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A B S T R A C T

The development of low-cost and highly efficient bifunctional electrocatalysts toward oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) is of critical importance for clean energy devices
such as fuel cells and metal-air batteries. Herein, a sophisticated nanostructure composed of CoS, Co and
MoC nanoparticles incorporated in N and S dual-doped porous carbon nanofibers (CoS/Co/MoC-N, S-
PCNFs) as a high-efficiency bifunctional electrocatalyst is designed and synthesized via an efficientmulti-
step strategy. The as-prepared CoS/Co/MoC-N, S-PCNFs exhibit a positive half-wave potential (E1/2) of
0.871 V for ORR and a low overpotential of 289mV at 10mA/cm2 for OER, outperforming the non-noble
metal-based catalysts reported. Furthermore, the assembled Zn-air battery based on CoS/Co/MoC-N, S-
PCNFs delivers an excellent power density (169.1mW/cm2), a large specific capacity (819.3mAh/g) and
robust durability, demonstrating the great potential of the as-developed bifunctional electrocatalyst in
practical applications. This work is expected to inspire the design of advanced bifunctional nonprecious
metal-based electrocatalysts for energy storage.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

With the energy crisis and environmental pollution question
gradually intensifies, the demand for clean energy has stimulated
great efforts to develop highly efficient storage and conversion
equipment [1–3]. Among various candidates, rechargeable Zn-air
batteries featuring low cost, environmental friendliness and
excellent theoretical energy density (1086 Wh/kg) characteristics
have been considered one of the most promising devices [4–6].
However, the rechargeable Zn-air batteries are still suffering from
unsatisfactory electrochemical performance, such as limited output
power density, large overpotential, and poor charge-discharge
stability, which are mainly impeded by the sluggish kinetics and
theelectrochemicalstabilityduringoxygenreductionreaction(ORR)
and oxygen evolution reaction (OER) processes [7–9].

Although the benchmark catalysts such as Pt, RuO2 and IrO2

have shown outstanding activities for ORR and OER, some critical
problems including the scarcity, high price and inferior durability

still restrict their widespread applications [10–13]. Besides, most
catalysts have been designed for a particular reaction so far [14–
16]. The preparation of two separate electrodes requires different
materials and complicated processes, thus increasing the prepara-
tion cost and the complexity of the equipment. In this regard,
combining these two catalytic functions into an integrated
electrode has practical appeal. The design of bifunctional catalysts
not only simplifies the structure of the unit, but also gives a unique
explanation of the interaction between active species and reaction
intermediates [17–19]. Hence, it is urgent but still a challenge to
realize multiple active sites in one system, and explore high
performance and practical non-noble metal bifunctional electro-
catalysts toward both ORR and OER.

Metal-organic frameworks (MOFs) assembled from transition
metal sources and organic ligands, offer a rich platform for
functionally tailoring nanoporous transition metal/heteroatom-
doped carbonmaterials. The obtainedmaterials often possess high
surface areas, large porosities and abundant active sites, thereby
showing excellent electrocatalytic activities [20–23]. Moreover,
the MOF-derived materials can be designed in different ways by
combing metallic species toward bifunctional or multifunctional
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applications. While for the sake of improving the stability of MOF-
derived catalysts, the researchers have proposed a method of
encapsulate transition metal nanoparticles in porous carbon shell
for electrocatalysis [24]. It is worth noting that 1D carbonmaterials
type, such as carbon nanofibers and carbon nanotubes, possess
high electric conductivity, long electron channels and high aspect
ratios, which can provide easy channels for O2 diffusion and
contribute to exposure more active reaction sites [25–27].
Furthermore, the introducing of heteroatoms into carbon nano-
fibers not only improves their electrical conductivity, but also
povides additional active sites for ORR and OER [28–30]. The
electronic properties of metal core and carbon shell can also be
efficiently tuned with the introduction of heteroatoms to improve
the electrocatalytic performance. For instance, Xia et al. presented
the tin disulfide (SnS2) inserteded in nitrogen and sulfur co-doped
carbon (SnS2/NSDC) exhibited excellent electrochemical proper-
ties [31]. Electrospinning is a simple method to synthesis uniform
fiberswith large specific surface area and superior stability [32,33],
which provides an efficient method to synthesis of advanced
MOFs-derived metal nanoparticles incorporated in heteroatom-
doped carbon nanofibers catalysts toward ORR and OER.

