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ABSTRACT: Porous carbon materials with nitrogen-coordinated transition metal
active sites have been widely regarded as appealing alternatives to replace noble
metal catalysts in oxygen-based electrochemical reaction activities. However,
improving the electrocatalytic activity of transition-metal-based catalysts remains a
challenge for widespread application in renewable devices. Herein, we use a simple
one-step pyrolysis method to construct a Co nanoparticles/Co—N,-decorated
carbon framework catalyst with a near-total external surface structure and uniform
dispersion nanoparticles, which displays promising catalytic activity and superior
stability for oxygen reduction reactions in both alkaline and neutral electrolytes, as
evidenced by the positive shift of half-wave potential by 44 and 11 mV compared to
20% Pt/C. Excellent electrochemical performance originates from highly accessible
Co nanoparticles/Co—N,, active sites at the external surface structure (this is,
exposing active sites). The thus-assembled liquid zinc—air battery using the
synthesized electrocatalyst as the cathode material delivers a maximum power density of 178 mW cm™ with an open circuit
potential of 1.48 V and long-term discharge stability over 150 h.

1. INTRODUCTION regarded as the active center of the oxygen reduction
reaction.'*'® According to Sabatier’s principle, the high ORR
activity of the M—N, active site may be related to the
moderate adsorption strength between the ORR intermediate
and the active site.'® The catalytic reaction rate of the catalyst
is directly related to the number of effectively participated M—
N, active sites in the skeleton, and considering that the M—N,
active sites hardly participate in the reaction process, increasing
accessible active sites is an effective way to improve mass
transport and increase catalytic activities. In order to expose
more active sites, increasing the high external structure of the
catalyst is an ideal way, as active sites near the external surface
area are preferred for catalyzing electrochemical activities.'”
According to Feng et al, large-size nanoparticles should be
avoided to maximize the number of active sites; thus,
fabricating uniformly dispersed nanoparticles is required for
further design."®

Herein, highly accessible Co—N, active sites-doped carbon
frameworks with uniformly dispersed cobalt nanoparticles are
prepared through one-step pyrolysis of cobalt salts-embedded,

With the increased concerns about the energy crisis, rapid
climate change, and environmental pollution caused by the
overuse of fossil fuels, the development of new sustainable
energy sources is of great importance for safe future energy
generation.”” Fuel cells and metal—air batteries have been
considered promising viable alternatives to the depleting fossil
energy resources due to their high theoretical energy density,
safety, and eco-friendly nature.” > Fuel cells and metal—air
batteries are oxygen-involved electrochemical energy con-
version devices in which the electrocatalytic oxygen reduction
reaction (ORR) is the key halfreaction determining the
performance of devices. Due to the sluggish kinetics of the
ORR, Pt-based materials are still considered the ideal and
practical electrocatalysts.”” However, the limited reserves, high
cost, and poor stability of Pt-based catalysts hinder their
widespread applications. Transition metal-based electrocata-
lysts, including metallic nanoparticles, metallic clusters, and
metallic single atoms, have been extensively studied. This is
because the lone pair electrons of oxygen molecules can easily
coordinate with the vacant 3d orbitals of transition metals, a
significant factor in the process of oxygen adsorption.” " Received: September 20, 2023
In recent years, carbon-supported transition metal—nitro- Revised:  November 9, 2023
gen/carbon complexes (M—N/C, M = Fe, or Co) catalysts Acce.l’ted‘ November 28, 2023
have received extensive attention due to their superior activity Published: December 20, 2023
in oxygen electrocatalysis."' ~"* For M—N/C electrocatalysts,
the transition metal-coordinated nitrogen (M—N,) are widely

