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I. Introduction
A. Background of Study

The consumption of conventional energy source such as coals, oils, and fossil fuels
is increasing explosively. These energy sources have a serious problem of environmental
pollution in which CO, are emitted during the combustion process and are also the
main culprit of global warming. For this reason, the conventional energy are converting
from an renewable, eco-friendly, stable, and efficient energy source such as solar cells,
fuel-cells, water-splitting system, metal-air battery. [1-3]

With the development of the fourth industry, the need for energy storage increases
and demands more efficient and reliable performance. In addition, studies are conducted
on various batteries with flexible properties for wearable devices and excellent
performance. The electronic devices in real life utilize lithium-ion batteries the most
because of high current density, light weight, long cycle performance, and high
efficiency. However, lithium-ion batteries have critically several problems such as
unstable, high price, poor durability. [4-5] A new generation (metal-air batteries) of
batteries needs to be developed to compensate for the lithium-ion problems. Especially,
zinc-air batteries (ZABs) are appropriate the substitute energy storage system due to
low cost, high capacity, and superior durability.[6]

The hydrogen evolution reaction and oxygen evolution reaction of using a overall
water-splitting contain the value as a ultra eco-friendly energy. In order to use green
energy, HER, OER, and ORR are very important. [2] However, overalll water splitting
is required a high overpotential, so the presence of a catalyst to solve this critical
problem is essential. The noble metal (e.g., Pt/C, IrO,, Ru/C)-based catalysts required
the low-overpotential. For this reason, the noble-based catalysts are used the most in
the industry. For example, Platinum has very high selectivity in HER, and iridium and
ruthenium exhibit superior performance in OER, but high costs due to scarcity. [7-8] In
addition, the conventional method for fabricate an electrocatalyst using the substrate and
powder-type catalyst materials is required. The mono-functional catalyst and complex
process of production is induce the increase cost. Therefore, the development of a

self-assembly bi-, tri-functional electrode is essential for efficient production of catalyst.

_’]_
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For these reasons, the study of M-N-C (M = Co, Ni, Fe, Mo) based electrcatalsts using
non-noble metals for the HER, OER, and ORR. [9-11] M-N-C based electrocatalysts
have a hierarchical structure and perform as a catalytic active sties by high
conductivity, N-doped transition metals, resulting in similiar or superior performance to
noble metal-based catalyst. [9]

Accordingly, in this study, a tri-functional (HER, OER, ORR) substrate free
monolithic membrane type electrocatalyst is fabricated through facile process to develop
efficient non-noble metal-based Co-N-C electrocatalyst. The fabricated electrocatalysts are
undergone by typical 3-electrode system for performance test of HER, OER, ORR and
optimized of a variety of variable (e.g., temperature of annealing process, thickness of

Co-N-C catalytic membrane, amount of melamine).
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Hierarchical nanoarchitecture:

1D microfibers with 1D nanotubes

Interwoven Co-N-C
1D microfibers

Co nanoparticles
at the tip of CNTs

ting,
| Co-N-C
ic electrodes

Figure. 1. Schematic illustration of procedures of Co-N-C catalytic membrane.
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B. Background of Experimental
1. Cobalt of Transition Metal

Transition metals are positioned in 3 ~ 12 groups and 4 ~ 7 periods in the periodic
table. The transition metals have 4 electrons for chemical bonding and can have an
oxidation number of 4. The lone pair of electrons participating in the combining with
elements such as oxygen, nitrogen, and sulfur, and is used as superior active points.
For this reason, transition-metal based electrode exhibits a activity of electrochemical
reaction.[1, 14] Furthermore, a transition metal-based non-noble metal electrocatalyst
using carbon source such as Graphene, carbon nanotubes, carbon nanofibers and a
metal-organic-framework as a substrate, which has an advantage of a large surface area,
is being studied actively. [15, 16]

Cobalt, on of the non-noble metals, utilized to manufacture magnets and high-strength
alloys on account of ferromagnetic and hard properties. Relatively inexpensive cobalt
has been studied as an high-efficient electrocatalyst for overall water splitting and as
and cathode for zinc-air batteries, and is used in a variety forms of bonding formation
such as Co-N [2], Co-P [17], Co-O4 (or OH) [18, 19]. In particular, the existence of
Co-N chemical bonds are form that can dramatically improve ORR.

The development of electrocatalysts with multifunctional characteristics is steadily
progressing. Simulation using DFT played a major role in increasing the level of
development of electrocatalyst and enabled experimental proof of single-atom catalysts
through computational simulation. Therefore, It can be seen that an atomic level
metallic cobalts are trapped at the edge of the graphene and showed as an active sites
for effective overall water splitting. [20, 21] Among a varity of metals, cobalts has an
advantage over the absorption-desorption energy for HER, OER, and ORR intermediates
in studies based on DFT theory. [22]
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2. Carbon Nanotubes

Carbon is a stable material and used in various dimensions of porous structures (e.g.,
graphene oxide, reduced graphene oxide, graphene, carbon nanotube), enabling effective
utilize in OER. [12] The sacrificial substrate based on carbon has a superior charge
transfer and mass transfer for water splitting, and air cathode of zinc-air battteries due
to widely electrochemical surface area. Especially, carbon nanotubes grow through the
diffusion of carbon surface at high temperatures and have a suitable structure for trap
of metallic transition metals at carbon nanotube tips. [12, 13] Carbon nanotubes are
growth on the metal precursor such as cobalt by mechanism of surface diffusion at

high temperature ( > 700 °C). [23]

Diffusion

Carbon Source

Metal Precursor Microfibers with CNTs

Figure. 2. Schematic illustration of diffusion mechanism by carbon source.
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3. Melamine

Melamine is used for source of assist-materials for complex with transitional metals.
It has insoluble property and aromatic ring structure consisting of amine and carbon.
[24] The stable structure of melamine is decomposed at high temperature ( > 450 °C),
making a excellent source of nitrogen, and carbon. Decomposed nitrogen combines with
a metallic metal precursor to form an M-Ny bond, and carbon grows into CNT
according to the mechanism of diffusion, while simultaneously forming a variety of

C-N such as pyridinic N, graphitic N, oxidized N and pyrrolic N. (Figure. 3) [24-26]

egegese

. N+ N
Graphitic N f Pyridinic N

\ O Oxidized N
N
Pyrrolic N H"

Figure. 3. Schematic illustration of C-Nx bonding.
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4. Electrochemical Analysis

The electrochemical analysis is performed by bipotentiostat workstation. For
measurement of electrochemical performance such as HER, OER, and OER is carry out
with three-electrode system. The reference electrode is using a Hg/HgO with saturated 1
M NaOH, counter electrode is Pt wire, and catalytic membrane sample is utilized as
working electrode. All of the measurement potentials are converted to Vgug by the

following equation.

