
OPEN

ORIGINAL ARTICLE

In situ anchoring of Co9S8 nanoparticles on N and S
co-doped porous carbon tube as bifunctional oxygen
electrocatalysts

Hai-xia Zhong1,2,4, Kai Li1,4, Qi Zhang1, Jun Wang1,2, Fan-lu Meng1,3, Zhi-jian Wu1, Jun-min Yan3

and Xin-bo Zhang1

The development of cost-effective yet highly active and robust bifunctional electrocatalyst for oxygen evolution reaction (OER)

and oxygen reduction reaction (ORR) has been at the forefront of research into regenerative fuel cells and metal–air batteries.

Here we report Co9S8 nanoparticles grown in situ on nitrogen- and sulfur-doped porous carbon (Co9S8/NSPC) as a bifunctional

catalyst for OER and ORR using poly(2-aminothiazole) as a novel all-in-one multifunctional precursor. Unexpectedly,

Co9S8/NSPC exhibits a low OER overpotential, positive ORR half-wave potential, small potential gap and high durability, thus

making it one of the best bifunctional OER and ORR catalysts. This may be attributed to the heteroatom doping, porous

structure and synergistic effects of Co9S8 and NSPC, as confirmed by density functional theory calculations. More importantly,

as a proof-of-concept application, the air electrode with Co9S8/NSPC9–45 endows the Zn–air battery with a low discharge/charge

overpotential and good cycling stability.
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INTRODUCTION

Due to the high power density, high energy conversion efficiency and

lack of pollution, the use of regenerative fuel cells and metal–air

batteries as clean and efficient energy conversion and storage

technologies can, to a great extent, mitigate the worldwide energy

and ecological crises caused by the immoderate consumption of fossil

fuels.1–4 At the heart of these devices is oxygen electrochemistry, which

includes both the oxygen evolution reaction (OER) and oxygen

reduction reaction (ORR) and involves a four-electron transfer process

that exposes the sluggish reaction kinetics, resulting in severe energy

conversion losses.5–7 Although many efficient single functional OER or

ORR catalysts have been achieved, the exploration of ideal bifunctional

catalysts for OER and ORR is still highly challenging because active

ORR catalysts usually exhibit poor OER performances and vice versa.

In this context, Pt and Ir alloys or oxides still represent the most

efficient OER and ORR catalysts.8–10 Nevertheless, challenges such as

their high cost, scarcity and low stability still limit the large-scale

commercialization of these devices. Therefore, the development of

efficient and cost-effective bifunctional catalysts for OER and ORR is

of great scientific and technological importance but is still very

challenging.

Recently, transition metallic chalcogenides (TMCs), particularly

cobalt chalcogenides (for example, CoSe2 and CoS2), have been

proposed as potential OER and/or ORR electrocatalysts due to their

earth abundance and environmentally friendly features and their

high catalytic activity.11–15 However, the obtained bifunctional

performances of TMC nanoparticles (NPs) are still far from satisfying

because of the low electronic conductivity, easy aggregation of NPs

and, in particular, the intrinsic lack of active sites driving both OER

and ORR that will inevitably compromise the reaction kinetics and

lead to inferior bifunctional catalytic activities. In this context, active

TMC NPs can be considered for loading on conductive carbonaceous

substrates (for example, graphene and carbon nanotubes).16,17

However, the required intimate contact cannot be guaranteed by the

simple mixing of TMC NPs with conventional carbons because

TMC NPs are easily detached from the substrates due to gas

bubbling/evolution during the catalytic reaction process. In principle,

in situ anchoring of active TMC NPs on heteroatom-doped porous

carbons can be a good solution to this problem due to their high

electron conductivity, porous structure for high flux of mass

transportation and the extra active sites induced by heteroatom

doping.1,18–20 Furthermore, the possible synergistic effects between

TMC NPs and heteroatom-doped porous carbon may be collected to
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markedly enhance the OER and ORR performance. Therefore,

it is highly important to explore the hybrids of TMCs and

heteroatom-doped carbons towards novel bifunctional catalysts for

both the OER and ORR.

