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A B S T R A C T   

Air cathodes with high-efficiency oxygen reduction and evolution reaction (ORR/OER) performances are 
essential but still challenging for the development of high-power-density rechargeable Zn-air batteries. We herein 
report the preparation of a bifunctional oxygen electrocatalyst, composed of Co/ZnCo2O4 nanoparticles sand-
wiched in leaf-like nitrogen-doped carbon microplates interwoven with carbon nanotubes (denoted as Co/ 
ZnCo2O4@NC-CNTs). Owing to large amount of metal-Nx and Co3+ active sites as well as the interwove CNTs on 
the surface of carbon microplates, the Co/ZnCo2O4@NC-CNTs catalyst reveals excellent ORR/OER activities 
manifested as a small potential gap (ΔE = 0.70 V), a superior high-power density of 305 mW cm− 2 and a stable 
rechargeability of up to 103 h with the Zn-air battery. Meanwhile, the Co/ZnCo2O4@NC-CNTs-based flexible 
solid-state Zn-air battery also exhibits competitive peak power density (151 mW cm− 2), robust flexibility and 
integrability.   

1. Introduction 

With rapid development of wearable electronics, flexible energy- 
storage devices with high energy density and long lifetime play an 
indispensable role [1,2]. Rechargeable Zn-air batteries have been 
regarded as one of attractive alternatives for flexible energy-storage 
devices, owing to such merits as intrinsic safety, environmental friend-
liness, lost cost and high theoretical energy density up to 1086 Wh kg− 1 

[3]. Nevertheless, their applications are still hindered by the problem of 
low power density. It is reported recently that the majority of 
rechargeable Zn-air batteries exhibit peak power densities about 
50–200 mW cm− 2 [4,5], rather far away from the commercial re-
quirements for high power devices. The electrocatalysts and physical 
structures of air cathodes are crucial to realize high-performance of 
Zn-air batteries [6]. The oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) taken place in air cathodes involve multistep 
and multielectron redox with sluggish kinetics and large overpotential, 
which are considered to be the main bottlenecks to high-power-density 
Zn-air batteries [7–9]. At present, the best benchmark catalysts for ORR 
are Pt and its alloys while the most active electrocatalysts for OER are 
IrO2 and RuO2 [10,11]. However, these precious-metal-based materials, 

unfortunately, suffer the problem of scarcity, insufficient stability and 
uneven catalytic characters for both ORR and OER processes, which 
limit their practical applications in oxygen bifunctional electrodes of 
rechargeable Zn-air batteries [12–14]. Therefore, developing 
non-previous-metal bifunctional oxygen electrocatalysts with suitable 
electrode architecture, low overpotential and durable active sites is 
significantly important for high power density and high 
charging-discharging efficiency of Zn-air batteries. 

Transition-metal (Co, Zn, Fe, etc.) nanoparticles encapsulated in 
nitrogen-doped carbon (denoted as M@NC) have emerged as a superior 
material for constructing efficient bifunctional catalysts for both ORR 
and OER [15–17]. The combination of N-doped carbon shells with inner 
metal nanoparticles can be used to modulate the electronic structures to 
meet the scaling principle, that is, the adsorption should be neither too 
strong nor too weak to achieve better bifunctional catalytic performance 
[18,19]. For example, Guan et al. reported a catalyst with Co3O4 
nanospheres embedded in N-doped carbon, which exhibited promising 
catalytic properties toward both OER and ORR [20]. Similarly, bifunc-
tional catalysts composed of Co nanoparticles embedded in the N-doped 
carbon matrix were also developed [21–23]. Metal nanocatalysts 
encapsulated by N-doped carbon shells not only ensured high electric 
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conductivity but also prevented the nanocatalysts from aggradation [24, 
25]. In addition, the structure and porosity of electrocatalysts are vital as 
well to speed up mass transport and ion diffusion in air cathodes, which 
involves the gas (O2)/solid (catalyst)/liquid (electrolyte) three-phase 
interface [26]. Specifically, the fine structure regulation of oxygen 
electrocatalysts leads to a favorable gas diffusion channel to facilitate 
continuous oxygen supply to active reaction sites [27–29]. For instance, 
an N-doped three-dimensional (3D) carbon matrix interconnected with 
carbon nanotubes (CNTs) could accelerate mass and electron transfer in 
ORR and OER processes [30,31]. Therefore, synergistically optimizing 
the catalytic reactivity and microstructure of electrocatalysts are 
necessary for high-power-density metal-air batteries, which remains a 
challenge so far. 

