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Continuous fabrication of a MnS/Co nanofibrous
air electrode for wide integration of rechargeable
zinc–air batteries†
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Exploring highly efficient bifunctional electrocatalysts toward the oxygen reduction and evolution reac-

tions is essential for the realization of high-performance rechargeable zinc–air batteries. Herein, a novel

nanofibrous bifunctional electrocatalyst film, consisting of metallic manganese sulfide and cobalt encap-

sulated by nitrogen-doped carbon nanofibers (CMS/NCNF), is prepared through a continuous electro-

spinning method followed by carbonization treatment. The CMS/NCNF bifunctional catalyst shows both

comparable ORR and OER performances to those of commercial precious metal-based catalysts.

Furthermore, the free-standing CMS/NCNF fibrous thin film is directly used as the air electrode in a solid-

state zinc–air battery, which exhibits superior flexibility while retaining stable battery performance at

different bending angles. This study provides a versatile design route for the rational design of free-stand-

ing bifunctional catalysts for direct use as the air electrode in rechargeable zinc–air batteries.

Introduction

Ever-increasing demands for energy and continuous depletion
of fossil fuels have propelled and prompted the urgent need
for the development of advanced energy generation that is
efficient, environmentally-friendly and renewable.1–3 Metal–air
batteries have sparked immense interest and are widely con-
sidered as one of the most promising and reliable energy
devices of the future due to their high energy density, environ-
mental benignity, safe operation, and low cost.4,5 Among these
metal–air batteries, zinc–air batteries (ZABs) are more practical
in terms of cost, rechargeability and safety when compared to
other metal–air concepts such as lithium–air, magnesium–air
and aluminum–air batteries.1,5 However, fundamental chal-
lenges in catalyzing the oxygen reduction (ORR) and evolution
(OER) reactions at the air electrode of rechargeable ZABs
needed to be addressed before their large-scale applications
can be realized. To date, precious metal-based catalysts such

as carbon-supported platinum (Pt/C) and iridium (Ir/C)6,7 have
been widely recognized as the benchmark catalysts for the
ORR and OER, respectively. However, extremely high costs,
relatively poor catalytic durability and low abundance limit the
commercial applicability of these precious metal-based cata-
lysts. Therefore, cost-effective bi-functional electrocatalysts for
both the ORR and OER with enhanced activity and durability
are of great importance for the scalable implementation of
rechargeable ZABs.1

In recent years, non-precious metal and/or metal oxide
electrocatalysts8–10 and carbonaceous materials doped with
heteroatoms4,11–13 have received much attention as ORR and
OER catalysts due to their low cost, reasonable catalytic activity
and electrochemical stability especially in alkali electrolytes.
However, pure transition metals and metal oxides usually
exhibit limited electrochemical activity when catalyzing the
ORR and OER due to their poor conductivity.14 Combining
metals and/or metal oxides with carbonaceous materials
appears as an effective method due to the high surface area
and good conductivity, thus increasing the active sites and
improving the charge transfer in electrodes.15 Zhang et al.16

reported a new catalyst, Co/CoO nanoparticles immobilized on
Co–N-doped carbon (Co/CoO@Co–N–C). This catalyst can be
used as a trifunctional electrocatalyst for the oxygen reduction,
oxygen evolution and hydrogen evolution reactions.
Furthermore, the catalyst exhibited high performance and
recycling stability when used as the air electrode for recharge-
able ZABs. In order to further enhance the catalytic activity,
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complex hybrid compositions of transition metals and/or
metal oxides have also been widely investigated.17–22 Jung
et al.15 employed the electrospinning technique coupled with
an optimized post-heat-treatment to prepare spinel-type
manganese–cobalt oxides (MnCo2O4 and CoMn2O4). They also
investigated the catalytic properties toward the ORR and OER;
the results showed that the spinel oxides exhibit excellent cata-
lytic properties for both the ORR and OER. Ge et al.22 also
investigated different integrations of dual-phase spinel
MnCo2O4 (dp-MnCo2O4) nanocrystals with nanocarbon
materials such as carbon nanotubes (CNTs) and nitrogen-
doped reduced graphene oxide (N-rGO). They found that the
synergic covalent coupling between dp-MnCo2O4 and nano-
carbons effectively enhances both the bifunctional ORR and
OER activities of the spinel/nanocarbon hybrid catalysts. The
dp-MnCo2O4/N-rGO hybrid catalysts exhibited comparable
ORR activity and superior OER activity.

