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1 Introduction

ABSTRACT

Zinc-air batteries have recently attracted considerable interest owing to the larger
storage capacity and lower cost compared to their lithium-ion counterparts.
Electrode catalysts for the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) play a critical role in the operation of rechargeable zinc-air
batteries. Herein, we report a simple and scalable strategy to fabricate porous
carbon polyhedra using Zn-doped Co-based zeolitic imidazolate frameworks
(ZnCo-ZIFs) as precursors. Strikingly, Zn doping leads to smaller Co nanoparticles
and higher nitrogen content, which in turn enhances the ORR and OER activities
of the obtained porous carbon polyhedra. The synergistic effect of the N-doped
carbon and cobalt nanoparticles in the composite, the improved conductivity
resulting from the high graphitization of carbon, and the large surface area
of the porous polyhedral structure resulted in porous carbon polyhedra with
excellent ORR and OER electrocatalytic activity in alkaline media. More
importantly, air cathodes based on the optimal porous carbon polyhedra further
exhibited superior performance to Pt/C catalysts in primary and rechargeable
zinc-air batteries.

rechargeable metal-air (such as zinc- and lithium-air)
batteries have attracted significant interest owing to

Energy storage represents one of the great challenges
of the twenty-first century. To meet the specific
requirements of electric and hybrid vehicles, significant
research efforts are focusing on the development
of low-cost and environmentally friendly systems
for energy conversion and storage [1]. Recently,
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their high theoretical energy capacities [2—4]. Zinc-air
batteries, in particular, represent a very promising
technology with several potential benefits, including
low cost, high safety, and environmentally friendly
operation [5]. Rechargeable zinc-air batteries require
active and durable cathode electrocatalysts capable
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of efficiently catalyzing both the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER)
[6, 7]. Although Pt-, Ru-, or Ir-based materials are the
most efficient ORR or OER catalysts, their high cost
and limited availability severely hinder their wide
applicability. As an alternative to these materials,
N-doped carbon materials incorporating transition
metals/oxides have been actively investigated as
bifunctional ORR and OER catalysts because of their
high activity, high stability, and low cost [8, 9]. For
example, Dai and coworkers grew Co;O, nanocrystals
on N-doped graphene and found that the hybrid
material exhibited excellent performance in the ORR
and OER processes, owing to the synergistic effect of
the two components [10]. Chen and coworkers reported
a synergistic catalyst consisting of Co nanoparticles
embedded in N-doped carbon, which exhibited high
catalytic activity toward both ORR and OER [11].
Although several studies have reported the synthesis
of N-doped carbon materials incorporating metal/oxide
as bifunctional ORR and OER catalysts, there is still
considerable interest in the development of methods
for obtaining catalysts with high surface area and
uniform distribution of active sites.

Metal-organic frameworks (MOFs) are among the
most attractive porous materials and consist of metal
ions coordinated to organic molecules to form diverse
architectures [12-18]. MOFs have proven effective as
precursors or sacrificial templates to prepare derivatives
with the corresponding inherited morphology, such as
metal or metal oxide semiconductors [19-22], N-doped
nanoporous carbon [23-25], and their composite
nanostructures [26-29]. The well-organized framework
can be converted to porous carbon with high surface
area and uniform N- or S-doping via thermal activation,

ZnCo-ZIFs

taking advantage of the partially preserved porosity
of MOFs containing N- or S-based ligands; this pro-
cedure leads to porous carbon with highly improved
electrocatalytic performance [30]. At the same time,
the metal cations will be converted to metal or metal
oxide with uniformly distribution in the porous
carbon, where they can behave as highly active sites
for electrochemical reactions [31]. For example, Jiang
and coworkers synthesized porous carbons with high
surface area, high graphitization degree, and uniform
distributions of CoN, and N dopants using bimetallic
zeolitic imidazolate frameworks (based on ZIF-8 and
ZIF-67) as templates/precursors. Upon additional
P doping, the ORR activity of multicomponent doped
carbon can be further boosted, exceeding that of Pt/C
and most non-precious metal catalysts [32]. Some
bifunctional ORR and OER electrocatalysts have already
been prepared from MOF precursors. For example,
Lou and coworkers used the ZIF-67 template to
synthesize N-doped carbon nanotubes with hollow
frameworks, which exhibited excellent ORR and
OER electrocatalytic activity [33]. Nevertheless, very
few reports on the application of these materials
as bifunctional electrocatalysts in efficient metal-air
battery devices have been published.

