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Bifunctional electrocatalysts with high catalytic property for the oxygen reduction reaction (ORR) and

oxygen evolution reaction (OER) are vital for high-performance zinc—air batteries (ZnABs). In this study,

an efficient bifunctional electrocatalyst with hollow structure (C—N/Co (1/2)) has been successfully

prepared through carbonization of ZIF-8@ZIF-67 and evaporation of Zn ions at high temperature. With
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Co nanoparticles encapsulated by an N-doped porous carbon matrix, the catalyst exhibits excellent

stability in aqueous alkaline solution over an extended period and good tolerance to the methanol
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Introduction

Given the rapid growth of the global energy demand and
increasingly severe pollution of the environment, the development
of highly efficient materials and technologies for energy storage
and conversion is of great significance."* Among various tech-
nologies developed, Zn-air batteries have proven a promising
battery system owing to the high theoretical energy density, the
appropriate operating voltage (~1.65 V), abundant zinc resources,
and free supply of oxygen for the air cathode.*® However, the
inherent sluggish kinetics of the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER), which are the basis of Zn-air
batteries,” have hampered its development and applications.?
Noble metals (Pt for ORR, IrO, for OER, etc.) and their
derivatives constitute the state-of-the-art ORR and OER cata-
lysts.”® Unfortunately, their scarcity on the earth, insufficient
stability, and high cost make their practical commercialization
difficult. As an alternative, non-precious metal-based materials
with carbon support, which also show potentially good

“Institute of Advanced Synthesis (IAS), School of Chemistry and Molecular Engineering
(SCME), Jiangsu National Synergetic Innovation Center for Advanced Materials
(SICAM), Nanjing Tech University, 30 South Puzhu Road, Nanjing 211816, PR
China. E-mail: ias_zjwang@njtech.edu.cn

*Department of Materials Science and Engineering, National University of Singapore,
117574, Singapore

‘Institute of Materials Research and Engineering, Agency for Science, Technology and
Research (A*STAR), 2 Fusionopolis Way, #08-03 Innovis 138634, Singapore. E-mail:
zl-liu@imre.a-star.edu.sg

available. See DOLI:

+ Electronic  supplementary  information

10.1039/d1ra01350e

(EST)

15722 | RSC Adv, 2021, N, 15722-15728

crossover effect. The integration of an N-doped graphitic carbon outer shell and Co nanoparticles
enables high ORR and OER activity, as evidenced by ZnAB using the catalyst C—N/Co (1/2) in an air cathode.

electrocatalytic performances, have recently drawn consider-
able attention.®*® In this regard, metal-organic framework
(MOF)-based catalysts have become the focus of electrocatalyst
design, given its remarkable advantages including the porous
structure, the existence of abundant transition metal, and the
easy modification of architecture and composition.»*>**>*
Moreover, the evenly dispersed metal species in the MOF-
derived materials are able to function as active sites for elec-
trochemical reactions.'?>* It has been reported that Co-based
MOF electrocatalysts have shown good catalytic activity, while
the dissatisfactory bifunctional ORR/OER property,>*>® the poor
electrical conductivity, and aggregation of nanoparticles* still
limit their practical application in Zn-air batteries.

In order to address these issues, our group has reported
a series of core-shell carbon materials derived from MOF* and
its hybrid® as bifunctional electrocatalysts. Stability and cata-
Iytic activities in these materials were remarkable. However,
either OER*® or ORR cannot meet the requirements as
a bifunctional electrocatalyst.

