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Developing efficient electrocatalysts for ORR/OER is the key issue for the large-scale application of

rechargeable Zn–air batteries. The design of Co and N co-doped carbon matrices has become

a promising strategy for the fabrication of bi-functional electrocatalysts. Herein, the surface-oxidized Co

nanoparticles (NPs) encapsulated into N-doped hierarchically porous carbon materials (Co/NHPC) are

designed as ORR/OER catalysts for rechargeable Zn–air batteries via dual-templating strategy and

pyrolysis process containing Co2+. The fabricated electrocatalyst displays a core–shell structure with the

surface-oxidized Co nanoparticles anchored on hierarchically porous carbon sheets. The carbon shells

prevent Co NP cores from aggregating, ensuring excellent electrocatalytic properties for ORR with

a half-wave potential of 0.82 V and a moderate OER performance. Notably, the obtained Co/NHPC as

a cathode was further assembled in a zinc–air battery that delivered an open-circuit potential of 1.50 V,

even superior to that of Pt/C (1.46 V vs. RHE), a low charge–discharge voltage gap, and long cycle life.

All these results demonstrate that this study provides a simple, scalable, and efficient approach to

fabricate cost-effective high-performance ORR/OER catalysts for rechargeable Zn–air batteries.

Introduction

As a promising competitor to the widely used lithium-ion

battery, rechargeable Zn–air batteries have aroused tremen-

dous interest due to their high energy density, low price, and

good safety.1–3 Its practical use is hindered by the lack of

effective bifunctional electrocatalysts during discharging

(oxygen reduction reaction, ORR) and charging (oxygen evolu-

tion reaction, OER).4–6 To date, noble metal-based materials,

such as Pt, RuO2, IrO2 and their derivatives, are commonly

acknowledged as the benchmark for oxygen electrocatalysts.7,8

Nevertheless, their high cost, scarcity, and insufficient bifunc-

tional activity make them unattractive for large-scale applica-

tions.9–11 Therefore, it is highly desirable to explore

environmentally-friendly and effective non-noble metal elec-

trocatalysts with more feasible fabrication strategies toward

ORR and OER for rechargeable Zn–air batteries.

Recently, a number of experimental and theoretical

researches have demonstrated that heteroatom (such as N, B, P,

and S)-doped carbon revealed excellent electrocatalytic ORR

performance with superior stability.12–16 The origin of activity is

mainly attributed to the replacement of some carbon atoms in

the sp2 lattice of graphitic carbon by heteroatoms. Then, the

changed electronic arrangement of carbon-based materials

tailors their electron donor properties, which are responsible

for the abundant favorable active sites for electrochemical

reactions.17–19 Additionally, the introduction of transition

metals, especially Fe, Co, and Ni in N-doped carbon is an

effective way to produce catalysts with improved electrocatalytic

performance due to the optimized electronic structure of

carbon framework.20–25 When transition metals are introduced

into the carbon lattice, the electrocatalytic active sites may be

produced due to the coordination function of metal atoms with

the surrounding moieties.26,27 In addition, N can bond with the

metal atoms forcefully, leading to metal-like characters, and

enhanced conductivities and stabilities, which synergistically

enhance ORR and OER catalytic activities.28,29 It was proposed

that the density of states of Co–N across the Fermi level

demonstrated by density functional theory calculation and the

metallic structures of Co–N facilitate efficient electrons for

effective electrocatalysis.30,31 The modication of Co oen
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happens by a surface-oxidation process to produce hydroxyl

oxide species, which provide catalytic active sites for OER.32,33

The N-doped porous carbon sheets can adsorb and transform

O2 molecules to promote ORR.34–36 The design of Co and N co-

doped carbon matrices has become a promising strategy for

the fabrication of bi-functional electrocatalysts.

Carbon materials possessing hierarchical pores are bene-

cial to mass transport and offer a large surface area to assure

sufficient exposed active sites. Thus, excellent electrochemical

properties can be expected for novel hierarchically porous

carbon materials. Templating methods are an important way to

prepare high-quality hierarchically porous carbon materials.37,38

Most of the approaches make use of complex templates and

specic organic precursors, being unsuitable for the facile

preparation of heteroatom-doped carbon materials with hier-

archical pores. It is promising to develop a universal approach

to produce hierarchically porous heteroatom-doped carbon by

using simple templates and low-cost sustainable precursors. As

a “protagonist” of industrial poverty alleviation with wide

resources, low prices, and fast growth, Broussonetia papyrifera is

attentively used in medicine, papermaking, feed processing,

and other applications. To the best of our knowledge, the

exploration of carbon materials derived from Broussonetia pap-

yrifera for ORR/OER electrocatalysts was rarely considered.