Therefore, in this manuscript we report an efficient
strategy (Fig. 1) to fabricate new bifunctional electro-
catalysts composed of porous carbon polyhedra,
using Zn-doped Co-ZIFs based on ZIF-8 and ZIF-67
structures and containing different Zn/Co ratios as
templates/precursors. The corresponding catalysts are
labeled ZnCoNC-x, where x denotes the Zn/Co molar
ratio. Doping with Zn species not only reduces the
Co nanoparticle size but also increases the nitrogen
content of the products; this endows the as-prepared

Calcination

ZnCoNC-x

Figure 1 Schematic illustration of the synthesis of ZnCoNC-x using ZnCo-ZIFs as templates.
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ZnCoNC materials with better ORR and OER catalytic
activity under alkaline conditions, compared to their
Zn-free counterparts (CoNC). The ZnCoNC-0.1 sample
was found to exhibit the best ORR and OER perfor-
mance, even superior to that of the commercial Pt/C
and Ru/C catalysts. The high catalytic activity of this
sample could be attributed to the synergistic effect of
N-doped carbon and Co nanoparticles in the composite,
as well as to its high nitrogen content, its improved
conductivity resulting from the high graphitization
of carbon, and its large surface area associated with
the porous polyhedral structure. A primary zinc-air
battery fabricated with the ZnCoNC-0.1 catalyst as
cathode showed a specific capacity of 741 mAh-g,,™
at a current density of 7 mA-cm™. Furthermore, lower
charge and discharge voltages were recorded for the
rechargeable Zn-air battery based on the ZnCoNC-0.1
than on the Pt/C catalyst, under the same test
conditions.

2 Experimental

2.1 Synthesis of Zn-doped Co-based ZIFs (ZnCo-
ZIFs)

All chemicals and solvents were purchased from
commercial sources and used without further
purification. The synthesis of ZnCo-ZIF nanocrystals
was based on a previously reported procedure, with
some modifications [32]. Typically, a mixture of
Co(NO3),:6H,0O and Zn(NO;),-6H,O (3 mmol in total)
with the desired Zn*/Co* molar ratio was dissolved
in 25 mL of methanol to form a clear solution, which
was subsequently poured into 25 mL of methanol
containing 4 mmol of 2-methylimidazole. After vigorous
stirring for 5 min, the resulting solution was incubated
at room temperature for 24 h. The product was
separated by centrifugation, thoroughly washed several
times with ethanol, and finally dried overnight at
50 °C. We prepared a series of ZnCo-ZIFs with different
Zn/Co ratios, denoted as ZnCo-ZIF-x (where x is the
Zn/Co ratio).

2.2 Synthesis of porous carbon polyhedra from
ZnCo-ZIFs

Porous carbon polyhedra were prepared by a thermolysis

method. Typically, a powdered ZnCo-ZIF sample was
placed in a tube furnace, heated at 1°C:min”, and
carbonized at 500 °C for 2 h under nitrogen gas flow.
The product was then cooled to room temperature
naturally, until its color changed from pink to black.
The obtained porous carbon materials were labeled
as ZnCoNC-x (where x denotes the Zn/Co ratio in the
original ZnCo-ZIFs).