All of the linear sweep voltammetry (LSV) measurement are proceeded after a
stabilization phase of 50 cycles with potential range -0.4 — 0.05 Vrue at HER, 0.6 —
1.0 Vrue at OER, respectively. LSV curved are obtained with a scan rate 0.2 mV s-1
in 1 M KOH and iR 80 % compensated. Nyquist plot is obtained by EIS analysis with
the frequency range 10° — 10" Hz with an amplitude perturbation of 5 mV. The
chronopotentiostat is analyzed at 30 mV cm™.

The ORR analysis is performed by RRDE in 0.IM KOH with O,-saturated condition.
The working electrode is fabricated by catalytic solution dispersing 10 mg of catalyst in
1.9 ml isopropyl alcohol containing 100 pL of 5 % nafion solution. The solution is
mixed homogenously by sonication for 30 min. Afterwards, 20 pL of catalyst ink is
dropped on the glassy carbon of ring-disk electrode and dried in the room temperature.
The amount of loading is 100 pL cm™.

The electron transfer number is calculated following the Koutechy-Levich equation

from LSV curve.

o111 1
Jpo Ik Bw!/? Ji

J
B = 0.62nFC,(D,)* v 1/

where J is the measurement of current density, Jy and J. are the kinetic and
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diffusion limit current density, respectively. w is an angular rate, F is the Faraday
constant (96485 C), Co is initial bulk concentration, D, is the diffusion coefficient of
oxygen (1.9 x 107 cm® s™), and v is the kinetic viscosity of the electrolyte (0.01 cm’
s).

The electron transfer number and yield of hydroperoxide are caculated from ring and

disk current density (I and I;) by the following equation.

41,
"T L+ IL/N
% H, O. —721"/N 100 %
A A S

where Iq is current density of disk, I, is current density of ring, and N is the
collection efficiency of RRDE (N = 0.37 with AFE7RIGCPT RRDE electrode, PINE

research)
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II. Experimental

A. Fabricated of Free-standing Catalytic Co-N-C membrane

1. Synthesis of Cobalt (oxy)hydroxide microfibers membrane

1.5 g of Cobalt (II) chloride hexahydrate and 1.2 g nitrilotriacetic acid are dissolved
in 80 ml aqueous solution containing 20 ml isopropyl alcohol with magnetic stirring
homogenously at 25 °C. Afterward, the homogenous solution put into Teflon-lined
autoclave and react in the oven at 200 °C for 24 h. After cooling at the room
temperature, the fabricated product is washed with methaol and water several times.
Finally, the product is fabricated of milky pink color membrane by vacuum filtration

(Co-M)

2. Fabricated of Catalytic Cobalt-Nitrogen-Carbon monolith
membrane

As Prepared Co-M is reconstruct by anneling process. The Co-M is placed on the
alumina crucible and the melamine is placed on the another alumina crucible. All
crucibles are arranged in lined in the quartz tube for annealing. The melamine is
decomposed at 450 °C for 2 h with ramping rate of 2.5 °C, following the 600 — 1000
°C for 6 h with a ramping rate 5 °C under Ar-flow atmosphere. After reaction, the
black color monolithic membrane is obtained, and directly used for electrochemical
performance analysis as an electrode. For comparing, cobalt oxide is prepared at 350 °C
for 3 h with a ramping rate 5 °C. The amount of melamine, intermediate temperature,
and annealing temperature are considered for the most excellent electrode performance.
The morphology of each catalytic membrane are observed and the -electrocatalytic

performance are measured.

3. Assembling the Zinc-Air Batteries

The electorde for liquid zinc-air battery is prepared by deposition of catalyst ink
solution on the carbon paper with a loading amount of 1 mg cm® For the

all-solid-state zinc-air battery, the catalytic membrane air electrode is used directly and

_9_
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zinc foil is utilized as anode for highly efficient rechargeable battery. The electrolyte of
liquid-type is 6 M KOH solution containing 0.2 M zinc acetate. In solid-state battery,
the electrolyte is prepared by poly(vinyl) alcohol gel with KOH. Battery cycling test is
performed with discharging 300 s, following the charging 300 s, repeatly.

_10_
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III. Results and Discussion

A. Charaterization of free-standing catalytic membrane

The catalytic membrane Co-N-C is fabricated by the hydrothermal process and
annealing process with source of nitrogen and carbon. The hierarchical structure of
catalyst is shown in Figure. 4. At first, the cobalt (oxy)hydroxide membrane is
fabricated with cobalt (II) chloride as a precursor and nitrilotriacetic acid as a agent of
structure-form. The catalytic pink color membrane fabricated by vacuum filtration,
following the annealing process with melamine of nitrogen and carbon source under
Ar-flow atmosphere. The melamine is decomposed with carbon and ammonia gas above
350 °C and is induced the growing of CNTs at tips of metal precursor. [27] Therefore,
the exist of melamine is critical factor for fabricating the highly efficient elecrode.

The membrane of Co-M is consist of smooth 1D structure with cobalt (oxy)hydroxide
fibers by scanning-field emission microscope (SEM). The length of Co-M fibers is
range of 200 — 300 nm and the diameter is 200 — 400 nm. The surface of Co-M
membrane has a smooth texture in Figure. 5b and can see more detail nanostructures of
Co-M in Figure. 5c. A variety of electrode are fabricated based-on the Co-M, which
preserved this original structure.