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c07229

W ACS Publications 1001 ACS Omega 2024, 9, 1001-1010


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peipei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meiling+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yapeng+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongfei+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haining+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07229&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07229?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07229?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07229?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07229?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07229?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

cobalt salts-dispersed poly glucose intercalated g-C;N, nano-
sheets. First, the flower-shaped supermolecule melamine
cyanurate (MCA) is synthesized as the nitrogen source and
skeleton for anchoring metallic ions, which is significant for
dispersing ZIF-67 frameworks. In addition, low-cost and
environmentally friendly biomass glucose is used as the carbon
source. During carbonization, the composite multidimensional
structures could effectively avoid the aggregation of metallic
nanoparticles effectively and the introduction of glucose
through a hydrogen bond contributes to the increased external
surface area derived from sugar burst phenomena. The
dispersed nanoparticles and large external specific surface
area increase the utilization of Co—N,, active sites. The thus-
assembled liquid zinc—air batteries assembled using the
synthesized material as a cathode catalyst show high open
circuit voltage, large peak power density, and great rate

capability.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Cobalt(II) acetate tetrahy-
drate [Co(OAc),4H,0] and dimethyl sulfoxide (DMSO)
were received from Sinoreagent (Shanghai, China). Melamine,
2-methylimidazole, cyanuric acid, and glucose were all
obtained from Aladdin (Shanghai, China). All reagents were
used directly without further purification.

2.2. Synthesis of MCA-ZIF-67-C. 1 g portion of melamine
and 0.05 g of Co(OAc),4H,0 were added to 40 mL of
DMSO under stirring for 30 min to form uniform purple
solution A. Meanwhile, 1 g of cyanuric acid, 0.13 g of 2-
methylimidazole, and 8 g of glucose were dissolved in 20 mL of
DMSO to form transparent solution B. Solution A was poured
slowly into solution B, and the clear purple solution transferred
into bluish violet emulsion quickly. After keeping stirring for
another 2.5 h, the precipitate was centrifuged and washed with
ethanol until the supernatant became colorless. MCA-ZIF-67-
C was finally obtained after the precipitate was dried in the
oven for 12 h at 60 °C.

2.3. Synthesis of MCA-ZIF-67. MCA-ZIF-67 was
synthesized with a similar process to MCA-ZIF-67-C, except
without the addition of glucose to solution B.

2.4. Synthesis of MCA-Co. MCA-Co was received with a
similar process to MCA-ZIF-67-C, except without the addition
of melamine in solution A, 2-methylimidazole, and cyanuric
acid in solution B.

2.5. Synthesis of ZIF-67. ZIF-67 was obtained with a
similar process to MCA-ZIF-67, except without the addition of
melamine in solution A and cyanuric acid in solution B,
respectively.

2.6. Synthesis of MCA. MCA was received with a similar
process to that of MCA-ZIF-67, except without the addition of
Co(OAc),4H,0 in solution A and 2-methylimidazole in
solution B, respectively.

2.7. Synthesis of Co-N/C-800@MCA-ZIF-67-C. The
prepared MCA-ZIF-67-C precursor was put in the tube
furnace, filled with high-purity Ar. After 40 min, the precursor
was pyrolyzed under 800 °C for 2 h with a ramp rate of 2 °C
min~!, and the tube was further filled with H,/Ar ($ vol %)
during carbonization. Co-N/C-800@MCA-ZIF-67-C was
finally received after the tube furnace cooled to room
temperature. In addition, Co-N/C-800@MCA-ZIF-67, Co-
N/C-800@MCA-Co, and Co-N/C-800@ZIF-67 were ob-
tained through pyrolyzing MCA-ZIF-67, MCA-Co, and ZIF-
67 precursors under the same process. To explore the influence
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of pyrolysis temperature on the catalytic performance, the
MCA-ZIF-67-C precursor was also carbonized at 700 and 900
°C under the same ramp rate, and the as-received samples were
labeled as Co-N/C-700@MCA-ZIF-67-C and Co-N/C-900@
MCA-ZIE-67-C.

2.8. General Characterizations. X-ray diffraction (XRD)
patterns were collected by a D8 Advance powder X-ray
diffractometer (Bruker, Germany) with a scan rate of 5° min™*
in the 20 range of 5—70° using u Ka radiation (1 = 1.5406 A).
Raman spectroscopy was performed on a InVia RENISHAW
Raman microscope (RENISHAW, UK). Scanning electron
microscopy (SEM) images were taken from a Zeiss Sigma300
scanning electron microscope operating at a 5 kV accelerating
voltage. Nitrogen adsorption—desorption experiments were
carried out at 77 K, and the Brunauer—Emmett—Teller (BET)
method was applied to calculate the specific surface areas. A
ESCALAB 250Xi XPS photoelectron spectrometer (Thermo,
USA) was used for X-ray photoelectron spectroscopy (XPS)
with Al Ka radiation. All the XPS data were fitted by the
Thermo Avantage software (Thermo Scientific). Transmission
electron microscope (TEM) images were collected from a
FEITecnai G2 F30 S microscope (FEI, America) operating at
200 kV.