2.3 Materials characterization

The phase purity of all products was characterized
by powder X-ray diffraction (XRD, Bruker AXS D8)
with Cu Ka radiation (A = 1.5406 A). The morphology,
structure, and composition of the samples were
characterized by field-emission scanning electron
microscopy (SEM, Zeiss SUPRA 55) operating at 20 kV,
transmission electron microscopy (TEM, FEI Tecnai G2
20 S-Twin), and high-resolution transmission electron
microscopy (HRTEM). The latter was performed with
a JEOL JEM 2100 spectrometer equipped with an
energy-dispersive X-ray spectrometry (EDS) instrument
operating at 200 kV. Thermogravimetric analysis
measurements were carried out on a Q500 (TA
Instruments) thermoanalyzer with a heating rate
of 10 ‘C:min™ under nitrogen atmosphere. Chemical
compositions were determined by elemental analysis
(Elementar Vario EL cube V2.0.1) and X-ray
photoelectron spectroscopy (XPS) (Thermo Electron
ESCALAB 250).

2.4 Electrochemical measurements

The ORR and OER electrochemical activities of the
catalysts were evaluated in a standard three-electrode
system using a PARSTAT 2273 potentiostat workstation
(Princeton Applied Research) in a 0.1 M KOH electrolyte.
The working electrodes were prepared by dispersing
5 mg of catalyst in 0.5 mL absolute ethanol, and then
adding 10 uL of 5% Nafion (DuPont) under sonication
to form a homogeneous ink. Finally, the catalyst (6 pL,
or ~60 pg) was drop-casted onto a glassy carbon
rotating disk electrode (diameter 5 mm) to achieve a
loading amount of 0.2 mg-cm‘z. Pt and Ag/AgCl (with
a saturated KCl solution) were employed as counter
and reference electrodes, respectively. All potentials
reported in this work are relative to the reversible
hydrogen electrode (RHE). The ORR catalytic activity
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was evaluated from 0.1 to 1.0 V vs. RHE, whereas the
OER catalytic performance was measured from 1.1 to
1.9V vs. RHE.

2.5 Zinc-air battery fabrication and testing

A home-made zinc-air cell device was designed for
the battery test. The air cathodes were prepared by the
following procedure: The catalyst (2.0 mg), activated
carbon (0.8 mg), and polytetrafluoroethylene (PTFE,
10 uL) were dispersed in 10 mL of ethanol, while
another mixture was prepared by dispersing activated
carbon (4.0 mg), carbon black (0.8 mg), and PTFE
(30 pL) in 1 mL of ethanol. The two resulting mixtures
were then sonicated to form homogeneous inks. Ni
foams were carefully washed with a 1 M HCI solution
and then rinsed with absolute ethanol and distilled
water. The two inks were carefully dropped onto the
Ni foam and kept in a vacuum container for 30 min,
followed by pressing the two resulting Ni foams
together. A 6 M KOH solution and a polished zinc
plate were used as electrolyte and anode, respectively,
of the zinc-air battery. Battery testing and cycling
experiments were performed at 25 °C using the recurrent
galvanic pulse method, with one cycle consisting of a
discharging step (7 mg-cm™ for 10 min) followed by a
charging step of the same current and duration.

3 Results and discussion

The synthetic route for the preparation of ZnCoNC-x
materials based on the bimetallic ZIF templates
is illustrated in Fig. 1. First, bimetallic ZIFs with a
unique polyhedral morphology were prepared by
reacting a mixture of Zn(NO;), and Co(NOs), with
2-methylimidazole in methanol at room temperature.
Then, N-doped porous carbon polyhedra containing
uniformly distributed metal and bimetallic oxide (Co,
Zn,Co;.,0, and/or Co;0,) nanoparticles were readily
obtained through a thermally-induced decomposition
process.

The morphology and composition of the ZnCo-ZIFs
were first examined by SEM and XRD. As shown in
the SEM images of Figs. 2(a) and 2(b), the ZnCo-ZIFs
particles have good uniformity, with a size of 1 um
and a regular rhombic dodecahedral crystal structure.
The powder XRD patterns (Fig. 2(c)) of the ZnCo-ZIFs