At first, the Co-M membrane is annealed without melamine at 350 °C (Co-Oy). The
membrane of annealed Co-Ox is reduced to the size because evaporate of the organic
elements with annealing process under air flow. (Figure. 6) The nanostructure of Co-Ox
nanowire is shown in Figure. 7a composed of nanoparticles average size of ~ 10 nm
in Figure. 7b. We can obatain the acknowledge of producing a porous nanofiber during

the annealing.

_']1_
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Figure. 4. Schematic illustration of the overall process of Co-N-C catalytic

membrane.
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Figure. 5. SEM images of Co-M 1D nanofibers.

Figure. 6. Optical images of (a) annealed with melamine, and (b) annealed the

absence of melamine.

_13_
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Secondly, the Co-M membrane is annealed at 450 °C for 3 h and then at 600 -
1000 °C for 6 h with melamine. The annealed membrane (Co-N-C) is changing the
pink to black color. (Figure. 8) This variation of color is that sufficient growth of
CNTs is not proceeded in the presence of melamine. The surface of monolithic
electrode, some damages are shown but without any cracks. (Figure. 7c) The
mechanical properties to maintain the free-standing membrane derived-from interwovened
1D microfibers. (Figure. 7d) In contrast, the membrane of annealing without melamine
is carried out the critical problem that not forming the CNTs and cobalt particles are
agglomerated each others, and lost their structure. (Figure. 9) The effect of distance
between melamine and membrane is fixed to prevent contact, which formed to
micrometer scale wires. (Figure. 10)

To confirming the formation of a hierachical structure with various factor, controlled
using a variety amount of melamine from 0.25 — 2.5 g, intermediate temperature (350
— 550 °C), and various temperature 600 — 1000 °C. During the annealing process, we
confirmed that the temperature is a critical factor for formation of CNTs on the
microfibers. At low temperature at 600 °C, The cobalt particles are embedded on the
microfibers but the partial growth of CNTs is shown in Figure. 1la-c. During the
annealing, when the higher temperature of annealing, the well-growth of CNTs is
(Figure. 11d-i), but it aggregated gradually from 900 to 1000 °C. (Figure. 12) At 700
°C, the CNTs are growth evenly on the fibers and the length range of CNTs is 200 —
300 pm, well combined to each others. (Figure. 7e,f) All annealing process of
intermediate temperature for stabilization is fixed at 450 °C. Because, when the
low/high intermediate temperature at 350 °C / 550 °C (Figure. 13), the cobalt particles
are aggregated evenly and a small amount of cobalt are trapped in the graphene of
CNTs tips.

To confirm the effect of a mass of melamine, annealing are proceeded with various
amount of melamine. With 0.2 g melamine, few CNTs are grow on the surface of
Co-N-C microfiber (Figure. 14a,d) and cobalt matrix is observed in middle of CNTs
(Figure. 15), indicating the cobalt particles are trapped in carbon. When a mass of
melamine is increased from 0.4 g (Figure. 14b,e) to 0.6 g (Figure, 14c.f), the number

of CNTs are increased gradually. More increasing the melamine with 0.75 g (Figure.
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16a,d) and 1.0 g (Figure, 7e,f and Figure. 16b,e) at 700 °C denoted as Co-N-C-LM,
respectively, the density of CNTs is very high compared to low-amount of melamine.
Further increasing the melamine 1.5 g, the microfibers are coverd with CNTs in Figure.
7g,h and Figure. 16¢c,f. When the melamine 2.5 g, the CNTs are anchored to the
surface of microfibers, denoted as Co-N-C. (Figure. 17) More increased the amount of
melamine, no siginicant change of morphology of Co-N-C microfibers.

The Co-N-C membranes can fabricated a various thickness, range of ~ 500 pm.
(Figure. 7i) The thickness of Co-N-C membrane is controlled by the Co-N-C solution
in the vacuum filtration process. (Figure. 18) The cross-secional SEM images of
Co-N-C at high magnefication is obseved in Figure. 7i and the diameter of single
nanowire and hireachical structure are shown ~ 750 nm in Figure kii.

The 1D hierachical structure is observed in more detail by the transsmission electron
microscope (TEM) in Figure. 19a. The trapped cobalt nanoparticles (Co-NPs) with tips
of CNTs (Figure. 19b). In Figure. 19c, a distance of metallic cobalt is observed a
0.207 nm, which coressponding of (111) facet. In addition, the microfiber is observed
in abbreviation-corrected scanning trasmission electron microscopy (AC-STEM) to
identify the cobalt atoms in Figure. 19d. In Figure. 19e, trapped cobalt atoms evenly
are comfirmed by the high-angle annual dark-field STEM (HAADF-STEM) image. It is
confirmed that not only Co-NPs with crystalline (Figure. 20b) but also clusters (Figure.
20c). At the same time, the bamboo-liked 1D structures of cobalt embeded on the
fibers are observed by the growth reaction of CNTs in Figure. 21. The HAADF-STEM
image, in Figure. 19f, the elements of C, Co, N are confirmed, indicating the uniform

distribution of each element on the Co-N-C microfibers.
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Figure. 7. (a,b) SEM images of Co-Oy, (c-f) Co-N-C-LM, and (g,h) Co-N-C sample.

(i,j) Cross-sectional SEM images of Co-N-C, (k,i) Single nanowires of hiearchical 1D
structure Co-N-C.
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Figure. 8. Optical images of (a) Co-M membrane, and (b) annealed Co-N-C

membrane with melamine.

Figure. 9. SEM images of Co-Oy.

Figure. 10. SEM images of annealed Co-N-C with direct contact between melamine

and membrane.
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Figure. 11. (a-c) SEM images of Co-N-C membrane after annealing process with 600

°C, (d-f) 700 °C, (g-i) 800 °C.
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Figure. 12. (a-c) SEM images of Co-N-C membrane after annealing process with 900
°C, (d-f) 1000 °C.