In addition to catalyst design and selection, electrode archi-
tecture has also been identified as a major factor in electrode
performance. One-dimensional (1D) fibrous nanomaterial fab-
rication provides a rational electrode design and has aroused
great interest because these materials exhibit unique pro-
perties due to radial diffusion lengths facilitating facile mass
transfer, and low resistance to the flow of gas and liquids
through fiber bundles and/or porous fibers.5 Liu et al.5 fabri-
cated nanoporous carbon nanofiber films (NCNFs) with a
large specific surface area and a rational electrode structure
for use as the air-cathode in both liquid and all-solid-state
rechargeable zinc–air batteries. The NCNF air-cathode dis-
played excellent catalytic activity and cycling stability. By
employing the electrospinning method, the catalyst compo-
sition can be easily controlled without any other complicated
processes so that we can obtain accurate materials as antici-
pated.23 Finally, many synthesis techniques can be used to fab-
ricate 1D structures such as the hydrothermal method,6,24

chemical vapor deposition (CVD) and electrochemical depo-
sition.25 Among these methods, the use of electrospinning
allows for the fabrication of free standing nanofibrous elec-
trode films without the use of any binder. In addition to its
ease of operation, electrospinning can be considered as one of
the most scalable, reliable and cost-effective techniques to fab-
ricate nano-sized fiber films.

As inspired by these, we tried to use the continuous electro-
spinning method to design a binder-free electrocatalyst thin
film with a 1D network and reasonable composition by com-
bining Co and Mn with N, S dual-doped carbon nanofibers to
enhance the air electrode performance for zinc–air batteries.
Surprisingly, we obtained a novel composition consisting of
MnS and metallic Co encapsulated by nitrogen-doped carbon
nanofibers, which is quite different from cobalt manganese
oxides as reported before.15,20 The resulting low cost binder-
free catalyst shows unprecedented bifunctional catalytic
activity towards the ORR and OER and is even comparable to
those of the expensive precious metal-based catalysts. As a
result, Zn–air batteries fabricated with the thin film show
superior catalytic performance and long-term stability. More

interestingly, the nanofibrous thin film was constructed in all-
solid-state batteries and it displayed also stable properties even
when subjected to harsh bending conditions.

Experimental section
Synthesis of electrocatalysts

Carbon nanofibers were fabricated via a continuous electro-
spinning method, as shown in Fig. 1. In a typical experiment,
0.6 g of polyacrylonitrile (PAN, Mw = 150 000), 0.18 g of cobalt
acetate tetrahydrate, 0.18 g of manganese acetate terahydrate
and 0.18 g of thiourea were dissolved in 5.4 g of N,N-dimethyl-
formamide (DMF). The blend solution was continuously
stirred overnight at 65 °C. After that, the electrospinning
process was carried out with a high voltage of 18 kV and an
extrusion rate of 15 μl min−1. The nanofibers were collected on
the aluminum foil. The distance between the nozzle and the
collector was 15 cm. The nanofiber mat was easily peeled off
from the collector and put into a vacuum oven overnight to
remove the residual solvents with a temperature of 80 °C. The
obtained mat was directly carbonized at 800 °C at a tempera-
ture rate of 5 °C min−1 under an Ar atmosphere, kept for 2 h,
and then cooled to room temperature. Then the CMS/NCNF
was obtained. For comparison, urea as a S-free precursor was
employed to replace thiourea for the nanofiber preparation,
also the same procedure was carried out without either urea or
thiourea, which was named CMO/NCNF and CMO/CNF,
respectively. All the chemicals were purchased from Sigma-
Aldrich and used in the experiments directly without any
further purification.

