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One of the primary roadblocks to widespread applications of rechargeable Zn-air batteries is the durability issue with oxygen
reduction and evolution processes (ORR/OER) bifunctional electrocatalysts. We herein report the construction of a self-
supported air cathode for Zn-air batteries made of S,N-codoped porous complex carbon nanostructures of Co/Co-Cu-S/carbon
nanoplate arrays and carbon nanofibers (denoted as Co/Co-Cu-S@SNPCP-CFs). The hierarchical heteroatom-doped meso-
porous carbon nanohybrids with multiple active species not only provide a high surface-to-volume ratio, exposing more catalytic
sites and accelerating the charge and mass transfer, but also boost the activity and durability. The Co/Co-Cu-S@SNPCP-CFs
catalyst reveals a small potential gap (ΔE=0.67 V) between the half-wave potential of ORR and OER potential at 10 mA cm−2,
demonstrating outstanding bifunctional performance. Furthermore, the rechargeable Zn-air battery made with the as-obtained
electrocatalyst exhibits a high-power density of 220 mW cm−2 and a long cycling time of over 800 h at 10 mA cm−2, and the
flexible solid-state rechargeable Zn-air battery based on Co/Co-Cu-S@SNPCP-CFs self-supporting air cathode also displays a
long duration time of over 60 h.
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1 Introduction

Rechargeable Zn-air batteries have been considered one of
the most promising energy storage systems for their high
theoretical energy density of 1086 W h kg−1, availability of

abundant raw materials, as well as high safety and low cost
[1–3]. In particular, they have been developed as flexible
power sources for wearable electronics, microcomputers,
and smartphones in recent years [4,5]. However, the practical
application of rechargeable Zn-air batteries encounters the
bottlenecks of a short lifetime, mainly originating from the
slow kinetics of oxygen reduction reaction (ORR) and oxy-
gen evolution reaction (OER) at cathode electrodes [6,7].
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Meanwhile, the inactive and polymeric binders as the “dead
mass” in the manufacture of catalytic electrodes further ex-
acerbate the lifetime problem [8,9]. Till now, air cathodes
derived from precious metals, such as platinum (Pt) and
ruthenium (Ru), have been systematically studied, which are
considered to be state-of-the-art electrocatalysts with high
ORR or OER activities. However, limitations of high-cost,
insufficient bifunctionality, and unsatisfactory stability hin-
der their commercial applications [10,11]. Therefore, it is of
significance to develop cost-effective self-supporting elec-
trodes for rechargeable Zn-air batteries which hold high-
activity and long-lasting bifunctional active sites.
To date, much research effort has been devoted to devel-

oping efficient bifunctional oxygen electrocatalysts by in-
tegrating multiple active components [12,13]. It has been
found that hybrid materials consisted of transition metal
chalcogenides and heteroatom-doped (such as N, S, P) car-
bon substrates exhibit excellent ORR and/or OER activities
[14,15]. Among them, transition metal sulfides possess a
high conductivity and intrinsic activity to facilitate the OER
process [16]. Meanwhile, inserting heteroatoms in carbon
materials boosts the delocalization of asymmetrical charges
for positively charging the adjacent carbon atoms, which
creates more highly effective active sites and promotes the
ORR process [17,18]. Thus, constructing hybrid electro-
catalysts from transition metal sulfides and carbon substrates
brings many intrinsic advantages, such as multiple active
sites, high electrical conductivities, and long-lifetime stabi-
lities, for practical applications [19–21]. The air electrode of
Zn-air batteries involves three-phase interface reaction and a
precise design of electrode structures is crucial for achieving
a high power-output and cycle-stability [22–24]. Specifi-
cally, fabricating porous hybrid nanostructures effectively
alleviates the issue of volume change during charging and
discharging processes to improve cycle stability [25].
Therefore, strategies of integrating active catalytic species
with well-defined porous carbon substrates are highly de-
sired to obtain self-supported air electrodes, which endows
Zn-air batteries with a high-efficiency and long-cycle-life.
Motivated by this, we herein have designed and fabricated