Herein, a bifunctional oxygen electrocatalyst for high-power-density 
Zn-air batteries based on Co/ZnCo2O4 nanoparticles sandwiched in leaf- 
like N-doped carbon microplates interwoven with carbon nanotubes 
(CNTs) (denoted as Co/ZnCo2O4@NC-CNTs) was designed and synthe-
sized. Our results reveal that the Zn and melamine play a vital role in 
increasing catalytic active sites such as the Co/Zn-Nx for ORR and the 
Co3+/Co2+ ratios for OER. Besides, the well-grown CNTs on the surface 
of the carbon matrix are beneficial to the charge transfer in the ORR/ 
OER processes. Benefiting from high-efficient active sites and the 3D 
structure, the optimized Co/ZnCo2O4@NC-CNTs exhibit excellent 
bifunctional catalytic activities with a small potential gap (ΔE is only 
0.70 V) and a superior high-power density of 305 mW cm− 2, and long 
work time up to 103 h at 5 mA cm− 2. Based on the Co/ZnCo2O4@NC- 
CNTs catalyst, flexible solid Zn-air batteries were assembled with a high 
peak power density (151 mW cm− 2), robust flexibility and integrability 
have been achieved. Consequently, the as-prepared Co/ZnCo2O4@NC- 
CNTs catalyst has promising application for rechargeable Zn-air 
batteries. 

2. Experimental section 

2.1. Materials 

Co(NO3)2⋅6H2O, Zn(NO3)2⋅6H2O, 2-methylimidazole (2-MIM), mel-
amine were all purchased from Shanghai Chemical Reagent Factory, and 
were used directly without further purification. 

2.2. Synthesis of CoZn-ZIF-L 

291 mg (1 mmol) of Co(NO3)2⋅6H2O and 297 mg (1 mmol) of Zn 
(NO3)2⋅6H2O were dissolved in 20 mL of deionized (DI) water, and 656 
mg (8 mmol) of 2-MIM was added to 20 mL of DI water. Then, the 
resulting aqueous solution was mixed with magnetic stirring for 2 h and 
kept at room temperature for 10 h. The purple precipitates were 
collected by centrifugation, washed with DI water and ethanol several 
times, and dried in an oven for 8 h at 60 ◦C. 

2.3. Synthesis of CoZn-ZIF-L@melamine 

The mixture of 300 mg CoZn-ZIF-L and 1 g melamine was dissolved 
into 30 mL solution of DI water and ethanol (VDI water/Vethanol = 1: 1), 
followed by stirring for 3 h. After continuously stirring the above 
mixture solution at 60 ◦C, the dry powder was obtained. 

2.4. Synthesis of Co/ZnCo2O4@NC-CNTs 

The CoZn-ZIF-L@melamine (400 mg) was placed into a tubular 
furnace and heated at 700 ◦C for 2 h with a ramp of 5 ◦C min− 1 in a 
nitrogen atmosphere. After natural cooling to room temperature, the 
final product was obtained. 

2.5. Synthesis of Co@NC-CNTs, Zn@NC and Co-Zn@NC 

The Co@NC-CNTs and Zn@NC samples were prepared by the similar 
process as Co/ZnCo2O4@NC-CNTs, but without adding Zn(NO3)2⋅6H2O 
and Co(NO3)2⋅6H2O, respectively. Similarly, the Co-Zn@NC catalyst 
was fabricated without the addition of melamine. 

2.6. Materials characterizations 

The crystal structure of samples was confirmed by powder X-ray 
diffraction (PXRD) patterns on a Bruker D8 Advance diffractometer with 
Cu-Kα radiation, and the threshold was set to 0.214–0.228 V during the 
test. The scanning electron microscopy (SEM) was obtained by using a 
Hitachi S-4800 scanning electron microanalyzer with an acceleration 
voltage of 15 kV. The transmission electron microscopy (TEM) and high- 
resolution TEM (HRTEM) and elemental mappings were collected on a 
JEM-2100F field emission TEM at 200 kV. The chemical compositions of 
the samples were determined by X-ray photoelectron spectroscopy (XPS) 
on an ESCALab MKII X-ray photoelectron spectrometer with the Mg Kα 
X-ray as the excitation source. The specific surface areas and corre-
sponding pore size distributions were measured at 77 K with Micro-
metrics ASAP 2020 by the method of nitrogen adsorption–desorption 
isotherms. Raman spectra were recorded on a Renishaw in Via-Refles 
with a laser line of 532 nm. Fourier Transform Infrared Spectroscope 
(FTIR) spectra were recorded using Nicolet Nexus 670. 