In this work, we designed a new class of C-N/Co-based MOF
that could be derived from core-shell ZIF-8@ZIF-67-based
zeolitic imidazolate frameworks (ZIFs)**® precursor, wherein
ZIF-8 ([Zn(2-Melm),],, 2-MeIm = 2-methylimidazole) serves as
the core and self-sacrificed template to formulate and control
the morphology and size of the shell of ZIF-67 ([Co(2-MelIm),],).
As zinc metal has a relatively low boiling temperature (907
°C),"™? it can be evaporated under high-temperature pyrolysis.
Therefore, a porous carbon network was produced, which is
beneficial to enhance electrocatalytic activity. During this
process, Co ions can be pushed onto the surface, which will

© 2021 The Author(s). Published by the Royal Society of Chemistry
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provide more catalytically active sites for ORR and OER.
Meanwhile, the possibility of Co atoms aggregation has been
reduced as the concentration of Co atoms in the shell decreases.
As a result, the synthesized C-N/Co-based MOF was found to
exhibit good performance as a bifunctional electrocatalyst in
the Zn-air battery.

Experimental

Chemicals and materials

Zinc nitrate hexahydrate (Zn(NOj),-6H,0, 99%, Adamas),
cobalt nitrate hexahydrate (Co(NO3),-6H,0, 97.7%, Alfa Aesar),
2-methylimidazole (2-MeIm, 99%, Acros), methanol (CH;0H,
99.9%, Adamas), potassium hydroxide (KOH, 85%, Nanjing
Reagent), Nafion (5 wt%, Alfa Aesar), carbon paper (SGL 10BC,
Germany), 20 wt% platinum supported on Vulcan XC-72 carbon
(Pt/C, Premetek) and 20 wt% iridium on Vulcan XC-72 carbon
(Ir/C, Premetek) were used as received without any further
purification. Ultrapure water (=18 MQ c¢cm™ '), obtained from
a Milli Q Plus water purification system (Millipore, USA), was
used throughout the experiment.

Characterizations

The surface morphologies of the samples were obtained from
scanning electron microscopy (SEM, FEI Quanta 250 FEG) at an
accelerating voltage of 15 kV. The inner nanostructures were
characterized by a HT7700 Transmission Electron Microscopy
operated at 100 kV and a JSM-2100F High-Resolution Trans-
mission Electron Microscopy operated at 200 kV. X-ray photo-
electron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250Xi spectrometer with a monochrome aluminum
Ko radiation. Powder X-ray diffraction (XRD) patterns were
conducted using a Bruker D8 Advanced diffractometer with
copper Ko radiation source. Nitrogen adsorption-desorption
isotherm measurements were used to analyze the specific
surface area and pore size distribution of the samples.

Synthesis of ZIF-8 and nitrogen-doped carbon (NC)

2-MeIm (6.16 g, 0.075 mol) was first dissolved in 150 mL of
methanol. Another solution with 150 mL of methanol and zinc
nitrate hexahydrate (Zn(NOj),-6H,0) (5.95 g, 0.02 mol) was
subsequently poured into the above solution under stirring. The
mixed solution was kept stirring for 24 h at room temperature.
Then the white precipitates were collected by centrifugation and
washed with methanol four times and dried at 60 °C in
a vacuum to obtain ZIF-8. The ZIF-8 was calcined at 920 °C in
a tube furnace for 3 h with a ramp rate of 2 °C min™" in argon to
get nitrogen-doped carbon (NC).

Synthesis of ZIF-8@ZIF-67 and C-N/Co (x)

In a typical synthesis, cobalt nitrate hexahydrate (Co(NO3),-
-6H,0) (5.82 g, 0.02 mol) and 2-MeIm (6.16 g, 0.075 mol) were
dissolved in 100 mL of methanol to form clear solutions,
respectively. ZIF-8 (0.50 g) was dispersed in 100 mL of methanol
by sonication for 5 min. Then, the methanol solution of
Co(NO3),-6H,0 was first poured into the suspension of ZIF-8
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and the methanol solution of 2-MeIm was subsequently
poured into the above mixture solution under stirring. After
stirring for 24 h at room temperature, the resulting bright
purple precipitates were collected by centrifugation, washed
with methanol four times and dried at 60 °C in a vacuum.
Finally, the ZIF-8@ZIF-67 was calcined at 920 °C in a tube
furnace for 3 h with a ramp rate of 2 °C min~* in argon to obtain
sample C-N/Co. In order to explore the influence of Co content
on the properties of catalysts, a series of C-N/Co (x) (x = 1/2, 1/3
and 2/3, which denotes the molar ratio of Co(NO;),-6H,0
between the sample and C-N/Co) catalysts with different cobalt
contents were prepared using the similar processes by changing
the amount of Co(NOj3),-6H,0. In addition, the sample C-N/Co
(1/2) was also pyrolyzed at 820 °C using the corresponding ZIF-
8@ZIF-67 in argon.