Physicochemical characterization

The structure and surface morphologies of the samples were
observed by scanning electron microscopy (SEM, LEO FESEM
1530) and transmission electron microscopy (TEM,
JEOL-2010F). Moreover, selected area microscopy (SAED), scan-
ning transmission electron microscopy (STEM) and color
mapping were employed to distinguish the element dispersion
in these samples. X-ray diffraction (XRD, Bruker AXS D8
Advance) and X-ray photoelectron spectroscopy (XPS, Thermal
Scientific K-Alpha XPS spectrometer) were employed to analyze
the formation of these samples.

Fig. 1 Illustration of the continuous preparation of the typical CMS/
NCNF catalysts.
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Electrochemical measurements

In order to test the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) performance of these
samples, the rotating disk electrode (RDE) coupled with a CHI
760D Electrochemical Station and a rotation speed controller
(Pine Instrument Co., AFCBP-1) were employed. For electro-
chemical testing, we cut the catalyst mat into small pieces and
ground it into black powder. The catalyst ink was prepared by
dispersing 2 mg of the catalyst powder into 1 mL ethanol and
another 50 μL of 5 wt% Nafion solution was added. Then the
mixture was sonicated for 45 min to obtain a homogenous ink.
30 μL of the ink was dropped on a glassy carbon electrode
(0.196 cm2) and a gold electrode (0.196 cm2) for the ORR and
OER with a mass loading of 0.3 mg cm−2. Commercial Pt/C
(ETK, 28.3 wt%Pt) and Ir/C were used as the benchmarks for
the ORR and OER, respectively. The loading of Pt/C was about
20 μgPt cm−2 and the loading of Ir/C was the same as the other
catalysts. Electrochemical tests were carried out on a typical
three-electrode system, a glass carbon electrode or gold elec-
trode was used as the working electrode, a platinum foil was
used as the counter electrode, a saturated calomel electrode
(SCE) was used as the reference electrode and 0.1 M KOH
was used as the electrolyte. All potentials in this work are
converted to the reversible hydrogen electrode (RHE). Before
ORR testing, oxygen was bubbled at least for 30 min to make
the electrolyte saturate with the oxygen. Cyclic voltammetry
(CV) was carried out at a scan rate of 50 mV s−1 while linear
sweep voltammetry (LSV) was performed at 5 mV s−1 and
various rotating speeds from 400 to 2500 rpm. The electron
transfer number (n) was calculated from the Koutecky–Levich
equation:

1=J ¼ 1=JL þ 1=JK ¼ 1=ðBω 1=2Þ þ 1=JK

B ¼ 0:2nFC0D
2=3
0 ν�1=6;

where J is the tested current, Jk means the kinetic current, ω is
the rotation speed in rpm, F represents the Faraday constant
(96 485 C mol−1), C0 is the concentration of O2 (1.2 × 10−6 mol
cm−3), D0 is the diffusion coefficient of O2 (1.9 × 10−5 cm2 s−1)
and ν means the kinematic viscosity of the electrolyte (0.1 M
KOH, 0.01 cm2 s−1). For OER experiments, N2 was saturated in
the electrolyte. LSV was conducted at the same scan rate as for
the ORR.

Liquid zinc–air battery testing

The rechargeable zinc–air battery was assembled with current
collectors (copper foil for the anode; stainless steel mesh for
the cathode), a polished zinc plate, a polypropylene separator
(Celgard 5550), and a catalyst layer (GL) coated gas diffusion
electrode (GDE). The electrolyte used was 6.0 M KOH with 0.2
M zinc acetate solution. The battery prototype is displayed in
Fig. 5A. The electrocatalyst ink was prepared by ultrasonicating
the required amount of catalyst powder with ethanol and
5 wt% Nafion solution. The ink was then sprayed onto one
side of the GDE. The total loading of the catalyst was con-

trolled at about 1.3 mg cm−2. Galvanodynamic charge and dis-
charge tests were carried out by using a multichannel potential
station (Princeton Applied Research, VersaSTAT MC) with a
wide current change (current density: 0–90 mA cm−2). Single
cell discharge and charge cycling tests were operated by the
battery testing system (Neware). Each cycle was of 40 min
(20 min discharge and 20 min charge) with a current density
of 10 mA cm−2. All the tests were carried out under ambient
conditions.

