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Abstract: 

Highly-efficient and stable bifunctional electrocatalysts for oxygen reduction and evolution is essential 

for aqueous rechargeable Zn-air batteries, which requires highly active sites as well as delicate 

structural design for increasing effective active sites and facilitating mass/electron transfer. Herein, we 

develop a scalable and facile self-catalyzed growth strategy to integrate highly active Co-N-C sites 

with three-dimensional (3D) brush-like nanostructure, achieving Co-N-C nanobrushes with Co, N-

codoped carbon nanotube branches grown on Co, N-codoped nanoparticle assembled nanowire 

backbones. Systematic investigations suggest that nanobrushes delivered significantly improved 

electrocatalytic activity compared with nanowire or nanotube counterparts and the longer nanotube 

branches give the better performance. Benefiting from the increase of accessible highly active sites and 

enhanced mass transfer and electron transportation, the present Co-N-C nanobrush exhibits superior 

electrocatalytic activity and durability when used as bifunctional oxygen catalyst. It enables a 

rechargeable Zn-air battery a high peak power density of 246 mW cm
-2

 and excellent cycling stability. 

These results suggested that the reported synthetic strategy may open up possibilities for exploring 

efficient electrocatalysts for diverse applications. 
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1. Introduction 

The rapid depletion of fossil fuels and increasing environmental concerns have stimulated the 

search for alternative energy conversion and storage devices.[1] Rechargeable Zn-air batteries have 

been considered as attractive alternatives in next-generation energy storage systems due to their 

high energy density, safety, and environmental friendliness.[2] The big challenge for this technique is 

the development of highly-efficient and stable air electrode. It requires highly active electrocatalysts 

for both oxygen reduction reactions (ORR) and oxygen evolution reactions (OER) to overcome 

sluggish kinetics for four electron transfer processes and significantly reduce the reaction 

overpotentials.[3] Although noble-metal based catalysts, such as platinum (Pt), ruthenium (Ru), 

iridium (Ir), and their alloys, are the best-known oxygen electrocatalysts, their commercialization are 

greatly hindered by their reserves, high cost, and still insufficient catalytic performance for 

bifunctional oxygen reactions.[4] 

Over the past few years, much efforts have been devoted to developing non-noble metal 

bifunctional electrocatalysts, such as transition metal sulfide/oxides,[5] nitrides,[6] carbon materials[7] 

and so on[8]. Among these catalysts, the transitional metal-containing N-doped carbon materials (M-

N-C, M=Fe, Co, Ni, etc.) have attracted intense attention. The transition metals in such catalysts 

greatly enhance the graphitization and thus electrical conductivity of carbon matrix, which provide 

them the better protection in turn from corrosion and aggregation during the electrochemical 

reactions.[4b, 9] Furthermore, the interactions and synergistic effects between metal species and N-

doped carbon species enhance the intrinsic electrochemical activity for ORR and OER by 

electronically modulating the charge distribution on active sites and thus the adsorption/desorption 

of O2 and intermediates.[4c, 10] 
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M-N-C materials are usually obtained from the direct pyrolysis of precursors, such as transition 

metal macrocycles/polymers (e.g. porphyrins, phthalocyanines) or the mixture of nitrogen-rich 

organic compounds and transition-metal salts, which commonly gives the inhomogeneous 

microstructures and uncontrollable agglomeration of active components due to the high reactivity of 

transition metal at high-temperature. Such structure could lead to the insufficient exposure of active 

sites as well as poor electron and mass transport.[11] One-dimensional (1D) nanostructures such as  

nanotubes,[12] nanofibers,[13] and nanorod[14] etc. were thus introduced to improve the electron 

transportation. The shortcoming is the insufficient surface area for accommodating accessible active 

sites.[5b] This could be improved by constructing secondary nanostructures on 1D scaffolds to form 

hierarchical three-dimensional (3D) structures.[15] The secondary nanostructures can not only 

significantly increase effective active sites but also improve mass transfer. Although some reports 

have demonstrated how to prepare hierarchical M-N-C materials via multi-step processing,[16] it is 

still necessary to exploit facile and scalable strategies to produce such 3D hierarchical M-N-C 

nanostructures.[15a, 17] 