Herein, as a proof-of-concept experiment, we first develop a facile

approach for the in situ anchoring of Co9S8 NPs on nitrogen and

sulfur co-doped porous carbon (NSPC) as an efficient bifunctional

catalyst for OER and ORR, in which water-soluble Na2SO4 nanowires

are used as a template due to their low cost and ease of fabrication

and removal, thus ensuring the porous structure of Co9S8/NSPC.

Furthermore, poly(2-aminothiazole) (P-2AT) is selected as the

all-in-one N- and S-containing precursor for synthesizing NSPC while

simultaneously providing a sulfur source for the in situ formation of

Co9S8 NPs on self-derived carbon under heat treatment, thus

guaranteeing the intimate contact of Co9S8 and NSPC. Unexpectedly,

the resultant Co9S8/NSPC shows high catalytic performance with

a low OER overpotential, a positive ORR half-wave potential (E1/2),

long-term durability and high selectivity. Furthermore, as a

proof-of-concept application, the assembled Zn–air battery when

Co9S8/NSPC is used as an air electrode, exhibits low discharge/charge

overpotential and good cyclic stability compared with state-of-the-art

Pt/C and RuO2, thus showing its long-term availability.

EXPERIMENTAL PROCEDURES

Synthesis of Na2SO4 nanowire
Na2SO4 nanowire was synthesized using the organic-solvent-induced

crystallization method. In a typical experiment, Na2SO4 (0.14 g) and

polyvinylpyrrolidone (PVP, 0.05 g) were first dissolved in water (4 ml). After

mixing well with ethylene glycol (20 ml), the aqueous solution was dropped

into 1,4-dioxane (50 ml) under vigorous stirring. The solution turned white

immediately. After stirring at room temperature for 5 min, the products were

collected by centrifugation, washed with 1,4-dioxane and dried at 80 °C.

Synthesis of P-2AT nanotube
Na2SO4 (0.1 g) was well dispersed in 1,4-dioxane (50 ml) by sonication.

Subsequently, 2-aminothiazole (0.5 g) and benzoperoxide (BPO, 1.22 g) were

dispersed into the above solution and were stirred continuously at 80 °C with a

reflux condenser and nitrogen protect for 24 h. The product was obtained by

filtering, washing with water and freeze-drying. P-2AT NPs were synthesized

using the same procedures, except no Na2SO4 was added.

Synthesis of Co9S8/NSPC
CoCl2·6H2O (45 mg) and P-2AT nanotubes (0.1 g) were dispersed in water by

sonication for 30 min and stirring at room temperature for 2 h. The composites

were obtained by freeze-drying. Then, the brown powders were calcinated at

900 °C under an Ar atmosphere for 2 h. To investigate the impacts of the

amounts of cobalt precursor and carbonization temperatures on the catalytic

performance, samples with various amounts of cobalt precursors (15, 45 and

75 mg) and heating temperatures (800, 900 and 1000 °C) were also prepared

and were designated as Co9S8/NSPC9–15, Co9S8/NSPC9–45, Co9S8/NSPC9–75,

Co9S8/NSPC8–45 and Co9S8/NSPC10–45, respectively.

Electrochemical test
All electrochemical tests were conducted in a three-electrode cell in 0.1 M KOH

electrolyte, wherein rotating disk electrode (RDE) or rotating ring disk electrode

(RRDE), Ag/AgCl electrode and Pt mesh served as the working electrode,

reference electrode and counter electrode, respectively. Before each test,

RDE (5.0 mm in diameter) or RRDE (5.61 mm in diameter) was polished by

alumina slurries (1 and 0.05 μm) and washed with water and ethanol by

sonication. Catalysts (5 mg) were dispersed into 1 ml of ethanol and 50 μl of

Nafion solution by sonication for 30 min. Then, 10 μl of the catalyst inks was

drop-cast on RDE, giving a catalyst loading of 0.247 mg cm− 2. For the

chronoamperometric response measurement, catalyst inks were loaded on

carbon papers.