The detailed procedure of electrochemical measurements and the 
assembly process of Zn-air battery can be seen in the supporting 
information. 

3. Results and discussion 

The synthesis process of Co/ZnCo2O4@NC-CNTs catalyst is depicted 
in Fig. 1. The bimetallic CoZn-ZIF-L was first prepared via the room- 
temperature reaction of a Zn(NO3)2⋅6H2O and Co(NO3)2⋅6H2O 
mixture solution and a 2-MIM solution. The CoZn-ZIF-L with leaf-like 
structure can be observed with the SEM image (Fig. S1a), and the XRD 
pattern of CoZn-ZIF-L matches well with the reported results in litera-
ture [32], confirming the formation of phase-pure material (Fig. S1b). 
Then, melamine was added to the solution containing CoZn-ZIF-L, 
ensuring that the CoZn-ZIF-L is embedded by melamine (Fig. S2). 
FTIR spectra (Fig. S3) further reveals several bands appeared at 
3000–3500 cm− 1 after modified with melamine, which suggests the 
presence of -NH2 in melamine [33]. Finally, the CoZn-ZIF-L@melamine 
mixture was pyrolyzed at 700 ◦C under an N2 atmosphere. During 

Fig. 1. Schematic synthesis process of the Co/ZnCo2O4@NC-CNTs 
electrocatalyst. 
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pyrolysis, metal cations were reduced to metal nanoparticles and facil-
itate the formation of CNTs [34]. For comparison, Co@NC-CNTs, 
Zn@NC and Co-Zn@NC were also prepared without adding Zn 
(NO3)2⋅6H2O, Co(NO3)2⋅6H2O and melamine, respectively, during the 
synthesis process. 

The SEM images of Co/ZnCo2O4@NC-CNTs show the formation of 
the 3D networks composed of interconnected CNTs grown on the surface 
of leaf-like carbon microplates (Fig. 2a, b). The microstructure is also 
investigated by the technique of TEM. The CNTs with Co nanoparticles 
sandwiched in their inner compartments are in situ grown on the surface 
of the carbonaceous matrix (Fig. 2c and Fig. S4a). Furthermore, the 
HRTEM of tips of the CNTs image reveals the (200) facet of the Co 
nanoparticle (Fig. 2d), which are encapsulated by graphitic carbon shell. 
On the other hand, the HRTEM images of the carbonaceous matrix 
(Fig. 2e and Fig. S4b) exhibit clear-defined lattice fringes with D-spac-
ings of 0.25 nm and 0.21 nm, matching the (311) planes of the ZnCo2O4 
and (111) planes of Co. These nanohybrids are wrapped with highly 
graphitic carbon layer as well. Additionally, the selected area electron 
diffraction (SAED) image (Fig. 2f) indicates the coexistence of the 
metallic Co with bright rings corresponding to (111), (200) and (220) 
planes and the ZnCo2O4 with (311) and (511) planes, respectively. 
Moreover, the corresponding elemental mapping images of the Co/ 
ZnCo2O4@NC-CNTs show the homogeneous distribution of Zn, Co, N 

and C elements (Fig. S5). Compared with the SEM images of the Co/ 
ZnCo2O4@NC-CNTs and Co@NC-CNTs samples (Fig. S6), the analyses of 
Zn@NC and Co-Zn@NC confirm the absence of CNTs, which proves that 
the melamine facilitates the reduction of cobalt ions to metal nano-
catalysts which finally promotes the formation of CNTs. Such interlaced 
carbon matrix/CNTs structure could be advantageous to ion and elec-
tron transport during electrocatalytic processes [26]. The porous nature 
of Co/ZnCo2O4@NC-CNTs was studied by N2 adsorption–desorption 
tests. A type-IV isotherm curve with an obvious hysteresis loop in the 
range of medium pressure can be observed (Fig. 3a), suggesting the 
existence of a mesoporous structure in Co/ZnCo2O4@NC-CNTs [35], 
with a calculated Brunaner-Emmett-Teller (BET) specific surface area of 
372.9 m2 g− 1. The pore size distribution curve shows that the nanopores 
with an average pore size of ≈ 4.3 nm. The large surface area as well as 
mesoporous structure makes catalytic active sites be readily accessible 
and boosts rapid diffusion of the reactants [36]. 