a bifunctional oxygen electrocatalyst as a self-supporting air
electrode for long-lasting Zn-air batteries. The electrode is
fabricated through combining S,N-codoped mesoporous
carbon nanostructures of Co/Co-Cu-S/carbon nanoplates and
carbon nanofibers (denoted as Co/Co-Cu-S@SNPCP-CFs).
In this design, CdS nanoparticles (NPs) as pore formers and
sulfur sources endow the resultant electrocatalysts with
multiple merits: (1) the pore formation increases specific
surface areas and pore volumes for facilitating mass trans-
port and exposes more catalytic sites; (2) metal sulfides and
S-doped porous carbon frameworks promote OER and ORR
kinetics; and (3) the synergistic coupling between active
metal-based sites and three-dimensional (3D) porous het-

eroatoms-doped carbon hybrid structures improves the sta-
bility of electrocatalysts. The resultant catalyst of Co/Co-Cu-
S@SNPCP-CFs exhibits a superior bifunctional catalytic
activity and robust stability for ORR and OER with a re-
versible oxygen overpotential of 0.67 V. The rechargeable
Zn-air battery using the Co/Co-Cu-S@SNPCP-CFs catalyst
as the air electrode demonstrates a high-power density of
220 mW cm−2 and superior cycle stability of over 800 h at
10 mA cm−2. Furthermore, the Co/Co-Cu-S@SNPCP-CFs
based freestanding flexible solid-state rechargeable Zn-air
battery delivers robust flexibility, high discharge power
density, and excellent cycle stability (> 60 h), indicating
promising potentials for practical applications.

2 Experimental

2.1 Synthesis procedures

2.1.1 Synthesis of CdS NPs
In a typical synthesis, 1.08 g of Cd(NO3)2·4H2O, 0.27 g of
thiourea, and 0.39 g of polyvinyl pyrrolidone (PVP) (K30)
were added to 35 mL of ethylene glycol by stirring for 1 h.
Then, the mixture solution was transferred into a 45 mL of
polytetrafluoroethylene (PTFE)-lined stainless-steel auto-
clave and maintained at 140°C for 4 h. After natural cooling,
the bright yellow CdS NPs were collected by centrifugation
and washed with distilled water, then dried at 80°C overnight
under vacuum.

2.1.2 Synthesis of CdS@PAN nanofibers
0.5 g of polyacrylonitrile (PAN) (Mw=150000) and 100 mg
of CdS NPs were dispersed in 5 mL of N,N-di-
methylformamide (DMF) by stirring for at least 8 h. Then,
the mixture solution was loaded into a 5 mL syringe with a
20-gauge tip needle. The high voltage, feeding rate, and
distance between the cathode and the anode were fixed at
13 kV, 0.05 mm min−1 and 15 cm, respectively, for the
electrospinning.

2.1.3 Synthesis of CdS@PAN@CoCu-ZIF nanofibers
0.582 g of Co(NO3)2·6H2O and 0.097 g of Cu(NO3)2·3H2O
were dissolved in 40 mL of distilled water with the molar
ratios of Co2+/Cu2+=5:1. Then, the above mixture was
quickly poured into 40 mL of distilled water containing
1.32 g of 2-methylimidazole (2-MIM). After being stirred for
1 min, 250 mg of CdS@PAN nanofibers was immersed into
the formed purple solution and aged for 2 h at room tem-
perature. The CdS@PAN@CoCu-ZIF nanofibers were har-
vested after being rinsed with ethanol several times and dried
at 60°C for 3 h in a vacuum oven.

2.1.4 Synthesis of Co/Co-Cu-S@SNPCP-CFs
The obtained CdS@PAN@CoCu-ZIF nanofibers were
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placed into a porcelain boat and calcined at 800°C with a
heating rate of 2°C min−1 under N2 atmosphere for 2 h to
obtain the final product.

2.1.5 Synthesis of Co/CoS2@SNPCP-CFs, CuS@SNPCP-
CFs, and Co/Cu@NPCP-CFs
The control samples of Co/CoS2@SNPCP-CFs,
CuS@SNPCP-CFs, and Co/Cu@NPCP-CFs catalysts were
synthesized similarly to the process of Co/Co-Cu-S
@SNPCP-CFs, but without adding Cu(NO3)2·3H2O,
Co(NO3)2·6H2O, and CdS NPs, respectively.