For OER, cyclic voltammetry tests were conducted in an O2-saturated 0.1 M

KOH solution from 0 to 0.7 V, with a scan rate of 5 mV s− 1 and a rotating

speed of 1600 r.p.m. The chronoamperometric response measurements were

carried out at 0.6 V in O2-saturated 0.1 M KOH solution, with the carbon paper

supported by catalysts as the working electrode. During the chronoampero-

metric measurement, the generated gas was monitored by a gas burette. RRDE

measurements were conducted in O2-saturated 0.1 M KOH solution, with a

scan rate of 5 mV s− 1 and a rotating speed of 1600 r.p.m., while the ring

potential was held constant at 0.5 V. The impedance was tested by electro-

chemical impedance spectroscopy measurements with an alternating current

voltage at a 10 mV amplitude in a frequency range from 100 kHz to 0.1 Hz at

0.55 V. For ORR, cyclic voltammetry tests were conducted in N2- and

O2-saturated 0.1 M KOH solution from − 1.0 to 0.2 V with a scan rate of

50 mV s− 1. RDE measurements were carried out in O2-saturated 0.1 M KOH

solution with a scan rate of 5 mV s− 1 and different rotating speeds

(400–2025 r.p.m.). RRDE measurements were conducted in O2-saturated

0.1 M KOH solution with a scan rate of 5 mV s− 1 and a rotating speed of

1600 r.p.m., and the ring potential was constant at 0.5 V. The accelerated

durability tests were carried out using potential cycles from 0.6 to 1.0 V vs

reversible hydrogen electrode with a sweep rate of 100 mV s− 1. For the

crossover effect, the test was carried out by the chronoamperometric response

at − 0.45 V in O2-saturated 0.1 M KOH solution with a rotating speed of 1600 r.

p.m., with methanol (2%, v/v) added at ~ 15 min. The reference electrode was

calibrated with respect to the reversible hydrogen electrode and all polarization

curves were corrected for capacitance and corrected with 85% infrared

compensation.

Fabrication and test of zinc–air batteries
Zn–air battery test was conducted in a home-made battery, with catalyst-coated

carbon paper (1 cm2) and Zn plate used as the air electrode and anode,

respectively. Typically, catalysts (5 mg) were dispersed into 1 ml of ethanol and

50 μl of Nafion solution by sonication for 30 min. Then, some amount of

catalyst inks was drop-cast on the carbon paper, giving a catalyst loading of

1 mg cm− 2. The electrolyte was a 6 M KOH solution containing 0.2 M Zn

(CH3COO)2. Batteries tests were carried out via I–V characterization. For the

cycling test, the constant current technique was utilized, with one cycle

consisting of one discharging step (10 mA cm− 2 for 5 min), followed by one

charging step with the same current density.

RESULTS AND DISCUSSION

Characterizations of Co9S8/NSPC

Co9S8/NSPC synthesis is illustrated in Figures 1a–c. First, Na2SO4

nanowires are fabricated via organic-solvent-induced recrystallization.

Scanning electron microscopy (Figure 1d) confirms the nanowire

morphology with a diameter of ~ 150 nm. The X-ray diffraction

pattern reveals the orthorhombic structure of Na2SO4 (Supplementary

Figure S1). Subsequently, P-2AT is successfully coated on the Na2SO4

nanowire by the oxidative-polymerization of 2-aminothiazole, as

identified by the emergence of the broad N–H band of P-2AT

(3295 cm− 1) and the shift of the C=N band (1619–1605 cm− 1) in

Fourier transform infrared spectrum (Supplementary Figure S2).21

After removing Na2SO4 with simple water washing, the tubular P-2AT

with diameter of ~ 270 nm is observed in the scanning electron

microscopy image (Figure 1e), as verified by transmission electron

microscopy (Figure 1f). The wall thickness is measured to be ∼ 40 nm.

After mixing with cobalt salts, they are directly converted to

Co9S8/NSPCX–Y (X= 8, 9 and 10, and Y= 15, 45 and 75) via heat

treatment in inert atmosphere, where X and Y represent the

pyrolysis temperature and cobalt precursor content, respectively

(Supplementary Figures S3–5). The Co9S8 particles (∼50 nm in size)

have a cubic structure and are dispersed on both the internal and

external surfaces of NSPC tubes for Co9S8/NSPC9–45 (Supplementary
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Figures S7c, S9 and S10).22 Moreover, the shrinkage and erosion of