Figure. 13. (a-¢) SEM images of Co-N-C membrane after annealing at 700 °C with

the intermediate temperature at 350 °C, (d-f) 550 °C for 3 h.
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Figure. 14. SEM images of Co-N-C membrane after annealing with the amount of

melamine (a,d) 0.2 g, (b,e) 0.4 g, and (c,f) 0.6 g.

Figure. 15. (a,b) SEM images of Co-N-C membrane after annealing with many of

melamine at high-magnification.
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Figure. 16. (a,d) SEM images of hierachical Co-N-C membrane after annealing with

melamine 0.75 g, (b,e) 1.0 g, (c,f) 1.5 g.
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Figure.  17. (a-d) SEM images of Co-N-C membrane after annealing at 700 °C with

the melamine 2.5 g.

Figure. 18. (a-c) Cross-sectional SEM images of Co-N-C membrane with various

thickness.
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Figure. 19. (a,b) EF-TEM images of Co-N-C, (c¢) High-resolution TEM image of
metallic cobalt at tips of CNTs. (d) AC-STEM image of CNT, and (¢) STEM image of
atomic-scale cobalt in graphene layer. (f) HADDF-STEM image of Co-N-C microfibers
and EDS-mapping images of C, Co, N, respectively.

Figure.  20. (a-c) AC-STEM images of Co-N-C microfibers.
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Figure. 21. (a,b) AC-STEM images of Co-N-C nanotubes.
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The Fourier-transform infrared spectroscopy (FT-IR) spectra is superior method to
comfirm an organic-inorganic materials. The FT-IR spectra of Co-N-C in Figure. 22,
corresponding to smilar peaks in previously reported studies. [28, 29] The crystalline
structure of Co-M is analyzed by X-ray diffraction (XRD). The as-fabricated Co-M
membrane exhibits the strength of peak indexed to (0 0 3) plane of o-Co(OH)..
(Figure. 23a, ICDD No. 46-0605) [30, 31] and it is disappeared by the growth of
CNTs in the presence of the carbon source. The XRD pattern of Co-N-C is exhibits
the peak of 44° corresponding to metallic cobalt specie in Figure. 24a. (ICDD No.
15-0806) The increase of the main carbon peak intensity indexed to (0 0 2) plane at
26°, corresponding to the increased annealing temperature above 700 °C. Additionally,
the peaks of Co304 are observed (ICDD No. 01-071-0816) in Figure. 24b,
corresponding to Co-Oy. The successful formation of binding between elements during
the annealing process with melamine is confirmed by X-ray photoelectron spectroscopy
(XPS) survery. The intensity of carbon at Co-N-C membrane (Figure. 25b) is
significantly strong compared to the Co-M membrane (Figure. 25a). Furthermore, the
oxdiated carbon (Figure. 26a) and cobalt species indexed to Co(OH), (Figure. 26b) are
investigated. To compared to Co-M spectra of carbon, the high resolution peaks of two
binding, corresponding to -C-O-C at 286.7 eV and -O-C=0 at 288.9 eV due to
formation of carbon matrix during the annealing process with carbon source from
melamine and the -C-C peak is transformed at ~ 284.4 eV in Fiugre. 26¢c. [32, 33] As
shown in Figure. 24b, The Co 2p spectra of Co-N-C three-peaks is observed,
corresponding to metallic Co, Co*", and Co’" at 7782, 780.0, and 781.7 eV,
respectively, with stallites peak at 785.2 eV. [34-37] Furthermore, the binding energies
of Ny,-species are comfirmed in Figure. 24c, the three peaks of N,, corresponding to
pyridinic N, metal(Co)-Nx, and graphitic N at 398.3, 399.6, and 402.3 eV, respectively.
[33, 38] For analyzed the graphitized CNTs, the Raman spectroscopy is proceeded,
following the I./Iq values obtained of the as-prepared Co-N-C membrane. The values of
Co-N-C-600, 700, and 900 °C are 0.98, 1.00, and 1.08, respectively, corresponding to
the higher the annealing temperature is, the higher the graphization is. These results are

consistent with the SEM images of 600 to 900 °C.

_25_

Collection @ chosun



The N, adsorption-desorption isotherm curves of Co-N-C samples are shown in
Figure. 24e. The specific surface area of the Co-N-C electrdoes by different annealing
temperature 600, 700, 800, and 900 °C are calculated to 151.5, 151.9, 99.3 and 94.1
m® g, respectively. The pore size distribution curve is analzed based on the non-local
density functional theory (NLDFT) for 600 °C membrane and other 700, 800, and 900
°C samples. Remarkably, Co-N-C sample at 600 °C is smaller size distribution,

corresponding to the non-efficient growth of CNTs. (Figure. 24f)
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Figure. 22. (a) FT-IR spectra of Co-M.
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Figure. 23. (a) XRD pattern of Co-M, (b) annealed Co-M under air flow.
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B. Electrochemical performance of Co-N-C electrode

