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Abstract 

Exploring highly efficient, cost-effective and robust bifunctional oxygen electrocatalysts is 

crucial for wide applications of rechargeable zinc-air batteries (ZABs). Herein, we report a facile and 

green method to synthesize graphene-like Co, N-dual doped porous carbon with densely populated 

and well-dispersed Co-Nx sites by pyrolyzing sodium chloride (NaCl) salt template wrapped with Co-

absorbed polydopamine (PDA) for the oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER). Second annealing treatment is proposed as an effective method to further enhance the 

electrocatalytic performance. The resulted 3D-Co-N-C-annealing catalysts exhibit superior catalytic 
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activities with a small overpotential gap, favorable kinetics and outstanding long-term stability as a 

bifunctional ORR/OER catalyzer. Moreover, ZABs assembled with 3D-Co-N-C-annealing catalysts 

present a large power density of 103.2 mW cm-2, high specific capacity of 895 mAh g-1, and long-term 

charge-discharge durability (over 65h), outperforming those afforded by the benchmark noble-metal 

catalysts combination (Pt/C+RuO2). This work demonstrates a low-cost, eco-friendly and scalable salt 

template method coupled with second annealing treatment to synthesize well-dispersed Co, N co-

doped porous carbon as efficient bifunctional oxygen electrocatalysts, which can provide inspiration 

on developing efficient carbon-based catalysts for the practical application of next-generation energy 

conversion and storage systems. 

Keywords: bifunctional electrocatalysts, graphene-like carbon, water-soluble template, heteroatom 

doping, oxygen reduction, oxygen evolution, rechargeable Zn-air batteries 

1. Introduction 

Increasing demand for zero-carbon emission and high energy conversion efficiency has 

highlighted the development of advanced energy conversion systems in recent decades, including fuel 

cells1-2, metal-air batteries3-5, and water splitting6-7. For these systems, electrocatalytic oxygen 

reduction and evolution reactions (ORR and OER) play dominant roles in the reaction process. 

However, since both oxygen reduction and evolution reactions involve multi-electron, multi-proton 

transfer and many intermediates8, they severely suffer from sluggish kinetics and hindered the overall 

performance of the whole system9, subsequently. Thus, exploration of oxygen electrocatalysts with 

appreciated performance is highly demanded for the wide commercialization of these advanced energy 

systems. While noble-metal-based catalysts, such as Pt/C and RuO2, exhibit excellent electrocatalytic 
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performance and are well-recognized as the benchmark catalysts for ORR and OER, respectively, the 

high cost and scarcity greatly restricted their broad commercialization. Besides, the poor long-term 

durability of noble-metal-based catalysts originated from dissolution and leaching also calls for cost-

effective, highly efficient and durable alternatives. Moreover, these noble-metal-based catalysts do not 

process satisfactory performance in both ORR and OER, which is the very characteristics required for 

regenerative fuel cells and rechargeable metal-air batteries. Thus, searching for low-cost, highly active 

and robust candidates for noble-metal-based catalysts with bifunctional oxygen catalytic performance 

is still a challenge. 

Generally, guidelines for rational design of high-performance electrocatalysts fall on enhancing 

the intrinsic activity of active sites and increasing the density of accessible active sites 10. The former 

aims to optimize the electronic structure, such as alloying11, constructing core-shell structures12-14, 

doping15-16 and so on; the latter includes loading on specific supports17-18, nano-structuring19-20, shape 

engineering21-23 and so on. Recently, carbon-based materials have drawn tremendous attention due to 

their wide-tunable morphology and electronic structure, low cost, varieties of sources and high 

stability.19, 24-26 However, the performance of pure carbon materials is hard to compete with the 

precious-metal-based one. Typically, modulating the carbon matrix with transition metal and nitrogen 

doping can enhance the intrinsic activity of the active sites. As is heavily reported in earlier references, 

the M-Nx (x = 2, 3, 4, etc; M represents the transition metal) coordinate structures contribute to the 

merits of the catalytic performance.27 Besides, some active nitrogen sites are reported to be active in 

activating the oxygen molecules and catalyzing the reactions, such as graphic N, pyridinic N and 