confirm their high crystallinity and zeolite-type
structure. The as-prepared ZnCo-ZIFs were then
heated under N, gas flow at 500 °C at a heating rate
of 1°C'min™ to obtain the ZnCoNC-x materials. This
extremely low heating rate served to preserve the
framework of ZIFs, because the carbon generated
during this process acts as a temporal buffer, preventing
further contraction of the ZIFs. The SEM images
of the obtained ZnCoNC-0.1 catalyst (Figs. 2(d) and
2(e)) show that the particle size was reduced to
approximately 500 nm and retained the rhombic
dodecahedral morphology of the ZnCo-ZIF precursors,
with a slight surface shrinkage due to the decom-
position process. The different Zn/Co molar ratios
did not influence the morphology and phase structure
of the ZnCoNC-x materials, as shown in Figs. 2(d)
and 2(e), and Figs. S1(a)-S1(h) in the Electronic
Supplementary Material (ESM). The crystallographic
structure and phase composition of CoNC and
ZnCoNC-0.1 were determined by XRD (Fig. 2(f)). The
XRD patterns of the two samples exhibited a broad
peak at approximately 26°, which can be indexed
to the (002) reflection of graphitic carbon (powder
diffraction file (PDF) 26-1077). The intense peaks
located at around 44° and 51° could be assigned to
the (111) and (220) reflections of face-centered cubic
(fcc) Co (PDF 15-0806), indicating that metal Co was
formed during the pyrolysis process. Moreover, the
XRD pattern of CoNC exhibited a peak at 26= 36°
that could be associated to the (311) planes of spinel
Co;0, (PDF 42-1467). In the case of the ZnCoNC-0.1
samples, the peak slightly shifted to lower angles,
suggesting that incorporation of Zn* into the Co;0,
lattice resulted in the formation of a solid solution
of Zn,Co;.,Oy [34]. The TEM images of ZnCoNC-0.1
(Fig. 2(g)) show that small nanoparticles with a size of
about 8-15 nm were encapsulated within the carbon
shell.

The fine structure of the nanoparticles was analyzed
by HRTEM analysis, and the results are shown in
Fig. 2(h). The Co nanoparticles and the graphitic
carbon shell showed clear lattice spacings of 0.205
and 0.351 nm, respectively, which match well with the
Co (111) and C (002) planes, respectively. The EDS
analysis of the ZnCoNC-0.1 sample reveal the presence
of Zn, Co, N, and C elements (Fig. 2(i)). The TEM
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Figure 2 (a) and (b) SEM images and (c) XRD patterns of the prepared ZnCo-ZIFs; (d) and (e) SEM, (g) TEM, and (h) HRTEM
images of ZnCoNC-0.1; (f) XRD patterns and (i) EDS spectrum of CoNC and ZnCoNC-0.1.

images (Figs.S2(a) and S2(b) in the ESM) show
that, after being uniformly embedded in the porous
ZnCoNC-0.1 matrix, the Co particles exhibit an average
diameter of 10.38 nm, which is smaller than that
of the Co particles in CoNC (11.64 nm). This result
clearly demonstrates that the presence of Zn species
could effectively modulate the Co nanoparticle size
by suppressing sintering upon spatially isolating Co
from Zn species [35]. The N, adsorption—-desorption
isotherms of CoNC and ZnCoNC-0.1 are shown in
Fig. S3 of the ESM. ZnCoNC-0.1 showed a specific
surface area of 502.7 m*g™, much larger than that of
CoNC (156.6 m*g™), indicating that Zn doping leads
to a larger specific area.

XPS analysis was used to investigate the chemical
composition and bonding state of the elements in
ZnCoNC-0.1. The full XPS spectra (Fig. 3(a)) of CoNC
and ZnCoNC-0.1 reveal the presence of carbon, cobalt,
nitrogen, and oxygen species. Compared to CoNC,

the nitrogen content in ZnCoNC-0.1 increased from
1.34 at.% to 6.33 at.%, suggesting that Zn doping in
porous carbon polyhedra results in a higher nitrogen
content. The XPS spectra of ZnCoNC-0.1 are shown
in Figs. 3(b)-3(f). The high-resolution N 1s spectrum
(Fig. 3(b)) reveals three types of nitrogen species:
graphitic (400.1 eV), pyrrolic (398.1 eV), and pyridinic
N (398.8 eV). It has been reported that these species
play an important role in the ORR and OER processes
[32, 36, 37], where pyridinic N could improve the onset
potential, while graphitic N determines the limiting
current for ORR [11]. The total content of pyridinic,
pyrrolic, and graphitic N in ZnCoNC-0.1 was much
higher than that measured for CoNC, which further
promotes the ORR and OER activity of ZnCoNC-0.1.
The C 1s peaks in Fig. 3(c) can be decomposed into
three individual peaks with binding energies of 284.6,
286.5, and 288.7 eV, respectively attributed to the sp?
carbon, C-O, and C=O/C=N groups in the ZnCoNC-0.1