In this part, a variety of parameters are considered to analyze the optimizing an
electrocatalytic electrode for tri-functional performance. Firstly, variation of annealing
temperature is considered to confirm the tri-functional performance according to the
growth ratio of CNTs. (denoted Co-N-C-T, T = 600, 700, 800, 900, and 1000 °C) In
Figure. 27a, the HER LSV curve of Co-N-C-600 is showing the inferior performance
comparing the other annealing temperature samples. The required overpotential of
Co-N-C-600 is 137 mV at the current density 10 mA cm®, which is even higher than
others. The similar trend is investgated at the OER LSV curves in Figure. 27b. The
inferior performance of Co-N-C-600 is due to insufficient growth of CNTs, confirmed
by XRD peaks intensity of carbon, and Raman analysis. The required overpotential of
various annealing temperature is imply that Co-atoms are utilized with the
electrochmical performance and fully covered by the graphization of CNTs during the
annealing process. Therefore, the -electrochemical impedence spectroscopy (EIS) is
conducted to confirm the role of graphited CNTs at the HER, and OER performance.
In Figure. 27c, the Co-N-C-600 sample show the largest charge transfer resistance (Ry),
corresponding to the required overpotentials at the HER, and OER. On the other side,
the Co-N-C-700 electrode show the most efficient performance of 64 mV for HER, 244
mV for OER at the current density 10 mA cm™ For this reason, the annealing
temperature of Co-N-C is fixed the 700 °C for the folllowing electrochemical test.
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Secondly, the mass of melamine is considered for optimizing the bi-functional
performance. In Figure. 27e, melamine 2.5 g is the best condition for the bi-functional
electrode in HER LSV. On the contrary, no significant activities are shown in OER
activity. (Figure. 27f) More increased the amount of melamine, no siginicant
performance of activity of Co-N-C electrode. In conclusion, we fixed the mass of
melamine with 2.5 g. Finally, the increasing a well-growth of CNTs led to some
increase in HER activity. (Figure. 28a) For this reason, the thickness of the Co-N-C is
adjusted to ~ 1 mm.

In conclusion, the optimized electrode of the Co-N-C is choosen for comparison
with benchmarking eletrocatalysts. Also, the scan rate with 0.2 mV s is adjusted for
faradic current, and to prevent overprizing the catalytic activities of Co-N-C electorde.

(Figure. 29)
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The LSV curves of Co-N-C and Pt/C is conducted for comparison with HER in 1
M KOH electrolyte, as shown in Figure. 30a. As we know, the melamine mass is
used to 1.0 g (Co-N-C-LM) and 2.5 g (Co-N-C). The Co-Oy exhibits the low activity
with HER overpotential of 384 mV at the current density 10mA cm?, according to the
addition of melamine leading to the growth of CNTs. To comparison of Co-O, the
Co-N-C-LM requires the overpotential for HER at 10 mA cm? is 64 mV, and Co-N-C
is 26 mV, which is close to the Pt/C of the bechmarking electrode for HER. (24 mV)

At a high current density at 100 mA cm?, required overpotenntials of Co-N-C-LM
is 175 mV or Co-N-C is 127 mV are smaller than that of Pt/C (189 mV). The low
overpotential exhibits the electrocatalytic surface-friendly properties, and leading to the
minimization of interfacial resistance between substrate and nano-particles for active
sites. However, the interfacial resistance of Pt/C produced by substrate (e.g., carbon
paper) and binder material (e.g, Nafion), which hinder the facile mass/charge transfer
between the consist of electrode.

In the tafel plot, the value of Co-O, slope about 932 mV dec”, following slope
value of Co-N-C and Co-N-C-LM reduced by the formation of CNTs. The tafel slope
of Co-N-C-LM (87.5 mV dec') and Co-N-C (53.7 mV dec), which is comparable
value of Pt/C slope, corresponidng to 44.6 mV dec” in Figure 30ab. It indicate that
mechanism of HER following a Volmer-Heyrovsky mechanism. [39, 40] Also, the
OER activity is investigated in 1 M KOH electrolyte at 10 mA cm™ with 0.2 mV s,
The trend of OER activity is similar to that of HER activity. In Figure. 30c, the
activity of Co-Oy exhibits the poor efficiency, following improve that reconstructed by
the annealing process in the prsence of melamine. The activity of Co-N-C-LM is
required at 229 mV at 10 mA cm? and 416 mV at 100 mA cm?, which is more
efficient than control sample of IrO, electrode. The optimized Co-N-C electrode
exhibits an overpotential of 260 mV at 10 mA cm?, 416 mV at 100 mA cm™, which
this value of overpotentials surpaass the IrO, electrode activity. These conclusion
corresponding to Tafel plot in Figure 30d, superior activity of Co-N-C (139.9 mV
dec™) compared to that of IrO, tafel slope (180.1 mV dec”). The conclusion of tafel
slope exhibits the favorable electrode kinetics, which can be attributed to the facile

mass and charge transfer for OER.
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Figure.  30. LSV curves toward (a) HER, (c) OER. and Tafel plot toward (b) HER,
(d) OER.
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The density of hierachical structure by the CNTs further improved for HER and
OER activities. The electrocatalytic activity can be traced by the formation of
embedding Co atoms in the graphene with CNTs. In Figure. 31a, the Co-Ox monolithic
electrode show the highest resistance not only contact but charge transfer (Re)
compared to others. In contrast, Co-N-C electrode has lowest R, among the various
samples, corresponding to the superior charge transfer between the Co-N-C fibers. A
simliar Nyquist shape observed toward OER in Figure 31b, which indicates the good
electron transfer by monolithic Co-N-C fibers, and contribute to the hierachical 1D
nanostructure consist of carbon matrix. Furthermore, we perform the CV at the different
rate of cycle scan for the estimation of electrochemical surface area (ECSA) of
Co-N-C. (Figure. 32a) The Cq of Co-N-C is a 207.8 mF cm?, showing a wide number
of active sites on the surface of electrode. (Figure. 32b) The stability of each HER and
OER conducts by chronopotentiostat test (c-¢ test) at current density 30 mA cm? for 45
h. In conclusion, the overpotential is no significant drop during the test, contain the
required overpotential of ~ 78 mV toward HER and ~ 246 mV toward OER,
respectively. (Figure. 33)
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Figure.  32. (a) CV curves of Co-N-C with a non-fafadaic reaction region of 1.0 -

1.1 V, (b) Cq value of Co-N-C.
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C. Two-electrode system for overall water splitting and

stability test

Firstly, the two optimized Co-N-C electrode are combined to confirm the overall water
splitting in alkaline electrolyte. In Figure. 34a, the LSV curves exhibits the
overpotential only 1.51 V to product a current desnity of 10 mA cm™ In our study,
the bi-functional Co-N-C electrode has one of the state of the art electrocatalysts,.
(Table. 1) [41 - 52] The c-t test is conducted at a 30 mA cm® for 300 h, in Figure.
34b. The initial voltage of ~ 1.61 V is maintained significant change for 300 h,
corresponding to the superior stability of the Co-N-C cataylsts.