2.2 Materials characterizations

X-ray diffraction (XRD) analyses of samples were obtained
by on a Bruker D8 Advance diffractometer with Cu Kα ra-
diation. Scanning electron microscopy (SEM) images were
performed on Hitachi S-4800 scanning electron micro-
analyzer with an acceleration voltage of 15 kV. Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) and elemental mappings were carried out on a
JEM-2100F field emission TEM at 200 kV. X-ray photo-
electron spectroscopy (XPS) was determined on an ESCA-
Lab MKII X-ray photoelectron spectrometer with Mg Kα X-
ray as the excitation source. Nitrogen adsorption-desorption
isotherms were obtained at 77 K with Micrometrics ASAP
2020. Raman spectra were recorded on a Renishaw in Via-
Refles with 532 nm laser excitation.
The detailed process of electrochemical measurements and

the assembly procedure of Zn-air batteries are supplied in the
Supporting Information.

3 Results and discussion

The synthetic scheme of the Co/Co-Cu-S@SNPCP-CFs
catalyst is illustrated in Figure 1. First, CdS NPs with an

average diameter about 100 nm were prepared by a facile
solvothermal method (Figure S1). Afterward, CdS@PAN
nanofibers were obtained by an electrospinning technique:
CdS NPs and PAN are dispersed in DMF as the working
liquid for electrospinning (Figure S2). Subsequently, uni-
form triangle plates of Co,Cu-zeolitic imidazolate frame-
work (CoCu-ZIF) grew on the surfaces of CdS@PAN
nanofibers by introducing Co(NO3)2·6H2O, Cu(NO3)2·3H2O,
and 2-MIM at room temperature (Figure S3). After a pyr-
olysis process under a N2 atmosphere, the CdS@PAN@
CoCu-ZIF nanofibers were converted into Co/Co-Cu-S
@SNPCP-CFs. During the pyrolysis process, the organic
ligand in the CoCu-ZIF was converted into N-doped carbon,
and the metal ions (Cu2+ and Co2+) were reduced to metallic
Cu and Co [26]. Then, CdS NPs were reduced to metallic Cd
and evaporated; free S atoms were released to interact with
surrounding N-doped carbon, Co and Cu to form Co-Cu-S
and N,S co-doped carbon [27,28]. Meanwhile, the porous N,
S dual-doped carbon nanofibers were obtained by the car-
bonization of CdS@PAN. The Co/Co-Cu-S@SNPCP-CFs
shows great flexibility and can be directly used as air elec-
trodes for flexible Zn-air batteries (Figure S4). The crystal-
line structures of the as-prepared Co/Co-Cu-S@SNPCP-CFs
are at first characterized with XRD. As displayed in Figure
S5, the XRD pattern of the Co/Co-Cu-S@SNPCP-CFs cat-
alyst is well indexed to the characteristic diffractions of Co
(JCPDS No. 15-0806), Co9S8 (JCPDS No. 19-0364), Cu1.96S
(JCPDS No. 12-0174), and CuCo2S4 (JCPDS No. 42-1450).
Such metal-sulfide peaks are not observed in the control
catalyst of Co/Cu@NPCP-CFs (Figure S6). The energy-
dispersive spectrum (EDS) reveals that the Co/Co-Cu-S
@SNPCP-CFs contains Co, Cu, S, N, and C elements
(Figure S7).
As revealed by SEM images presented in Figure 2(a), the

as-prepared Co/Co-Cu-S@SNPCP-CFs are made up of
uniform fibers with about several hundred micrometers in
length. The result in Figure 2(b) indicates that the carbon

Figure 1 (Color online) Schematic diagram of the Co/Co-Cu-S@SNPCP-CFs synthesis process.
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nanofibers are uniformly covered with carbon nanoplates
derived from ZIF-L, with the shape well retained. As illu-
strated in Figure S8, similar structures can also be seen in the
control materials of the as-obtained Co/Cu@NPCP-CFs and
Co/CoS2@SNPCP-CFs. the hierarchical porous architecture
of the Co/Co-Cu-S@SNPCP-CFs sample is further revealed
by TEM image (Figure 2(c)). The interior diameter of the
hierarchical structure is about 500 nm, while the exterior
layer is mainly constructed with interconnected carbon na-
noplates. The HRTEM image of carbon nanoplate shows the
lattice fringes with spacings of 0.18, 0.20, and 0.29 nm,
which correspond to the plane distances of Co (200), Cu1.96S
(220), and Co9S8 (311) planes, respectively (Figure 2(d)).
Meanwhile, the interplanar spacing of 0.24 nm can be in-
dexed to the (004) planes of CuCo2S4. Scanning transmission
electron microscopy (STEM) image (Figure 2(e)) and ele-
mental mapping images (Figure 2(f)) show homogeneous
distribution of Co, Cu, S, N, and C elements throughout the
whole structure.
N2 adsorption-desorption isotherms and the pore size dis-

tribution measurements of the Co/Co-Cu-S@SNPCP-CFs
are analyzed. As shown in Figure 3(a), N2 sorption isotherms
show a type-IV isotherm curve with an evident hysteresis
loop, indicating the obvious mesoporous structure [29].