2.9. Electrochemical Measurements. Electrochemical
tests were performed on an electrochemical workstation
CHI660E with a three-electrode system. Before electro-
chemical measurements, catalyst ink was prepared by
dispersing 3 mg of sample in 1 mL of solvent containing 760
uL of isopropanol, 200 pL of deionized water, and 40 uL of
Nafion (5 wt %) solution under ultrasonication for 30 min.
During electrochemical tests, glass carbon electrodes (0.196
cm?) coated with catalyst (0.18 mg cm™2), Pt foil, and Ag/
AgCl were used as the working electrode, counter electrode
and reference electrode, respectively. Linear sweep voltamme-
try (LSV) measurements were performed in N,/O,-saturated
0.1 M KOH and 0.1 M Na,SO, with scan rates at S mV s™".

2.10. Zn—Air Battery Measurement. The zinc—air
battery was assembled using a polished zinc plate (0.5 mm)
as the anode, carbon paper coated with a catalyst (1.0 mg
cm™?) as the air cathode, and 6 M KOH containing 0.2 M
Zn(OAc), aqueous solution as the electrolyte. The effective
area of the air cathode was 1 cm?, and all data were recorded
on an electrochemical working station CHI760E. The
polarization curve was received with a scan rate of 10 mV
s”!. The durability performance was characterized by
discharging under 10 mA cm™ for 150 h. For comparison,
carbon paper-coated 20 wt % Pt/C with the same loading was
used as the air cathode for the zinc—air battery test.

2.11. Flexible Solid-State Zinc—Air Battery Measure-
ment. The flexible solid-state zinc—air battery was assembled
using a polished zinc plate as the anode and carbon cloth
coated with catalyst (1.0 mg cm™) as the air cathode. Glass
fiber (1 cm?®) containing 6 M KOH and 0.2 M Zn(OAc),
aqueous solution served as the solid-state electrolyte. The
effective area of the air cathode was 1 cm?, and all data were
recorded on an electrochemical working station CHI760E. The
polarization curve was received with a scan rate of 10 mV s,
The durability performance was characterized through
discharging at 1 mA cm™> under flat, 60, and 180° for 30
min, respectively. For comparison, carbon cloth-coated 20 wt
% Pt/C with the same loading served as the air cathode for the
flexible solid-state zinc—air battery test.
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Figure 1. Schematic illustration of the synthesis of Co-N/C-800@MCA-ZIE-67-C.

3. RESULTS AND DISCUSSION

The synthetic process of the Co-N/C-800@MCA-ZIF-67-C
catalyst is schematically illustrated in Figure 1. Briefly, the ZIF-
67-decorated flower-shaped MCA-ZIF-67-C was self-as-
sembled at room temperature through the induction of
DMSO. Meanwhile, glucose was introduced into the frame-
works through the formation of hydrogen bonds between
glucose and melamine. During carbonization, Co** was
reduced to Co nanoparticles with the disintegration of ZIF-
67 frameworks, and bamboo-shaped carbon nanotubes were
formed under simultaneous catalysis of Co nanoparticles
simultaneously.

Accordingly, at 550 °C, the layered flower-shaped MCA
generates a carbon intercalation layer, g-C;N, in the presence
of glucose, which is gradually exfoliated into carbon nanosheets
during subsequent pyrolysis to form a structure in which the
cobalt nanoparticles are highly dispersed on the carbon
skeleton.

To investigate the morphology and microstructure of Co-N/
C-800@MCA-ZIF-67-C, SEM images were first taken. As
shown in Figure 2a, carbon nanotubes and carbon nanosheets
coexist in Co-N/C-800@MCA-ZIF-67-C, and the bamboolike
carbon nanotubes and nanosheets are interspersed with each
other, which greatly increases the specific surface area of the
material. Similarly, a composite of carbon nanosheets and
carbon nanotubes was also observed in Figure Sla,b for Co-N/
C-700@MCA-ZIF-67-C and Co-N/C-900@MCA-ZIF-67-C.
Moreover, the quantity and diameter of carbon nanotubes
increase as the pyrolysis temperature increases to 900 °C. In
addition, abundant pores were formed during the formation of
carbon nanotubes. For samples derived from MCA-ZIF-67, as
displayed in Figure Slc, no obvious carbon nanosheets could
be observed, and the length—diameter of Co-N/C-800@MCA-
ZIF-67 was much larger than that of samples carbonized from
MCA-ZIF-67-C.