Herein, we developed a scalable facile strategy for fabricating 3D hierarchical Co-N-C brush-like 

nanostructures through self-catalyzed chemical vapor deposition. 1D Co-oxo framework nanowires 

with uniform distribution of N, C and Co at molecular level were used as precursors and backbones 

to produce N-doped carbon encased Co nanoparticles. N-doped carbon nanotubes was in-situ grown 

on the backbones catalyzed by themselves, forming Co-N-C nanobrush-like structures. This strategy 

could be extended to prepare Fe-based N-doped carbon analogues. To explore the unique role of 

such hierarchical nanobrush architecture, the nanoparticles-assembled backbones, nanobrushes 

with shorter branches, as well as Co-N-C nanotubes without 1D backbones were also prepared in 
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parallel for comparison. Systematic investigation revealed that the nanobrush architecture delivered 

the better mass transfer and electron transportation and the longer branches provided larger 

surface area thus the more active sites. As a result, it exhibited the significantly enhanced 

electrocatalytic activities for both ORR and OER, enabling a better rechargeable Zn-air battery with a 

power density up to 246 mW cm-2 and excellent cycling stability. 

2. Results and Discussion 

 

Scheme 1. Schematic illustration of the preparation of various Co-N-C nanostructures. 

Various Co-N-C nanostructures were prepared by a two-step processing (see Experimental 

Methods for details). As shown in Scheme 1, 1D Co-oxo framework nanowires were first synthesized 

by hydrothermal treatment of the solution containing CoCl2, NTA (Nitrilotriacetic acid), 2-propanol, 
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and water in a Teflon-lined stainless autoclave. As shown in Figure. S1 (EDS mapping), the 1D 

nanowire precursor was obtained with the uniform distribution of elemental Co, C, N, and O. X-ray 

photoelectron spectrum corroborates the presence of C, N, O, and Co (Figure. S2). Co-N-C catalysts 

with various morphologies were then prepared by varying the annealing process. If the precursor 

was directly pyrolyzed, the nanowire morphology remained (noted as CoNC-NW). If the precursor 

was pyrolyzed with the addition of melamine as the supplementary carbon and nitrogen source, the 

brush-like nanostructures were obtained by the growth of nanotube on CoNC-NW backbones self-

catalyzed by the in-situ generated Co species (noted as CoNC-NB). The length of branches in CoNC-

NB varied with the dosage of melamine. As a control, Co salt was directly pyrolyzed with melamine, 

giving irregular nanotubes (noted as CoNC-NT). 

All these samples were first characterized by X-ray diffraction (XRD) technique. XRD patterns 

(Figure. S3) of CoNC-NT and CoNC-NW show clear diffraction peaks at 44.2o, 51.5o and 75.9o, 

corresponding to cubic Co (JCPDS No.15-0806). For CoNC-NB samples, additional XRD peaks at 41.8o 

and 47.6o are observed, which can be assigned to hexagonal Co (JCPDS No.05-0727). These results 

indicate that metallic Co species exist in all samples. The XRD diffraction at 26.6o for sample CoNC-

NT and CoNC-NBs should be indexed to the graphitic carbon, consistent with the formation of 

carbon nanotubes. 
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Figure. 1. (a-d) SEM and TEM images of CoNC-NW, (e, f) CoNC-NB1, (g-i) CoNC-NB2. (k, l) CoNC-NT. 

(j) EDS elemental mapping images of CoNC-NB2. 

The morphologies of various CoNC catalysts were investigated by scanning electron microscope 

(SEM) and transmission electron microscope (TEM). As shown in Figure. 1a and 1b, CoNC-NW 

exhibits nanowire morphology with granular surfaces. TEM image indicates that the nanowire 

consists of a large number of nanoparticles in a homogeneous distribution. HRTEM image shows that 

these nanoparticles are in an average size of 7 nm with carbon shells. The clear lattice fringes of 

0.21 nm and 0.18 nm with an interplanar angle of 54.7o correspond well to the (111) and (200) 

crystallographic planes of cubic Co (Figure. 1c and 1d), suggesting that these nanoparticles are Co. 

The elemental mapping results (Figure. S4) demonstrate the uniform distribution of C, Co, N, and O 

throughout the entire CoNC-NW, indicating the uniform N doping in the sample. For the sample 

CoNC-NB1 with the melamine dosage of is 20 : 1 (melamine : nanowire precursor), a large amount of 

nanotube branches with an average length of 100 nm can be clearly observed on the entire 



 

  

 

This article is protected by copyright. All rights reserved. 