Furthermore, the Co/Co-Cu-S@SNPCP-CFs catalyst ex-
hibits the Brunaner-Emmett-Teller (BET) specific surface
areas of 332.9 m3 g−1, which is greater than those of other
control catalysts (Table S1). Furthermore, the Co/Co-Cu-
S@SNPCP-CFs possesses the largest pore volumes, reveal-
ing the critical involvement of CdS for the formation of
porous structure (Figure S9), which is beneficial to the rapid
mass transport during the electrochemical process [30,31].
The structural features of carbon in the Co/Co-Cu-
S@SNPCP-CFs catalyst are further characterized with the
technique of Raman scattering spectroscopy. Two peaks lo-
cated at 1335 and 1590 cm−1 can be attributed to vibrations
relating to defective carbon (D band) and the sp2-graphitic
carbon (G band), and their intensity ratio (value of ID/IG)
provides a significant indicator of the graphitization degree
of materials [32,33]. The Co/Co-Cu-S@SNPCP-CFs catalyst
has an ID/IG value of 0.89 (Figure 3(b)), suggesting a high
degree of graphitization of the carbon material, which can
facilitate electron transfer during the reaction process for
high conductivity [34,35].
To better understand the chemical states of the Co/Co-Cu-

S@SNPCP-CFs sample, XPS measurements were per-
formed. The survey spectrum (Figure S10) shows that Co,
Cu, S, and N elements are existence on the surface of Co/Co-

Figure 2 (Color online) (a) and (b) SEM images of the Co/Co-Cu-S@SNPCP-CFs sample; (c) TEM image and (d) HRTEM image of the Co/Co-Cu-
S@SNPCP-CFs sample; (e) STEM image and (f) EDS elemental mapping images for Cu, Co, N, S, and C elements of the Co/Co-Cu-S@SNPCP-CFs.
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Cu-S@SNPCP-CFs catalyst. Quantitative analysis (Table
S2) reveals that the corresponding atomic percentages for
Co, Cu, S, and N are 4.4%, 0.8%, 1.2%, and 6.9%, respec-
tively. The high-resolution C 1s spectra (Figure S11) for Co/
Co-Cu-S@SNPCP-CFs can be fitted into five peaks, corre-
sponding to the C–C (284.8 eV), C–S (285.9 eV), C–N/C–O
(286.8 eV), C=O (287.9 eV), and π-π* (291.6 eV), respec-
tively [36]. Furthermore, the high-resolution S 2p spectra in
Figure 3(c) and Figure S12 show the peaks of C–S–C located
at 165.5 eV [37,38]. The presence of C–S and C–N bonds
demonstrates that the S and N atoms are successfully doped
in the skeleton of carbon of Co/Co-Cu-S@SNPCP-CFs
product, which can enhance ORR performance by generating
an asymmetrical spin/charge density [39]. Additionally, two
peaks centered at 162.3 and 164.0 eV are assigned to the
S 2p3/2 and S 2p1/2 states of the S

2− species bonded to tran-
sition metal atoms (Co/Cu), and the peak at 168.3 eV is
contributed to S–O bond [40]. As displayed in Figure 3(d),
the high-resolution spectra for Co 2p can be deconvoluted
into three spin-orbit doublets corresponded to the Co 2p3/2
and Co 2p1/2 orbitals of metallic Co (779.0 and 793.7 eV),
Co3+ (780.2 and 794.9 eV), and Co2+ (782.0 and 796.8 eV),
while the peaks at 786.4 and 802.7 eV are two shake-up
satellites [41–43]. The Cu 2p spectrum (Figure 3(e)) shows
two main peaks, corresponding to Cu 2p3/2 (933.2 and
935.2 eV) and Cu 2p1/2 (952.9 and 954.9 eV), respectively,
confirming the co-existence of Cu+ and Cu2+ in the sample