Synthesis of ZIF-67 and graphitic carbon (GC)

ZIF-67 was prepared similar to that of ZIF-8@ZIF-67 except in
the absence of ZIF-8. Then, the ZIF-67 was calcined at 920 °C in
a tube furnace for 3 h with a ramp rate of 2 °C min~" in argon to
get highly graphitic carbon (GC).

Electrochemical measurements

All of the electrochemical measurements were performed on an
Autolab AUT302N.FRA32M.V (Metrohm) with a standard three-
electrode setup using a glass carbon electrode (GCE, 5 mm in
diameter), a graphite rod and a Hg/HgO electrode (1 M KOH) as
the working, counter and reference electrode, respectively. To
prepare catalyst ink, 5 mg of catalyst and 20 pL of Nafion
solution (5 wt%) were dispersed in 980 uL of water-ethanol
solution (volume ratio of 1:1) to generate homogeneous ink
assisted by ultrasound for 2 h. Then, 10 pL of the suspension
was dropped onto a polished glass carbon (GC) rotating disk
electrode (RDE) surface (loading 0.254 mg cm™2) and dried in
air at room temperature. Linear sweep voltammetry (LSV)
measurements were performed at a scan rate of 5 mV s ', All
measured potentials in this research were referenced to
reversible hydrogen electrode (RHE) by Eryp = Engmgo + 0.059
x pH + 0.098. Before each measurement, high-purity N, or O,
flow was bubbled through the electrolyte for at least 30 min to
obtain a N,- or O,-saturated electrolyte solution. During the
experiment, the high-purity N,/O, flow was passed over the
electrolyte in order to maintain the N,/O, saturation.

In ORR measurements, cyclic voltammetry (CV) test was
executed in N,- and O,-saturated 0.1 M KOH aqueous solution
at a scan rate of 50 mV s~ ', respectively. Linear sweep voltam-
metry (LSV) curves at various rotating speeds from 400 to
2400 rpm and chronoamperometry measurements at 0.6 V (vs.
RHE) with a rotation rate of 1600 rpm were recorded in O,-
saturated 0.1 M KOH. The number of transferred electrons (n)
per oxygen molecule involved in ORR was calculated according
to the Koutecky-Levich equations:

J e e = Bl 2 4 !

B = 0.2nF(Dy)**v="C,
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where J is the measured current density, Jx and J;, are the kinetic-
and diffusion-limiting current densities; n is the number of
transferred electrons per oxygen molecule, F is the Faraday
constant (F = 96 485 C mol '), D, is the diffusion coefficient of
0,in 0.1 M KOH (1.9 x 10~° em® s '), v is the kinetic viscosity of
the electrolyte (0.01 cm* s~ '), and C, is the bulk concentration of
0, (1.2 x 107® mol em ?); w is the electrode rotating rate. The
constant 0.2 is adopted when the rotation speed is expressed
in rpm. The generated peroxide ion content during ORR was
determined by a rotating ring-disk electrode (RRDE) setup on an
Autolab AUT302N.FRA32M.V (Metrohm). RRDE experiment was
carried out at a rotating rate of 1600 rpm. The formation of
peroxide ions (HO, ) and n during the ORR can be calculated
according to following equations:****

n = 4ID/(ID + IR/N)
HO, % = 100 x 2Ix/(NIp + I)% = 100 x (4 — n)/2%

where Ip, Iz and N are the disk current, the ring current, and the
current collection efficiency of RRDE, respectively. N was cali-
brated using degassed 0.1 M NaOH with 0.01 M K;Fe(CN), at an
electrode rotating speed of 1600 rpm and a potential scanning
rate of 5 mV s~ (Fig. S91). The calculated result is 24.6 & 0.3%,
which is close to the manufacture's data 24.9%.