8 

 

nanowire surface (Figure. 1e, 1f and S5). TEM image shows nanoparticles encapsulated at the end of 

nanotubes, suggesting the classic catalytic growth mechanism for these carbon nanotubes. 

Increasing the dosage of melamine to 40 : 1 leads to the longer nanotube branches in CoNC-NB2. 

The length can reach hundreds of nanometers (Figure. 1g and 1h). The typical features for carbon 

nanotubes can be clearly seen in the high-magnification TEM image (Figure. S6) and corroborated by 

the Raman spectrum of CoNC-NB2 (Figure. S7). HRTEM image taken on a single nanoparticle at the 

end of nanotube shows the lattice fringes in a spacing of 0.21 nm on the darker core (Figure. 1i). This 

agrees well with the (100) crystallographic planes of the hexagonal Co, indicating that the 

encapsulated nanoparticle is metallic Co. The lattice fringes in a spacing of 0.33 nm is the typical 

feature of graphitic carbon shells. The scanning TEM (STEM) and the energy-dispersive spectroscopic 

(EDS) elemental mapping (Figure. 1j) results evidence the homogenous distribution of C, N, and Co in 

the sample, implying the nature of N-doped carbon structures with Co species. Moreover, for the 

sample CoNC-NT, the irregular nanotube aggregation is observed in SEM and TEM images (Figure. 1k 

and 1l), which should be grown under the catalysis of Co species from the decomposition of Co salt. 

The specific surface area and pore size distribution were further determined by N2 adsorption-

desorption experiments. The specific surface area of CoNC-NB2 is measured to be 194 m2 g-1, which 

is much higher than those of CoNC-NW (83 m2 g-1), and CoNC-NB1(133 m2 g-1), and CoNC-NT (42 m2 

g-1) (Figure. 2a and S8). The pore volumes for these samples are 0.901, 0.676, 0.225, and 0.075 cm3 g-

1 for CoNC-NB2, CoNC-NB1, CoNC-NW, and CoNC-NT, respectively (Figure. 2a). The pore distribution 

analysis on CoNC-NB2 shows three types of nanopores centered at about 0.5 nm, 3.8 nm, and 7.5 

nm (Figure. S9). The micropores make active sites accessible at three-phase interfaces where ORR 

and OER take place. The mesopores would be beneficial for the mass transfer during electrochemical 
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reactions. These results indicate that the growth of nanotube branches and the increase of the 

length of nanotubes are effective for increasing the surface area and pore volume, thus increasing 

the number of accessible active sites in the catalysts. Compared with the disordered nanotubes in 

CoNC-NT, the 3D ordered hierarchical CoNC-NBs hold more accessible active sites, which will benefit 

O2-involved electrochemical reactions. 

 

Figure. 2. (a) Specific surface area and pore volume of four samples. (b) N 1s and (c) Co 2p XPS 

spectra for CoNC-NB2. (d) Co K-edge XANES spectra and (e) EXAFS spectra in R-space for CoNC-NB2 

as well as the reference Co foil and CoPc. (f) LSV curves of CoNC-NB2 in O2-saturated 0.1M HClO4 

with or without 0.01M NaSCN. 

X-ray photoelectron spectroscopy (XPS) measurements were further conducted on CoNC-NB2 to 

analyze the elemental compositions and chemical states. The signals of C, N, O, and Co agree with 

the EDS results (Figure. S10). The surface N content is measured to be 6.16 at.%, which is higher than 

4.41 at.% for CoNC-NW (Figure S10). This high-level N doping should be from the N-rich precursor 

and melamine source. The high-resolution N 1s XPS spectrum can be deconvoluted into five main 
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peaks at 398.3eV, 399.1eV, 400.7eV, 401.8eV and 404.8eV, corresponding to pyridinic-N, Co-Nx, 

pyrrolic-N, graphitic N and oxidized-N, respectively (Figure. 2b).[18] The high-resolution Co 2p3/2 

spectrum of CoNC-NB2 presents the signals of Co(0), Co(II), and satellite peaks (Figure. 2c).[3d, 19] 