In this work, the surface-oxidized Co nanoparticles (NPs)

incorporated N-doped hierarchical porous carbon materials

(Co/NHPC) are designed as ORR/OER catalysts for rechargeable

Zn–air batteries. The Co/NHPC is prepared by using wood of

Broussonetia papyrifera as a raw material via a dual-templating

strategy, and pyrolysis process containing Co2+. Mg5(OH)2(-

CO3)4 and ZnCl2 were used as hard templates to obtain hierar-

chically porous carbon. Co/NHPC displayed core–shell

structures with the surface-oxidized Co anchoring on carbon

sheets. The proposed Co/NHPC-800 displays excellent ORR

catalytic activity with an onset potential of 0.92 V and a tiny

10 mV loss in half-wave potential (E1/2) aer 10 000 cycles. The

rechargeable Zn–air batteries based on Co/NHPC-800 reveal

a low charge–discharge voltage gap that remained nearly

unchanged aer 1092 cycles (about 364 h) at 5 mA cm�2. The

excellent performance may be attributed to: (i) the hierarchical

pores of carbon material offering a mass transport and large

surface area to assure sufficient exposed active sites; (ii) carbon

shells can prevent Co NPs cores from aggregating, ensuring

excellent catalytic stability;39 (iii) the surface-oxidized Co NPs

cores providing catalytic active sites for OER, and the N-doped

porous carbon sheets are benecial to promoting ORR. To

sum up, this study offers a promising way to prepare a cost-

effective and high-efficient ORR/OER catalysts for recharge-

able metal–air batteries.

Experimental section
Synthesis of NHPC

The branches of Broussonetia papyrifera were cut into small

pieces and washed with ethanol and distilled water successively,

then dried in a vacuum at 80 �C for 24 h. Then, they were ground

into powder and sieved using a 100-micron mesh. The powder

(20 g) was dissolved in H3BO3 solution (2 M) and subjected to

a hydrothermal reaction at 180 �C for 30 h to obtain hydro-

thermal carbon. The hydrothermal carbon (1 g), Mg5(OH)2(-

CO3)4 (1 g), ZnCl2 (3 g) and urea (0.54 g) were ground with a ball

mill for 30min, then themixture was calcinated at 900 �C for 2 h

with a ramp rate of 5 �C$min�1 under N2. The obtained material

was immersed in HCl solution (2 M) for 24 h, washed with water

several times, and dried at 60 �C overnight. The hierarchically

porous nitrogen-doped carbon (NHPC) was produced. Without

adding urea, hierarchically porous carbon (HPC) was synthe-

sized via the similar procedure of NHPC.

Synthesis of Co/NHPC-T

NHPC (200 mg) and cobalt(II)acetylacetonate (1 mmol) were added

to ethanol (200 mL). Aer being continuously stirred for 12 h at

room temperature, the mixture was obtained by ltration and

dried at 60 �C for 12 h in a vacuum desiccator. Cobalt(II)acetyla-

cetonate–NHPCwas pyrolyzed at the desired temperature (700, 800

and 900 �C) for 2 h with a rate of 5 �C min�1 under N2. The cobalt

incorporated in N-doped hierarchically porous carbon was ob-

tained and denoted as Co/NHPC-T.

Characterization

The microstructure of the as-prepared products was character-

ized by transmission electron microscopy (TEM, JEOL-JEM-

2100, operating at 200 kV), and scanning electron microscopy

(SEM, JEOL JSM 7800F) with elemental mappings collected by

EDAX. The crystalline phase structures of products were

analyzed using X-ray diffraction (XRD, Bruker D8 advance with

Cu Ka, l ¼ 1.5418 �A). Raman spectra were recorded on

a Renishaw RM-1000 with Ar-ion laser (l¼ 514 nm, power¼ 8.0

mw). The surface compositions of the samples were analyzed

using X-ray photoelectron spectroscopy (XPS) on the Thermo

Scientic K-Alpha+ with Al Ka X-ray as the excitation source. N2

sorption isotherms were performed at 77.35 K on a Micro-

meritics Tristar 3020 surface area and porosity analyzer aer the

sample was degassed in a vacuum at 200 �C for 4 h.