All-solid-state zinc–air battery assembly

A flexible zinc electrode, consisting of zinc powder, zinc oxide,
carbon nanofibers, carbon black and poly(vinylidene fluoride-
co-hexafluoropropene), was prepared as we reported before. A
nanofiber mat was directly employed as the CL and just
punched into the nickel foam used as the GDE and current
collector. Filter paper saturated with the electrolyte was used
as the separator. The assembly processor is displayed in
Fig. 6A. Galvanodynamic charge and discharge tests with
different bending angles were also operated by the multi-
channel potential station. Furthermore, the durability of
the solid–state Zn–air battery with different angles was tested.
The cycling was performed with 20 min cycles (10 min
discharge and 10 min charge) and a current density of
5 mA cm−2.

Results and discussion

Electrospinning was carried out to fabricate a nanofibrous
electrocatalyst mat in accordance with the illustration in Fig. 1.
All the metal precursors were mixed in DMF and then stirred
to get a homogeneous solution. The pristine nanofibers are
uniform and smooth without any particles inside. The dia-
meters of the fibers are around 500 nm (Fig. 2A). However, the
diameter of the carbon nanofibers shrinks to 200 nm after the
carbonization process at a high temperature (Fig. 2B).
Importantly, the electrode was confirmed to be able to retain
its robust free-standing film like characteristics after carboniz-
ation (Fig. 2B inset). Elemental mapping (Fig. S1†) and EDX
(Fig. S2C†) images confirm the existence of the elements: C, N,
O, S, Co, and Mn. The surfaces of the nanofibers exhibited a
much rougher and even porous characteristic after heat treat-
ment, which could be beneficial for increasing the catalytic
sites thus enhancing the catalytic activity. Moreover, many
uniform particles can be observed distinctly along the length
of the nanofiber after heat treatment, indicating heat induced
chemical reactions of the Co and Mn precursors during the
pyrolysis.

TEM images (Fig. 2C) also clearly show that the particles
were distributed uniformly throughout the CMS/NCNF fiber
with a particle diameter around 20–35 nm in the SEM images
(Fig. 2B). In addition, the STEM images (Fig. 2F) and the
corresponding elemental mapping images (Fig. 2G) reveal a
uniform distribution of C atoms within the CMS/NCNF nano-
fibers, which corresponded to the SEM mapping result.
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Interestingly, we found that the distribution of the Co and Mn
is not uniform throughout the C fibers. The mapping images
of Co and Mn reveal that Co and Mn are dispersed as distinct
particles, which may indicate that the Co and Mn precursors
may have undergone a chemical reaction. Interestingly, the S
mapping image shows that S is not as uniform as C, which
means that S is not a kind of doping element. Upon further
analysis of the S and Mn mapping images, the S is found to be
only dispersed along with the Mn signals while Co signals are
segregated as single particles without any sulfur signal. This
implies that the thiourea preferentially reacts with Mn precur-
sors to form a compound rather than serving as a carbon
doping agent, thus we labeled the final product as CMS/NCNF.

To further investigate the composition of CMS/NCNF, XRD
and XPS were employed (Fig. 3 and Fig. S4†). The XRD patterns
(Fig. 3A) reveal remarkable peaks located at 44.2°, 51.5°, and
75.9° that are in accordance with the metallic Co,23,26 which
means that the Co precursors were successfully reduced and
converted into metallic faces. Surprisingly, the diffraction
pattern of CMS/NCNF is quite different from those of the
other two. The peaks of CMS/NCNF located at 29.6°, 34.3°,
49.3°, 58.6°, 61.5°, 72.3°, 80.1°, and 82.6° can be assigned to
the MnS,27 while the peaks of MnO (the samples without
adding thiourea) appear at 34.9°, 40.6°, 58.7°, 70.2°, 73.8°, and
87.8° for the CMO/NCNF and CMO/CNF. The HRTEM images
above (Fig. 2D) also confirm the existence of the metallic Co
and MnS, which shows the lattice <111> as 0.205 nm and