Furthermore, the Co K-edge extended X-ray absorption near-edge structure (XANES) and fine 

structure (EXAFS) on CoNC-NB2 are analyzed to investigate its electronic structure and coordination 

environments using Co foil and CoPc as the references. It is found that the Co K-edge absorption 

edge position of CoNC-NB2 approaches that metallic Co with a slight shift to that of Co(II), suggesting 

that metallic Co is dominant in the sample and Co(II) possibly exists (Figure. 2d). In the Fourier-

transformed (FT) k3-weighted EXAFS spectra (Figure. 2e), the main peak at 2.3 Å corresponds to the 

metallic Co-Co scattering, corroborating metallic Co dominates in CoNC-NB2. The weak peak at 1.5 Å 

matches with Co-N coordination in reference to Co signal in CoPc. In order to clarify whether Co-Nx 

exists in CoNC-NB2, the conventional poisoning experiment was carried out using SCN- ion to block 

the Co-Nx sites in catalyzing ORR.[20] Considering the instability of SCN- ions in KOH solution, the ORR 

activity was measured in O2-saturated 0.1 M HClO4 with or without 0.01M NaSCN. It can be seen in 

Figure. 2f that the ORR activity of CoNC-NB2 decreases significantly in the presence of SCN-. These 

results suggest that Co-Nx coordination sites should exist in CoNC-NB2 although its signal in EXAFS 

spectrum is suppressed by the dominant metallic Co. 

The bifunctional electrocatalytic performance of the prepared samples was evaluated by 

measuring their ORR and OER activity. The representative cyclic voltammetric (CV) curves in N2- and 

O2-saturated 0.1 M KOH solution indicate that the CoNC-NB2 shows the apparent electrocatalytic 

ORR activity (Figure. S11). The linear sweep voltammetry (LSV) was further performed in O2-

saturated 0.1M KOH. All potentials are referred to reversible hydrogen electrode (RHE). As shown in 
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Figure. 3a, CoNC-NB2 shows the most positive onset potential (1.04 V) and the largest diffusion-

limited current density (5.80 mA cm-2) among all catalysts. The half-wave potential (E1/2) of is 

calculated to be 0.88 V, better than Pt/C (0.85 V). This performance is also better than most of other 

state-of-the-art analogues (Table S1). The large diffusion-limited current density for CoNC-NB2 

suggest the excellent mass transfer and electron transportation. CoNC-NB exhibits the half-wave 

potential and diffusion-limited current density similar to Pt/C and better than CoNC-NW and CoNC-

NT. This implies that 3D hierarchical nanobrush structures benefit the ORR while the longer 

nanotube branches deliver the better performance due to the increased accessible active sites. 
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Figure. 3. (a) LSV curves of CoNC-NT, CoNC-NW, CoNC-NB1, CoNC-NB2, and Pt/C (20 wt% Pt), 

recorded at 1600 r.p.m. (b) LSV curves of CoNC-NB2 at various rotation speeds. (c) Corresponding K-

L plots at various potentials and the caculated electron transfer numbers. (d) Chronoamperometric 

responses of CoNC-NB2 and Pt/C at 0.765 V. (e) LSV curves at a scanning rate of 5 mV s-1, showing 

the OER activity of the catalysts. (f) Corresponding Tafel plots. ORR measurements are performed in 

O2-saturated 0.1M KOH solution. OER measurements are performed in 1.0 M KOH solution. 
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To gain the insights into the reaction kinetics, the LSV curves of CoNC-NB2 are measured at 

different rotation rates (varying from 100 to 2500 rpm) in O2-saturated 0.1M KOH solution and 

shown in Figure. 3b. The corresponding K-L plots (Figure. 3c) at different potentials (0.3-0.6 V) are 

subsequently obtained. All the K-L plots shows good linearity with a similar slope. The electron 

transfer numbers (n) are thus calculated at the potentials ranging from 0.3 V to 0.6 V. The values in 

the range of 3.86-3.95 indicate that ORR process on CoNC-NB2 follows an approximate four-electron 

pathway in a wide potential range. The long-term stability of CoNC-NB2 for ORR is then investigated 

by chronoamperometric technique and compared with Pt/C (Figure. 3d). It can be seen that the 

current density remains 87.5% after 20000 s continuous test for CoNC-NB2, whereas it drops to only 

58% for Pt/C, suggesting that CoNC-NB2 exhibits a much better durability than Pt/C. The stability 

was further tested by CV cycling. As shown in Figure. S12, CoNC-NB2 displays almost unchanged LSV 

curve after 1000 CV cycles, corroborating its excellent stability for OER. 

The electrochemical performances of various CoNC nanostructures for OER are further evaluated. 