Electrochemical measurements

ORR/OER measurements were carried out in a three-electrode

system connected to an electrochemical analyzer (CHI 760E),

coupled with a rotating ring-disk electrode (RRDE) system (Pine

Instruments Co. Ltd, USA) at room temperature. An Ag/AgCl

electrode was used as the reference electrode. The counter

electrodes for ORR and OER were a platinum wire and

a graphite rod, respectively. All the measured potentials were

converted to a reversible hydrogen electrode (RHE) by the

following equation:

E (vs. RHE) ¼ E (vs. Ag/AgCl) + 0.197 + 0.059pH (1)

The electrocatalyst (4 mg) was dispersed ultrasonically for

60 min in a mixed solvent containing ethanol (720 mL) and

Naon (0.5 wt%, 80 mL). Then, 10 mL of the dispersion was cast

on a polished glassy carbon electrode (5 mm diameter) and

allowed to dry at room temperature. The glassy carbon
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electrodes well-proportionately coated with samples (loading of

the electrocatalyst amount was �0.254 mg cm�2) were used as

the working electrode. The linear sweep voltammetry (LSV) was

conducted in 0.1 M KOH solution for ORR and OER with a scan

rate of 5 mV s�1. The presented current density was normalized

to the geometric surface area of electrodes. The poison tests for

Fig. 1 Schematic synthesis procedures of Co/NHPC-T.

Fig. 2 TEM imagesof (a)HPC, (b)NHPC, (c–f) Co/NHPC-800, and (g) SEM imageand thecorrespondingEDXelementalmapping imagesofCo/NHPC-800.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 15753–15761 | 15755
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ORR were performed in mixed solutions containing KOH (0.1

M) and CH3OH (1 M). Rotating ring disk electrode (RRDE)

measurements were carried out in O2-saturated KOH (0.1 M) at

1600 rpm at a scan rate of 5 mV s�1, and the potential of the Pt

ring was set at 1.3 V (vs. RHE). The electron transfer number (n)

and the yield of hydrogen peroxide released during ORR was

calculated through the following equation:

n ¼ 4�
ID

ID þ IR=N
(2)

½H2O2�% ¼ 200�
IR=N

IR=N þ ID
(3)

where ID is the disk current, IR is the ring current, and N is the

collection coefficient of the Pt ring (N ¼ 0.37). Furthermore,

commercial Pt/C electrocatalysts were used as a reference to

evaluate the electrocatalytic performance of various samples.

RZABs were assembled with catalyst-coated carbon paper as

the air cathode, a polished Zn plate as the anode, and KOH (6.0

M) containing zinc acetate (0.2 M) aqueous solution as the

electrolyte. The mass of the catalyst loading was 1 mg cm�2.

Disposing the gas dispersion lm (GDL) on the positive

Fig. 3 (a) XRD patterns (b) Raman spectra of HPC, NHPC, Co/NHPC-700, Co/NHPC-800, Co/NHPC-900, (c) C 1s spectrum, (d) N 1s spectrum,

(e) Co 2p spectrum, and (f) O 1s spectrum of Co/NHPC-800.
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electrode so that the gas can be well transferred to the cathode.

Celgard 2340 microber lter was utilized as a separator. The

discharge/charge cycling of RZABs was conducted using an

automatic battery testing system (Neware CT-3008) with 20 min

for each cycle (discharge 10 min; charge 10 min) at 5 mA cm�2.

Polarization data (v–i) were collected using linear sweep vol-

tammetry (LSV) at a scan rate of 10 mV s�1. The current and

power density curves were calculated from LSV curves. All tests

were performed in a natural environment.