0.301 nm, respectively (Fig. 2E). These results again indicate
that the thiourea mainly reacts with the Mn precursor during
the carbonization process instead of doping into the carbon
nanofibers. The XPS survey curves (Fig. 3B) show the funda-
mental element for the three catalysts; with the addition of
thiourea, two distinct peaks at 163 and 400 eV emerge in the
spectrum of CMS/NCNF, which correspond to S 2p and N 1s
peaks, respectively.28 Fig. 3C shows the high resolution N 1s
spectra and fitting peaks of CMS/NCNF. The N 1s spectra of
the N-doped materials can be deconvoluted into four peaks
centered at 398.3 eV, 400.2 eV, 401.4 eV and 403.1 eV, which
correspond to pyridinic-N, pyrrolic-N, graphitic-N and oxi-
dized-N, respectively.29 Due to the addition of the nitrogen pre-
cursor, the total N contents were 7.08 at% and 6.67 at% for the
CMS/NCNF and CMO/NCNF, respectively, which are a little
higher than that of the CMO/CNF (3.29 at%). The S 2p can be
fit to five traditional peaks in which two of them correspond to
the C–S–C covalent bond of the thiophene-S caused by spin–
orbit coupling, which are named S1 and S2 and the other
three correspond to different oxidized sulfur forms of the C–
SOx–C (X = 2–4) bond which are named S3, S4, and S5.
However, the peaks are shifted compared to the previously
reported work.28 Moreover, we can fit another peak at 161.68
eV confirming the existence of MnS,30 corroborating the XRD
result. Fig. 3E displays the high resolution Co 2p spectra and
fitting peaks of CMS/NCNF. The peaks at 778.43 eV and 793.36
eV can be assigned to the Co 2p3/2 binding energy of Co in the

Fig. 2 SEM image of (A) the CMS/NCNF pristine nanofiber mat, (B) SEM
image of the CMS/NCNF after pyrolysis (the inset is the photo of the air
electrode), (C) TEM image of the CMS/NCNF, (D, E) HRTEM image of the
CMS/NCNF, (F) STEM image of the CMS/NCNF, and (G) the corres-
ponding elemental mapping images of C, S, Co and Mn of CMS/NCNF.

Fig. 3 (A) XRD patterns of the three catalysts; (B) XPS curves of the
three catalysts. (C) The high resolution N 1s spectra and fitting peaks of
CMS/NCNF. (D) The high resolution S 2p spectra and fitting peaks of
CMS/NCNF. (E) The high resolution Co 2p spectra and fitting peaks of
CMS/NCNF. (F) The high resolution Mn 2p spectra and fitting peaks of
CMS/NCNF.
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zerovalent state, indicating reduction.23 The two characteristic
peaks at 780.24 and 794.93 eV can be ascribed to the 2p3/2 and
2p1/2 spin-orbit split peaks of Co2+, respectively.31 Meanwhile,
two other distinct peaks at 782.95 and 797.64 eV are observed
and assigned to the Co3+ species.29 On the other hand, in the
Mn 2p spectra, the peaks deconvoluted at 641.34, 642.87 and
645.85 eV are associated with the presence of Mn2+, Mn3+, and
Mn4+ phases, respectively. These peaks are a little shifted com-
pared to those of CMO/NCNF and CMO/CNF as well as those
in a paper reported,32 which could be due to the formation of
manganese sulfide as discussed above.