[44,45]. In comparison, the XPS Cu 2p spectrum of Co/
Cu@NPCP-CFs confirms the main presence of metallic Cu
and Cu+ (Figure S13) [46]. The high-resolution N 1s spec-
trum (Figure 3(f)) reveals five signals from pyridinic N
(398.7 eV), M-Nx (399.6 eV), pyrrolic N (400.9 eV), gra-
phitic N (402.1 eV), and oxidized N (404.8 eV) species [47–
49]. It has been reported that the concentration and config-
uration of N species in carbonaceous catalysts play an im-
portant role in ORR process [50]. In particular, pyridinic-N
can improve the ORR performance by modulating the elec-
tronic on adjacent carbon atoms and supplying active sites
[51,52]. The percentage of pyridinic-N in the Co/Co-Cu-
S@SNPCP-CFs catalyst increases by ∼80% and ∼32%
compared with those of the Co/CoS2@SNPCP-CFs and Co/
Cu@NPCP-CFs samples (Figure S14 and Table S3), re-
spectively, implying that pyridinic-N species might bond to
Cu atoms directly in Co/Co-Cu-S@SNPCP-CFs [53,54].
The bifunctional electrocatalytic performances of the Co/

Co-Cu-S@SNPCP-CFs catalyst were tested on a standard
three-electrode system. The cyclic voltammograms (CVs) of
the Co/Co-Cu-S@SNPCP-CFs catalyst were measured in
0.10 mol L−1 KOH (Figure S15). A clear oxygen reduction
peak appears in the O2-saturated electrolyte comparing with
the N2-saturated electrolyte, which confirms high ORR ac-
tivity. For comparison, the catalytic activities of the Co/Co-
Cu-S@SNPCP-CFs, control samples, and noble-metal cata-
lysts (commercial Pt/C and RuO2) are evaluated. The linear

Figure 3 (Color online) (a) N2 sorption isotherms of the Co/Co-Cu-S@SNPCP-CFs, Co/Cu@NPCP-CFs, Co/CoS2@SNPCP-CFs, and CuS@SNPCP-CFs
samples; (b) Raman spectra of the Co/Co-Cu-S@SNPCP-CFs, Co/CoS2@SNPCP-CFs, and Co/Cu@NPCP-CFs samples; (c) high-resolution S 2p XPS
spectrum of the Co/Co-Cu-S@SNPCP-CFs; (d) high-resolution Co 2p XPS spectra for the Co/Co-Cu-S@SNPCP-CFs and Co/Cu@NPCP-CFs; (e) and (f) Cu
2p and N 1s XPS spectra of the Co/Co-Cu-S@SNPCP-CFs.
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sweep voltammetry (LSV) curves exhibit that the Co/Co-Cu-
S@SNPCP-CFs sample has the highest onset potential of
0.94 V, an ORR half-wave potential (E1/2) of 0.87 V and a
diffusion-limited current density of 5.2 mA cm−2 (Figure 4
(a)), which is much higher than those of Co/Cu@NPCP-CFs
(E1/2=0.83 V), Co/CoS2@SNPCP-CFs (E1/2=0.81 V), Pt/C
(E1/2=0.85 V), as well as those recently reported transition
metal-based materials (Table S4). The ORR performance of
the catalyst with only Cu active sites (denoted as
CuS@SNPCP-CFs) is significantly lower (Figure S16),
showing that the Co centers are the primary active sites.
Figure 4(b) shows the Tafel slope for Co/Co-Cu-S@SNPCP-
CFs catalyst is 65 mV dec−1, which is lower than that of Pt/C
(70 mV dec−1), implying fast ORR kinetics. The ORR me-
chanism of the Co/Co-Cu-S@SNPCP-CFs catalyst was
further analyzed with rotating disk measurements (Figure
S17). The resulting Koutecky-Levich (K-L) plots for Co/Co-

Cu-S@SNPCP-CFs catalyst show good linear relationships
at various potentials, suggesting typical first-order reaction
kinetics [55]. In addition, the direct four-electron pathway is
confirmed by the rotating ring-disk electrode (RRDE) test
(Figure S18), which shows that the electron transfer number
(n) of Co/Co-Cu-S@SNPCP-CFs is around 4.0, and the
H2O2 yield remains below 6% at the potential range of
0.3–0.8 V. As shown in Figure 4(c), Co/Co-Cu-S@SNPCP-
CFs catalyst exhibits impressive durability with 92% current
retention after operating 10 h of constant voltage at 0.6 V.
Moreover, almost negligible loss in E1/2 and current density
is found after the ORR process. The above results demon-
strate the better quality of the Co/Co-Cu-S@SNPCP-CFs as
ORR electrocatalysts.
Subsequently, the OER performances of various samples

were explored in 1.0 mol L−1 KOH electrolyte. The polar-
ization curve (Figure 4(d)) of Co/Co-Cu-S@SNPCP-CFs