Inspired by the foregoing, we designed an efficient and stable
bifunctional CoS, Co and MoC nanoparticles incorporated in the N,
S dual-doped porous carbon nanofibers (CoS/Co/MoC-N, S-PCNFs)
catalyst by a multi-step approach. In this feasible design, cobalt-
based zeolitic imidazolate framework encapsulated in polyacrylo-
nitrile nanofibers (ZIF-67@PAN NFs) were first prepared by
electrospinning ZIF-67 into 1D nanofibers, which could protect
the metal from agglomeration at high temperature. The obtained
product was subsequently etched with (NH4)2MoS4 to produce a
porous structure and introduce Mo and S sources, and finally
pyrolyzed at high temperature under N2 atmosphere to obtain CoS/
Co/MoC-N, S-PCNFs. Benefiting from the purposely designed 1 D
nanofiber morphology, high surface area, nanoparticles incorpo-
rated in carbon nanofibers structure, and the integration of
multiple active sites including CoS, Co and MoC, the as-prepared
CoS/Co/MoC-N, S-PCNFs catalyst, ORR showed a positive half-wave
potential (E1/2 = 0.871 V) and OER showed a low overpotential
(289mV) at 10mA/cm2, outperforming the most repored non-
noble metal-based component catalysts. Specifically, CoS/Co/MoC-
N, S-PCNFs also showed a low voltage gap (Ej = 10 (OER) -
E1/2 (ORR) = 0.648 V), which endows Zn-air batteries with excellent
performance. A high-power density (169.1mW/cm2), a large
specific capacity (819.3mAh/g), a remarkable energy density
(1008.1Wh/kg) and superior cycling durability were achievedwith
the as-assembled rechargeable Zn-air battery based on CoS/Co/
MoC-N, S-PCNFs, which provided a further evidence of the
feasibility and advantages of the bi-functional electrocatalyst for
energy storage. Efficient CoS/Co/MoC-N, S-PCNFs bifunctional
oxygen electrocatalyst was designed and synthesized via a facile
multi-step strategy.

Synthesis of ZIF-67: 0.87 g of Co(NO3)2�6H2O and 1.97 g of 2-
methylimidazole (2-MIM) were sonicated in 70mL of methanol to
obtain solution A and B, respectively. Then solution A was poured
into solution B for 5min under stirring. The mixed solution was
aged at atmospheric room temperature for 1 h. The product was
obtained collected by centrifugation and washed with methanol
and ethanol in turn.

Synthesis of ZIF-67@PAN NFs: 0.25 g of ZIF-67 was dispersed
into 4.5mL of N,N-dimethylformamide (DMF) under ultrasonic for
1 h, followed by the addition of 0.5 g of polyacrylonitrile (PAN) (Mw

= 150,000 g/mol) under vigorous stirring at ambient temperature
for 10 h to form a homogeneous solution. Then, the homogeneous
solution was transferred into a plastic syringe with a 21-gauge tip
stainless-steel needle that was connected to a high voltage of
13 kV. The ZIF-67@PAN NFs ejected from the needle were collected

with aluminum foil (30� 20 cm2) and dried at 80 �C for 12 h in a
vacuum oven.