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 (a) Full XPS spectra of CoNC and ZnCoNC-0.1. (b) N s, (c) C Is, (d) Co 2p, (e) Zn 2p, and (f) O 1s spectra of ZnCoNC-0.1.

sample [38]. The decomposition of the Co 2p spectrum
in the Co%*, Co*, and Co° contributions is shown in
Fig. 3(d). The characteristic peaks at 779.8 and 781.3 eV
can be attributed to Co*';, and Co*’;), respectively. The
other spin-orbit component, 2p,, appears at 795.6
and 797.4 eV for Co* and Co*, respectively. The
components at 777.8 and 793.15eV correspond to
metallic Co [39, 40]. Compared to CoNC, a negative
shift of the Co 2p peaks was observed for the
ZnCoNC-0.1 sample, probably due to the incorporation
of Zn* (Fig.S4 in the ESM), which is expected to
enhance the OER activity of the catalyst [34, 41].
Moreover, the signals at binding energies of 1,044.2
and 1,020.8 eV were assigned to Zn 2p;, and Zn 2py,
(Fig. 3(e)) [34], whereas the high-resolution O 1s
spectrum could be fitted by two peaks at 533.3 and
531.9 eV, which correspond to C-O-H and C=0O
groups [42], respectively (Fig. 3(f)).

The electrocatalytic ORR and OER activities of the
as-prepared materials were initially evaluated in a
three-electrode electrochemical cell by linear sweep
voltammetry (LSV) with a rotating ring-disk electrode
(RRDE) as the working electrode.

To evaluate the ORR performances, Fig. 4(a) shows
the polarization curves (not corrected for internal
resistance) of electrodes coated with ZnCoNC-x and
commercial Pt/C catalysts, measured in O,-saturated
0.1 M KOH electrolyte under a rotation rate of

TSINGHUA
UNIVERSITY PRESS

1,600 rpm. The ZnCoNC-0.1 sample exhibited a
half-wave potential of 0.84 V, higher than that of
commercial Pt/C electrodes (0.81 V), and also much
better than that of CoNC (0.80 V), ZnCoNC-0.05
(0.82V), ZnCoNC-0.13 (0.75V), and ZnCoNC-0.2
(0.67 V), indicating that the lowest ORR overpotential
is obtained in the case of ZnCoNC-0.1. ZnCoNC-0.1
also exhibited a more positive onset potential (0.9 V)
toward ORR compared to other catalysts, including
commercial Pt/C (whose onset potential was 0.89 V),
indicating a better intrinsically thermodynamic catalytic
capability. The excellent ORR activity of the ZnCoNC-0.1
catalyst was further confirmed by its significantly
smaller Tafel slope of 66 mV-dec™ compared to
commercial Pt/C (72 mV-dec™) and ZnCoNC-x catalysts
(85 mV-dec™ for CoNC, 70 mV-dec™ for ZnCoNC-0.05,
77 mV-dec! for ZnCoNC-0.13, and 83 mV-dec! for
ZnCoNC-0.2) (Fig. 4(b)). The different ORR performance
of CoNC and ZnCoNC-x highlights the benefits of Zn
addition to the MOF-derived catalysts. In particular,
Zn doping allowed us to optimize the Co nanoparticle
size, the pyridinic and pyrrolic N contents, and hence
the ORR activity. The durabilities of ZnCoNC-0.1
and Pt/C were evaluated using chronoamperometric
measurements at 0.8 V (vs. RHE) in O,-saturated 0.1 M
KOH solution, performed with a rotation rate of
1600 rpm for 10,000 s (Fig. S5(a) in the ESM). The Pt/C
catalyst shows a 31% decrease in activity after 10,000 s.
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Figure 4 Electrochemical performance of ZnCoNC-x. (a) Polarization curves (not corrected for internal resistance) of ZnCoNC-x and
Pt/C from 1.0 to 0.1 V (vs. RHE) in O,-saturated 0.1 M KOH at a sweep rate of 5 mV-s™! and 1,600 rpm; (b) corresponding Tafel plots.
(c) Polarization curves (not corrected for internal resistance) of ZnCoNC-x, Ru/C, and Ni foam from 1.1 to 1.9V (vs. RHE) in
O,-saturated 0.1 M KOH at a sweep rate of 5 mV-s™! and 1,600 rpm; (d) corresponding Tafel plots.