TEM and HR-TEM techniques were applied to characterize
the microscopic and crystalline structures of samples. As
displayed in Figures 2b and S2, metallic nanoparticles were
clearly observed in all samples. For Co-N/C-800@MCA-ZIF-
67-C, metallic nanoparticles with an average size of 10 nm
were uniformly distributed in the carbon frameworks. With the
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Figure 2. SEM image (a), TEM image (b), HR-TEM image (c),
HAADF-TEM image, and elemental distributions of Co, N, and C (d)
of Co-N/C-800@MCA-ZIF-67-C.

increase in the pyrolysis temperature, the particles became
larger, and the morphology of the nanoparticles became
irregular. As revealed in Figure S3, the Co nanoparticles in Co-
N/C-800@MCA-ZIF-67-C were more uniformly distributed,
with an average size of 10 nm, compared to the morphology of
Co-N/C-800@MCA-ZIF-67, indicating that the introduction
of glucose into the precursor had a significant effect on the
dispersion of metal nanoparticles. Highly dispersed metal
nanoparticles are conducive to exposmg more active sites and
improving ORR performance.'” To investigate the crystalline
structure of metallic nanoparticles, the HR-TEM image of Co-
N/C-800@MCA-ZIF-67-C is displayed in Figure 2c. Two
obvious lattice fringes of the metal phase corresponding to the
Co(111) plane and Co(200) plane of metallic Co nano-
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Figure 3. XPS full surveys (a), high-resolution XPS spectra, and deconvolution results of C 1s (b), N 1s (c), and Co 2p (d) for samples indicated in

the figure.

particles were observed, suggesting successful doping of Co
elements into carbon framework.”” Thin carbon layers with the
C(002) plane of graphitic carbon have been observed around
the Co nanoparticles, which can reduce the corrosion of metal
nanoparticles and therefore enhance the stability of the
catalyst.”’ The HAADF-TEM and elemental distribution
images of Co-N/C-800@MCA-ZIF-67-C are displayed in
Figure 2d. It is shown that Co, N, and C elements were
uniformly dispersed in the sample, and N doping and Co
nanoparticles could act as active sites to improve the ORR
performance.”***

The XPS technique was applied to test the near-surface
element composition and chemical state of samples. C, N, O,
and Co elements were clearly observed in the XPS surveys
(Figure 3a). The accordingly calculated element content is
listed in Table S1, and Co-N/C-800@MCA-ZIF-67-C has the
highest nitrogen content (13.23 at. %). The high-resolution C
Is spectra are shown in Figure 3b, which can be deconvoluted
into three peaks at 284.7, 286.5, and 288.9 eV, corresponding
to C—C, C—N, and C=0 bonds, respectively.z“_26 The high-
resolution N 1s spectra (Figure 3c) can be deconvoluted into
four peaks located at 398.3, 399, 400, and 401.1 eV,
corresponding to pyridinic N, Co—N,, pyrrolic N, and
graphitic N, respectively.””*® This proves the coordination of
Co and N in the carbon framework. The Co—N, active sites
help tune the charge distribution and electronic properties of
the electrocatalysts, promote the adsorption of reaction
intermediates, and further enhance the corresponding reaction
activities.”” "> The nitrogen content for Co-N/C-800@MCA-
ZIF-67-C is 13.23%, as listed in Table S1. Both pyridine N and
graphite N coordinate with Co to form Co—N, molecules, and
the nitrogen atoms are stabilized in the carbon matrix through
the formation of Co—N bonds, which are progressively lost
once the cobalt nanoparticles are aggregated because the
remaining N—C bonds cannot effectively bind the carbon
atoms without the presence of Co—N bonds.*”** Considering
that the valence state of the Co element is significant for the
electrochemical performance of the sample, the peak