As displayed in Figure. 3e, the CoNC-NB2 catalyst exhibits a polarization overpotential of 350 mV at a 

current density of 10 mA cm-2, which is apparently smaller than that of CoNC-NB1, CoNC-NW and 

CoNC-NT catalysts. The Tafel slopes are derived from the LSV curves to evaluate the OER catalytic 

kinetics of these catalysts. As expected, CoNC-NB2 shows a smallest Tafel slope of 98 mV·dec-1, 

lower than that of CoNC-NB1 (100 mV·dec-1), CoNC-NW (101 mV·dec-1) and CoNC-NT (136 mV·dec-1). 

This implies the more favorable OER kinetics on CoNC-NB2 (Figure. 3f).  

In addition, more control experiments were performed. To evaluate the influence of pyrolysis 

temperature on the catalyst morphology and performance, the control catalyst (CoNC-NB2-800) was 

synthesized using pyrolysis temperature of 800 oC versus to 700 oC for CoNC-NB2. LSV curves show 
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that CoNC-NB2-800 exhibits appreciably inferior ORR activity to CoNC-NB2 (Figure S13). SEM image 

(Figure S14) indicates that the 3D hierarchical nanostructure partly collapsed for CoNC-NB2-800, 

which should be responsible for the degraded ORR activity. This also suggest the importance of 3D 

hierarchical brush-like nanostructure in enhancing ORR performance. Moreover, CoNC-NB2 was 

treated in 0.5M H2SO4 at 80oC for 6h. As shown in Figure S15, the XRD pattern of acid-treated sample 

(CoNC-NB2-a) shows the clear diffraction signals from metallic Co, very similar to untreated CoNC-

NB2. This result corroborates that the Co nanoparticles are encased in carbon nanotubes or carbon 

shells as shown in Figure 1. It also suggests that the present self-catalyzed growth strategy can 

provide transition metal-N-doped carbon catalysts stable in acidic media. 

 

Figure. 4. (a) Scheme of the aqueous Zn-air battery. (b) Open-circuit voltage of the batteries based 

on CoNC-NB2 and Pt/C+IrO2 cathodes (inset: direct voltage observation of the CoNC-NB2 based Zn-

air battery). (c) Charge and discharge polarization curves and corresponding power density. (d) 

Optical image of the LEDs lighted by two CoNC-NB2 cathodes based Zn-air batteries connected in 

series. (e) Cycling stability of CoNC-NB2 cathode based Zn-air batteries at a discharge/charge current 

density of 2.0 mA cm-2. 
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Considering the excellent activity and operational stability towards the reversible electrocatalysis 

of oxygen, CoNC-NB2 is evaluated as a bifunctional catalyst for air electrode in rechargeable Zn-air 

battery. Figure. 4a depicts a schematic aqueous Zn-air battery used in the present study, where a Zn 

plate is utilized as the anode and the catalysts deposited on carbon cloth is employed as the air 

cathode. A solution containing 6M KOH and 0.2 M zinc acetate is used as the electrolyte. The liquid 

rechargeable Zn-air battery employing CoNC-NB2 as the cathode shows a stable open-circuit voltage 

of 1.50 V (Figure. 4b), higher than that using Pt/C+IrO2 catalyst as the cathode (1.47 V), suggesting its 

better performance. The polarization and power density curves of the Zn-air batteries using the 

above four CoNC catalysts and Pt/C+IrO2 as control as well are plotted in Figure. 4c. It can be seen 

that the CoNC-NB2 catalyst exhibits a current density of 350 mA cm-2 and a peak power density of 

246 mW cm-2, much higher than those of other CoNC catalysts as well as Pt/C+IrO2 catalyst (153 

mW cm-2). This performance is also better than most of other reported analogous materials (Table 

S2). As a demonstration, a device consisting of 65 LED lights can be easily powered by two Zn-air 

batteries with the CoNC-NB2 electrodes (Figure. 4d). The cycling performance of Zn-air battery with 

CoNC-NB2 as the air cathode was then examined. The charge/discharge current density is holding at 

2.0 mA cm-2. As shown in Figure. 4e, the initial discharge (1.22 V) and charge voltage (2.02 V) are 

maintained well during the cycling. Almost no voltage drop is observed after 140 h operation, 

indicating its good durability. These results indicate that the CoNC-NB2 catalyst can be a highly 

competitive alternative to the Pt/C+IrO2 catalyst for further practical application in metal-air 

batteries. These results suggest that the 3D hierarchical nanobrush structure stands for a good 

platform for accommodating metal-nitrogen-carbon catalytic sites for their application in high-

performance rechargeable Zn-air batteries. 