The XRD patterns of the Co/ZnCo2O4@NC-CNTs (Fig. 3b) show a 
peak around 26.5◦ that can be assigned to the (002) plane of graphitic 
carbon. Furthermore, the more intense peaks at 44.2◦, 51.5◦, and 75.8◦

corresponding to the (111), (200), and (220) planes of metallic Co and 
the relatively weak peak appearing at 36.8◦ is attributed to the (311) 
plane of ZnCo2O4. To further analyze the phase composition of all the 
resulting catalysts, Raman spectra were employed (Fig. 3c). Obviously, 

Fig. 2. (a, b) SEM images, (c) TEM image, (d, e) HRTEM images, and (f) the corresponding SAED pattern of the as-prepared Co/ZnCo2O4@NC-CNTs.  
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only Co/ZnCo2O4@NC-CNTs shows signals located at 190, 475, 508, 
and 675 cm− 1 wavenumbers, which can be indexed to the F2, Eg, F2g, 
and A1g modes of ZnCo2O4, respectively [37,38]. Two typical peaks at 
≈ 1335 and ≈ 1590 cm− 1 in the Raman patterns are attributed to the 
defective carbon (D band) and the sp2-graphitic carbon (G band), 
respectively. The intensity ratio of ID/IG is usually used to indicate the 
graphitization degree of carbonaceous materials. The ID/IG value of 
Co/ZnCo2O4@NC-CNTs is 1.02, suggesting a high degree of carbon 
graphitization and thus a high electrical conductivity. The XRD patterns 
of control samples are shown in Fig. S7, which reveal that the 
Co@NC-CNTs includes Co and CoO, while Co-Zn@NC includes only 
metallic Co. Combined with the fact that the direct pyrolysis product of 
the mixture of Co(NO3)2⋅6H2O, Zn(NO3)2⋅6H2O and melamine shows 
the characteristic Raman peaks of ZnCo2O4 (Fig. S8), it proves that the 
introduction of melamine contributes to the formation of ZnCo2O4 
species that usually have good OER performance [39]. 

XPS measurements were conducted to investigate the surface 
chemical compositions and electronic structure of all samples. As 
revealed by XPS survey spectra in Fig. S9, Co, Zn, C, O, and N elements 
are presented in Co/ZnCo2O4@NC-CNTs. Quantitative analysis 
(Table S1) displays the corresponding atomic percentages for Co, Zn and 
N are 1.5%, 1.2%, and 7.5%, respectively. The high-resolution C 1s 
spectra contain four peaks, corresponding to C-C (284.5 eV), C-N 
(285.4 eV), C-O (286.6 eV) and C˭C (288.0 eV) (Fig. S10) [32,40]. The 
high-resolution N 1s spectra for Co/ZnCo2O4@NC-CNTs (Fig. 3d) reveal 
the presence of four types of nitrogen species, pyridinic N (398.1 eV), 
Zn/Co-Nx (399.7 eV), pyrrolic N (400.3 eV), and graphitic N (401.4 eV), 
respectively [41,42]. According to the N 1s XPS spectra of the control 
samples (Fig. S11a–c), the corresponding percentage distribution of ni-
trogen species is statistically shown in Fig. S11d. The pyridinic N, 
graphitic N and M-Nx are believed to play vital roles in the ORR process 
[43]. As shown in Fig. 3e, the high-resolution spectrum for Co 2p in 
Co/ZnCo2O4@NC-CNTs can be deconvolved into three doublets, corre-
sponding to metallic Co (778.5 and 794.2 eV), Co3+ (779.9 and 
795.4 eV), and Co2+ (781.5 and 797.0 eV) [44]. The ratios of Co3+/Co2+

in the Co/ZnCo2O4@NC-CNTs, Co@NC-CNTs and Co-Zn@NC are 

calculated to be 1.10, 0.76, and 0.56, respectively (Fig. S12 and 
Table S2), indicating that the content of Co ions with higher valence 
state in Co/ZnCo2O4@NC-CNTs is higher than other controls. The Zn 2p 
spectrum of Co/ZnCo2O4@NC-CNTs (Fig. 3f) contains two prominent 
spin-orbit peaks for 2p3/2 and 2p1/2 at binding energies of 1022.2 and 
1045.3 eV with a spin-orbit splitting of 23.1 eV. Note that the peaks of 
Co/ZnCo2O4@NC-CNTs shift negatively compared with Zn@NC and 
CoZn@NC samples, which may be due to the interaction between Zn and 
Co in ZnCo2O4, similar to the reported results [39,45]. 