Figure 4 (Color online) (a) ORR polarization curves and (b) Tafel plots of the Co/Co-Cu-S@SNPCP-CFs, Co/CoS2@SNPCP-CFs, Co/Cu@NPCP-CFs,
and Pt/C in 0.10 mol L−1 KOH solution at a rotating speed of 1600 r min−1; (c) chronoamperometric curves and polarization curves before and after ORR
process of the Co/Co-Cu-S@SNPCP-CFs catalyst; (d) OER polarization curves and (e) Tafel plots of the as-synthesized catalysts and RuO2 in 1.0 mol L

−1

KOH solution; (f) OER stability test of the Co/Co-Cu-S@SNPCP-CFs catalyst at constant current densities of 30 mA cm−2 and polarization curves before and
after 1000 cycles; (g) the overall LSV curves of OER and ORR activities for all catalysts; (h) comparison of the potential gap (ΔE) values of Co/Co-Cu-
S@SNPCP-CFs with recently reported bifunctional electrocatalysts.
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displays a low overpotential of 310 mV to reach current
density of 10 mA cm−2, which is significantly better than
those of Co/Cu@NPCP-CFs, Co/CoS2@SNPCP-CFs, and
comparable to that of RuO2 catalyst. The outstanding OER
kinetics of Co/Co-Cu-S@SNPCP-CFs was depicted by the
small Tafel slope of 74 mV dec−1 (Figure 4(e)). Furthermore,
the electrochemically active surface area (ECSA) tests were
measured to determine the intrinsic OER activity based on
the double-layer capacitance (Cdl) (Figure S19). The Cdl of
Co/Co-Cu-S@SNPCP-CFs sample (28.7 mF cm−2) is higher
than that of Co/CoS2@SNPCP-CFs (16.1 mF cm−2) and Co/
Cu@NPCP-CFs (6.19 mF cm−2), indicating higher activity.
The electrochemical impedance spectroscopy (EIS) curves
of all samples (Figure S20 and Table S5) were fitted by using
a typical equivalent electrical circuit. The charge-transfer
resistance (Rct) of the as-obtained Co/Co-Cu-S@SNPCP-
CFs catalyst is determined as 0.64 Ω, which is obviously
lower than that of Co/CoS2@SNPCP-CFs (5.25 Ω) and Co/
Cu@NPCP-CFs (1.11 Ω). The lowest Rct on the Co/Co-Cu-
S@SNPCP-CFs can be attributed to the strong electron
coupling between the abundant Co/Co-Cu-S and S,N co-
doped carbon nanoplates, indicating the enhanced OER and
ORR catalytic kinetic and activity. Meanwhile, the Co/Co-
Cu-S@SNPCP-CFs catalyst exhibits excellent stability for
OER test in alkaline solution (Figure 4(f)). The effects of
various Co/Cu ratios on activity are also investigated, which
can be easily adjusted by changing the mass of Co(NO3)2·
6H2O and Cu(NO3)2·3H2O (Figure S21). Compared with
other materials, the catalyst with the Co/Cu ratio of 5:1 had
the best ORR and OER performances. In addition, the pyr-
olysis temperature has a significant impact on electro-
chemical performance. Thus, Co/Co-Cu-S@SNPCP-CFs
prepared at different pyrolysis temperatures from 700 to
900°C were employed to characterize electrocatalytic ac-
tivity. As shown in Figure S22, the optimum temperature is
800°C, because it exhibits superior performance for both
OER and ORR.
The OER and ORR bifunctional activities of all the sam-

ples are displayed by the potential gap (ΔE = Ej10 − E1/2)
(Figure 4(g)). Obviously, the reversible oxygen potential of
Co/Co-Cu-S@SNPCP-CFs is 0.67 V, lower than that of Pt/
C-RuO2, and also outperforming most reported bifunctional
electrocatalysts (Figure 4(h) and Table S4). The outstanding
ORR and OER performances of Co/Co-Cu-S@SNPCP-CFs
catalyst can be attributed to the following aspects. (1) The
different components of Co/Co-Cu-S@SNPCP-CFs materi-
als can introduce more electroactive centers to improve the
OER and ORR activities, which significantly promote oxy-
gen catalysis in an alkaline solution. (2) The high accessi-
bility and the diffusion of charges/ions can be possessed by
the large specific surface area and the hierarchically porous
structure of Co/Co-Cu-S@SNPCP-CFs catalyst [56]. (3) The
S,N-codoped carbon nanofibers provide high conductivities