 

  

 

This article is protected by copyright. All rights reserved. 

16 

 

Inspired by the simplicity and effectiveness of the present self-catalytic growth strategy, we 

extend it to prepare other transition metal-based nitrogen doped carbon analogues. For example, by 

using Fe salt instead of Co salt, we can easily obtain the similar Fe-oxo nanowire precursor (Figure. 

S16) and then FeNC materials with similar 3D hierarchical nanobrush-like architecture (Figure. S17). 

This FeNC nanobrushes also shows the better ORR activity than Pt/C in 0.1M KOH (Figure. S18). The 

results not only indicate that the developed method is versatile to some extent for preparing various 

nanostructures, but also suggests that the 3D hierarchical nanobrush structure is a good catalyst 

architecture for electrocatalytic applications by rendering more accessible catalytic sites as well as 

better mass transfer and electron transportation. 

3. Conclusion 

A scalable and facile self-catalyzed growth strategy has been developed to fabricate 3D 

hierarchical Co-N-C nanobrush. It consists of Co, N-codoped carbon nanotubes grown in situ on the 

surface of Co, N-codoped nanowire backbones derived from Co-oxo framework nanowires. The 

integration of longer carbon nanotube branches onto robust nanowire backbones provides the Co-

N-C nanobrushes higher surface area for accommodating more accessible active sites and enhanced 

diffusion kinetics. As a result, Co-N-C nanobrush exhibits superior electrocatalytic activity and 

durability for both oxygen reduction and evolution reactions, enabling it as a promising bifunctional 

catalyst. The rechargeable Zn-air batteries with such Co-N-C nanobrush as air electrode delivers a 

high peak power density of 246 mW cm-2 and excellent cycling stability. The present synthetic 

strategy can also be applied to prepare Fe-based N-doped carbon analogues with 3D hierarchical 

nanobrush structure, opening up opportunities for rationally exploring hierarchically nanostructured 

electrocatalysts for high-performance energy devices. 
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4. Experimental Section  

Materials:Nitrilotriacetic acid (C6H9NO6), cobalt chloride (CoCl2), iron chloride (FeCl2), melamine 

(C3H6N6), sodium sulfocyanate (NaSCN), perchloric acid (HClO4), potassium hydroxide (KOH), zinc 

acetate (Zn(CH3COO)2), JM Pt/C (20 wt%), iridium dioxide (IrO2), , 2-propanol, and absolute ethyl 

alcohol were purchased from Alfa Aesar in analytical grade (AR). Nafion (5%) was obtained from 

Sigma-Aldrich. All chemicals were used directly without further purification. 

Synthesis of various M-N-C materials: In a typical synthesis, 6 mmol CoCl2 was firstly dissolved in 30 

mL deionized water. 3 mmol nitrilotriacetic acid and 10 mL 2-propanol were then added into the 

above solution. The solution was transferred into a Teflon-lined stainless autoclave for 6 h 

solvothermal reaction under 180oC. The Co-oxo framework nanowires were subsequently obtained 

as the precursor. 50 mg obtained precursor and 2 g melamine were then separately placed in two 

ceramic boats in a tube furnace with melamine at the upstream side. The tube was heated to 700 oC 

under N2 flow with a heating ramp of 6 oC min-1. After cooling to room temperature, the black 

products were collected and marked as CoNC-NB2. If the dosage of melamine was decreased to 1 g, 

the product was noted as CoNC-NB1. If no melamine was used, the product was noted as CoNC-NW. 

If 6 mmol CoCl2 was directly pyrolyzed with 2 g melamine under the same procedure, the product 

was noted as CoNC-NT. FeNC-NB2 was prepared using the same procedure, except for using FeCl2 

instead of CoCl2. 

Material characterizations: The morphologies of all samples were investigated by scanning electron 

microscope (SEM, S4800, Hitachi, Japan) and transmission electron microscope (TEM, JEM-2100F, 

JEOL, Japan) equipped with an EDS detector (Oxford Instrument, U.K.). X-ray diffraction (XRD) data 

were collected on a Rigaku D/Max-2500 diffractometer equipped with a Cu Kα1 radiation 
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(λ=1.54056Å, Regaku corporation, Tokyo, Japan). Raman spectra were measured on a Thermo 