pyrrolic N.28-29 Usually, to obtain the transition metal and nitrogen doped carbon catalysts, tremendous 

efforts are mainly focused on screening the carbon source, nitrogen source and then pyrolyzing the 
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precursor under high temperatures. Pyrolysis under higher temperature is preferable to endow the 

carbon-based catalysts with better electronic conductivity for faster electron transfer in catalytic 

activity. However, the agglomeration of metal atoms and stacking of the carbon matrix are easy to 

occur during high-temperature carbonization, leading to a severe loss of specific surface areas and 

inferior exposure of the active sites. To address this issue, numerous methods have been proposed to 

achieve the goals of space confinement and the tolerance for high temperatures, such as utilizing hard 

templates (e.g., nano-silica) and soft templates (e.g., polystyrene) 30-31, adopting metal organic 

frameworks (MOF) as precursors,14, 32 and so on. Effective as these methods are, they are either 

cumbersome to remove the space confine reactor or not so safe and green to synthesize and purify the 

precursors, since hot concentrated alkaline solution (KOH/NaOH) or even toxic hydrofluoric acid (HF) 

is often needed to remove the hard templates. Additionally, the usage of templates should be controlled 

carefully to achieve impressive performance, while the residual carbon from soft templates has little 

contribution to the catalytic activity but merely increases the inactive mass.  

Here, we present a facile and scalable method to synthesize well-dispersed Co-Nx sites on 

graphene-like porous carbon via pyrolyzing sodium chloride (NaCl) salt template wrapped with Co-

based polydopamine (PDA) as efficient and robust bifunctional oxygen electrocatalysts. The soluble, 

high-temperature-resistant NaCl salts effectively work as the space-confined nanoreactor and prevent 

the aggregation of the cobalt atoms during the calcination process, which makes the resulted catalysts 

possess a large specific surface area and abundant porous structures, contributing to the full exposure 

of the active sites and accelerates the mass transport of the reactants and products. Self-polymerized 

dopamine hydrochloride under weak alkaline ambiance has strong adsorption, thereby successfully 

coating on the NaCl templates with cobalt ion adsorbed. The N contents in PDA transform into active 
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nitrogen sites with catalytic activity in the carbon skeleton during pyrolysis. Besides, second annealing 

step was adapted to further enhance the catalytic performance of the as-prepared samples. The resulted 

3D-Co-N-C-annealing exhibits much better ORR performance after the second annealing treatment, 

comparable to that of the benchmark Pt/C catalysts. Notably, the 3D-Co-N-C-annealing catalysts enjoy 

much superior kinetics and long-term robustness compared with the Pt/C catalysts. Moreover, it can 

also be used as an OER catalyzer and shows shrunk overpotential for the overall bifunctional 

ORR/OER performance, which is close to that of the precious metal catalysts combination 

(Pt/C+RuO2). Self-assembled primary and rechargeable Zn-air batteries based on 3D-Co-N-C-

annealing also exhibit good electrochemical performance in terms of power density, specific capacity, 

charge-discharge cycling and long-term stability. 

2. Experimental section 

2.1 Chemicals 

Cobalt chloride (CoCl2), sodium chloride (NaCl), and ethanol were purchased from Chengdu 

Kelong Chemicals Co., Ltd. Trimethylolaminomethane (C4H11NO3) and dopamine hydrochloride 

(C8H12ClNO2) were ordered from Adamas-beta. Commercial Pt/C (20 wt.%) and Nafion solution (5 

wt.%) were supplied by Johnson Matthey and Sigma-Aldrich, respectively. All reagents were used 

directly as received. 