As a comparison, ZnCoNC-0.1 retains a high relative
current of 80% after the same time, indicating its
superior stability in an alkaline environment. Apart
from the ORR activity, a high OER activity is another
critical requirement for bifunctional catalysts used
in metal-air batteries. The polarization curves (not
corrected for internal resistance) of ZnCoNC-x, com-
mercial Ru/C catalysts, and Ni foam were recorded
from 1.1 to 1.9 V (vs. RHE) at a scan rate of 5 mV-s™
in O,-saturated 0.1 M KOH solution. As shown in
Fig. 4(c), the ZnCoNC-0.1 catalyst showed a significantly
lower potential (1.75 V) at a current density of
10 mA-cm™ compared to commercial Ru/C (1.83 V),
CoNC (1.79 V), ZnCoNC-0.05 (1.77 V), ZnCoNC-0.13
(1.82 V), and ZnCoNC-0.2 (1.87 V). The potential con-
tribution of Ni foam can be ruled out, based on the
high overpotential measured in the LSV test on bare
Ni foam. Moreover, Fig. 4(d) shows that ZnCoNC-0.1
exhibited a much lower Tafel slope (129 mV-dec™) than
CoNC (159 mV-dec™), ZnCoNC-0.05 (169 mV-dec™),
ZnCoNC-0.13 (130 mV-dec), ZnCoNC-0.2 (162 mV-dec™),
and commercial Ru/C (206 mV-dec™), further confirm-
ing the superior OER performance of ZnCoNC-0.1.

The durabilities of ZnCoNC-0.1 and Ru/C were
evaluated using chronoamperometric measurements.
The current-time (i—t) curve highlights the high stability
of ZnCoNC-0.1 (Fig. S5(b) in the ESM), which retains
more than 93.1% of the initial current after 10,000 s.
In contrast, the Ru/C catalyst suffers from a rapid
current loss with only 74.5% retention and shows a
25.5% decrease in activity after 10,000 s. Inductively
coupled plasma (ICP) measurements revealed that
the Zn content of ZnCoNC-0.1 decreased from 12.6%
to 4% after the OER durability test, indicating that
a fraction of Zn species reacted with the KOH
electrolyte during testing. The improved ORR and
OER activities of ZnCoNC-0.1 can be attributed to its
large specific surface area, good dispersion of Co
nanoparticles, and high N content. It has been reported
that Zn doping could effectively modulate the Co
nanoparticle size, by suppressing sintering through
the spatial isolation of Co by Zn species. A smaller
Co nanoparticle size could enhance the interaction
between Co and coordinated N, leading to a higher
N content. The incorporation of small well-dispersed
Co nanoparticles in the porous carbon matrix and the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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high N content can reduce the energy barrier for O,
adsorption and accelerate the rate-limiting first electron
transfer step of the ORR process. The large surface
area of ZnCoNC-0.1 will increase the accessibility of
ORR and OER active sites, thus resulting in superior
electrocatalytic ORR and OER activity. The XPS analysis
showed that the incorporation of Zn** in the CoNC
matrix leads to a negative shift of the Co 2p peaks,
which is considered beneficial for the enhancement
of the OER activity of the catalyst. Therefore, Zn doping
improved the catalytic activity of CoNC in both ORR
and OER processes, with ZnCoNC-0.1 exhibiting the
highest catalytic activity.