Based on the observed characterization (XRD and XPS), it is
apparent that both MnS and metallic Co are produced after
carbonization. We believe that manganese acetate reacted with
thiourea during heat treatment and resulted in the seeding
and growth of MnS particles throughout the CMS/NCNF nano-
fibrous structure. The exact reaction mechanism is still
unclear but it could be similar to the aqueous reaction of
thiourea with manganese acetate.33 We believe that initially
the thiourea reacts with the water vapour stemming from
hydrated metal acetate and generates hydrogen disulfide gas.34

H2S then proceeds to react with manganese acetate resulting
in the formation of MnS.35 The formation of the MnS can be
described by the following unbalanced reaction equation:

CSðNH2Þ2 þMnðAcÞ2 ! MnS:

As S-doping of the carbon rings occurs at relatively higher
temperature, we believe that thiourea may tend to react with
manganese acetate first thus generating MnS instead of
doping into carbon. Parallel to this reaction, Co is believed to
be produced according to the following reactions:

CoðAcÞ2 � 4H2O ! CoOþ volatile organic compounds ð1Þ

2CoOþ C ! 2Coþ CO2: ð2Þ
We believe that Co acetate first decomposed to CoO along

with a mixture of volatile organic compounds. CoO was then
reacted with carbon and carbothermically reduced to metallic
Co.36

To validate CMS/NCNF as a new catalyst, the rotating disk
electrode (RDE) test was employed to quantify the catalysts’
electrochemical properties. We examined the ORR and OER
capability of the CMS/NCNF (Fig. 4) by the RDE test prior to
the application as a cathode catalyst for the full zinc–air
battery as well as CMO/NCNF and CMO/CNF (Fig. S5†). Fig. 4A
and S5A† show the LSV curves of the ORR at a rotating speed
of 1600 rpm in an aqueous solution of 0.1 M KOH. The onset
potential for CMS/NCNF is 0.969 V, only 20 mV lower com-
pared to that of Pt/C (0.989 V), along with a slightly higher lim-
iting current density for CMS/NCNF (4.43 mA cm−2) than that
of Pt/C (4.26 mA cm−2), while the onset potentials are 0.941 V
and 0.918 V for CMO/NCNF and CMO/CNF, respectively. In
terms of the half-wave potentials they are 0.875 V, 0.861 V,
0.842 V and 0.831 V for Pt/C, CMS/NCNF, CMO/NCNF and
CMO/CNF, respectively. The better performance of CMS/NCNF
than that of CMO/NCNF may be due to the existence of MnS

that possesses better ORR catalytic performance than that of
MnO; meanwhile due to nitrogen doping, the CMO/NCNF
shows better ORR properties than that of CMO/CNF.
Surprisingly, the half-wave potential of CMS/NCNF is only
14 mV lower than that of Pt/C, which indicated that the novel
catalyst CMS/NCNF is an excellent catalyst for the ORR.

Inspired by the good ORR performance of the CMS/NCNF,
we tried to find out how the ORR was carried out. It is widely
known that the ideal ORR should proceed via a four-electron
transfer pathway, directly reducing O2 to OH−(O2 + 2H2O + 4e−

→ 4OH−), which is much more effective than a two-electron
transfer pathway (O2 + H2O + 2e− → HO2− + OH−).15 To find
out the ORR pathway for the catalysts, we carried out RDE
measurements at various rotating speeds. The current density
shows a linear increase with the increasing rotating speed
(Fig. 4C). The electron transfer number can be calculated from
the Koutecky–Levich (K–L) equation; as displayed in Fig. 4D,
the electron transfer number for CMS/NCNF is nearly about 4
in the potential range from 0.5 V to 0.65 V, which clearly clari-
fies the essential reason in terms of reaction kinetics that
CMS/NCNF displays good ORR properties.

The catalysts used in the cathodes for rechargeable zinc–air
batteries require not only excellent ORR properties but also
reasonable OER properties. The OER catalytic activities of
CMS/NCNF and Pt/C were also characterized by using LSV
curves obtained on the RDE at 1600 rpm. As shown in Fig. 4B,
the CMS/NCNF displays a lower onset potential compared to
Ir/C. The potential at a current density of 10 mA cm−2 for
CMS/NCNF is 1.732 V, about 61 mV lower than that of Ir/C
(1.671 V). However, the potential of CMS/NCNF shows much
better than those of CMO/NCNF and CMO/CNF, almost 63 mV
higher than that of CMO/NCNF (1.795 V) and 110 mV higher
than that of CMO/CNF (1.842 V), respectively. The pure carbon
materials cannot bear the harsh conditions at such a high
voltage,7 that is why the CMO/CNF shows the worst OER per-