for fast electron transfer and great mechanical properties for
structural stability and flexibility [57]. (4) The higher content
of pyridinic-N (about 45.0%) can be obtained in the Co/Co-
Cu-S@SNPCP-CFs by the introduction of Cu, which can
produce positive charges on adjacent sp2-hybridized carbon
atoms, thereby accelerating the reaction kinetics of ORR and
OER [58]. (5) The synergistic effect between S,N-codoped
carbon nanofibers and abundant Co/Co-Cu-S nanoparticles
may also contribute to excellent catalytic performance.
To prove the application potential in Zn-air batteries, the

bifunctional Co/Co-Cu-S@SNPCP-CFs catalyst was em-
ployed as the air electrodes to assemble rechargeable Zn-air
battery (Figure 5(a)). The Co/Co-Cu-S@SNPCP-CFs-based
battery possesses a higher open-circuit voltage of 1.46 V
than that of a Pt/C-based battery (1.43 V) (Figure S23). As
exhibited in Figure 5(b), a small voltage drop occurs when
the current densities are increased from 2 to 40 mA cm−2, and
discharge resumes reversibly once the current density is re-
duced, indicating excellent discharge rate performance.
Additionally, the smaller voltage gap between the discharge
and charge curves of the Co/Co-Cu-S@SNPCP-CFs-based
battery also displays its good rechargeable capability (Figure
S24), and has a much higher peak power density of
220 mW cm−2 at 293 mA cm−2 (Figure 5(c)). This peak
power performance outperforms both the Pt/C-based battery
(96 mW cm−2) and recently reported Zn-air batteries (Table
S6). Moreover, the Co/Co-Cu-S@SNPCP-CFs-based battery
has a higher specific capacity of 744 mA h gZn

−1, corre-
sponding to an energy density of 819 W h kg−1 at
20 mA cm−2 (Figure 5(d) and Figure S25), which is com-
parable with Pt/C-based battery (Figure S26).
To further evaluate the rechargeability performance, the

cycling stability of Zn-air batteries is investigated at constant
current density. As seen in Figure S27, the battery assembled
with the Pt/C-RuO2 catalyst fades quickly at the current
density of 5 mA cm−2 (30 h, 180 cycles), while the Co/Co-
Cu-S@SNPCP-CFs-based battery shows exceptionally good
stability (800 h and 4800 cycles) at 10 mA cm−2 (Figure 5
(e)). Such long-lasting cyclability of the Co/Co-Cu-
S@SNPCP-CFs catalyst is significantly higher than recently
reported materials, as illustrated in Figure 5(f) and Table S6.
Figure 5(g) and (h) show that the Co/Co-Cu-S@SNPCP-
CFs-based battery remains charge-discharge voltage gap
from 0.89 V at the first cycle to 0.97 V at 4800 cycles with a
slight voltage drop of 0.08 V. Furthermore, it also exhibits
good cycling stability for more than 300 h in the long-term
cycling tests at a higher current density of 20 mA cm−2

(Figure S28).
To further explore the reasons for the high cycling stability

of the Co/Co-Cu-S@SNPCP-CFs catalyst, the cycling tests
of Zn-air batteries with control samples are further studied.
The battery assembled with the catalyst obtained by the
physical mixture of carbon nanoplates and carbon fibers can
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only hold about 160 h (960 stable cycles) of charge and
discharge (Figure S29), demonstrating the hierarchical me-
soporous carbon skeletons can contribute to the stable cy-
cling performance in the charging and discharging cycles
[59–61]. The cycling time of the Co/Cu@NPCP-CFs and
Co/CoS2@SNPCP-CFs-based batteries have about 160 and
600 h, respectively (Figures S30 and S31). To further in-
vestigate the role of S doping, other metal sulfides such as
ZnS and NiS nanoparticles were synthesized according to the
previous literature (Figure S32), respectively, which were
used as a sulfur source to prepare the final sample (Figure
S33) [62,63]. During the pyrolysis process, ZnS nano-
particles can be reduced to metallic Zn by N-doped carbon
and metallic Zn can evaporate at 907°C (boiling point of Zn),
thereby accelerating the release of free S atoms [64]. How-
ever, NiS nanoparticles can only be converted to Ni3S2, re-
leasing a small amount of S [65]. It can also be observed that
the as-prepared catalyst using ZnS as sulfur sources exhibits
excellent cycling stability over 350 h (Figure S34), which are