To evaluate the bifunctional catalytic activities of the Co/ 
ZnCo2O4@NC-CNTs, the ORR performance was first examined by using 
the rotating disk electrode (RDE) in 0.10 M KOH solutions. The cyclic 
voltammetry curves show a well-defined ORR cathodic peak under the 
O2-saturated KOH solution, indicating the occurrence of oxygen reduc-
tion (Fig. S13). As reveals by linear sweep voltammetry curves (Fig. 4a), 
the onset potential of Co/ZnCo2O4@NC-CNTs is 1.01 V, the half-wave 
potential (E1/2) is 0.90 V and the limiting current density is 
4.6 mA cm− 2. Notably, E1/2 of Co/ZnCo2O4@NC-CNTs are better than 
commercial Pt/C (0.85 V, Fig. S14) and obviously higher than Co@NC- 
CNTs (0.84 V), Co-Zn@NC (0.81 V) and Zn@NC (0.63 V) (Fig. S15). In 
addition, the ORR activity of Co/ZnCo2O4@NC-CNTs outperforms the 
nonprecious metal catalysts (Table S3). The Tafel slope (Fig. 4b) for Co/ 
ZnCo2O4@NC-CNTs is 91 mV dec− 1, which is lower than those of Co- 
Zn@NC (130 mV dec− 1), Co@NC-CNTs (126 mV dec− 1) and Zn@NC 
(189 mV dec− 1), suggesting fast ORR kinetics. The ORR mechanism of 
the Co/ZnCo2O4@NC-CNTs was further investigated by rotating disk 
measurement at different rotation speeds (Fig. S16). The resulting 
Koutecky-Levich (K-L) plots for Co/ZnCo2O4@NC-CNTs at various po-
tentials show good linear relationships, confirming typical first-order 
reaction kinetics [40]. In addition, rotating ring-disk electrode (RRDE) 
measurements show the electron transfer number (n) for the Co/Zn-
Co2O4@NC-CNTs catalyst is about 4.0, and the H2O2 yield is less than 
8% (Fig. S17), whereby the direct four-electron pathway is confirmed. 
The durability of the Co/ZnCo2O4@NC-CNTs was evaluated by the 
chronoamperometric measurements, which exhibits about 87% current 
density attenuation, which is much higher than Pt/C (45%) (Fig. 4c). 

Fig. 3. (a) N2 sorption isotherm and pore size distribution, and (b) XRD pattern of the Co/ZnCo2O4@NC-CNTs. (c) Raman spectra of the Co/ZnCo2O4@NC-CNTs, Co- 
Zn@NC, Zn@NC and Co@NC-CNTs samples. (d, e) High-resolution N 1s and Co 2p XPS spectra for the Co/ZnCo2O4@NC-CNTs. (f) Zn 2p XPS spectra of the Co/ 
ZnCo2O4@NC-CNTs, Zn@NC and Co-Zn@NC samples. 
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Moreover, with methanol introduced into the O2-saturated electrolyte, 
no obvious change occurs in Co/ZnCo2O4@NC-CNTs (Fig. S18), whereas 
Pt/C decreases drastically, reflecting its excellent tolerance and corro-
sion resistance to methanol. 