Scientific DXR (laser wavelength: 532nm). X-ray photoelectron spectroscopic (XPS) spectra were 

recorded on a VG ESCALab220i-XL with a monochromic Mg Kα source. Nitrogen adsorption-

desorption isotherms were measured on the Quadrasorb SI-MP at 77K. The specific surface area was 

calculated using the Brunauer-Emmett-Telle (BET) method. The pore size distribution curves were 

calculated by density functional theory (DFT) method. X-ray absorption near-edge spectroscopy 

(XANES) spectra of Co K-edges were acquired on the XAFS station of the 1W2B Beamline of the 

Beijing Synchrotron Radiation Facility (BSRF, Beijing). The fluorescence mode was used to record the 

X-ray absorption spectra of Fe K-edges. Data were collected using a Si (111) double crystal 

monochromator. 

Electrochemical measurements:The electrocatalytic experiments were performed using a rotating 

ring-disk electrode (RRDE-3A, ALS, Japan) connected to an electrochemical workstation (CHI 760E, 

ChenHua, Shanghai, China) at room temperature. All ORR measurements were conducted with a 

standard three-electrode cell system consisting of a standard Ag/AgCl (saturated KCl solution) as the 

reference electrode, a graphite rod as the counter electrode, and a rotating ring disk electrode 

(RRDE, 4 mm in diameter) coated with each catalyst as the work electrode. OER test process is the 

same as that of ORR except using Hg/HgO (1M NaOH) as the reference electrode. Before the tests, 

RRDE was mechanically polished with 0.5-0.7 μm and then 0.03-0.05 μm alumina slurry to obtain a 

mirror-like surface, followed by washing with ethanol and dried in air. To prepare the working 

electrode, 3 mg catalyst was first dispersed in 600 μL ethanol under sonication for 15 min to form a 

homogeneous ink. 15.07 μL ink was then slowly loaded onto the clean surface of the RRDE and dried 

to achieve a catalyst loading of 0.6 mg·cm-2. 2 μL Nafion (0.01 wt%) solution was later dropped onto 
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the electrode surface. After drying under ambient conditions, the electrode was ready for use. 

Commercial Johnson-Matthey Pt/C with 20 wt% Pt loading was used for comparison. Pt loading on 

electrode was 25.5 μg cm-2. 

The transfer electron number (n) was calculated by the Koutechy-Levich (K-L) equation: 

1
J
 = 1

JL
   1

JK
 = 1

  1 2⁄    1
JK

 

  = 0.62 n C0( 0)2 3⁄   1 6⁄  

Where J, JK, and JL are the measured current density, the kinetic density, and the diffusion limiting 

current density, respectively;   is the rotation rate; ν is the kinetic viscosity of the electrolyte (0.01 

cm2 s-1 for 0.1 M KOH solution); F is the Faraday constant (F = 96485 C mol-1); C0 is the concentration 

of O2 (1.2 × 10-3mol L-1 for 0.1M KOH solution); and D0 is the diffusion coefficient of O2 (1.93 × 10-

5cm2 s-1 for 0.1 M KOH). 

Linear scanning voltammetry (LSV) for OER testing was executed with a rotation speed of 1600 

rpm in the potential range from 0.2 to 1.0 V versus Hg/HgO at a scan rate of 5 mV s-1. All polarization 

curves recorded without iR correction. All the potentials were converted to a RHE scale according to 

the following equation: 

ERHE = EHg/HgO + 0.059 pH + 0.098 

The home-made Zn-air battery was assembled with the as-prepared catalysts loaded on gas 

diffusion layer as air electrode, a Zn foil as metal electrode, and 6.0M KOH + 0.2M Zn(CH3COO)2 as 

electrolyte. Typically, CoNC-NB2 was dispersed in the isopropanol/5% Nafion solution with the 

catalyst concentration of 5mg mL-1. The obtained catalyst ink was then drop-cast onto carbon paper 
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with a mass loading of 1 mg cm-2. Mixed Pt/C + IrO2 catalyst with the mass ratio of 1 : 1 was also 

used to replace CoNC-NB2 with the same loading on the carbon paper electrode to prepare the Zn-

air battery. All Zn-air batteries were tested under the same experimental conditions. 
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3D hierarchical Co-N-C brush-like nanostructure was fabricated through a self-catalyzed chemical 

vapor deposition, which enables a rechargeable Zn-air batteries a high peak power density of 246 mW 

cm
-2

 and excellent cycling stability. The strategy also can be easily extended to prepare Fe-based M-

N-C nanobrush analogues. 
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