Fig. 4 LSV curves of different catalysts for both the ORR (A) and OER
(B) in 0.1 M KOH at 1600 rpm, LSV curves for the ORR at different rotat-
ing speeds (C), and (D) the K–L plots of CMS/NCNF at different poten-
tials including the calculated number of electron transfer.
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formance. It is known that the heteroatom doped in the
carbon framework can introduce uneven charge distribution
and make the nearby carbon atoms positively charged, due to
the electronic affinity. Nitrogen, as the most common electro-
negative element, was widely used to develop heteroatom-
doped carbon materials.5 The positively charged carbon atoms
introduced by adjacent nitrogen that favor oxygen adsorption
are regarded as the catalytically active sites that are beneficial
for ORR. Besides, researchers have revealed that the Co metal
coupled with the doped carbon can be a benefit for the ORR
due to the strong interaction between Co species and doped
carbon that allows the formation of highly active sites to cata-
lyze the ORR via a four-electron reaction.31 In terms of the
OER process, the adsorption of OH− on the catalyst surface
becomes very facile, as well as the transformation of possible
intermediates such as O2

2− and O2
−, resulting in improved

OER activity.5 Simply by changing the oxygen element in MnO
to sulfur (MnS), we observed a very apparent increase in
activity. This is somewhat counterintuitive and interesting,
because the electronegativity of sulfur is relatively lower than
oxygen and should “pull” the electron cloud less and should
be less favorable for approaching oxygen compounds. This
could be indicative of an optimal point between the differ-
ences in electronegativity. The MnO could produce a too
strongly adsorbed oxygen species due to the higher difference
in electronegativity that cannot vacate the active site after the
reaction. Whereas in the case of MnS, the lower difference
electronegativity is just high enough for efficient oxygen
species adsorption, but not too high as to allow for the desorp-
tion of reaction products. Obviously, any explanations at this
point are only speculations but future work in this area could
provide an interesting fundamental understanding into the
ORR and OER mechanisms. Nevertheless, the CMS/NCNF has
been demonstrated here as an excellent bifunctional catalyst
and could be suitable for application as cathode catalysts for
rechargeable zinc–air batteries.

To further demonstrate the functionality of our novel CMS/
NCNF catalyst, a proof-of-concept, rechargeable zinc–air
battery prototype was prepared, mimicking the realistic appli-
cation (as shown in Fig. 5). The CMS/NCNF film was con-
veniently used as a binder-free catalyst and directly attached
on the GDL as the air electrode. A zinc plate was used as the
anode and a PP film was used as the separator. A copper sheet
and stainless steel mesh were used as the current collectors for
the anode and cathode, respectively. After assembling all the
parts together, the electrolyte (6 M KOH containing 0.2 M zinc
acetate) was injected into the battery; the final prototype is dis-
played in Fig. 6B. The galvanodynamic charge and discharge
polarization curve of the CMS/NCNF was obtained in a wide
range of current densities; meanwhile, the Pt/C + Ir/C electrode
was used as the benchmark (Fig. 5C). It clearly reveals that
both the discharge and charge performances of the CMS/
NCNF battery exhibit lower overpotential, particularly at high
current densities, than that of the Pt/C + Ir/C battery. Even
worse, the charge process of Pt/C + Ir/C shows an uncontrolla-
ble overpotential especially after 60 mA cm−2, even though the

discharge shows a fairish performance. Furthermore, galvano-
static discharge and charge testing on the CMS/NCNF battery
was carried out coupled with the Pt/C + Ir/C battery in order to
test the durability. We performed the test at the current
density of 10 mA cm−2 with each cycle for 40 min (20 min
charge and 20 min discharge). As shown in Fig. 5D, the CMS/
NCNF battery was cycled for more than 100 h with minimal
visible voltage losses, which indicates the excellent durability
and stability of the CMS/NCNF catalyst. In contrast, the battery
with the precious catalyst only lasts for less than 45 h and even
during the first several cycles the voltage gap of Pt/C + Ir/C is
larger than that of the CMS/NCNF battery (the inset figure).
The battery based on the CMS/NCNF cathode electrode pro-
duced an initial discharge potential of 1.142 V and a charge
potential of 2.125 V, with a small voltage gap of 0.983 V com-