For OER, linear sweep voltammograms were recorded in O,-
saturated 1.0 M KOH with a rotation rate of 1600 rpm. The
resulted polarization curves involved OER were corrected by iR-
compensation, where R was the electrolyte ohmic resistance
and can be measured from the electrochemical impedance
spectroscopy (EIS) in the frequency range from 10° Hz to 0.01 Hz
with an excitation amplitude of 5 mV. The electrochemical
double-layer capacitance Cq4 was determined by measuring CVs
with multiple scan rates in a nonfaradaic potential region
between 1.2 V and 1.3 V.

Zn-air battery (ZnAB) assembly and test

To evaluate the catalytic performance and durability of the C-N/
Co (1/2) catalyst, battery cycling tests were performed using
a home-made zinc-air cell device. Commercial Ir/C was chosen
as a benchmark. Therefore, two Zn-air batteries will be
assembled and tested. In brief, two cathodes were prepared by
spreading C-N/Co (1/2) and commercial Ir/C slurries onto
carbon paper, respectively, to achieve a loading density of
4.0 mg cm ™2, with the working area of the air cathode being 4
ecm’. A metallic zinc plate was employed as the anode, with
a 6.0 M KOH aqueous solution containing 20.0 g L™" ZnCl, as
the electrolyte. The battery tests were carried out at 25 °C on
a Maccor 4300 battery tester. In each test cycle, the cell was
discharged at a constant current of 20 mA over 4 h and then
charged at a constant current of 10 mA over 8 h.

Results and discussion

In this study, core-shell ZIF-8@ZIF-67 materials with different
Co contents have been synthesized by seed epitaxial growth of
ZIF-67 on ZIF-8, which was schematically depicted in Scheme 1.
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Scheme 1 Schematic illustration of the synthesis procedure of C—N/
Co (x).

The content of Co ions in ZIF-67 was able to be easily changed
by modifying the concentration of Co(NO3),-6H,0 in the reac-
tants. C-N/Co and a series of C-N/Co (x) (x = 1/3, 1/2 and 2/3)
catalysts have been fabricated by the pyrolysis of the corre-
sponding ZIF-8@ZIF-67 core-shell structures at 920 °C under Ar
atmosphere. During the pyrolysis, Co>" ions were reduced to
metal Co nanoparticles (NPs) by the reductive gas (such as H,
and NH;) released from the linkers.***

The surface morphology of C-N/Co (1/2) was characterized
by SEM. As shown in Fig. 1a, the synthesized C-N/Co (1/2)
inherits a uniform rhombic dodecahedral skeleton from the
core-shell precursor (Fig. Slat) with a distorted and rough
surface. The magnified SEM image of a single particle with
a collapsed shell (inset of Fig. 1a) demonstrates the hollow
structure because of the evaporation of Zn and decomposition
of 2-MeIm.** From the larger magnification of SEM images
(Fig. S1b and ct), it can be seen that Co NPs were pushed onto
the surfaces of C-N networks, which would be further verified
by TEM images. Moreover, numerous carbon nanotubes (CNTSs)
derived from the carbon matrix and wrapped the surface, which
comes from the thermal decomposition of 2-MeIm under the
catalytic effect of Co NPs.*> These CNTs provide an effective and
convenient tunnel for mass and electron transfer and thus
improve the electrical conductivity of the final product.'>**

TEM image (Fig. 1b) further reveals the hollow structure of
C-N/Co (1/2), which is consistent with the SEM result (inset of

Fig. 1 (a) SEM, (b and c) TEM and (d) high-resolution TEM images of
C-N/Co (1/2). Inset of (a): the magnification SEM image of single C—N/
Co (1/2) particle.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Powder XRD pattern of C—N/Co (1/2).