deconvolution of Co 2p for all samples is displayed in Figure
3d. Two main peaks at 780.8 and 796.7 eV could be attributed
to Co**, while peaks centered at 778.6 and 794.2 €V suggest
the presence of Co®.”>7** There were also only Co** and Co®
valence states for samples carbonized under diverse temper-
atures, as shown in Figure S4d. The accurate Co contents of
samples were obtained through the ICP test. As shown in
Figure S5, Co-N/C-800@MCA-ZIF-67-C had a Co content of
15.3%, almost one-half of Co-N/C-800@MCA-ZIF-67. The
higher Co content and lower nitrogen content in Co-N/C-
800@MCA-ZIF-67 may suggest more serious agglomeration of
metallic particles, as indicated by TEM results, leading to the
inefficient utilization of active sites.

To further verify the crystal structures of the samples, XRD
patterns were recorded. As shown in Figure 4a, three main
diffraction peaks were observed at 44.2, 51.5, and 75.9°
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Figure 4. XRD patterns (a), Raman spectra (b), N, adsorption—
desorption isotherms (c), and pore size distribution diagram (d) of
samples.
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Figure 5. (a) LSV curves of samples at 1600 rpm in O,-saturated 0.1 M KOH, (b) Tafel slopes calculated from LSV curves, (c) LSV curves of Co-
N/C-800@MCA-ZIF-67-C at different rotation rates, and (d) durability test.

attributed to the (111), (200), and (220) planes of metallic Co
(JCPDS no. 89-4307),”” indicating that Co elements were
doped into carbon frameworks in the form of metallic Co. In
addition, a peak appeared at 23.8° for all samples corresponded
to the (002) crystalline surface of graphitic carbon,*
consistent with the HR-TEM result. It was observed that the
peak intensity at 44.2° became stronger as the pyrolysis
temperature increased to 900 °C, as listed in Figure S6a,
indica;cling a higher crystallinity of Co-N/C-900@MCA-ZIF-
67-C.

Considering the significant impact of the graphitization
degree on the catalytic performance of samples, Raman
spectroscopy was performed to characterize the degree of
graphitization. As shown in Figure 4b, two obvious peaks
observed at 1350 and 1580 cm™" corresponded to the D band
and G band of the carbon atoms.*”*’ The D band is usually
associated with the disorder of carbon material, and the
intensity ratio of Ip/I; reflects the degree of defects in the
carbonized material.**** The calculated I,/I; value of Co-N/
C-800@MCA-ZIF-67-C, as shown in Table S1, is 1.48, larger
than those of Co-N/C-800@MCA-Co (1.07) and Co-N/C-
800@MCA-ZIF-67 (1.26), indicating a higher degree of
defects in Co-N/C-800@MCA-ZIF-67-C, which is favorable
for improved ORR performance.* In addition, the lowest I,/
I value of Co-N/C-900@MCA-ZIF-67-C suggests that
increasing the carbonization temgerature could enhance the
graphitization degree of samples.”

N, adsorption—desorption measurement was applied to
characterize the porous structures and BET surface area of
samples, as displayed in Figure 4c,d. Obvious hysteresis loops
were observed for Co-N/C-800@MCA-ZIF-67-C, Co-N/C-
800@MCA-Co, and Co-N/C-800@MCA-ZIF-67, indicatin%
the existence of abundant porous structures in those samples.”
The BJH pore size distribution curves suggest that the pore
size of samples mainly concentrates at around 2.66 nm, which
is beneficial for O, adsorption, as reported in the literature.”’
The calculated specific surface areas of the samples are listed in
Table S2. Usually, the effective active sites in the catalyst are
prior to existing at the external surface area of the catalytic
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activities, as they can be directly exposed outside to quickly
absorb those small reacting molecules, while the buried active
sites hardly stay active. Surprisingly, the external surface area of
Co-N/C-800@MCA-ZIF-67-C (462.71 m* g~') is much larger
than that of Co-N/C-800@MCA-ZIF-67 (186.33 m* g'),
which benefits exposing accessible active sites and thus
enhancing mass transport.”” > The improved specific surface
area derives from the contributions of ZIF-67 and glucose
frameworks in the precursor. The introduction of glucose
could prevent the agglomeration of the ZIF-67 skeletons,
which is significant for the formation of porous structures. In
addition, the decomposition of MCA is helpful for pore
generation.