Secondly, we confirm the change of the morphology after c-¢ test toward HER. As
shown in Figure. 35, the Co-N-C microfibers are coverd with metallic nanosheets,
indicating an exposed cobalt species reduced during the c-t test for HER. In contrast,
there is no significant change of the morphology after the c-t test toward OER. These
are confirmed again by the XRD pattern in Figure. 36. The role of Co-Ny and Co-NPs
should be studied in terms of the initial activity well-preserved after the c-r test. As we
know, the Co-N-C-1000 activity of HER and OER is not reduced despite of the
presence of Co-NPs of the 100 nm upper scale by the high temperature during the
annealing process. In addition, The Co-NPs are aggregated by an intermediate annealing
temperature at 350 °C, following that the reduced bi-functional performances are not
confirmed in Figure. 38. Furthermore, the Co-N-C electrode is washed with H,SO4
soluiton to leach out Co-NPs for 1 h at a room temperature. The Co-NPs are washed
by the acidic solution (Figure. 39a-d, but Co-atoms are coordinated with around
nitrogen or carbon. (Figure. 39¢) The strength of Co-N-C test is not weakend after c-t,
although, the activities of bi-functional performance is reduced by absence of Co-NPs,
as shown in Figure. 40. The activities of HER (~ 50 mV cm?) and OER (~ 100 mV
cm?) are confirmed, respectively. For this reason, the Co-NPs and Co-atoms generate a

synergistic effect for the bi-functional performances.
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Figure. 34. (a) LSV curve of 2-electrode system consist of Co-N-C membrane, (b)
long-term stablity test of Co-N-C.
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HER OER ows
n at j=10 n at j=10 V at =10
ElectroCatalyst mA cm™ mA cm? 5 reference
mA cm
(mV) (mV) )
NCNT-NP@NF 96.1 240 1.54 Chem. Eng. T, in press (2020)
127531
Ni-MoC@NCNT/CCs 70 219 1.535 Chem. Eng. J., 406 (2021) 126815
NiFeP/SG* 115 218 1.54 Nano Energy, 58 (2019) 870-876
C(Fe-N)P@PC/(Ni-Co) 142 251 1.63 Nano Energy, 65 (2019) 103995
P@CC
. Appl. Catal. B- Environ., 254
N-NiCoP/NCF 78 225 1.56 019) 414423
CoFe-PBA NS@NF-24 48 256 1.545 Nano Energy, 68 (2020) 104371
. Appl. Catal. B- Environ., 269
FeOOH/Ni3N 67 244 1.58 2030 118600
Co@N-CS/N-HCP@CC 66 248 1.545 R PGy WhGE, O ()
1803918
Adv. Energy Mater., 7 (2017)
Cu0.3C02.7P/NC 220 190 1.64 Y olass
HNDCM'ICO(?;OOO'LOOO/ 158 199 ; Nat Commun, 8 (2017) 13592
Co-MoS2/BCCF-21 48 260 1.55 Adv. Mater., 30 (2018) 1801450
Adv. Energy Mater., 7 (2017)
Co3Se4/CF 320 179 1.59 00570
Co-N-C monolithic 36 229 151 This work
electrode*

Table 1. Overall water splitting (OWS) value of non-metal based electrocatalyst for

comparison.
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Figure.  35. SEM images of Co-N-C after the c-¢ test toward HER.
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Figure.  36. SEM images of Co-N-C after the c-¢ test toward OER.
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Figure. 37. XRD pattern after HER, and OER c-¢ test.
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Figure.  38. LSV curves of Co-N-C after annealing process with various intermediate

temperature. (a) toward HER, (b) toward OER.
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Figure. 39. (a)-(d) The various resolution SEM images, (¢) STEM image of etched

Co-N-C by acidic solution.
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Figure.  40. LSV curves of Co-N-C before/after acid etching process. (a) toward HER,
and (b) toward OER.
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D. The performance of Co-N-C toward oxygen reduction
reaction (ORR)

All of ORR test are producted in the O-saturated 0.1 M KOH solution. The
catalysts prepared at the different temperature are evaluated scan rate of 1 mV s-1 in
rotating ring-disk electrode (RRDE) experiments. At first, the Co-N-C electrode suffered
from 600 °C annealing temperature exhibits the lowest activity among the electrodes
with a half-wave potential (E;») of 0.81 V, compared to other samples (E;, = 0.82 ~
0.858 V), in Figure. 41. As shown in Figure. 42, the Co-N-C electrode has efficient
half-wave potential of 0.858 V, which 1is simliar performace compared to the
benchmarking electrode of Pt/C (E;, = 0840 V). In our study, the various
electrocatalysts are evaluated of bi-/tri- functional performance and confirmed of
excellent performance compared to noble-based electrocatalysts to utilize the overall
water splitting and zinc-air batteries. So, the state of the art electrodcatalysts for
tri-functional performance are summarized to compare with Co-N-C electrocatalyst.
(Table. S2) [20, 53-61]

In Figure 42b, the Tafel plot exhibits the value of 67.8 mV dec’ with Co-N-C that
is excellent charge transfer compare to the Pt/C (100.6 mV dec™) and the Co-O, (122.3
mV dec) electrode. The electron transfer number is evaluated by the Kouteky-Levich
equation from LSV curves, the value of transfer number that is ~ 3.96 indicating a
four-electron pathway. (Figure. 43) Likewise, the electron transfer number of Pt/C (3.98)
and Co-Oy (3.91) are calculated from RRDE curves in Figure. 42c. The hydroxide yield
of Co-N-C calculated to be ~ 5.4 %. This value of hydroxide yield is similar to Pt/C,
and performed to investigate an accelerated durability test (ADT) by the cycle
voltammetry in a range of potential 0.6 — 1.0 Vrur with scan rate of 50 mV s’ for
5000 cycles. In conclusion, the no significant chage of the potential is observed after
ADT 5000 cycles.