Fig. 1a). The magnified TEM image in Fig. 1c demonstrates that
few large Co NPs (~100 nm) (Fig. 1c) and many small Co NPs
(~15 nm) (Fig. 1d) are encapsulated in the carbon matrix, which
is consistent with the SEM images. High-resolution TEM
(HRTEM) images (Fig. 1d and S1df) showed that the lattice
distances of 0.347 nm and 0.203 nm corresponded to the (002)
crystal faces of graphitic carbon and (111) planes of nano-
crystalline cobalt, respectively. Importantly, it can be seen
clearly that Co NPs are well wrapped by the carbon layers, which
could protect these Co NPs from agglomerating and being
excessively oxidized by the oxygen in ambient air.

The powder XRD was performed to analyze the crystal
structure of C-N/Co (1/2) (Fig. 2). A relatively small peak located
at 25.9° can be assigned to the (002) diffraction planes of
graphite carbon (JCPDS no. 75-1621), which agrees with the
HRTEM result (Fig. 1d). Besides, three characteristic peaks at
44.2°,51.7° and 75.9° match well with the (111), (200) and (220)
crystalline faces of metal Co (JCPDS no. 15-0806). These results
verify that Co ions have been successfully reduced to a zero
valent state.

XPS was employed to investigate the chemical composition
and elemental valence state of C-N/Co (1/2) (Fig. 3). The survey
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Fig. 3 (a) XPS survey spectrum of C—N/Co (1/2), high-resolution and
the corresponding deconvoluted spectrum of (b) C 1s, (c) N 1s and (d)
Co 2p.
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spectrum suggests the existence of C, N, Co and O elements in
C-N/Co (1/2) (Fig. 3a). Notably, the absence of Zn peak displays
complete evaporation of Zn ions during the pyrolysis, which
agrees with XRD results (Fig. 2). The high-resolution XPS spec-
trum of the C 1s peak can be deconvolved into two peaks at
284.7 and 285.7 eV (Fig. 3b), corresponded to C-C and C=N
species, respectively.” It confirms that N heteroatoms have
been successfully doped into carbon matrix. The majority of
C-C bonds are responsible for the excellent electron conduc-
tivity,>> which is consistent to the SEM and TEM results
(Fig. 1d). The deconvolved N 1s spectrum exhibits five peaks,
corresponding to pyridinic N (398.5 eV), Co-N (399.1 eV),
pyrrolic N (400.2 eV), graphitic N (401.6 eV), and oxidized N
(403.4 eV) (Fig. 3c), respectively.?* It has been reported that
pyridinic N, graphitic N and Co-N bonds have a positive effect
on OER and ORR performances.?**® Particularly, Co-N bond can
accelerate the charge transfer between carbon and metal/N-
dopants, providing additional sites for ORR process.*>*” In the
high-resolution Co 2p spectrum (Fig. 3d), two main peaks at
796.2 and 780.6 eV can be attributed to Co 2p;/, and Co 2pg/s,
while two broad peaks located at 803.9 and 785.6 eV are
assigned to the satellites of Co 2p,,, and Co 2p3/,, respectively.®®
The resolved Co 2p;, reveals the co-existence of Co® (779.7 eV)
and Co”* (781.5 eV), which indicates that the Co NPs on the
surface of the C-N/Co (1/2) composite are slowly oxidized in the
air'39,40