Subsequently, the OER activities of the Co/ZnCo2O4@NC-CNTs are 
measured in 1.0 M KOH solution. As shown in Fig. 4d, the Co/ 
ZnCo2O4@NC-CNTs exhibit an overpotential 370 mV at the current 
density of 10 mA cm− 2, higher than those of Co-Zn@NC (450 mV), 
Co@NC-CNTs (490 mV) and Zn@NC (550 mV). The direct pyrolysis 
product of the mixture of Co2+, Zn2+ and melamine also exhibits good 
OER performance with 420 mV overpotential at a current density of 
10 mA cm− 2 (Fig. S19). Considering that the material also contains 
ZnCo2O4, it can be confirmed that ZnCo2O4 acted as the major active 
sites of OER. What’s more, such low overpotential of Co/ZnCo2O4@NC- 
CNTs is comparable to RuO2 (345 mV, Fig. S20). The Tafel slope 
(Fig. 4e) of Co/ZnCo2O4@NC-CNTs (64 mV dec− 1) is lower than that of 
control samples, indicating its favorable reaction kinetics. To under-
stand the intrinsic ORR activity of as-prepared electrocatalysts, elec-
trochemically active surface area (ECSA) measurements were further 
conducted based on the double-layer capacitance (Cdl) (Fig. S21) [46]. 
The Co/ZnCo2O4@NC-CNTs sample possesses a higher Cdl of 
1.1 mF cm− 2 than Co-Zn@NC (0.39 mF cm− 2), Co@NC-CNTs 
(0.33 mF cm− 2) and Zn@NC (0.26 mF cm− 2) (Fig. S22), implying 
better kinetic process. Fig. S23 exhibits the LSV polarization curves for 

OER normalized by the ECSA, the highest normalized current density of 
Co/ZnCo2O4@NC-CNTs reveals its excellent intrinsic activity. The 
long-term durability tests (Fig. 4f) confirm the high stability of Co/Zn-
Co2O4@NC-CNTs for OER in alkaline media. Also, the morphology of 
Co/ZnCo2O4@NC-CNTs has no obvious change after the long-term OER 
test, revealing robust stability of the as-prepared catalyst (Fig. S24). To 
investigate the application of Co/ZnCo2O4@NC-CNTs in Zn-air batte-
ries, the remarkable ORR and OER bifunctional performances are 
further indicated by the potential gap (ΔE = Ej10 - E1/2) (Fig. 4g). As 
exhibited in Fig. 4h, the Co/ZnCo2O4@NC-CNTs catalyst exhibits a 
value of 0.70 V, which is comparable to that of the benchmark catalyst 
Pt/C-RuO2 and also smaller than most reported transition metal-based 
bifunctional catalysts. 

To gain an in-depth understanding of the reasons for the high elec-
trocatalytic activity of the Co/ZnCo2O4@NC-CNTs, etching experiments 
were performed. As displayed in Fig. S25, Co/ZnCo2O4@NC-CNTs show 
a little drop of the ORR activity, but the great OER activity decrease after 
etching with 3 M HCl for 12 h. The further structural characterizations 
of Co/ZnCo2O4@NC-CNTs (Fig. S26) reveal that the N-based species 
were slightly influenced by HCl, whereas the ZnCo2O4 species almost 
disappears. It can be inferred that the ORR activity is mainly governed 
by N-based species and the OER activity may be controlled by metal- 
based species (especially ZnCo2O4). According to reported works, the 
M-Nx (M = Zn, Co or Zn/Co) active sites exhibit excellent ORR catalytic 

Fig. 4. (a) LSV curves of ORR and (b) corresponding Tafel plots for the Co/ZnCo2O4@NC-CNTs, Co-Zn@NC, Zn@NC and Co@NC-CNTs at a rotating speed of 
1600 rpm. (c) Chronoamperometric curves of the Co/ZnCo2O4@NC-CNTs and commercial Pt/C. (d) LSV curves of OER and (e) corresponding Tafel plots for various 
catalysts. (f) OER durability test at 10 mA cm− 2 and polarization curves before and after 3000 cycles. (g) The bifunctional LSV curves of the as-prepared catalysts. (h) 
Diagram for comparing the potential gap (ΔE) values of the Co/ZnCo2O4@NC-CNTs with other reported electrocatalysts. 
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activity [47–49]. The catalysts with higher content of M-Nx have better 
ORR performance (Fig. S27), indicating good intrinsic ORR activity of 
Co/Zn-Nx site in Co/ZnCo2O4@NC-CNTs, which can be further 
confirmed by SCN- poisoning experiments (Fig. S28) [50–52]. The pyr-
idinic N in the catalysts is generally considered to be conducive to O2 
adsorption and contributes to ORR activity [53]. Although Zn@NC 
(81.8%) and Co-Zn@NC (61.5%) have higher content of pyridinic N 
than other control samples, their ORR activity is mediocre, which may 
be related to the small amount of graphitic-N and Co/Zn-Nx sites. These 
carbon materials having a lower content of graphitic-N would result in 
inferior charge transfer efficiency and higher charge-transfer resistance 
(Rct, Zn@NC of 46.4 Ω and Co-Zn@NC of 6.9 Ω) (Fig. S29 and Table S4). 
In contrast, Co@NC-CNTs and Co/ZnCo2O4@NC-CNTs with higher 
content of graphitic-N due to the well-grown CNTs on the catalyst sur-
face have much lower Rct values, especially for Co@NC-CNTs (2.2 Ω), 
which leads to high charge transfer efficiencies during the ORR and OER 
process. Furthermore, Fig. S30 displays the correlation between the 
ratios of Co3+/Co2+ and the OER activities of the catalysts. The higher 
OER activities always follow the higher ratios of Co3+/Co2+. It is 
generally considered that higher oxidation of Co cations is beneficial to 
the adsorption of OER intermediates (OH- and OOH− ) in the process of 
OER [54–57]. Based on the above results, the excellent ORR/OER per-
formance of the Co/ZnCo2O4@NC-CNTs is ascribed to the following 
characteristics. Firstly, the high surface contents of Co/Zn-Nx and high 