The electrocatalytic performance of samples was charac-
terized using a three-electrode system, using Pt foil as the
counter electrode and Ag/AgCl (saturated KCl) as the
reference electrode, respectively. LSV curves were recorded
at 10 mV s! in O,-saturated 0.1 M KOH. As displayed in
Figure 5a, Co-N/C-800@MCA-ZIF-67-C had the highest half-
wave potential (0.88 V), almost 30 mV higher than that of the
Pt/C catalyst. While Co-N/C-800@MCA-metal and Co-N/C-
800@MCA-ZIF-67 exhibited similar half-wave potential at
about 0.84 V. Tafel slopes calculated from LSV curves are
shown in Figure Sb. The Tafel slope of Co-N/C-800@MCA-
ZIF-67-C was 49.3 mV dec™!, much lower than those of other
samples, indicating the fastest kinetic process of the ORR
among all of the tested samples. The LSV curves of samples
pyrolyzed at different temperatures are displayed in Figure S7a,
and the derived Tafel plots are shown in Figure S7b. The
sample at 800 °C has the smallest Tafel slope, indicating that
the sample after being carbonized at 800 °C has better
electrochemical properties. The excellent oxygen reduction
properties of Co-N/C-800@MCA-ZIF-67-C might be attrib-
uted to the uniformly dispersed Co nanoparticles with smaller
particle size induced by the sugar burst of glucose, large
external specific surface area, abundant porous structures
derived from the decomposition of g-C;N,, and ZIF-67
framework and the existence of Co—N,, active sites.
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To further understand the kinetics of the electrocatalytic
process, LSV curves under diverse rotation rates for all samples
are recorded in Figures Sc and S8. It was calculated from
Koutecky—Levich equations that the electron transfer number
(n) of Co-N/C-800@MCA-ZIF-67-C was about 4 (Figure
5d), indicating a four-electron transfer process of the ORR.
Due to the crucial role of electrochemical active area on the
performance of catalysts, CV curves of samples at different
scan rates are listed in Figure S9. Cy values calculated from the
CV curves of Co-N/C-800@MCA-ZIF-67-C, Co-N/C-800@
MCA-ZIF-67, Co-N/C@MCA-Co, and Co-N/C-800@ZIF-67
were 11.88, 3.67, 543, and 424 mF cm™? respectively.
Similarly, the Cy value of Co-N/C-800@MCA-ZIF-67-C was
much higher than that of samples carbonized at 700 °C (5.27
mF cm™?) and 900 °C (2.95 mF cm™2), as shown in Figure
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S10. A higher Cy combined with the porous structure
facilitated the permeability of the electrolyte solution and
thus improved the utilization of available active sites.”* >
Stability is a crucial indicator to evaluate the catalytic
performance of samples for practical applications; long-term
durability and methanol tolerance tests of Co-N/C-800@
MCA-ZIF-67-C and commercial Pt/C catalysts were per-
formed using an i—t chronoamperometry at 0.47 V (vs RHE)
for 98,000 s, as displayed in Figure 5d. The current density of
Co-N/C-800@MCA-ZIF-67-C was 9.7% loss of the original
current density after 98,000 s, while the current density of the
commercial Pt/C catalyst was almost twice that of the target
catalyst, indicating the superior endurance of Co-N/C-800@
MCA-ZIF-67-C. Moreover, Co-N/C-800@MCA-ZIF-67-C
behaved better with methanol tolerance than Pt/C, and the
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current density of the target catalyst hardly changed before and
after adding methanol, as shown in Figure S11.

To further broaden the application of the catalysts,
electrochemical measurements were performed in 0.1 M
Na,SO,. As indicated by Figure 6a, the half-wave potential
of both Co-N/C-800@MCA-ZIF-67-C and Pt/C was about
0.59 V. However, the limited current density of the target
catalyst was 1 mA cm™> higher than that of Pt/C. Besides, the
Tafel slop of Co-N/C-800@MCA-ZIF-67-C is much lower
than that of Pt/C shown in Figure 6b, suggesting different rate-
determining st%ps of ORR in neutral electrolyte for the tested
two catalysts.”’ >’ For samples carbonized under different
temperatures, Co-N/C-800@MCA-ZIF-67-C also exhibits the
highest half-wave potential and lowest Tafel slope, as shown in
Figure S12.