P-2AT at high temperature cause a decrease in the tube diameter and

thickness and even partly broken tubes. Notably, the particle size of

Co9S8 and the extent of broken tubes increase with the increased

amounts of cobalt precursors and higher pyrolysis temperature

(Supplementary Figures S7). The scan transmission electron micro-

scopy image of Co9S8/NSPC9–45 further shows the tube morphology

decorated with uneven Co9S8 particles (Figure 1g). Accordingly, the

element mapping images show that Co and S overlay the particles,

whereas C, N and O are homogenously distributed on the entire

structure (Figures 1h–l). In addition, S is partially distributed on the

tube, thus indicating the incorporation of S in the carbon matrix,

which is quite different from that of NSPC due to the growth of Co9S8
particles (Supplementary Figure S13). Furthermore, the well-defined

lattice fringe of the particles is indexed to the (311) plane of cubic

Co9S8 structure, in agreement with the X-ray diffraction results

(Figure 1m; Supplementary Figures S10 and S14).

The Brunauer–Emmett–Teller (BET) surface areas and pore

structures of the as-prepared materials were also investigated by N2

adsorption–desorption measurements (Supplementary Figure S15;

Supplementary Table S1). The pore distribution of Co9S8/NSPC9–45

indicates the coexistence of mesopores and macropores analyzed by

the Barrett–Joyner–Halenda method, which are in favor of mass

transfer.23,24 Comparatively, Co9S8/NSPC9–15 gains a higher BET

surface area (317 m2 g− 1) than Co9S8/NSPC9–45 (281 m2 g− 1) and

Co9S8/NSPC9–75 (196 m2 g− 1) due to its lower Co content and

smaller Co9S8 particles (Supplementary Figures S8 and S9). In

addition, with the same amount of Co precursors, the BET surface

area of Co9S8/NSPC9–45 is higher than those of Co9S8/NSPC8–45

(184 m2 g− 1) and Co9S8/NSPC10–45 (234 m2 g− 1). This phenom-

enon is ascribed to insufficient or excessive carbon corrosion, and

smaller or larger Co9S8 particles at, respectively, a low or high pyrolysis

temperature (Supplementary Figures S16 and 17). Another

control sample with Co9S8 on nitrogen- and sulfur-doped carbon

(Co9S8/NSC; Supplementary Figures S11 and 12) shows an extremely

low BET surface area (24 m2 g− 1). Overall, the key factors of the Co

precursor content, pyrolysis temperature and nanowire template

determine the high surface area of Co9S8/NSPC9–45 that will

influence the electrocatalytic performance (vide infra).

X-ray photoelectron spectroscopy is applied to probe the chemical

structure of these samples (Figure 2; Supplementary Figures S18;

Supplementary Table S2). The high-resolution C1s spectrum is

deconvoluted into several peaks, corresponding to C–S–C

(284.0 eV), C=C–C (284.7 eV), C–O (285.2 eV), C–N (286.2 eV)

and O=C–OH (288.6 eV),25,26 thus revealing the successful doping of

N and S in the carbon matrix. In addition, the peaks that are assigned

to O=C–OH gradually become unclear due to the instability

of oxygen species at higher temperatures. For N1s peaks, three

components are obtained: pyridinic-N (N1, 398.5 eV), pyrrolic-N

(N2, 399.6 eV) and graphitic-N (N3, 401.1 eV).27–29 Furthermore, the

Figure 1 Schematic images of Na2SO4 (a), P-2AT (b) and Co9S8/NSPC (c); scanning electron microscopy images of Na2SO4 (d) and P-2AT (e); transmission

electron microscopy (TEM) image of P-2AT (f); scan TEM image of Co9S8/NSPC9–45 (g); the corresponding element mapping images of Co (h), S (i), C (j),

N (k) and O (l); and high-resolution TEM image of Co9S8/NSPC9–45 (m).
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relative fractions of N1 and N2 decrease with the increasing heating

temperature because of their instabilities at high temperatures.