Synthesis of CoS/Co/MoC-N, S-PCNFs: First, 5mL of aqueous
solution containing 20mg of (NH4)2MoS4 was uniformly mixed
with 20mL of methanol. Subsequently, 160mg of ZIF-67@PAN NFs
was added into the above solution. After stirring for 1 h, the
obtained product was washed with ethanol several times and then
dried in oven at 60 �C. Finally, the as-obtained product was
annealed at 800 �C under N2 atmosphere for 2 hwith a ramp rate of
5 �C/min. Then the tube furnace was naturally cooled to ambient
temperature, the resulting black powder was obtained and named
CoS/Co/MoC-N, S-PCNFs-20. CoS/Co/MoC-N, S-PCNFs-10 and CoS/
Co/MoC-N, S-PCNFs-40 were obtained with the same procedure to
that of CoS/Co/MoC-N, S-PCNFs-20, but ZIF-67@PAN NFs were
etched with the solutions containing 10mg and 40mg of
(NH4)2MoS4, respectively.

Synthesis of Co-N-PCNFs: Co nanoparticles incorporated in N-
doped porous carbon nanofibers (Co-N-PCNFs) were obtainedwith
the same procedure to that of CoS/Co/MoC-N, S-PCNFs-20, but ZIF-
67@PAN NFs were not etched with (NH4)2MoS4.

The detailed procedure of materials characterization, electro-
chemical measurements and the assembly process of Zn-air
battery can be seen in the Supporting information.

The synthetic process of the CoS/Co/MoC-N, S-PCNFs sample
involves four steps, as illustrated in Fig. 1a. SEM image shows that
the synthesis starts from the organometallic reaction of Co2+ and 2-
MIM to form ZIF-67 which exhibits a polyhedron morphology
(Fig.1b). Subsequently, the as-prepared ZIF-67was encapsulated in
PAN nanofibers by electrospinning method to form ZIF-67@PAN
NFs. Fig.1c shows the 1D fiber structure of ZIF-67@PANNFswith an
average diameter of 1mm and a rough surface. The X-ray

[(Fig._1)TD$FIG]

Fig. 1. (a) Schematic illustration of the preparation of the CoS/Co/MoC-N, S-PCNFs.
SEM images of the as-prepared (b) ZIF-67, (c) ZIF-67@PAN NFs, (d) ZIF-67@PAN NFs
after etching with 20mg (NH4)2MoS4, and (e) CoS/Co/MoC-N, S-PCNFs-20.
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diffraction (XRD) pattern of ZIF-67@PAN NFs matches well with
the characteristic peaks of ZIF-67 (Fig. S1 in Supporting informa-
tion), demonstrating ZIF-67 were entirely embedded in PAN
nanofibers [34,35]. Then the as-prepared ZIF-67@PAN NFs were
immersed in (NH4)2MoS4 solution for further ion etching
treatment. The possible mechanism is that MoS42� penetrates
through the fiber to combine with Co2+ ions that released from the
ZIF to form Co-MoS4 [36]. The surface of these fibers after etching
becomes porous, as displayed in Fig. 1d. After subjection to high
temperature under N2 atmosphere, the 1D nanofibers shape is
preserved, whereas the surface of CoS/Co/MoC-N, S-PCNFs
becomes rougher and the average diameter of the carbon fiber
is reduced to about 900 nm, whichmay be caused by the shrinkage
of the polymer during carbonization (Fig. 1e). To explore the effect
of (NH4)2MoS4, the as-prepared ZIF-67@PAN NFs were etched with
0, 10, 20 and 40mg of (NH4)2MoS4 to prepare Co-N-PCNFs and
different CoS/Co/MoC-N, S-PCNFs samples (CoS/Co/MoC-N, S-
PCNFs-10, CoS/Co/MoC-N, S-PCNFs-20, CoS/Co/MoC-N, S-PCNFs-
40), respectively. The samples all maintain the 1D nanofiber
structure (Figs. S2 and S3 in Supporting information). The energy
dispersive X-ray spectroscopy (EDX) spectra (Fig. S4 in Supporting
information) confirms that Mo and S are not existed in Co-N-
PCNFs. In addition, the percent contents of Mo and S in CoS/Co/
MoC-N, S-PCNFs increase with the addition amount of
(NH4)2MoS4. The Co/Mo atomic ratio is about 9.5 for CoS/Co/
MoC- N, S-PCNFs-20.