The electrocatalytic ORR performance of C-N/Co (1/2) was
first executed by cyclic voltammetry (CV) measurements in N,-
and O,-saturated 0.1 M KOH solution at a scan rate of 50 mV
s~'. As shown in Fig. 4a, no oxygen reduction peak is observed
in N,-saturated solution. However, C-N/Co (1/2) displays an
obvious cathodic reduction peak at 0.79 V in O,-saturated
solution, which is more positive than C-N/Co (0.78 V), C-N/Co
(1/3) (0.77 V) and C-N/Co (2/3) (0.76 V) (Fig. S27). To further
investigate the ORR performance of C-N/Co (x) composites,
linear sweep voltammetry (LSV) tests were performed on
a rotating disk electrode (RDE) in O,-saturated 0.1 M KOH at
a scan rate of 5 mV s~ ' with a rotation speed of 1600 rpm
(Fig. 4b). Taken a current density of 0.1 mA cm 2 as crite-
rion,"* C-N/Co (1/2) exhibits a more positive ORR onset
potential (0.89 V) compared to C-N/Co (0.87 V), C-N/Co (1/3)
(0.86 V) and C-N/Co (2/3) (0.85 V), which is comparable to the
benchmark Pt/C catalyst (20 wt% Pt) at 0.93 V. The results
suggest that appropriate content of Co atoms is crucial to the
formation of available surface active sites and enhance the ORR
activity.”>*>* The RDE tests were carried out at various rotating
speeds to study the ORR diffusion kinetics of C-N/Co (1/2). The
number (n) of transferred electrons per O, molecule in the ORR
procedure was evaluated using the slopes from Koutecky-Lev-
ich (K-L) plots (J* vs. W~/ (Fig. S3at). The slopes at different
electrode potentials (between 0.6 and 0.2 V) remain an almost
constant of 4 (from 3.97 to 4.08), implying a possible near one-
step and four-electron transfer process of the ORR on C-N/Co
(1/2). The ORR activity of C-N/Co (1/2) was further evaluated
in RRDE experiments conducted in alkaline solution, and
a typical sweeping voltammogram at a rotating rate of 1600 rpm
is shown in Fig. S3b.t The yield of HO,  was found below 5%

RSC Adv, 2021, 11, 15722-15728 | 15725


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01350e

Open Access Article. Published on 27 April 2021. Downloaded on 2/10/2026 7:22:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

a b - c

= C-N/Co(1/2)-N, e C-N/Co(1/2)
T < ——C-NICo

——C-NICo(1/2)-0, 0 X
NE 2 o(1/2)-0, NE C-NICo(113) _ 1004 C-N/Co(1/2)
S S g 2 90%
3 3 . C-N/Co(2/3) £
E E t 80
£ £ s 74%
> 1 2 2 E PUC
i i 3
c c O 60
s, ) 2
3 3 *

% 20
2
04 05 06 07 08 09 10 11 0.2 04 06 08 1.0 10000 20000 30000 40000
Potential (V vs. RHE) Potential (V vs. RHE) Time (s)
€ os0

——C-N/Co(1/2)
70{ ——C-NICo
——C-NICo(1/3)
604 ——C-N/Co(2/3)
—PiC

IrC

——C-NICo(112)

~——C-N/Co

——C-NICo(1/3)

~——C-N/Co(2/3)
Iric

Current density (mAlem?) ()
a »
Overpotential (V)

10 / 0.30
. _

mV dec e

e /
Bt

_— -

gl
»/,/g“:(/

—— Initial
——1000th

Current density (mA/cm?) —h

12 13 14 15 16 17 18 0.8 09 10

Potential (V vs. RHE)

Fig. 4

log|J (mA cm?)|

14 12 13 12 13 14 15 16 17 18
Potential (V vs. RHE)