Therefore, N1 and N3 peaks of Co9S8/NSPC9–45 predominantly

account for the enhanced OER and ORR performances.20,28,29

Furthermore, S2p peaks are deconvoluted into four S contributions:

the peaks at 161.5 and 162.9 eV are assigned to S2p3/2 and S2p1/2 in

Co–S, respectively, and the peaks at 164.1 and 167.7 eV are due to

C–S–C and SO4
2−, respectively22,25,27, thus confirming the presence of

S doping and Co–S composites, consistent with the element mapping

results. It is worth noting that the relative ratio of C–S–C and Co–S is

decreased with an increase in pyrolysis temperature because of the

gradual forming of Co9S8 (Supplementary Figure S6d). The core-level

spectrum of Co is divided into two main signals assigned to Co2p1/2
and Co2p3/2, and the spin–orbit doublets confirm the presence of

Co2+ and Co3+.30–32 Hence, both Co9S8 and NSPC are expected to act

as potential active sites for OER and ORR.

Electrochemical performance for ORR and OER

The OER electrocatalytic activities of Co9S8/NSPC are first evaluated

using a three-electrode system. For comparison, the electrochemical

performances of the physical mixtures of NSPC and Co9S8 (Co9S8
+NSPC), and Pt/C and RuO2 are also tested. Both Co9S8 and NSPC

exhibit high overpotentials (10 mA cm− 2) of 0.41 and 0.61 V,

respectively, which may be due to the low conductivity of Co9S8
and the intrinsic low catalytic activity of NSPC (Figure 3a). Improved

performance is achieved by Co9S8+NSPC, although its decreased

overpotential (0.37 V) is still far from satisfactory. By contrast,

Co9S8/NSPC9–45 obtains superior activity (0.31 V) associated with

its low charge transfer impedance (Supplementary Figures S23 and

24), thus validating the synergistic effect between Co9S8 and NSPC.

For Co9S8/NSC, the low BET surface area and less porous structure

result in fewer active sites and oxygen transfer channels, and thus, a

larger overpotential (0.38 V, Figure 3a). Although it has a higher BET

surface area, Co9S8/NSPC9–15 exhibits slightly lower catalytic activity

compared with Co9S8/NSPC9–45 because it contains a smaller amount

of Co9S8 particles (Supplementary Figure S25). Furthermore, the high

OER behavior of Co9S8/NSPC9–45 is deduced from its lowest Tafel

slope (68 mV dec− 1) among the prepared samples, which is even

comparable to that of RuO2 (50 mV dec− 1), thus indicating its

more favorable kinetics (Figure 3b; Supplementary Table S3).33–35

Moreover, scarcely any yield of peroxide is monitored by RRDE

technique, revealing a 4e− OER process at the Co9S8/NSPC9–45

electrode (Supplementary Figure S26a). The agreement of the

theoretical and experimental oxygen productions shows that

the Faradaic efficiency at Co9S8/NSPC9–45 electrode is ~ 100%

(Supplementary Figure S26b).

To explore the ORR electrocatalytic activity, RDE measurements

were performed.1,10 Similarly, a high electrical resistance of Co9S8
leads to its low ORR catalytic activity, with a negative E1/2 (0.5 V,

Figure 3c). Although NSPC shows high conductivity, it is still plagued

by inferior E1/2 (0.62 V) due to the insufficient active sites. Exploiting

the advantages of NSPC and Co9S8, a more positive E1/2 (0.68 V) is

achieved by Co9S8+NSPC, although this value is not satisfactory.

In contrast, the intimate contact between NSPC and Co9S8 of

Co9S8/NSPC9–45 hybrid results in faster charge transfer and a

significantly improved ORR performance, with an E1/2 of 0.79 V, thus

indicating the synergistic catalytic activity of Co9S8 and NSPC

(Figure 3c; Supplementary Figure S27). In addition, Co9S8/NSC,

which possesses smaller Co9S8 particles, shows a lower E1/2 (0.72 V),

revealing that the ORR performance is governed by the BET surface

area and various pores in addition to the particle size of active species.

However, Co9S8/NSPC9–15 with the highest BET surface area

exhibits a slightly lower ORR performance compared with the

Co9S8/NSPC9–45 due to the smaller number of Co9S8 particles, thus

Figure 2 High-resolution C1s (a), N1s (b), S2p (c) and Co2p (d) X-ray photoelectron spectroscopy spectra of Co9S8/NSPC9–45.
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clarifying the greater importance of the intrinsic active sites for

controlling the ORR performance.