Transmission electronmicroscopy (TEM) was further employed
to investigate the microstructure of the as-obtained CoS/Co/MoC-
N, S-PCNFs catalyst. Fig. 2a clearly shows that numerous small
nanoparticles are uniformly incorporated in nanofibers. The high-
resolution TEM (HRTEM) image in Fig. 2b shows lattice fringe of
0.21 nm corresponding to the (111) plane of Co, and lattice spacings
of 0.19 nm and 0.12 nm are assigned to CoS (102) and MoC (200),
respectively. The existence of Co, CoS and MoC is further proved in
the selected area electron diffraction (SAED) (Fig. 2c). Moreover,
the TEM elemental mapping represented a homodisperse of Co,
Mo, S, N and C throughout thewhole carbon nanofibers (Figs. 2d-i).

The XRD patterns of the Co-N-PCNFs, CoS/Co/MoC-N, S-PCNFs-
10, CoS/Co/MoC-N, S-PCNFs-20 and CoS/Co/MoC-N, S-PCNFs-40
are shown in Fig. 3a and Fig. S5 (Supporting information).
Diffraction peaks at 44.0�, 51.7� and 76.0� are assigned to Co
(JCPDS No. 15-0806) and the peak at around 25� could be indexed
to (002) plane of graphitic carbon [37]. Besides, those peaks
located at 32.2�, 35.8�, 48.8�, 64.3� and 78.5� are ascribed to MoC
(JCPDS No.45–1015) and the peak intensity of MoC increases with
the amount of (NH4)2MoS4 [38]. The disappearance of the
characteristic peaks for CoS may be attributed to its low

crystallinity. Further to identify the existence of CoS, Raman
spectra dates were collected. The peaks at 187, 472, 513 and
676 cm�1 for the CoS/Co/MoC-N, S-PCNFs samples belong to the Ag,
Eg, F2g and A1g peaks of CoS, respectively (Fig. 3b and Fig. S6 in
Supporting information), whereas these peaks are not found in the
Raman spectrum of the Co-N-PCNFs [39,40]. The characteristic
peaks around 1350 and 1580 cm�1 originate from D and G band,
respectively, and the ID/IG ratio of CoS/Co/MoC-N, S-PCNFs-20 is
1.04, which is higher than Co-N-PCNFs (0.93), implying more
structural defects. Moreover, as the amount of (NH4)2MoS4
increases, the ID/IG value of the sample increases, indicating an
enhanced defect degree.

To gain further investigate the chemical composition of the as-
prepared catalysts, X-ray photoelectron spectroscopy (XPS) was
conducted. Fig. 3c shows the co-existence of Co, Mo, S, N, C and O
elements in CoS/Co/MoC-N, S-PCNFs-20, whereas Co-N-PCNFs
only contain Co, N, C and O elements (Fig. S7a and Table S1 in
Supporting information). The Co 2p spectra of CoS/Co/MoC-N, S-
PCNFs-20 shows the main peaks of metallic Co (778.5 and
793.4 eV), Co-S (778.9 and 794.5 eV), Co 2p1/2 (781.3 eV) and Co
2p3/2 (797.3 eV)with a pair of satellites peaks at 785.5 and 802.5 eV
(Fig. 3d), while the peaks for Co-S are not found in the Co 2p XPS
spectrum of Co-N-PCNFs (Fig. S7b in Supporting information) [41–
45]. The two peaks centered at 228.8 and 232.2 eV in theMo 3dXPS
spectrum are assigned to Mo4+ and the peak at 235.4 eV
corresponds to Mo6+ (Fig. 3e) [46,47]. The surface oxidation of
molybdenum carbide nanoparticles in air may be the cause of
high-valence Mo [48]. The S 2p1/2 and S 2p3/2 peaks for CoS/Co/
MoC-N, S-PCNFs-20 located at 163.4 and 162.1 eV correspond to
S2� (Fig. 3f). Moreover, the peak at 164.4 eV is assigned to C��S��C
bond [49–51]. The N 1s spectra can be deconvoluted to five peaks,
corresponding to theMo 3p (395.0 eV) and four different types of N
species including pyridinic N (398.3 eV), Co-N (399.4 eV), pyrrolic
N (400.1 eV), and graphitic N (401.5 eV) (Fig. 3g and Fig. S7c in
Supporting information) [52–54]. The atomic percentages of
different N types be provided in Table S2 (Supporting information).
The C 1s XPS spectrum provides evidence that S and N are indeed
doped into the carbonmatrix of CoS/Co/MoC-N, S-PCNFs-20 is also
proved by the C 1s XPS spectrum, while only N element is doped in
Co-N-PCNFs (Fig. 3h and Fig. S7d in Supporting information)
[55,56]. We can conclude from the above test results that CoS/Co/
MoC-N, S-PCNFs-20 contain CoS, Co, MoC and N, S dual-doped
porous carbon nanofibers, while metallic Co and N-doped porous
carbon nanofibers exist in Co-N-PCNFs.