2.2 Synthesis of graphene-like 3D-Co-N-C (-annealing) catalysts 

First, the precursor solution was prepared via dissolving 0.260 g cobalt chloride (CoCl2, 2 mmol) 

in 50 mL DI water under magnetic stirring followed by adding 25 g sodium chloride (NaCl). Then 0.62 
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g trimethylolaminomethane (THAM, C4H11NO3) was added into above mixture, stirring another 0.5h 

to adjust the pH to weak alkaline (pH = ca. 8.5). Subsequently, 100 mg dopamine hydrochloride 

(C8H12ClNO2, DA) was mixed into the mixture and stirred intensely for 12h, during which the self-

assembled crosslinked polydopamine (PDA) could coat on the NaCl templates and absorb a nano-layer 

of cobalt ion (Co2+) onto the surface. After that, the freeze-drying was applied to remove the water and 

maintain the homogeneous dispersion of Co-PDA and NaCl. The precursor obtained was named Co-

PDA@NaCl. Then, 5.0 g as-obtained product was pyrolyzed under Ar atmosphere in a quartz tube 

(900°C for 2 h, 5°C/min). After being cooled to room temperature, the product was washed with DI 

water and 0.5M HCl solution to remove NaCl templates and aggregated Co particles, respectively. The 

filtered product was rinsed with DI water and ethanol for several times and then dried at 80°C for 12 

h. Some of the obtained catalysts were subjected to a second annealing treatment, during which the 

catalysts were annealed again in Ar (830°C for 2 h, 5°C/min) and cooled naturally. The catalysts 

yielded were named as 3D-Co-N-C/3D-Co-N-C-annealing, respectively. 

3. Results and Discussion 

The fabrication route of graphene-like porous carbon sheets with densely populated Co-Nx sites 

is shown in Figure 1. First, cobalt (Ⅱ) chloride and dopamine hydrochloride were selected to grow the 

precursor layer on the surface of the NaCl templates. On decreasing the temperature and removing of 

solvent in the freeze-drying process, the NaCl crystals precipitate and grow on the nucleus. Meanwhile, 

the weak alkaline environment adjusted by trimethylolaminomethane (THAM) can induce the self-

polymerization of dopamine and then form cross-linked polydopamine (PDA), which can effectively 

encapsulate the NaCl templates and absorb a thin layer of Co2+ owing to its strong absorbability. The 
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soluble and high-temperature resistant NaCl particles function as the space-confining reactors during 

the carbonization process, thereby inhibiting the phenomena of aggregation and packing. After 

pyrolysis at 900°C for 2h, the NaCl templates can be easily removed with distilled water and can be 

recycled after recrystallization. Moreover, second annealing treatment was applied to some of as-

prepared samples. 

 

Figure 1. Schematic diagram of the synthesis of the graphene-like 3D-Co-N-C (-annealing) catalysts 

As exhibited in scanning electron microscopy (SEM) images, numerous regular microscale cubic 

particles can be noticed in Figure 2a-b, indicating that the NaCl works as templates during formation 

of the precursor. Despite agglomeration and packing phenomena were trend to occur in the pyrolysis 

process reported by previous study33, highly porous cross-linked carbon frameworks were obtained 

after removing the NaCl crystallites with distilled water, as shown in Figure 2c. These results suggest 

that NaCl can act as a space-confining reactor and hinder the agglomeration and packing phenomena 

during pyrolysis, endowing the catalyst with porous structure and promising an efficient catalytic 
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performance. Subsequently, TEM was utilized to obtain further information on 3D-Co-N-C-annealing. 

Graphene-like nano-layer with a size of several micrometers can be clearly observed (Figure 2d and 

S1), which agrees well with the SEM results. Plenty of pores can be viewed in the ultrathin carbon 

layers (Figure 2e), indicating the abundant porous structure. Notably, no dark agglomeration structure, 

corresponding to heavy Co particles, were found in the images. Apparent lattice fringes randomly 

distributed in the carbon matrix can be observed in the high-resolution TEM (HRTEM) image (Figure 

2f) with a lattice distance of ca. 0.35 nm, corresponding to the (002) facet of graphic carbon. Moreover, 

the carbon matrix exhibits a disordered structure similar to hard carbon in the long-range while an 

ordered structure like graphite in the short-range, defined as ‘pseudo-graphite’ structure, which endows 

a higher porosity, contributing to faster kinetics process.34 Apart from the lattice fringes of graphic 

carbon, there are no obvious lattice fringes for metallic Co in the HRTEM images, suggesting that 

migration and agglomeration of Co atoms were effectively inhibited during the pyrolysis process 

owing to the adsorption of PDA layer and space-confining effect of the 3D-NaCl aggregates,33 thus 