To better understand the ORR mechanism, the kinetic parameters

are analyzed using the Koutecky–Levich equation. The good linearity

of the Koutecky–Levich plots and nearly parallel fitted lines for

Co9S8/NSPC9–45 suggests a first-order reaction towards oxygen and

similar electron transfer number at various potentials (Supplementary

Figure S28).2,36,37 The electron number (n) of Co9S8/NSPC9–45 is

calculated to be 3.94 (0.3 V), similar to that of Pt/C (3.96), which

indicates that it favors a 4e− oxygen reduction process. However,

Co9S8, NSPC, Co9S8+NSPC and Co9S8/NSC show a coexistence of 2e−

and 4e− oxygen reduction processes, with n values of 2.8, 3.38, 3.03

and 3.14, respectively, thus further highlighting the superior ORR

catalytic activity of Co9S8/NSPC9–45 (Supplementary Figure S29;

Supplementary Table S3). Moreover, the peroxide (HO2
−) yield was

detected by the RRDE technique to further understand the electron

transfer pathway (Supplementary Figure S30). Remarkably, the HO2
−

yield of Co9S8/NSPC9–45 is o10% at the 0–0.65 V potential range,

giving an n of 3.83–3.96, consistent with the results based on the RDE

data. Nevertheless, NSPC, Co9S8, Co9S8+NSPC and Co9S8/NPC show

a coexistence of 2e− and 4e− oxygen reduction pathways, with average

HO2
− yields of 21%, 49%, 33% and 37%, respectively, indicating that

the in situ growth of Co9S8 on NSPC is an effective approach for

improving the electrocatalytic performance for ORR. In addition, its

Tafel slope at a small current density is similar to that of Pt/C,

suggesting that the transfer of the first electron is the rate determining

step at the Co9S8/NSPC9–45 electrode (Supplementary Figure S31).

We note that the Co9S8/NSPC9–45 and NSPC show higher OER and

ORR performances than the porous carbon tube, indicating the

significant roles of Co9S8 growth and the doping of heteroatoms in

the improvement of catalytic activity (Supplementary Figure S32;

Supplementary Table S3).38

The potential gap between OER (E at 10 mA cm− 2) and ORR (E1/2)

is a key parameter of bifunctional electrocatalysts and is evaluated

here.1,4,5,35,39 As expected, Co9S8/NSPC9–45 with the minimum ΔE

(0.75 V) has a obvious advantage over Co9S8 (1.14 V), NSPC (1.22 V),

Co9S8+NSPC (0.92 V) and Co9S8/NSC (0.89 V) and even surpasses

Pt/C (1.1 V) and RuO2 (0.93 V; Figure 3d; Supplementary Table S3).

Moreover, compared with the previously reported catalysts

with bifunctionality for OER and ORR, the performance of

Co9S8/NSPC9–45 can be ranked at the highest level (Supplementary

Table S4).

The durability of Co9S8/NSPC9–45 is further assessed by cyclic

voltammetry and chronoamperometric measurements. Either 5000

OER potential cycles or 10 h of continuous chronoamperometric tests

of Co9S8/NSPC9–45 cause only a slight degradation in its current,

indicating its long-term durability during the OER process

(Supplementary Figures S33 and S34). During the ORR process, a

smaller negative shift of E1/2 and smaller loss in the ORR current of

Co9S8/NSPC9–45 are observed after 5000 potential cycles and 8 h

chronoamperometric test. However, Pt/C suffers more loss in E1/2 and

current under identical conditions, suggesting the superior ORR

durability of Co9S8/NSPC9–45. When injecting methanol, the

chronoamperometric response of Co9S8/NSPC9–45 exhibits little

change and immediately recovers, whereas Pt/C exhibits a distinct

and unrecoverable drop in ORR current, thus revealing the higher

selectivity of Co9S8/NSPC9–45 with methanol tolerance.