much higher than the catalyst using NiS as sulfur sources
(160 h). As a result, it can be concluded that S doping in this
hybrid system improves the stability of Zn-air batteries sig-
nificantly. As displayed in Figure S35, the air electrode
displays good wettability (with a contact angle of 60°) after
introducing CdS NPs as S sources, thereby accelerating the
diffusion of ions from the electrolyte to the electrode surface
[66]. The structural and composition evolution of the Co/Co-
Cu-S@SNPCP-CFs catalyst show no discernible change
after the cycling test, further demonstrating the robustness of
the as-prepared catalyst (Figures S36 and S37).
A flexible Zn-air battery was assembled using a Zn foil

anode, Co/Co-Cu-S@SNPCP-CFs film cathode and alkaline
gel solid-state electrolyte (Figure 6(a)). The Co/Co-Cu-
S@SNPCP-CFs-based flexible batteries show an open-cir-
cuit voltage of 1.37 V (Figure 6(b)) and two batteries can
power easily light-emitting diodes (LEDs), exhibiting good
battery performance. As shown in Figure 6(c), the charge and
discharge curves of the Co/Co-Cu-S@SNPCP-CFs-based

Figure 5 (Color online) (a) Schematic configuration of homemade Zn-air battery; (b) discharge curves of Co/Co-Cu-S@SNPCP-CFs-based Zn-air battery
at different current densities; (c) discharge and power density curve of Co/Co-Cu-S@SNPCP-CFs and Pt/C catalysts for Zn-air batteries; (d) discharge
specific capacity curves of Co/Co-Cu-S@SNPCP-CFs-based battery at 20 mA cm−2; (e) cyclic stability of the Co/Co-Cu-S@SNPCP-CFs-based battery at
10 mA cm−2; (f) cyclability comparison of recently reported catalysts and ours; (g) and (h) voltage variation with cycles of batteries.
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battery display smaller voltage gap of 0.9 V at 50 mA cm−2,
and higher peak power density of 104 mW cm−2. In the long-
term cycling test of the Co/Co-Cu-S@SNPCP-CFs-based
battery, there is no significant change in charge (2.02 V) and
discharge (1.12 V) voltages over 60 h (Figure 6(d)), which is
better than previously reported devices (Table S7). The
mechanical flexibility test of Co/Co-Cu-S@SNPCP-CFs-
based battery is further evaluated by bending condition.
After being bent at various angles, the Co/Co-Cu-S
@SNPCP-CFs-based battery still work normally, demon-
strating that the binder-free electrode structure design can
better alleviate the mechanical changes (Figure 6(e)).
Moreover, the two in-series batteries can provide twice dis-
charge potential and power density (1.98 V, 198 mW cm−2)
than that of the single battery (1.01 V, 99 mW cm−2) at the
same current density of 100 mA cm−2 (Figure 6(f)), revealing
that assembled Zn-air batteries have good application po-
tential as integrated battery systems.

4 Conclusion

In summary, a Co/Co-Cu-S@SNPCP-CFs bifunctional
electrocatalyst was rationally designed and used as the free-
standing electrodes for long-lifetime rechargeable Zn-air
batteries. The hierarchical heteroatom-doped nanostructure
has a larger specific surface area and abundant active species,
which can endow excellent reaction activity and durability
for the oxygen reactions. With the Co/Co-Cu-S@SNPCP-

CFs catalyst as the air cathode, the assembled Zn-air battery
can be stably charged and discharged over 800 h with a high
peak power density of 220 mW cm−2, outperforming most
reported Zn-air batteries. Besides, the flexible solid-state
rechargeable Zn-air batteries directly using the Co/Co-Cu-S
@SNPCP-CFs catalyst as air electrode display excellent
stability over 60 h and shape deformability, indicating a
promising application potential in wearable electronics. This
study demonstrates the successful synthesis of a high-effi-
ciency bifunctional oxygen electrocatalyst and a novel
strategy to develop long-lasting rechargeable metal-air bat-
teries.
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