Nitrogen adsorption-desorption experiment was further used
to explore the porous structure of CoS/Co/MoC-N, S-PCNFs-20 and
Co-N-PCNFs. The two catalysts exhibit the typical type IV profiles
with distinct hysteresis loops (Fig. 3i), indicating the existence of
abundant micropores and mesopores [57]. The pore size distribu-
tion curves in Fig. S8 (Supporting information) also confirm that
the samples possess a hierarchical pore structure containing
micro- and mesopores, which are in accordance with the results
obtained from SEM images. Besides, the specific surface area of
CoS/Co/MoC-N, S-PCNFs-20 is 312m2/g which is higher than
149m2/g for Co-N-PCNFs. The hierarchical pore structure con-
taining micro- and mesopores, and high specific surface area of
CoS/Co/MoC-N, S-PCNFs-20 are beneficial to the exposure of active
sites and the fast ion transfer, thus facilitating the electrochemical
reactions.

The ORR performance of the as-prepared catalysts was further
investigated in 0.1mol/L KOH solution. The cyclic voltammetry
(CV) curves of CoS/Co/MoC-N, S-PCNFs-20 in the O2 and N2-
saturated electrolyte were compared in Fig. S9 (Supporting
information). A significant cathodic peak at 0.81 V is found in
O2-saturated electrolyte, manifesting the ORR activity of CoS/Co/
MoC-N, S-PCNFs-20. The ORR activity of the as-prepared catalysts

[(Fig._2)TD$FIG]

Fig. 2. (a) TEM image, (b) HRTEM image, (c) SAEDpattern and (d) STEM image of the
as-prepared CoS/Co/MoC-N, S-PCNFs-20. (e-i) Corresponding elemental mapping.
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was then evaluated by linear sweep voltammetry (LSV) on a
rotating disk electrode (RDE) at a rotation rate of 1600 rpm. As
shown in Fig. 4a, CoS/Co/MoC-N, S-PCNFs-20 exhibit the best ORR
activity with an onset potential (E0) of 0.951 V and E1/2 of 0.871 V,
which are higher than those of Co-N-PCNFs (E0 = 0.949 V,
E1/2 = 0.856 V) and Pt/C (E0 = 0.940 V, E1/2 = 0.840 V). Besides, the
E0 and E1/2 of CoS/Co/MoC-N, S-PCNFs-20 is comparable to the
other CoS/Co/MoC-N, S-PCNFs catalysts (Fig. S10a in Supporting
information) and also surpasses most reported precious-metal-
free electrocatalysts (Table S3 in Supporting information).
Moreover, the Tafel slope of CoS/Co/MoC-N, S-PCNFs-20 was the
lowest (86.8mV/dec) among all the catalysts, signifying a more
favorable ORR kinetics (Fig. S10b and Fig. S11 in Supporting
information). The kinetic parameters for n are further analyzed by
the LSV curves at variable rotation rates (Fig. S12a in Supporting
information). The corresponding Koutecky-Levich (K–L) curves
show a good linearity with the growing potential and the
calculated electron transfer number (n) is 3.9 for CoS/Co/MoC-N,
S-PCNFs-20, indicating a four electron ORR progress (Fig. S12b in
Supporting information). The n value is also accessed by the
rotating ring disk electrode (RRDE) measurement. The yield of
H2O2 is less than 4% and the corresponding n is 3.98 which is in
accordance with the result of K–L plot, further verifying excellent
4e� pathway selectivity of CoS/Co/MoC-N, S-PCNFs-20 catalyst
(Fig. S13 in Supporting information). Besides catalytic activity, the
stability is a critical parameter for evaluating the practically of
catalysts. As presented in Fig. 4b, CoS/Co/MoC-N, S-PCNFs-20
preserves 93% of current density after a continuous operation for
36,000 s, while Pt/C suffers from a conspicuous degradation with