To gain further insights into the mechanisms of ORR and OER of

Co9S8/NSPC, density functional theory calculations were conducted by

using the Vienna ab initio simulation package (Supplementary

Figures S35). The Gibbs free energy diagrams of ORR and OER of

Figure 3 OER polarization curves (a), Tafel plots (b) and ORR polarization curves (c) and potential gaps (ΔE, d) of NSPC, Co9S8, Co9S8+NSPC, Co9S8/NSC,

Pt/C, RuO2 and Co9S8/NSPC9–45.
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Co9S8/SN supports (Co9S8/SN-C1 and Co9S8/SN-C2) are calculated to

further elucidate the reaction processes (Figure 4; Supplementary

Figure S39). All of the elementary reactions of ORR and OER are

exothermic/endothermic when the potential reaches − 0.131/0.930 V

vs normal hydrogen electrode, thus confirming the feasibility of the

OER and ORR reactions with Co9S8/SN supports as electrocatalysts.

Figure 4 Free energy diagram of the Co9S8/SN-C2 at different applied potentials and the corresponding reaction mechanism of OER and ORR.

Figure 5 (a) Charge and discharge polarization curves of Zn–air batteries with Pt/C, RuO2 and Co9S8/NSPC9–45 as air electrodes; (b) photograph of light-

emitting diode driven by the two Zn–air batteries pack with Co9S8/NSPC9–45 as air electrode; (c) charge and discharge cycling curves of Zn–air batteries

with Pt/C, RuO2 and Co9S8/NSPC9–45 as air electrodes.
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Moreover, the corresponding ORR and OER overpotentials for

Co9S8/SN-C2 are 0.586 and 0.475 V, respectively, with respect to the

equilibrium potential and are 0.586 and 0.827 V, respectively, for

Co9S8/SN-C1, thus demonstrating that Co9S8/SN-C2 is superior to

Co9S8/SN-C1 as a bifunctional catalyst and can improve the perfor-

mance of both ORR and OER. In addition, it is worth noting that a

slightly discrepancy will exist between the calculated and measured

results because several experimental effects (for example, pH, active

surface area and particle size) are difficult to consider in the

calculation.40

Performance of rechargeable Zn–air battery

Inspired by the superior electrochemical performances described

above and to evaluate the bifunctional catalytic performance in

practical devices, a rechargeable Zn–air battery with Co9S8/NSPC9–45

as the air electrode was further assembled. It is worth noting that the

battery is tested in ambient conditions using atmospheric air instead of

pure oxygen. To our surprise, such a battery shows the discharge and

charge voltage of 1.07 and 2.11 V at the current density of

50 mA cm− 2, similar to a discharge voltage of Pt/C (1.15 V) and a

charge voltage of RuO2 (2.05 V) at the same current density,

respectively (Figure 5a), thus demonstrating catalytic activities

comparable to those of the benchmark ORR and OER catalysts. More

importantly, it outperforms them with the charge voltage of Pt/C

(2.60 V) and discharge voltage of RuO2 (0.99 V). Only slight changes

in the voltages are observed after 100 charge and discharge cycles. In

contrast, the discharge voltage for RuO2 is markedly reduced after

10 cycles, and the charge voltages of Pt/C increase continually starting

at the beginning of the test, thus confirming the superior stability of

Co9S8/NSPC9–45 (Figure 5c). Moreover, two Zn–air batteries can

power a light-emitting diode and keep it shining for several weeks

(Figure 5b). Therefore, Co9S8/NSPC9–45 armed with superior

bifunctional catalytic activities and stabilities will be a competitive

bifunctional catalyst for practical applications.

CONCLUSION

In conclusion, we first developed a facile and efficient strategy for the

synthesis of Co9S8/NSPC as an efficient bifunctional catalyst for OER

and ORR. The in situ nucleation and growth of Co9S8 on NSPC

guarantee the highly desired intimate coupling of these materials,

strengthen the charge transfer and thus improve the catalytic

performance. Unexpectedly, the Co9S8/NSPC exhibits high dual

electrocatalytic activity, with a positive E1/2 and an n close to 4 for

ORR and a low OER overpotential, comparable to those of

commercial Pt/C and RuO2. More importantly, a low charge/discharge

overpotential of Zn–air batteries is obtained when Co9S8/NSPC is used

as the air electrode. In addition to its application as a powerful

bifunctional catalyst for regenerative fuel cells and metal–air batteries,

Co9S8/NSPC can be used in other fields, such as lithium–ion batteries

and supercapacitors.
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