achieving good dispersion of the metal active sites and promoting the utilization efficiency of the Co 

atoms. The uniform distribution of C, N, and Co in 3D-Co-N-C-annealing was further verified with 

elemental mapping (Figure 2g). Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

shows the mass loading of Co in the 3D-Co-N-C-annealing reaches 5.8 wt.%, which represents a 

relatively high fraction of Co atoms with a homogeneous distribution. 
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Figure 2. (a-b) SEM images of the Co-PDA@NaCl precursor and (c) 3D-Co-N-C-annealing catalysts; (d)TEM 

images of 3D-Co-N-C-annealing; (e-f) high-resolution TEM of 3D-Co-N-C-annealing; (g) elemental mapping of 3D-

Co-N-C-annealing 

X-ray diffraction (XRD) analysis and Raman spectroscopy were conducted to investigate the 

structure of the prepared samples. As shown in Figure 3a, both the XRD patterns show a broad 

diffraction peak in the range of 20-30° and another peak at around 43° corresponding to (002) and 

(101) facets of graphic carbon, respectively, which exhibits typical N doped C diffraction peaks.17, 35 

Besides, no other diffraction peaks of cobalt-containing phases appear in the XRD pattern either before 

or after the second annealing treatment, suggesting there are no Co-based nanoparticles in obtained 

catalysts. Considering that no lattice fringes and apparent aggregates of metallic Co are observed in 

HR-TEM and elemental mapping analysis, these results synthetically indicate the Co-based species 

are well-dispersed and maybe exist in the form of single atoms or sub-nanoclusters in the carbon 
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matrix.36-37 In the Raman spectra illustrated in Figure 3b, three characteristic peaks at ~1340, ~1590, 

~2826 cm-1 can be observed in both samples, assigning to D, G, and 2D bands of graphite carbon 

matrix, respectively, which presents the typical Raman spectra of heteroatoms doped carbon 

materials.38-40 Generally, the D band reflects the defective sp3 carbon, while the G band is related to 

the graphic sp2 carbon.41 Moreover, the intensity ratio (ID/IG) can indicate the defect level and graphic 

degree of carbon-based materials. The ID/IG values for 3D-Co-N-C and 3D-Co-N-C-annealing are 0.91 

and 0.87, respectively. A slight decrease of defect level after the second annealing treatment is 

predictable, which originates from the decomposition of N dopants and perhaps the modulation of the 

distribution of metallic Co. However, the graphic degree effectively increased, suggesting that much 

better electrical conductivity was achieved after the second annealing treatment and faster electron 

transport in the electrocatalytic process. Thus, there is a trade-off between the enhanced electric 

conductivity and the inevitable dopants leaching effect for the second annealing treatment. The specific 

surface area and pore size distribution of 3D-Co-N-C-annealing samples were investigated by 

Brunauer−Emmett−Teller (BET) gas sorption measurements. As illustrated in Figure 3c, a clear 

hysteresis phenomenon can be observed with the relative pressure ranging from 0.5 to 1.0 in the 

resulted N2 adsorption and desorption isotherm, which is identified as type-Ⅳ, suggesting the unique 

mesoporous property of the as-prepared samples. The 3D-Co-N-C-annealing catalyst possesses a 

specific surface area of is 196 m2 g-1 and the total pore volume of 0.26 cm3 g-1. The inset of Figure 3c 

shows the pore size mainly distributes around 3-6 nm and 20-40 nm with an average pore size of 5.2 

nm. Owing to the large specific surface area and mesoporous property, the active sites can get fully 

access to the catalytic interfaces. Besides, it also contributes to the fast mass transfer of relevant species 

at the multiphase interfaces and decreases the transport resistance of reactants during the reactions, 



11 
 

thus enhancing the electrocatalytic activity.42-43 The large specific surface area and mesoporous 

property can be ascribed to the space-confining effect of the NaCl templates and the gases and small 

molecules released from the decomposition of PDA during pyrolysis. 

 

Figure 3. (a) XRD patterns and (b) Raman spectra of prepared samples; (c) N2 adsorption and desorption isotherms 

of 3D-Co-N-C-annealing; the inset shows the corresponding pore size distribution; (d-f) high-resolution C1s, N1s, 

and Co2p XPS spectra for both 3D-Co-N-C and 3D-Co-N-C-annealing catalysts.  