only 42% retention, indicating a better durability of CoS/Co/MoC-N,
S-PCNFs-20 over Pt/C catalyst.

Furthermore, the OER performance is further measured in
1.0mol/L KOH solution. CoS/Co/MoC-N, S-PCNFs-20 displays a
lower overpotential of 289mV, in comparison to the other samples
at a current density of 10mA/cm2 (Fig. 4c and Fig. S14a in
Supporting information). These values are comparable to the state-
of-the-art OER catalysts that have been reported (Table S4 in
Supporting information). Additionally, the outstanding Tafel slope
of CoS/Co/MoC-N, S-PCNFs-20 (117.9mV/dec) is compared with
other samples (Figs. S14b and S15 in Supporting information),
indicating profitably OER kinetics. The electrochemical impedance
spectroscopy (EIS) test result consists well with Tafel that the
charge transfer resistance (Rct) of CoS/Co/MoC-N, S-PCNFs-20 is
the smallest (Fig. S16 and Table S5 in Supporting information).
Moreover, as shown in Fig. S17 (Supporting information), CoS/Co/
MoC-N, S-PCNFs-20 also show excellent long-term operation
durability for 45 h. The polarization curves of the CoS/Co/MoC-N,
S-PCNFs-20 shows a negligible decrease after a long-term OER and
ORR stability test compared to its pristine counterpart (Fig. S18 in
Supporting information), indicating the good stability of CoS/Co/
MoC-N, S-PCNFs-20. To further prove the excellent bifunctional
activities of the catalyst, the overall activities of CoS/Co/MoC-N, S-
PCNFs-20 for OER and E1/2 for ORRwasmeasured byDE = Ej = 10 (OER)

� E1/2 (ORR). TheDE value obtained for the CoS/Co/MoC-N, S-PCNFs-
20 is 0.648 V, which is considerably smaller than the comparative
catalysts (Fig. S19a in Supporting information). Moreover, the
overvoltage gap of CoS/Co/MoC-N, S-PCNFs-20 is even lower than
those values of other reported excellent bifunctional catalysts

[(Fig._3)TD$FIG]

Fig. 3. (a) XRDpatterns and (b) Raman spectra of CoS/Co/MoC-N, S-PCNFs-20 and Co-N-PCNFs. (c) XPS survey spectrumof CoS/Co/MoC-N, S-PCNFs-20. High-resolution (d) Co
2p, (e)Mo 3d, (f) S 2p, (g) N 1s and (h) C 1s XPS spectra of the CoS/Co/MoC-N, S-PCNFS-20. (i) Nitrogen adsorption-desorption isotherm curves of the CoS/Co/MoC-N, S-PCNFs-
20 and Co-N-PCNFs.
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(Fig. S19b and Table S6 in Supporting information), demonstrating
the superiority of the bifunctional CoS/Co/MoC-N, S-PCNFs-20
catalyst. We can speculate that the better electrocatalytic activity
of CoS/Co/MoC-N, S-PCNFs-20 than that of Co-N-PCNFs may
because CoS, Co and MoC all play important roles on the final
bifunctional performance.