Different from the catalytic mechanism in 0.1 M KOH, the
ORR in 0.1 M Na,SO, is mainly a two-electrons path with an
electron transfer number of about 2, as shown in Figures 6¢
and S13. Similar to the stability of samples in alkaline
electrolytes, the current density of Co-N/C-800@MCA-ZIF-
67-C only drops 4% after 80,000 s, as indicated by Figure 6d.
In addition, the Cy values for all samples in 0.1 M Na,SO,
follow a similar trend with those in 0.1 M KOH, as shown in
Figures S14 and S15. However, the Cy value of Co-N/C-800@
MCA-ZIF-67-C is 7.39 mF cm 2%, much lower than that in 0.1
M KOH, indicating a smaller, more efficient electrochemical
active surface.

3.1. Liquid Zinc—Air Battery Performance. Since the
synthesized Co-N/C-800@MCA-ZIF-67-C exhibited a prom-
ising electrocatalytic activity for ORR, it was thus applied in a
zinc—air battery using the catalyst-coated carbon paper as the
cathode and the Zn plate as the anode. The open-circuit
voltage of the Co-N/C-800@MCA-ZIF-67-C-based battery is
1.34 V, higher than that of the Pt/C-based battery (1.31 V)
(Figure 7a). Besides, polarization curves were recorded to
evaluate the battery performance. As shown in Figure 7b, the
maximum power density calculated from polarization curves of
the Co-N/C-800@MCA-ZIF-67-C-based battery was 178 mW
cm™?, almost 1.2 times higher than that of the Pt/C-based
battery. Discharge curves at 1, S, 10, 15, and 20 mA cm™? in
Figure 7c revealed that Co-N/C-800@MCA-ZIF-67-C ex-
hibited considerable stability of discharge. The long-time
discharge curves at 10 mA cm ™ of two zinc—air batteries are
shown in Figure 7d. It can be seen that the Co-N/C-800@
MCA-ZIF-67-C-based battery still maintains a voltage of about
1.2 V after 150 h.

A flexible solid Zn—air battery was also assembled,
comprising a carbon cloth loaded with Co-N/C-800@MCA-
ZIF-67-C (1 mg cm™) (acting as the air electrode), glass fiber
with KOH (acting as the separator), and zinc foil (acting as the
anode). As shown in Figure 8a, the open circuit voltage of the
Co-N/C-800@MCA-ZIF-67-C-based solid-state zinc—air bat-
teries is 1.52 V under flat conditions, higher than that of
batteries under bending states. Moreover, the galvanostatic
discharge curves of the Co-N/C-800@MCA-ZIF-67-C-based
solid-state flexible zinc—air battery are presented in Figure 8b.
It can be seen that the discharge voltage at I mA cm™” remains
stable at 0.9 V under flat conditions, higher than that of Pt/C
(0.87 V).

4. CONCLUSIONS

In summary, a highly accessible Co—N, active sites-doped
carbon framework with uniformly dispersed cobalt nano-
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Figure 8. (a) Open-circuit voltage curves under flat, 60, and 180°
conditions of the solid-state zinc—air batteries. (b) Discharge curves
under flat and 180° conditions at 1 mA cm™ of the Co-N/C-800@
MCA-ZIF-67-C-based solid-state zinc—air batteries.

particles is successfully synthesized through direct carbon-
ization of a ZIF-67-decorated melamine cyanurate—glucose
composite prepared by a solvent-induced method and the
hydrogen-bonding effect. The high external surface area of Co-
N/C-800@MCA-ZIF-67-C facilitates the exposure of more
accessible active sites, resulting in excellent and preferable
ORR catalytic activity with a half-wave potential at 0.88 V,
following a four-electron transfer pathway. Additionally, the
introduced cyanurate—glucose composite contributes to the
uniform dispersion of Co nanoparticles with an encapsulated
carbon layer in Co-N/C-800@MCA-ZIF-67-C, thereby
providing remarkable electrochemical stability, as evidenced
by only a 9.7% decay after 98,000 s and excellent methanol
tolerance. Furthermore, a peak power density of 178 mW cm ™
and a long lifetime durability of 150 h at 10 mA cm™> were
achieved in the liquid zinc—air battery.
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