Co3+/Co2+ ratios can promote ORR and OER activities. Secondly, the 
interaction between melamine and Co2+ species promote the growth of 
CNTs on the catalyst surface, which favors the charge transfer in the 
ORR/OER processes. Finally, the large specific surface area and 3D 
sandwich structures formed with the CNTs tangled with leaf-like carbon 
microplates may improve interfacial contact between the electrolyte and 
the electrode material. 

Assembled rechargeable Zn-air batteries to evaluate the performance 
of Co/ZnCo2O4@NC-CNTs, as schematically illustrated in Fig. 5a. As 
shown in Fig. S31, the Zn-air batteries using Co/ZnCo2O4@NC-CNTs as 
the air electrodes show open-circuit voltage of 1.47 V, slightly higher 
than the Pt/C-based battery (1.43 V). The galvanostatic discharge 
measurements for Co/ZnCo2O4@NC-CNTs-based battery (Fig. 5b) 
display a small voltage drop at the current densities from 2 to 
30 mA cm− 2. Moreover, the discharge resumes reversibly when the 
current density reduces to 5 mA cm− 2, suggesting excellent discharge 
rate performance and good reversibility. The charge-discharge curves of 
Co/ZnCo2O4@NC-CNTs-based and Pt/C-based batteries are provided in 
Fig. S32. Compared with Pt/C-based battery, Co/ZnCo2O4@NC-CNTs- 
based battery generated higher discharge current and a significantly 
reduced charge and discharge voltage gap. According to the discharge 
curve, the Co/ZnCo2O4@NC-CNTs-based battery delivers a peak power 
density of 305 mW cm− 2 at 475 mA cm− 2 (Fig. 5c), which is more than 3 
times that of Pt/C-based battery (96.1 mW cm− 2) and outperforms most 

Fig. 5. (a) Schematic of rechargeable Zn-air battery configuration. (b) Discharge curves of Co/ZnCo2O4@NC-CNTs-based Zn-air battery at various current densities. 
(c) Discharge polarization curves and the corresponding power density plots of battery based on Pt/C and Co/ZnCo2O4@NC-CNTs. (d, e) Cyclic stability of Co/ 
ZnCo2O4@NC-CNTs-based Zn-air battery at 5 mA cm− 2. (f) Galvanostatic discharge curve of the battery based on Co/ZnCo2O4@NC-CNTs at 20 mA cm− 2. The 
specific capacity is normalized by the mass of the consumed Zn anode. (g, h) Discharge polarization curves and corresponding power density curves: (g) Co/ 
ZnCo2O4@NC-CNTs with various catalyst loadings. (h) Various catalysts but the same catalyst loading (2 mg). 
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reported Zn-air batteries (Table S5). Such high performance of Co/ 
ZnCo2O4@NC-CNTs can be ascribed to the good conductivity of the 
CNTs on the carbon matrix surface, which actually improves the electron 
transport [58,59]. The galvanostatic charge/discharge tests are carried 
out to estimate the stability of the Zn-air battery. As shown in Fig. 5d, 
when cycled at 5 mA cm− 2, the Co/ZnCo2O4@NC-CNTs-based battery 
exhibits much better durability compared with Pt/C-RuO2 based bat-
tery. After cycling for 103 h (Fig. 5e), the round-trip voltage of the 
Co/ZnCo2O4@NC-CNTs-based battery shows a slight voltage drop of 
0.04 V (0.9%), from 0.88 V at the beginning to 0.92 V. At a discharge 
current density of 20 mA cm− 2, the Co/ZnCo2O4@NC-CNTs-based bat-
tery also exhibits an impressive specific capacity of 922 mAh gZn