X-ray photoelectron spectroscopy (XPS) was employed to investigate the chemical composition 

and surface chemical states of the as-synthesized samples. As presented in Figure S2a, both samples 

contain C, N, Co and O elements, and the relatively weak intensities for Co are due to its low content. 

The existence of O components can be explained by the exposure to air and graphic structure is 

reported to be susceptible to oxygen absorption.44-45 The enlarged spectra for each featured peaks are 

illustrated in Figure S2b, in which blue shifts occur in C1s, N1s and O1s peaks after second annealing 

treatment, while a red shift appears for the Co2p peak, indicating the electronic structure and chemical 

states of these elements are tuned during the treatment. For the 3D-Co-N-C-annealing, the 
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deconvoluted peaks of high-resolution C1s spectra centered at 289.5, 286.4, 285.2, and 284.3 eV 

(Figure 3d) correspond to the oxygen-bonded sp2 carbon (O-C=O), sp2 carbon bonded with nitrogen 

(C-N), amorphous carbon (sp3 C-C) and graphitic carbon (sp2 C=C).46 The high-resolution N1s peaks 

centered at 405.7, 400.6, 399.4, and 397.6 eV correspond to oxidic N, graphitic N, pyrrolic N, and 

pyridinic N, respectively (Figure 3e)8, 47, showing that active nitrogen contents are effectively 

introduced in the as-synthesized catalysts. Moreover, apparent peaks at around 398.4 eV belonging to 

Co-Nx can be noticed in the N1s spectrum for both 3D-Co-N-C and 3D-Co-N-C-annealing catalysts. 

48-49 To unveil the chemical states and coordinate environment of cobalt (Figure 3f), the Co2p spectra 

are also analyzed. Typically, the peaks of Co2p3/2 level for both 3D-Co-N-C and 3D-Co-N-C-

annealing catalysts are centered between Co(Ⅱ) and Co(Ⅲ), indicating the ionic states of Coδ+ (2 < δ 

< 3).50-51 The deconvoluted peaks at 780.4 eV and 795.9 eV together with shakeup satellite peaks at 

785.6 eV and 802.2 eV identify the existence of Co-Nx species.43 Besides, the Co-Nx species in Co2p 

spectra account for a large proportion among the separated peaks, implying the Co element exists 

mainly as the formation of Co-Nx. Specifically, the sp2 C=C and pyridinic N species increase slightly 

after the second annealing treatment, while the graphitic N grow significantly from 46.7 at.% to 54.1 

at.% (Figure S3). Accordingly, the contents of the Co-Nx sites both in N1s and Co2p spectra increase 

greatly after the treatment, from 10.7 at.% to 13.6 at.% and 20.6 at.% to 26.0 at.%, respectively. Since 

the metal coordinated by nitrogen species (M-Nx) is considered as the dominant active site in M-N-C 

materials, these results synthetically promise that enhanced intrinsic activity can be expected after the 

second annealing treatment.21, 52-53 

The ORR catalytic performance of the samples was evaluated via the three-electrodes system 

with O2-saturated 0.1 M KOH solution as the electrolyte (Figure 4). Figure 4a presents the cyclic 
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voltammetry (CV) test of the as-synthesized samples in O2 or N2-saturated electrolyte. An apparent 

cathodic peak can be clearly observed in the CV curves of each sample, while no well-defined ORR 

peaks appear in N2-saturated electrolyte, indicating the as-prepared samples process ORR 

electrocatalytic activities. Notably, the cathodic peak shifts positively from 0.78 V to 0.79 V after the 

second annealing treatment, suggesting that the second annealing step can decrease the cathodic 

overpotential and thus promote the intrinsic ORR activity. Figure 4b compares the steady-state linear 

sweep voltammetry (LSV) curves of the samples as well as the benchmark Pt/C. The 3D-Co-N-C 

exhibited the poorest performance among all the samples in terms of onset potential (Eonset = 0.85 V), 

half-wave potential (E1/2 = 0.77 V) and limited diffusion current density (JL = 4.2 mA cm-2). After the 