In order to investigate the active roles of CoS, Co and MoC as
well as their synergistic effect, Co and CoS species exposed in CoS/
Co/MoC-N, S-PCNFs-20 can be removed by HCl etching experi-
ment. The morphology and phase of the CoS/Co/MoC-N, S-PCNFs-
20 after acid etching have no obvious change, demonstrating a
good stability (Figs. S20 and S21 in Supporting information). The
intensity of diffraction peaks for metallic Co decreases significant-
ly, signifying a large amount of Co nanoparticles are removed. In
addition, the characteristic peaks of CoS also show similar trend in
the Raman spectrum of CoS/Co/MoC-N, S-PCNFs-20 after acid
etching, demonstrating CoS nanoparticles were removed a lot
(Fig. S22 in Supporting information). After acid etching, the ORR
and OER performance of CoS/Co/MoC-N, S-PCNFs-20 declines
obviously, indicating metallic Co and CoS are both beneficial for
ORR and OER (Fig. S23 in Supporting information). Electrochemical
surface area (ECSA) of the samples were then assessed by the
electrochemical double-layer capacitance (Cdl) to show the
inherent activity. The CV curves of CoS/Co/MoC-N, S-PCNFs and
Co-N-PCNFs samples at various scan rates of 10, 20, 40, 60, 80 and
100mV/s (Fig. S24 in Supporting information). As expected, CoS/
Co/MoC-N, S-PCNFs-20 has larger Cdl of 62.9mF/cm2 in compari-
son with Co-N-PCNFs (9.5mF/cm2), CoS/Co/MoC-N, S-PCNFs-10
(27.0mF/cm2) and CoS/Co/MoC-N, S-PCNFs-40 (36.4mF/cm2),

indicating the largest ECSA of CoS/Co/MoC-N, S-PCNFs-20 among
the four samples (Fig. S25 in Supporting information). The ECSA of
the CoS/Co/MoC-N, S-PCNFs-20 after acid etching and the
corresponding specific activities normalized by ECSA are presented
in Fig. S26 (Supporting information). The large ECSA of CoS/Co/
MoC-N, S-PCNFs-20 manifests that more available active sites can
be exposed to the electrolyte for accelerating the electrocatalytic
reaction. Thus, the superior bifunctional performance of CoS/Co/
MoC-N, S-PCNFs-20 toward ORR and OER should originate from
the multiple active species of CoS, Co andMoC, and the large ECSA,
which can provide plentiful active sites for electrocatalytic
reactions.

To demonstrate the practical potential of CoS/Co/MoC-N, S-
PCNFs-20 for Zn-air batteries, a liquid rechargeable Zn-air battery
is assembled. Fig. 4d shows the schematic diagram of the liquid
rechargeable Zn-air battery, which uses carbon fiber paper coated
with CoS/Co/MoC-N, S-PCNFs-20 as a cathode electrode, a Zn plate
as an anode, and 6mol/L KOH contains 0.2mol/L Zn(AC)2 as
electrolyte. The size of the Zn cathode was about 1.0 cm2. The Zn-
air cell based on CoS/Co/MoC-N, S-PCNFs-20 delivered the open-
circuit voltage of 1.45 V (Fig. S27 in Supporting information).
Besides, the voltage still remains stable at around 1.45 V after 10 h.
Fig. S28 (Supporting information) compares the charge-discharge
curves of the CoS/Co/MoC-N, S-PCNFs-20 and Pt/C-based air
electrodes. As presented in Fig. 4e, the power density of CoS/Co/
MoC-N, S-PCNFs-20 based Zn-air battery reaches 169.1mW/cm2,
comparable to Pt/C and other reported catalysts for Zn-air batteries
(Table S7 in Supporting information). Fig. S29 (Supporting
information) shows the stable galvanostatic discharge curves of

[(Fig._4)TD$FIG]