Apart from the standard electrochemical tests in
aqueous electrolytes described above, a prototype of
a two-electrode zinc-air cell was assembled to further
examine the bifunctional catalytic performance of
the present materials under real battery operation
conditions. The best ORR and OER catalyst identified
in the electrochemical tests, ZnCoNC-0.1, was used
as a cathode to evaluate its performance in zinc-air
batteries. During deep discharge of the cell, i.e., until
complete consumption of the Zn metal at a constant
current density of 7 mA-cm™, the open-circuit potential
was 1.28 V, followed by the average working voltage
plateau at approximately 1.24 V (Fig. 5(a)). The
corresponding discharge capacity (normalized to the
mass of consumed Zn) was found to be 741 mAh-gz. ™,
corresponding to a gravimetric energy density of
889 Wh-g,", and significantly higher than the capacity
of a Pt/C based battery (540 mAh-gz,?). A discharge/
charge experiment was performed with a current rate

Nano Res. 2018, 11(1): 163-173

of 7mA-cm™, as shown in Fig. 5(b). The initial charge
and discharge potentials of ZnCoNC-0.1 were close
to 2.03 and 1.19V, respectively; after 33 h, the
corresponding final values were 2.04 and 1.19 V.
This exceptional performance is superior to that of
commercial Pt/C and many other transition metal-
and/or carbon-based zinc-air batteries, as shown in
Table 1. This result highlights the good cycling stability
of the ZnCoNC-0.1 catalyst in the discharge and charge
processes.

Table 1 Comparison of the electrochemical performances of
discharged/charged zinc-air batteries fabricated with various air
catalysts (electrolyte: 6 M KOH)

Air catalysts Current  Number of  Increased  Ref.

density cycle polarization®

(mA-cm ?) V)

MnO,/Co30, 15 60 0.3 [43]
MnO,-NCNT 8 50 0.4 [44]
NiCo,0, 25 50 0.2 [45]
LaNiO3;/NCNT 17.6 75 0.1-0.2 [46]
BNPC 2 600 0.1 [47]
ZnCoNC-0.1 7 100 0.01 This
work

Polarization refers to the difference between charge and discharge
voltages at the same working current density.

4 Conclusions

In summary, ZnCoNC-x materials with active CoN,,
Zn,Co;.,0,, and/or Co,;0; sites, high graphitization,
as well as a porous polyhedral structure with large
surface area, have been designed and successfully

1.6 2.44 n N n n Lyy " n i 1
(a) 7 mA.cm™ (b) 7 mA.cm™
2.0
1.24
S S16
£ 081 £12
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Figure 5 Electrochemical performances of zinc-air batteries fabricated using ZnCoNC-0.1 and Pt/C as catalysts in 6 M KOH. (a)
Typical discharge curves of primary Zn-air batteries under continuous discharge until complete consumption of Zn at a current density

of 7mA-cm™2. The specific capacity was normalized to the mass of consumed Zn. (b) Discharge/charge cycling curves of rechargeable

zinc-air batteries at a current density of 7 mA-cm™.
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synthesized using bimetallic MOFs as templates/
precursors. Outstanding ORR and OER activities were
measured for the ZnCoNC-0.1 sample and interpreted
in terms of the synergistic effect of N-doped carbon
and Co nanoparticles in the composite, high nitrogen
content, improved conductivity deriving from the
high graphitization of carbon, and large surface area
associated with the porous polyhedral structure. Zn
doping also resulted in a smaller Co nanoparticle size
and higher nitrogen contents, which further promote
the ORR and OER activity. The optimized ZnCoNC-0.1
sample exhibits excellent ORR and OER activities, along
with good performance in primary and rechargeable
zinc-air batteries. The facile route to fabricate porous
carbon hybrids illustrated here may be extended to
other catalysts and electrode materials for fuel cells,
metal-air batteries, and water splitting applications.
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