second annealing treatment, the Eonset shifted positively to 0.89 V and JL increased remarkably to 5.15 

mA cm-2, comparable or even superior to the commercial Pt/C catalyst and most of catalysts reported 

recently (Table S1, Supporting information). The main reason for this highly enhanced ORR 

performance after the second annealing treatment can be ascribed to the improved graphitic degree 

and modulated content of Co- and N-containing species. To further investigate the mechanism of ORR 

activity, Tafel plots were obtained based on the LSV curves. As shown in Figure 4c, both samples 

present a smaller Tafel slope than Pt/C, and the 3D-Co-N-C-annealing catalyst exhibit the lowest one, 

merely 57 mV/dec. This result confirms that the first electron reduction of O2 determines the step rates 

in the ORR8, and the as-prepared samples achieved more rapid ORR kinetics compared with the 

commercial Pt/C. 

In order to obtain further insights into the kinetics behaviors of the resulted catalysts for ORR, 

rotating disk electrode (RDE) voltammetry tests were conducted at different rotating speeds (from 400 

to 2500 rpm). For both as-prepared samples, the limited diffusion current density grows linearly with 
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the rotating speed and appears to be very steady (Figure 4d-e), indicating that kinetic process dominates 

JL. Remarkably, the 3D-Co-N-C-annealing catalyst delivers much higher current densities under all 

rotating speeds than the 3D-Co-N-C one, in good agreement with former results. The Koutecky-Levich 

(K-L) plots of the samples are presented in the inset of Figure 4d-e. The excellent linearity and 

consistent slopes confirm the first-order kinetics process concerning the concentration of dissolved O2 

in the electrolyte during the ORR. The electron transfer number (n) and kinetic-limiting current density 

(Jk) of 3D-Co-N-C are calculated to be around 3.79~3.92 and 1.2~2.9 mA cm-2, respectively (Figure 

4f). After the second annealing treatment, the electron transfer number is nearly 3.95, much closer to 

4.0. Moreover, rotating ring disk electrode (RRDE) measurements reveal an appreciable n value range 

of 3.93~3.96 and correspondingly HO2- yield below 4.0% for both as-synthesized samples. These 

results reveal that the four-electron process dominates the reaction and the selectivity for the four-

electron process becomes even better after the second annealing treatment. The long-term durability 

of ORR catalyst is also the key criteria for practical application in metal-air batteries or fuel cells. No 

distinct shift appears in the LSV curves after 5000 cycles of CV accelerated ageing tests for 3D-Co-

N-C-annealing catalyst (merely 5 mV), while the commercial Pt/C suffers severe losses of its 

performance (Figure 4g), revealing the excellent stability of 3D-Co-N-C-annealing catalyst. Moreover, 

the chronoamperometry (CP) measurements are also conducted under a constant potential of 0.68 V 

vs. RHE to further asses the long-term stability. The 3D-Co-N-C-annealing holds ca. 95% of its initial 

current density after 50000s i-t test (Figure 4h), while the Pt/C encounters serious fading of its current 

density, losing nearly 20% in just 36000s, in accordance with former results. The superior stability of 

our catalyst is probably due to the in situ doping of heteroatoms and strong bonding of carbon skeleton, 

which prevent the disengagement and collapse phenomena observed in Pt/C system. 
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Interestingly, the as-prepared samples also exhibit good oxygen evolution reaction (OER) 

performance in polarization tests conducted in the same electrolyte (O2-saturated 0.1 M KOH). As 

displayed in Figure 4i, the 3D-Co-N-C-annealing exhibits acceptable OER performance with a low 

overpotential of 420 mV at the current density of 10 mA cm-2 (Ej=10), which is much better than that of 

3D-Co-N-C (460 mV), Pt/C (520 mV), and also close to that of RuO2 (360 mV). Moreover, it also 

holds the lowest Tafel slope among the whole catalysts (Figure S4), merely 79.8 mV/dec, indicating a 

faster electro-kinetics during the water oxidation process can be achieved in the 3D-Co-N-C-annealing 

catalyst. These results further confirm the remarkable enhancement contributed by second annealing 

treatment and the feasibility of using the as-prepared sample as a bifunctional oxygen catalyst. The 