Results and discussion

The fabrication process of Co/NHPC-T is schematically

described in Fig. 1. First, the raw material was subjected to

a hydrothermal reaction. Then, the hydrothermal carbon mixed

with Mg5(OH)2(CO3)4, ZnCl2 and urea were pyrolyzed in N2

atmosphere at 900 �C, followed by etching treatment with HCl

solution to obtain NHPC. During this process, Mg5(OH)2(CO3)4
and ZnCl2 served as templates to produce hierarchically porous

carbon, and urea were used as a nitrogen source. Finally, Co/

NHPC-T was prepared by the pyrolysis of NHPC that was adsor-

bed with Co2+. The morphologies of the synthesized catalysts were

studied using TEM and SEM analysis. HPC and NHPC showed the

characteristics of porous carbon sheets (Fig. S1a, b† and 2a, b).

Images of Co/NHPC-800 conrmed that the uniform Co NPs were

anchored onto the porous carbon sheets (Fig. 2c and d). The

representative HRTEM image exhibited the existence of Co NPs

and the surrounding carbon layers (Fig. 2e). The lattice fringes with

interplanar spacings of 0.341 and 0.208 nm could be observed,

which corresponded to (022) planes of graphite C and (111) planes

of metallic Co, respectively (Fig. 2f). The EDX elemental mapping

images revealed the uniform distribution of C, Co, N, and O in Co/

NHPC-800 (Fig. 2g). The O element indicated the generation of

surface-oxidized Co NPs which are benecial to promote OER. Co/

NHPC-700 and Co/NHPC-900 showed morphology similar to that

of Co/NHPC-800 (Fig. S1c and f†), but their Co NPs were larger and

randomly distributed on the carbon sheets (Fig. S1e and f†).

The chemical compositions of the as-made catalysts were

researched via XRD (Fig. 3a). The XRD patterns of HPC and

NHPC showed two broadened peaks at 24.5� and 43.5�, which

are assigned to (002) and (101) diffraction peaks of carbon,40

respectively. In addition to carbon peaks, Co/NHPC-T showed

peaks of cobalt species. The peaks at 44.3�, 51.6� and 75.8� in

Co/NHPC-800 and Co/NHPC-900 are attributed to the (111),

(200), and (220) lattice facets of metallic cubic-phase Co,

respectively.41 Co/NHPC-700 displays peaks at 32.1�, assigned to

lattice facets of cobalt oxide.42 Raman spectra of the as-prepared

catalysts are depicted in Fig. 3b, and the samples reveal similar

peaks. The D bands at 1349 cm�1 are due to the disordered

carbon, and the G bands at 1578 cm�1 are ascribed to the sp2

graphitic carbon.43 The ID/IG values of HPC, NHC, Co/NHPC-

700, Co/NHPC-800 and Co/NHPC-900 are 1.04, 1.01, 1.03, 1.02

and 1.03, respectively. All the samples possess similar and

relatively high ID/IG, conrming more disordered carbon in

their framework. The surface chemical composition and

valence state of the Co/NPHC-800 catalyst was identied by XPS.

The full spectrum clearly reveals the copresence of C, N, O and

Co elements with atomic percentages of 92.8%, 1.15%, 4.9%

and 1.16%, respectively (Fig. S2 and Table S1†). The C 1s

spectrum displays four peaks at around 284.1 eV, 285.1 eV,

286.0 eV and 287.2 eV, which are corresponding to the carbon

states of C]C/C–C, C–O/C]N, C]O/C–N and O]C–O bonds,

respectively44 (Fig. 3c). The high-resolution spectrum of N 1s

shows the presence of four types of nitrogen species, attributed

to pyridinic N at 398.0 eV, pyrrolic N at 399.8 eV, graphite N at

400.7 eV and oxidized N at 402.0 eV (ref. 45 and 46) (Fig. 3d). The

Fig. 4 (a) Nitrogen adsorption–desorption isotherms and (b) pore size distributions of HPC, NHPC, Co/NHPC-700, Co/NHPC-800 and Co/

NHPC-900.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 15753–15761 | 15757
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peak around 779.1 eV is assigned to Co0 species.47 The peak at

781.1 eV corresponds to Co2+, and the peak at 795.6 eV is

ascribed to Co 2p1/2.
48 The appearance of Co2+ species proves

the generation of surface-oxidized Co NPs which are conducive

to improving the electrocatalytic activity. The peaks at 785.7 and

803.1 eV are shake-up satellite peaks49 (Fig. 3e). The O1s spec-

trum can be tted into three peaks at 529.0 eV, 530.8 eV and

533.0 eV, which correspond to O–C, O]C and O–C]O,

respectively50 (Fig. 3f).