(a) Cyclic voltammograms of the ORR in O,-saturated and N,-saturated 0.1 M KOH solution on C-=N/Co (1/2); (b) LSV curves for the ORR

in O,-saturated 0.1 M KOH solution on C—N/Co (1/2), C-N/Co, C—N/Co (1/3), C-N/Co (2/3), and Pt/C; (c) chronoamperometry test of C-N/Co
(1/2) and Pt/C in O,-saturated 0.1 M KOH solution at 0.6 V; (d) LSV curves for the OER in O,-saturated 1.0 M KOH solution on C—N/Co (1/2), C—N/
Co, C-N/Co (1/3), C-N/Co (2/3), Ir/C and Pt/C; (e) the corresponding Tafel plots; (f) LSV curves of C—N/Co (1/2) before and after 1000 CV cycles

in the stability test over 1.0 M KOH.

over the potential range of 0 V to 0.85 V, giving an n value of 3.91
to 3.99 (inset of Fig. S3b¥). This is highly consistent with the
results derived from the K-L plots of RDE measurements (inset
of Fig. S3at), confirming a single 4-electron step for the efficient
ORR of C-N/Co (1/2). Long-term stability is another vital
parameter for evaluating the practical applications of electro-
catalysts. The durability test of C-N/Co (1/2) was conducted by
chronoamperometry measurements toward ORR, with
commercial Pt/C taken as contrast sample (Fig. 4c). The result
shows that C-N/Co (1/2) remains the 90% of the initial current
density after 34 200 s. On the contrary, Pt/C undertakes a rapid
decay in activity at the beginning and suffers a total current loss
of 26% over the same period. In addition, the tolerance of C-N/
Co (1/2) and Pt/C to methanol crossover effect was also inves-
tigated using a chronoamperometric method (Fig. S47). After
the addition of 1.0 M methanol, an immediate and sharp
decrease is observed in the current density of Pt/C while C-N/Co
(1/2) shows a negligible change (99.8% retention). The better
durability and tolerance of C-N/Co (1/2) may originate from that
carbon layers confine the Co NPs in the matrix to protect the
metal Co from leaching and corrosion, and improve the long-
term stability."*>

The electrocatalytic activity of the C-N/Co (1/2) hybrid
towards OER was also investigated in O,-saturated KOH solu-
tion (Fig. 4d). All C-N/Co (x) composites manifest better OER
performance compared with the commercial Ir/C and Pt/C.
Clearly, C-N/Co (1/2) exhibits the highest current density and
lowest onset potential for OER among all hybrids. Taken
a current density of 10 mA em > as criterion, C-N/Co (1/2)
electrocatalyst has a lower overpotential of 0.29 V in contrast
to that of C-N/Co (0.37 V), C-N/Co (1/3) (0.34 V), C-N/Co (2/3)
(0.35 V). Co NPs encapsulated in N-doped graphitized carbon
networks are supposed to improve electron conductivity of the
catalyst and act as active sites for OER, which result in effective

15726 | RSC Adv, 2021, 1, 15722-15728

oxygen electrocatalysis."*>*~** In addition, the ORR and OER
performances of NC, GC and NC + GC (the obtained NC (11 mg)
and GC (11 mg) powder were mixed physically) and C-N/Co (1/2)
were compared (Fig. S51). Clearly, the ORR and OER results of
C-N/Co (1/2) is much better than that of other samples, which
proves that the superior catalytic activities of the catalyst were
due to the unique core-shell structure and synergic effects
between C-N matrices and Co NPs. Moreover, the LSV curves of
the sample with Zn element (C-N/Co (1/2, 820 °C)) have also
been characterized (Fig. S67). After evaporation of Zn ions,
a distinguished improvement is observed for the OER while the
ORR property is kept constant. This result confirmed that the
evaporation of Zn ions is vital to obtain the excellent bifunc-
tional electrocatalyst in this study.

In order to further explore the electrocatalytic performance
for OER, the Tafel plots (Fig. 4e) of the prepared materials and
the commercial Ir/C were obtained from the corresponding LSV
curves in Fig. 4d. The Tafel slopes of C-N/Co (1/2), C-N/Co, C-N/
Co (1/3), C-N/Co (2/3) and Ir/C were found to be 66 mV dec ,
88 mV dec™ !, 85 mV dec™?, 78 mV dec ' and 126 mV dec .
These results distinctly reveal that C-N/Co (1/2) exhibits the
smallest Tafel slope among the above electrocatalysts under the
same kinetic current density.