− 1 

(Fig. S33) and an energy density of 1013 Wh kgZn
− 1 (Fig. 5f), compared to 

824 mAh gZn
− 1 and 906 Wh kgZn

− 1 of Pt/C (Fig. S34). What’s more, the 
performance of Zn-air batteries with varying catalyst loading was also 
investigated. For the catalyst of Co/ZnCo2O4@NC-CNTs, even with a 
half-catalyst loading (1 mg), the battery can be obtained a relatively 
high peak power density (244 mW cm− 2) (Fig. 5g). Further increasing 
the catalyst loading to 4 mg also causes the decrease of output power 
because of the limitation of mass transfer. Similarly, the electrochemical 
tests show that the catalysts with CNTs can achieve larger current 
densities as well as higher peak power density (Fig. 5h). Therefore, the 
unique 3D sandwich structure and abundant active sites endow 
Co/ZnCo2O4@NC-CNTs a promising electrocatalytic material to realize 
high-power and long-life rechargeable zinc-air batteries. 

A flexible rechargeable solid-state Zn-air battery is further assembled 
with an air electrode (Co/ZnCo2O4@NC-CNTs loaded on carbon cloth), 
a current collector (Ni foam), an alkaline gel polymer electrolyte and a 
Zn foil (Fig. 6a). As shown in Fig. 6b, a digital photograph of two flexible 
batteries lighting up a red LED screen, illustrating the application po-
tential of the as-prepared catalyst. Form the charge-discharge curves 
(Fig. 6c), the voltage gap of the flexible battery at current density of 
50 mA cm− 2 is lower than 0.9 V, and the corresponding peak power 
density reaches 151 mW cm− 2. The discharging-charging curve of the 
flexible solid battery at 5 mA cm− 2 is shown in Fig. 6d, which well re-
tains over 20 h. Furthermore, the discharge/charge voltage plateaus 
even when the battery is bent at various angles (Fig. 6e), displaying 
excellent outstanding stability and flexibility. The test curves of a single 

flexible battery and two flexible batteries in series connected are shown 
in Fig. 6f. Obviously, at the current density of 100 mA m− 2, the 
discharge voltage and the corresponding power density of the integrated 
flexible batteries (2.10 V, 210 mW cm− 2) is almost twice that of single 
flexible battery (1.08 V, 108 mW cm− 2), indicating that the as-prepared 
flexible battery can output doubled discharge voltage and power when 
connected in series. In addition, the comparison photographs of the 
manufactured single flexible battery and the two flexible batteries in-
tegrated in series demonstrate that the open-circuit voltages are 1.30 V 
and 2.62 V, respectively (Fig. S35). These results reveal that the fabri-
cated flexible battery has a good integration capability, which can make 
it more competitive in practical applications. 

4. Conclusions 

In summary, an efficient bifunctional oxygen electrocatalyst based 
on Co/ZnCo2O4@NC-CNTs is synthesized for rechargeable Zn-air bat-
teries. Owing to high ORR and OER activities and the 3D sandwiched 
carbon matrix, Co/ZnCo2O4@NC-CNTs exhibit a small potential gap 
(ΔE = 0.70 V) between the E1/2 for the ORR (0.90 V) and the Ej10 for 
the OER (1.60 V). Meanwhile, Co/ZnCo2O4@NC-CNTs-based Zn-air 
battery demonstrates promising battery performance including a high- 
power density of 305 mW cm− 2, a small charge-discharge voltage of 
0.88 V at 5 mA cm− 2, and excellent cycling stability. The assembled 
flexible solid-state Zn-air battery exhibits competitive peak power den-
sity, robust flexibility and integrability. This work offers important 
insight into designing highly active and performance-oriented electro-
catalysts for Zn-air batteries. 
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