The exceptional performance of Co-N-C can be explained with two path. At first, the
co-existance of atom size Co coordinated N (Co-Ny) and Co-clusters embbed on the
surface of CNTs for synergistic effect for the electrochemical reaction, has been

reported the catalysts based on transitional metal by the density functional theory
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(DFT). Unfortunately, these tri-functional catalysts face to face the gap of
mono-functional catalysts. Recently, the single atom catalysts (SACs) with metal clusters
can be improve the performance of electrocatalyst for the catalytic activities. [41, 62]
The existance of Co-atoms and Co-clusters is promote the good electronic conductivity,
favorable with intermediate, eliminating the drawback of SACs by the well-constructed
hierachical structure.

Secondly, the Co-N-C membrane consist of well-interwined CNTs is utilized for the
electrochemical reactiom such as HER, OER, and ORR, following the hard properties.
The conventional method for the electrocatalyst is using the substrate, according to
increasing the interfacial and ohmnic resistance. The hard property of Co-N-C electrode
can be used to directly with ZABs such as a air cathode. The hierachical porous
structure of the air catalyst has been proven to increase the performance for the

charge/discharge reaction of ZABs.

_48_

Collection @ chosun



o 0 Co-N-C-600 :
£ .Co-N-C-700 '
< Co-N-C-800 J
£ Co-N-C-900 1’
22 =——Co-N-C-1000 ':'

@ = = «Pt/C |
g ]
5

-4 4

-

O

-6 —
0.2 04 0.6 0.8 1.0

E (V vs. RHE)

Figure.  41. LSV curves of various Co-N-C electrodes toward ORR with rotating rate
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Figure.  42. (a) LSV curves of various Co-N-C electrodes toward ORR with rotating
rate of 1600 rpm, (b) Tafel plot of (a), and (c) yield of hydrogen peroxide and

electron transfer number of Co-N-C and Pt/C.
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HER OER
ORR
n at n at
. . half-wave
ElectroCatalyst =10 mA j=10 mA i reference
om? em? potential
V)
(mV) (mV)
FeNiP/NPCS 126 318 0.84 Chem. Eng. J., 389 (2020) 124408
NiCoOS 300 470 0.79 Nano Energy, 58 (2019) 680-686
CoNx/NGA 198 295 0.83 Appl. Catal. B- Environ., 259 (2019) 118100
Co4N@NC-2 283 290a 0.842 Appl. Catal. B- Environ., 275 (2020) 119104
CoOx/CoNy@CNz,700 261.4 280 0.83 Appl. Catal. B- Environ., 279 (2020) 119407
FeCoMoS@NG 137 238 0.83 Appl. Catal. B- Environ., 279 (2020) 119381
CuF@CuCoNC-500 59 245 0.84 Appl. Catal. B- Environ., 263 (2020) 118139
DG 320 340 0.760 Adv. Mater., 28 (2016) 9532-9538
Angew. Chem. Int. Ed., 56 (2017)
MSZIF-900 233b 337 0.84
13781-13785
Fe-N4 SAs/NPC 430 202 0.885 Angew. Chem. Int. Ed., 57 (2018) 8614-8618
Co-N-C monolithic .
36 229 0.858 This work

electrode

Table 2. Tri-functional non-noble metal based -electrocatalysts to compare with

Co-N-C, the electrolyte for the overall water splitting using 1 M KOH and for the

ORR wusing 0.1 M KOH, basically. The other cases such as 0.1 M KOH for the
HER/OER, indicating "a", and 0.5 M H,SO. for the ORR, indicating "b", respectively.
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Figure.  43. (a) LSV curves of various Co-N-C electrodes toward ORR with different
rotating rate from 400 to 2000 rpm, (b) Calculated electron transfer number by

Koutecky-Levich equation from (a).
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Figure.  44. (a) LSV curves of various Co-N-C electrodes toward ORR before ADT,
and after ADT for 5000 cycles.
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E. Overall water splitting and Zinc-air batteries with Co-N-C

electrode

In ZABs, the OER and ORR are critical reaction for the charging or discharging.
Therefore, the performance of air cathode is using the indicator of ZABs cyclic
performance. The air cathode fabricated by the Co-N-C powder of 1 mg cm” is
deposited onto the carbon nanofibers paper and the Pt/C is fabricated with the same
methode for comparing. And then, the liquid-type ZABs are assembled using the 6 M
KOH electrolyte containing 0.2 M ZnCl,, using the Zn plate for the anode, and using
the Co-N-C membrane for the cathode. The charging/discharging polarization profiles of
ZABs assembled with Co-N-C or Pt/C air cathode, respectively. The ZABs consist of
Co-N-C is showing the smaller voltage gap between charging and discharging,
compared to the Pt/C air cathode ZABs. The maximum power density of the ZABs
based on the air cathode of Co-N-C evaluated of the 181.3 mW cm™, and Pt/C air
cathode ZABs is 116.3 mV cm® The Co-N-C ZABs is much higher than Pt/C air
cathode ZABs. The rechargable ZABs at current density of 5 mA cm? is cycled over
1320 cycles with a periods of 30 s between charging and discharging, corresponding to
110 h. The voltage gap of ZABs assembled by Co-N-C for the air cathode is 0.92 V
(2.10 to 1.18 V for charging and discharging potential). In contrast, the Pt/C air
cathode of ZABs is exhibits the voltage gap of 1.1 V (2.27 to 1.17 V), which higher
potential than Co-N-C. (Figure. 45b) The voltage gap of Co-N-C increase slightly
during the 110 h, corresponding to potential of 0.97 V, while the Pt/C ZABs is
increased severely, indicating the Pt/C particles on the carbon substrate are
agglomeratated or leached out during the charging reaction (OER).