Fig. 4. The ORR and OER performance of the CoS/Co/MoC-N, S-PCNFs-20, Co-N-PCNFs and Pt/C or NF catalysts: (a) ORR LSV curves with a rotating speed of 1600 rpm. (b)
Chronoamperometric curves of the CoS/Co/MoC-N, S-PCNFs-20, comparedwith commercial Pt/C. (c) OER LSV curves,with iR corrected. (d) Schematic illustration of the liquid
rechargeable Zn-air battery configuration. (e) Discharge polarization curves and power density plots of the CoS/Co/MoC-N, S-PCNFs-20 and Pt/C catalysts. (f) Cycling stability
of CoS/Co/MoC-N, S-PCNFs-20 and Pt/C catalysts. (g) Open circuit plotwith an inset of a photograph of the solid Zn-air battery (h) Discharge polarization curves and the power
density plots of CoS/Co/MoC-N, S-PCNFs-20. (i) Galvanostatic cycling stability of CoS/Co/MoC-N, S-PCNFs-20 at a current density of 2mA/cm2.
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CoS/Co/MoC-N, S-PCNFs-20-based catalyst. The battery exhibits
large specific capacities of 819.3mAh/g and 785.1mAh/g at
discharging current density of 5mA/cm2 and 10mA/cm2 (normal-
ized by the total mass of consumed Zn), respectively, correspond-
ing to high energy densities of 1008.2 and 907.7Wh/kg.When CoS/
Co/MoC-N, S-PCNFs-20 cathode was discharged at 2, 5, 10, 20, 30
and 40mA/cm2, the stable voltage curves verify its outstanding
stability (Fig. S30 in Supporting information). In addition, the
voltage almost shows no drop during the 50 h charging-discharg-
ing test, whereas the Pt/C battery suffers a fast decline after 6 h
continuous operation, indicating the superior stability of CoS/Co/
MoC-N, S-PCNFs-20 (Fig. 4f).

Finally, all-solid-state Zn-air battery was packaged with
CoS/Co/MoC-N, S-PCNFs-20 (Fig. S31 in Supporting informa-
tion). As demonstrated in Figs. 4g and h, the CoS/Co/MoC-N, S-
PCNFs-20-based exhibit open circuit voltage of 1.38 V and power
density of 88.4 mW/cm2, which are outperforming than the
advanced carbon-based nanomaterials as the electrocatalysts
reported so far (Table S8 in Supporting information). As shown
in Fig. 4i, the charging and discharging voltages maintain stable
for 25 h at a constant current density of 2 mA/cm2 by
galvanostatic discharge-charges tests, demonstrating the robust
rechargeability of CoS/Co/MoC-N, S-PCNFs-20. Moreover, a red
light-emitting diodes (LED) screen can be lighteded by two
solid-state cells (Fig. S32 in Supporting information). These
results all confirmed the great potential of the bifunctional CoS/
Co/MoC-N, S-PCNFs-20 catalyst.

In summary, we have developed an efficient bifunctional CoS/
Co/MoC-N, S-PCNFs catalyst by a multi-step approach involving
polymerization, electrospinning, etching and high-temperature
calcination. Benefiting from the advantages of the purposely
designed 1D nanofiber morphology, high surface area, nano-
particles incorporated in carbon nanofiber structure, and the
integration of multiple active sites including CoS, Co and MoC, the
as-prepared CoS/Co/MoC-N, S-PCNFs catalyst demonstrates excel-
lent electrocatalytic performance toward the ORR and OER. High
values of E0 (0.951 V) and E1/2 (0.871 V) have been achieved, which
outperform those of commercial Pt/C catalyst. Moreover, a lower
DE value (0.648 V) of CoS/Co/MoC-N, S-PCNFs enables excellent
activities including a high-power density (169.1mW/cm2), a large
specific capacity (819.3mAh/g) and a remarkable energy density
(1008.1 Wh/kg). Also, the as-assembled rechargeable Zn-air
battery with CoS/Co/MoC-N, S-PCNFs displays superior cycling
stability than that based on Pt/C electrode. This work provides a
simple and feasible strategy for preparation of efficient non-noble
metal bifunctional electrocatalysts for energy storage.
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