In addition, the electrochemical active surface area (ECSA) is
estimated by double-layer capacitance (Cq)."** It can be seen
that the C-N/Co (1/2) composite manifests larger Cq; (22.9 mF
ecm™?) than C-N/Co (14.2 mF cm™?), C-N/Co (1/3) (16.5 mF
em™?) and C-N/Co (2/3) (18.2 mF cm~?) (Fig. S77). The increase
of ECSA leads to the enhancement of catalytic activity,”® which is
one of the reasons for C-N/Co (1/2) composite to show the best
catalytic activity. In addition, the exposure of the electrochem-
ically active sites is another important factor considering the
similar BET specific surface areas and pore size distribution of
the as-prepared composites (Fig. S81). In this respect, the best

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Galvanostatic charge/discharge cycling curves of rechargeable
Zn-air batteries with C—N/Co (1/2) and Ir/C catalysts as air cathodes.

catalytic activity of C-N/Co (1/2) among the above comes from
the more active sites that have been exposed to its surface.

The durability and stability of the C-N/Co (1/2) were also
assessed by continuous CV measurements with a scan rate of
100 mV s~ (Fig. 4f). After 1000 cycles of continuous potential
cycling, negligible current loss can be observed by comparing
the first and the 1000th LSV curves, implying the excellent
stability of C-N/Co (1/2) in OER process. The marvelous stability
comes from the protection system built by outer carbon layers,
which protects the OER active sites from impurities and
oxidation products.*

Based on the above results, the C-N/Co (1/2) demonstrated
advanced electrocatalysis for both ORR and OER, which is
comparable to the reported catalysts (Tables S1 and S27).
Therefore, it is expected as a bifunctional candidate for Zn-air
batteries application. A home-built Zn-air cell device was
assembled using C-N/Co (1/2) as electrocatalyst. As shown in
Fig. 5, the rechargeability of the assembled battery was executed
by repeating discharging at a constant current of 5 mA cm™>
over 4 h and charging at a constant current of 2.5 mA cm™ > over
8 h for 28 cycles. The C-N/Co (1/2) displays close charge and
discharge voltage compared with Ir/C at first, but lower than Ir/
C after 50 h. Here the cycling stability and durability of our
catalyst are much better than Ir/C with negligible potential
attenuations. This is attributed to carbon layers around Co NPs,
which protect them from aggregation during reactions, and
supply good electron conductivity and large amount of catalytic
active sites. All of these results prove that the Zn-air batteries
with C-N/Co (1/2) catalyst as an air cathode are promising
secondary cell devices in the future.

Conclusions

In summary, we have successfully synthesized a series of C-N/
Co (x) catalysts with different content of Co via direct pyrol-
ysis of the core-shell ZIF-8@ZIF-67 structures. ZIF-8 was used as
self-sacrificed template to restrict the morphology and size of
external ZIF-67 shell. The final product of C-N/Co (1/2) showed
the good electrochemical performances owing to its special
content and structure. During the pyrolysis process, the Zn ions
have been evaporated and the metal Co NPs were pushed onto

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the surface to expose more active sites, which is the main reason
for the good ORR and OER performances. In addition, the
synergistic influences between Co NPs and N-doped porous
carbon matrix endow the C-N/Co (1/2) remarkable electro-
catalysis with good stability. Based on the above results, C-N/Co
(1/2) was used as a bifunctional electrocatalyst in the home-built
Zn-air cell and showed good performance. This work not only
provides a promising carbon-based electrocatalytic material for
energy conversion and utilization, but also offers a new strategy
to investigate the relationships between the MOF precursors
and electrochemical properties of the products.
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