In terms of hard property, the Co-N-C air cathode can be utilized directly for the
all-solid-state electrolyte rechargble ZABs. As shown in Figure. 45c, the rechargable
ZABs with solid-electrolyte is assembled with Zn foil for anode, poly(vinyl alcohol)
(PVA) gel containing KOH for electrolyte. In Figure. 45d, the ZABs assembled by Pt/C
exhibits the voltage gab of ~ 1.1 V, while the ZABs with Co-N-C exhibits the much
smaller voltage gap of ~ 0.5 V. The cycling test is conducted at the current density of
5 mA cm” assembled with Pt/C that can be lost their activity easily within 1 h. This
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rapid loss of activity can be explained probably in terms of degration from carbon
substrate and/or exposed gel-type electrolyte at the air, which is recoverd by the
addition of water in the gel-electrolyte using a pipette in Figure. 46. The sealing with
Teflon-tape the gel-electrolyte to prevent the moisture, leading to dramatically reduced
the voltage gap between charge and discharge potential compared to non-sealing ZABs.
Contributed to the well-made hierachical structure, lead to the highly efficient battery
performance at the gel-type ZABs by a large number of active sites and the facile
mass transfer. These excellent durability and performance is compared to the recently
reported state-of-the-art ZABs. (Table 3) [19, 56, 58, 62-68]

Finally, a self-powered water splitting system is explained by connecting the alkaline
water electrolyzer and the ZABs. (Figure. 47) [17, 67, 68] The power source of ZABs
using the zinc foil, in the gel-type ZABs, the monolithic Co-N-C membrane fabricated
by annealing process with an appropriate temperature is used directly as the air cathode
and water electrolyzer. As shown in Figure. 48, the faradaic efficiency of the
production H, and O, is calculated about 97 % compared to the theorical and practical,
the ratio of H, : O, = 2 : 1, close to the theorical amount of H,, O,. These results
explain the high efficiency, multi-funcional electorde of Co-N-C by the monolith of
CNTs. The Co-N-C electrode can satisfy that perform as a catalyst for the

electrochemical reaction as energy conversion and storage system.
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Figure.  45. (a) The charge and discharge polarization of ZABs with air cathode of
Pt/C and Co-N-C on the carbon paper. (b) Cyclic performance with liquid electrolyte of
Pt/C and Co-N-C batteries. (c¢) Schematic illustration of all-solid-state ZABs. (d) Cyclic

performance with gel-type electrolyte batteries.
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Peak

initial

The power It Cyel
¢ . voltage ycle
Air Electrode type o density gap reference
Electrol (mWem-2 conditions
mWcem-
E : (Av)
Co2P/CoN-in-NC L 96 h at Adv. Funct. Mater., 28 (2018)
liquid 194.6 1.1 i’
NTs 5 mA cm 1805641
L. 35 h at Appl. Catal. B- Environ., (2020)
Co-Co304@NAC | liquid 164 0.791 5
10 mA cm 118188
L 70 h at Appl. Catal. B- Environ., 279 (2020)
FeCoMoS@NG liquid 118 0.77 B
2 mA cm 119381
Co/CoS/Fe-HSNC L 50 h at Chemical Engineering Journal 403
liquid 213 0.79 2
=700 2 mA cm (2021) 126385
L 170 h at Energy Storage Materials 28 (2020) 27
CoP@PNC-DoS liquid 138.57 0.94 B
30 mA cm -36
.. 600 h at
C0304/Co@NCs liquid 123.5 0.89 5 Nano Energy 2020, 77, 105200
10 mA cm
o 30h at
NOGB-800 liquid 111.9 0.72 5 Adv. Energy Mater. 2019, 9, 1803867
10 mA cm
FeCo/Co2P@NPC L. 107 h at Adyv. Energy Mater., 2020, 10,
liquid 154 0.83 2
F 10 mA cm 1903854
liauid 750 h at
NENCA iqui 743 0.89 S mA om> Appl. Catal. B- Environ., 275 (2020)
Co4N@NC- PVA 42 h at 119104
- 0.69 »
gel 2 mA cm
.. 100 h at
liquid 103 0.73 2 mA P
mA cm
CoSx/Co-NC-800 PVA 1000 min at Adyv. Funct. Mater. 2019, 29, 1904481
- 0.54 .
gel 1 mA cm
L 110 h at
liquid 181.3 0.92 5 mA 5
mA cm .
Co-N-C PVA 140 min at this work
- 0.5 N
gel 5 mA cm

Table 3. Comparion of the state-of-the-art ZABs with the Co-N-C batteries. The

liquid electrolyte using 6 M KOH containing 0.2 M zinc acetate or zinc chloride.
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Figure.  47. Photographic images of (a) liquid-type electrolyte ZABs and (b) gel-type

electrolyte ZABs connecting series for a self-powered water splitting.
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IV. Conclusion

In this study, as-prepared Co-M is fabricated easily by the hydrothermal method and
converted as Co-N-C electrode by the annealing process with a presence of melamine.
During the annealing process, the Co-N-C membrane is gained a lot of Co-clusters with
Co-atoms by the Co-M consist of Co-species that dispersed onto the graphene matrix of
the CNTs. The fabricated Co-N-C membrane consist of 1D hierachical structure and
integrated Co nanoparticles/clusters/atoms. Firstly, the Co-N-C active sites are
reconstructed by atomic Co along with the clusters. These active sites by integrated Co
are used to prove a synergistic effect for multi-functional activity. The electrochemical
performance of Co-N-C is exhibited more excellent compared to benchmarking noble
metal based catalysts. Secondly, the 3D structure of the monolithic membrane is
interwovend by the 1D structrue of Co-N-C, which exposed active sites and utilized of
the pathways for mass and charge transfer. By using the well-proven CNT growth
mechanism, this process of self-assembly utilizing a CNTs provides a new approach to
free-standing type catalyst for electrochemical reaction, with a well designed structure
consist of atoms, nanoparticles, and porous 1D hierachical carbon matrix. Finally, the
monolithic Co-N-C for the reaction such as HER, OER, and ORR has superior
activities compared to noble metal based catalyst. Furthermore, this monolithic catalyst

can be used as alkaline water electrolyzer and ZABs.
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