The porosity of the as-made catalysts was further investi-

gated through N2 adsorption–desorption studies. The classical

H4-type hysteresis loops in isotherms present the characteris-

tics of mesoporous structures.51 The greatly increasing

adsorption capacities in the low P/P0 indicate the existence of

micropores.52 The surface areas of HPC, NHPC, Co/NHPC-700,

Co/NHPC-800, and Co/NHPC-900 are 887 m2 g�1, 971 m2 g�1,

987 m2 g�1, 1068.1 m2 g�1 and 1061 m2 g�1, respectively, while

the pore volumes of HPC, NHPC, Co/NHPC-700, Co/NHPC-800

and Co/NHPC-900 are 0.59 cm3 g�1, 0.43 cm3 g�1, 0.50 cm3

g�1, 0.57 cm3 g�1 and 0.64 cm3 g�1, respectively (Table S2†). The

hierarchical porosity of carbon samples is benecial to expose

catalytic active sites and promote the diffusion of ions during

the electrocatalytic ORR/OER process. The macropores and

large mesopores can work as solution buffering reservoirs to

minimize the diffusion distance to the mesopores (or micro-

pores) and facilitate mass transport. The high efficient mass

Fig. 5 (a) LSV curves of HPC, NHPC, Co/NHPC-700, Co/NHPC-800, Co/NHPC-900 and Pt/C at 1600 rpm with 5 mV s�1, (b) the electron

transfer number (n) and peroxide yield of Co/NHPC-800 at 1600 rpm, (c) methanol tolerance tests of Co/NHPC-800 with methanol (1 M), (d)

chronoamperometry curves of Co/NHPC-800 and Pt/C electrodes at 0.4 V (vs. RHE) at 1800 rpm, (e) accelerated durability test (ADT) of Co/

NHPC-800, and (f) LSV curves of HPC, NHPC, Co/NHPC-700, Co/NHPC-800 and Co/NHPC-900 at 1800 rpm, showing the electrocatalytic

activities for ORR and OER.
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diffusion helps the catalytically active sites work well for ORR–

OER conversion. The volume change during the charge/

discharge cycling is reduced to ensure a high cycling perfor-

mance (Fig. 4).53–58

The electrocatalytic performance of catalysts for ORR were

evaluated in 0.1 M KOH solution. Cycle voltammetry (CV) tests

were rstly measured in N2/O2-saturated solution (Fig. S3†). All

electrocatalysts show obvious cathodic ORR peaks in O2-satu-

rated KOH solution, but no peak in N2-saturated KOH solution.

The more positive peak for ORR of Co/NHPC-800 than that for

WC, HPC, NHPC, Co/NHPC-700 and Co/NHPC-900, states its

excellent ORR electrocatalytic activity. The ORR polarization

curves of these catalysts in Fig. 5a further demonstrate the

superior electroactivity of Co/NHPC-800. Co/NHPC-800 exhibits

excellent ORR electrocatalytic activity with a high half-wave

potential (E1/2) of 0.82 V. This value is a little negative than

that of Pt/C (0.84 V), and more positive than those for WC (0.62

V), HPC (0.76 V), NHPC (0.77 V), Co/NHPC-700 (0.79 V), Co/

NHPC-900 (0.78 V). The E1/2 value of Co/NHPC-800 is superior

to many other available non-noble metal catalysts (Table S3†).

Fig. S4† shows ORR polarization curves of Co/NHPC-800 at

different rotating rates. Co/NHPC-800 shows incremental

limiting current density with the increase of rotational speed

due to overcoming the diffusion limitation. RRDE tests were

carried out to research H2O2 production during the ORR

process of Co/NHPC-800. The electron transfer number (n) of

ORR was 3.89–3.99 per oxygen molecule from 0.2 V to 0.85 V.