OER performance can be further tuned in terms of the structure and composition of the catalysts. The 

ΔE, generally defined as the potential difference between Ej=10 in OER and E1/2 in ORR (ΔE= Ej=10- 

E1/2), is often used to assess the bifunctional catalytic performance, and a lower ΔE indicates more 

efficient bifunctional catalytic activity. The ΔE for 3D-Co-N-C-annealing is calculated to be ca. 0.86 

V, which obviously shrinks after the second annealing treatment and becomes close to that of the 

precious metal catalysts combination (Pt/C+RuO2, ΔE=0.80 V).  
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Figure 4. (a) CV curves of the as-synthesized samples in O2 or N2 saturated 0.1 M KOH electrolyte; (b) LSV curves 

of the as-synthesized samples and commercial 20 wt.% Pt/C catalyst in O2 saturated 0.1 M KOH solution under 1600 

rpm; (c) corresponding Tafel plots from the LSV curves; (d-e) LSV curves recorded at different rotating speeds for 

the 3D-Co-N-C and 3D-Co-N-C-annealing samples, respectively (insets are the corresponding K-L plots at different 

potentials); (f) electron transfer number (n) and hydrogen peroxide (H2O2) yield obtained from RRDE test; (g) LSV 

curves of 3D-Co-N-C-annealing and Pt/C catalysts before and after 5000 cycles in accelerated ageing tests, 

respectively; (h) comparison of the i-t curves for 3D-Co-N-C-anealing and commercial Pt/C at 0.68 V vs. RHE; (i) 

LSV curves for the OER at a rotation speed of 1600 rpm.  

Encouraged by the excellent bifunctional oxygen electrocatalytic performance, homemade 

primary/rechargeable Zn-air batteries were assembled to assess its practical energy conversion 

application (Figure 5a), in which catalyst-loaded gas diffusion carbon cloth and polished Zn plate were 

a cb

d fe

g ih
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used as the air cathode and anode, respectively. The electrolyte was 6.0 M KOH and 0.2 M Zn(Ac)2. 

In order to stimulate the practical working ambiance, the homemade batteries were tested at room 

temperature without purging air. The as-assembled Zn-air battery with the 3D-Co-N-C-annealing 

catalyst exhibits a high open circuit potential (OCP) of 1.49 V (Figure 5b), comparable to that of 

Pt+RuO2 and even close to its theoretical value (1.65 V) of this system 8. The discharge performance 

was also measured under different current densities. The discharge voltage plateaus of Zn-air battery 

assembled with 3D-Co-N-C-annealing clearly declines with the increasing output current densities but 

is still higher than that of Pt/C+RuO2, indicating that as-synthesized catalyst shows better endurance 

to the change of discharge current density and can supply higher output voltage despite the slightly 

lower OCP than Pt/C+RuO2. Besides, the discharge current density still maintains at a high value of 

ca. 1.2 V at a current density of 5 mA cm-2 for the subsequent 12 hours, although the battery has worked 

under different current densities for several hours. These results suggest good long-term discharge 

stability and tolerance to the change in the workload of our samples. When adopted as the primary 

battery (Figure 5c), the device with 3D-Co-N-C-annealing exhibits a specific capacity of ca. 895 mAh 

g-1 (corresponding to an energy density of 1071 Wh Kg-1Zn) at the current density of 5 mA cm-2, 

surpassing that of Pt/C+RuO2 (specific capacity of ca. 831 mAh g-1, corresponding to an energy density 

of 1001 Wh Kg-1Zn). When the current density is doubled to 10 mA cm-2, a negligible decrease occurs 

to the specific capacity (890 mAh g-1). Moreover, this primary battery can also get refreshed just by 

renewing its Zn plate and electrolyte periodically (Figure 5d), and the discharging voltage almost 

remains stable in the following runs of galvanostatic discharging test at 10 mA cm-2, further confirming 

the robustness of our catalyst. The charging and discharging polarization performance of the catalyst 

were subsequently investigated (Figure 5f). Although the charging process of 3D-Co-N-C-annealing 
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sample needs higher potential than Pt/C+RuO2 system originating from its poorer OER performance, 

the output voltage is better than Pt/C+RuO2. The corresponding power densities are also computed 

based on the discharging polarization curves. The 3D-Co-N-C-annealing catalyst delivers a maximum 

power density of 103.2 mW cm-2, much higher than Pt/C+RuO2 (91.3 mW cm-2). When cycled at a 

constant current density of 2.0 mA cm-2 to evaluate the galvanostatic charge-discharge performance 