Fig. 5 (A) Schematic representation of the rechargeable Zn–air battery.
(B) Photograph of the liquid rechargeable Zn–air battery. (C) Charge and
discharge polarization curves. (D) Galvanostatic discharge and charge
cycling curves at 10 mA cm−2 of rechargeable Zn–air batteries with the
CMS/NCNF and Pt/C + Ir/C as the catalyst, respectively.

Fig. 6 (A) Schematic representation of the solid-state Zn–air battery.
(B) Demonstrations of the solid-state Zn–air battery. (C) Charge and dis-
charge polarization curves at different bending angles. (D) Photos of the
blending angles. (E) Galvanostatic discharge and charge cycling curves
at 5 mA cm−2 of the rechargeable battery at different bending angles.
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pared to 1.039 V for Pt/C + Ir/C (a discharge potential of 1.102
V and a charge potential of 2.141 V). We speculate that the pre-
cious catalyst suffered from not only corrosion of the carbon
support but also the detachment of the metal particles from
the support and the particle agglomeration,37 thus leading to
significantly lower durability when compared to the proposed
CMS/NCNF catalyst which does not exhibit such decay.

In recent years, solid-state zinc–air batteries have been
widely investigated due to their potential to be made as flexible
and wearable devices.3,5,6 In the study, we also tried to make a
solid-state zinc–air battery without any binder in the air elec-
trode. The cell configuration is displayed in Fig. 6A. We
directly pressed the CMS/NCNF binder-free mat onto the
nickel foam and used it as both the air electrode and the
current collector. Then we investigated the polarization pro-
perties at three different bending angles as shown in Fig. 6C.
Surprisingly, the battery shows good flexibility and uniformity
without the polarization curve change at different bending
angles (Fig. 6C and D). Fig. 6E indicates the battery’s excellent
charge and discharge durability at the current density of 5 mA
cm−2 for more than 7 h both for flat and rolled batteries. As we
mentioned above, the electrode design without using any
polymer binder is quite different from the traditional fabrica-
tion procedure. The CMS/NCNF mat we prepared as the elec-
trode possesses a 3D nanoporous carbon network structure
which can provide short and fast electron/ion paths and abun-
dant channels for gas diffusion. As a demonstration (Fig. 6B),
two single CMS/NCNF batteries can be connected together and
easily wrapped around a finger while still maintaining power
delivery to a red light-emitting diode (LED).

Conclusions

In summary, we have unexpectedly developed a novel catalyst
which consists of manganese sulfide and metallic cobalt
embedded in nitrogen-doped carbon nanofibers via a facile
continuous electrospinning method. The resulting free-stand-
ing, binder-free CMS/NCNF was revealed to show relatively
good ORR and OER performances, which can be used as an
ideal bifunctional catalyst for zinc–air batteries. A rechargeable
liquid zinc–air battery based on the CMS/NCNF thin film air-
electrode was assembled and exhibited a smaller charge and
discharge voltage gap and a much longer operating time than
those of Pt/C + Ir/C. Most interestingly, the CMS/NCNF elec-
trode mat could be directly assembled into a solid-state zinc–
air battery and function even under high angle bending. The
solid-state battery shows stable and good charge and discharge
potentials at different bending angles, along with a relatively
long operating time. Finally, two of the flexible batteries can
be wearable to drive the LED. We hope this work can spark
interest in metal sulfide catalysts and possibly even elucidating
the detailed mechanism of the ORR and OER. Furthermore,
this study can also provide an understanding of the catalyst
design for the air cathode and the novel catalyst could be a

promising candidate as a bifunctional catalyst for rechargeable
zinc–air batteries.
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