The corresponding H2O2 yield was generally below 3.2 mol%

(Fig. 5b). These results reveal a dominant 4e� a reduction

pathway in the ORR process. The measurements of tolerance to

methanol were also conducted for Co/NHPC-800 and Pt/C. Aer

the addition of methanol into the electrolyte, the current

Fig. 6 (a) A simple illustration of ZABs, (b) the open-circuit plots of a single battery, (c) blue, red, yellow and green LEDs powered by two-series

batteries based on Co/NHPC-800, (d) discharge polarization curves and corresponding power density of ZABs based on Co/NHPC-800 and Pt/

C, and (e) long-term cycling stability of RZABs based on Co/NHPC-800.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 15753–15761 | 15759
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density of Pt/C drops drastically. Whereas it shows no obvious

change for Co/NHPC-800, indicating its excellent tolerance to

methanol crossover effect (Fig. 5c). Fig. 5d shows results on the

chronoamperometry test of Co/NHPC-800 and Pt/C conducted

at 0.40 V (vs. RHE) for 15 h. At the end of the test, Co/NHPC-800

maintained 92.14% of its initial current density, demonstrating

its good stability for ORR. In addition, the accelerated degra-

dation test (ADT) was conducted via continuous CV tests

between 0.20 and 1.05 V (vs. RHE) for 10 000 cycles at 100 mV

s�1. As described in Fig. 5e, aer the ADT test, the E1/2 of Co/

NHPC-800 shis without clear deviation (about 10 mV),

further illustrating its robust stability. The OER electroactivity

of the as-prepared catalysts was also measured in KOH (0.1 M).

Compared with HPC, NHPC, Co/NHPC-700 and Co/NHPC-900,

Co/NHPC-800 exhibits a more promising OER activity (Fig. 5f).

ORR, OER and dual catalytic activity of Co/NHPC-800 are

comparable to some reported works in the literature (Table

S3†). The dual ORR/OER electroactivities of Co/NHPC-800

reveals that it possesses the potential to apply as cathode

materials in rechargeable metal–air batteries.

The outstanding bifunctional ORR/OER performance of Co/

NHPC-800 inspires us to evaluate its application in practical

RZABs. A homemade rechargeable Zn–air battery was assem-

bled using Co/NHPC-800 as the air cathode, Zn plate as the

anode, and 6.0 M KOH + 0.2 M Zn(CH3COO)2 as the electrolyte

(Fig. S5 and S6†). The diagram of ZAB is shown in Fig. 6a, and as

can be seen in Fig. 6b, RZABs based on Co/NHPC-800 displays

a high open-circuit voltage (VOC) of 1.5 V, conrming the good

electroactivity of Co/NHPC-800. The two RZABs based on Co/

NHPC-800 successfully light a 2.2 V light-emitting diode (LED)

(Fig. 6c). The RZABs based on Co/NHPC-800 exhibit a maximum

power density of about 40 mW cm�2 (Fig. 6d). The recharging

ability of RZABs based on Co/NHPC-800 was measured continu-

ously with 20 min for each step at 5 mA cm�2. The charge–

discharge voltage gap (1.01 V at the 1st h and 0.99 V at the 364th h)

of RZABs was nearly unchanged aer 1092 cycles (about 364 h)

(Fig. 6e), conrming the superior electrocatalytic stability of Co/

NHPC-800. The cycling performances of RZABs surpass that of

the batteries reported in the literature (Table S3†). The excellent

durability of the RZABs proves that Co/NHPC-800 possesses great

potential for being used in energy storage devices.

Conclusions

In conclusion, surface-oxidized Co NPs encapsulated in N-

doped hierarchical porous carbon materials (Co/NHPC) are

designed as ORR/OER catalysts for rechargeable Zn–air

batteries. The Co/NHPC displays core–shell structures with

surface-oxidized Co NPs@C cores anchoring on the carbon

sheets. The hierarchical porous structure of Co/NHPC enabled

the material facile mass transport and offer a large surface area

to assure sufficient exposed active sites, while the synergistic

effect between N-doping and surface-oxidized Co NPs provided

the Co/NHPC with remarkable catalytic activity. The recharge-

able Zn–air batteries based on Co/NHPC-800 revealed a high

open-circuit potential (1.50 V, superior to that of Pt/C), low

charge–discharge voltage gap and long cycle life of nearly 1092

cycles (about 364 h) at 5 mA cm�2. This work offers a promising

way to prepare cost-effective, high-efficient ORR/OER catalysts

for rechargeable metal–air batteries.
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