(Figure 5g, 20 minutes for each cycle), the charge-discharge voltage gap of 3D-Co-N-C-annealing 

sample remains stable after 200 cycles (~67 hours) without refreshing the Zn plate or electrolyte. 

However, the battery assembled with Pt/C+RuO2 suffers severe decay with an increase in the voltage 

gap of ca. 0.22 V under the same condition, nearly seven times that of 3D-Co-N-C-annealing (0.03 V), 

further suggesting the robust stability of the 3D-Co-N-C-annealing catalyst in the long-term work-

loading applications. The overall performance of Zn-air batteries of 3D-Co-N-C-annealing is 

comparable or even superior to most of the counterparts reported recently (Figure 5h, more details and 

corresponding references are summarized in Table S2). As an illustration for the practical use (Figure 

5h, inset), two Zn-air batteries of 3D-Co-N-C-annealing connected in series exhibit an OCP of ca. 2.93 

V. 
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Figure 5. Performances of Zn-air batteries. (a) Schematic illustration of home-made Zn-air batteries; (b) the 

galvanostatic discharge curves of Zn-air batteries at different current densities; (c) galvanostatic discharge curves of 

Zn-air batteries assembled with 3D-Co-N-C-annealing and Pt/C+RuO2 catalysts at current density of 5 and 10 mA 

cm-2; (d) bar chart of specific capacity and energy density derived from (c); (e) long-term durability test of primary 

Zn-air battery with 3D-Co-N-C-annealing at a constant current density of 10 mA cm-2; the battery was refueled by 

refreshing the Zn plate and electrolyte periodically as illustrated with the arrows; (f) polarization curves and 

corresponding power density curves of Zn-air batteries assembled with 3D-Co-N-C-annealing and Pt/C+RuO2 

catalysts; (g) cycling tests (20 min for each cycle) of rechargeability of the assembled Zn-air batteries at 2 mA cm-2; 

(h) Comparison of Zn-air batteries performances of 3D-Co-N-C-annealing and some representative electrocatalysts 

reported recently. (Inset: open-circuit potential of two batteries connected in series.) 
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4. Conclusion  

In summary, efficient Co, N dual-doped graphene-like carbon sheets with highly mesoporous 

structure and large specific surface area for bifunctional oxygen electrocatalysis were obtained via a 

facile and green salt template method. Besides, a second annealing treatment was utilized to further 

enhance the catalytic performance of the as-synthesized samples. The 3D-Co-N-C-annealing sample 

affords an Eonset of 0.89 V, JL of 5.15 mA cm-2, and high selectivity for the four electrons ORR process. 

Additionally, this dual doped porous carbon material can also work as a bifunctional ORR/OER 

catalyst with a ΔE (Ej=10 - E1/2) of 0.86 V in 0.1 M KOH, which is close to that of the Pt/C+RuO2 noble 

metal composition. It also exhibits superior kinetics and long-term stability compared with the 

benchmark Pt/C and RuO2 catalysts. The excellent catalytic performance is due to the porous-rich 

structure, abundant Co-Nx sites and large specific surface area offered by the NaCl template method, 

as well as the well-tuned electrical conductivity and electronic structure of the active sites conferred 

by the second annealing treatment. Moreover, the rechargeable Zn-air batteries with 3D-Co-N-C-

annealing catalysts display high peak power densities of 103.2 mW cm-2 and good discharging-

charging cycling stability (an increase of only 30 mV in the voltage gap after 200 cycles). The NaCl 

salt template method coupled with the second annealing treatment also enjoy feasibility for developing 

other efficient metal-doped carbon electrocatalysts, promising the bright future for cost-effective and 

high-performance energy conversion and storage systems. 
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