
first cycle. In addition, hybrid SABs showed good cycling performance
with an average discharge voltage of 2.81 V, resulting in a high round
trip efficiency of 87% after 35 cycles. This behavior can be ascribed to
nitrogen-doped sites and confined Co nanoparticles within the CNTs,
which induces more sites for oxygen adsorption and electron transfer.
The robust open porous framework structure consisting of inter-
connected NCNTs enhanced the electrocatalytic activity and stability of
MOF-NCNTs. This study provides a new avenue for developing cathode
electrocatalysts and demonstrates the promising application of MOF-
derived catalysts in metal-air battery systems.
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