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1. Introduction

In a wide range of energy conversion and storage technologies,
the oxygen reduction reaction (ORR) and the oxygen evolution

“Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn

Tailoring the MOF structure via ligand
optimization afforded a dandelion flower like
CoS/Co—N,/CoNi/NiS catalyst to enhance the
ORR/OER in zinc—air batteries+

Mohan Gopalakrishnan,
Myong Yong Choi, (2 ® Suttipong Wannapaiboon,® Mai Thanh Nguyen,
Tetsu Yonezawa ()¢ and Soorathep Kheawhom () x2&f

@ Mohamad Etesami, Jayaraman Theerthagiri,”
d

Due to their affordability and good catalytic activity for oxygen reactions, MOF-derived carbon compo-
sites containing metal alloys have piqued interest. However, during synthesis, MOFs have the disadvantage
of causing significant carbon evaporation, resulting in a reduction of active sites and durability. This study
proposes tailoring the molecular structure of MOFs by optimizing bipyridine and flexible 4-aminodiacetic
terephthalic acid ligands, which have numerous coordination modes and framework structures, resulting
in fascinating architectures. MOF frameworks having optimized N and O units are coordinated with Co
and Ni ions to provide MOF precursors that are annealed at 700 °C in argon. The MOF-derived CogSg/
Co-N,/CoNi/NizS,@CNS-4 catalyst exhibits excellent catalytic activity, revealing an ORR half-wave
potential of 0.86 V and an overpotential (OER) of 196 mV at 10 mA cm™2, a potential gap of 0.72 V and a
Tafel slope of 79 mV dec™ . The proposed strategy allows for the rational design of N-coordinated Co and
CoNi alloys attached to ultrathin N, S co-doped graphitic carbon sheets to enhance bifunctional activity
and sufficient active sites. Consequently, the zinc—air battery using the synthesized catalyst shows a high
peak power density of 206.9 mW cm™2 (Pt/C + RuO, 116.1 mW cm™2), a small polarization voltage of 0.96
V after 370 h at 10 mA cm™2, and an outstanding durability of over 2400 cycles (400 h). The key contri-
butions to the superior performance are the synergetic effects of the CoNi alloys plus the N,S-incorpor-
ated carbon skeleton, due to the small charge transfer resistances and enhanced active sites of CoNi,
metal-S, and pyridinic N.

reaction (OER) both play crucial roles in hydrogen electroly-
zers, fuel cells, and rechargeable metal-air batteries."™
However, enhancing the ORR and OER activities remains a sig-
nificant problem due to complex mechanisms, intermediates,
and huge energy barriers.>® Noble metal catalysts i.e. ORR (Pt/
C) and OER (RuO,/Ir0,) are limited in their use for commer-
cial applications due to high cost and lack of resources.”®
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Furthermore, none of them have enough bifunctional activity
for both the ORR and OER making them unsuitable for thebi-
functional activities of rechargeable Zn-air batteries.”'® It is
important for these electrochemical devices to develop multi-
functional catalysts with highly efficient ORR and OER kine-
tics."" Recently, alternative non-noble metal based electrocata-
lysts (Fe, Co, Ni, Mn, and Mo),"*'* metal alloys,'* carbon-
based materials,**® transition metal oxides'®*°/hydroxides>'/
MOFs*>* and their hybrids®® have been extensively investi-
gated as highly efficient and low-cost oxygen catalysts for
bifunctional activities. As a result, finding a suitable material
for non-noble metal electrocatalysts with remarkable stability,

This journal is © The Royal Society of Chemistry 2022
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high specific surface areas, large pores, and lots of active sites
is important.>®

Metal-organic frameworks (MOFs) with excellent architec-
ture and large surface areas capable of enabling reactions via
electron transport in energy storage or conversion process are
promising new platforms for electrocatalysis.”” A combination
of rich porosity and intrinsic nanopores (less than 100 nm dia-
meter pores) provides a favorable environment for the develop-
ment and preparation of exceptionally well-organized oxygen
electrocatalysts.”®*® MOFs also contain inorganic components
such as layers, clusters, chains, or three-dimensional arrange-
ments that are linked to organic linkers via strong bonds with
complexing groups such as phosphonates, carboxylates, and
N-containing chemicals.?®*! Prior studies in the electro-
chemical field have focused on element doping and size mod-
ifcation of catalysts using MOF precursors.”” Existing research
suggested that changing the morphologies can change cata-
Iytic performance.® It is therefore still highly desirable but
challenging to develop novel methods for the synthesis of mor-
phology-controlled MOF templates to get customized active
components and structures with high electrocatalytic
performance.’*** In practice, controlling coordination geome-
try like oxidation state of metal cations, binding modes of
ligands and solvent molecules is critical for the creation of
MOFs with morphological and structural diversity.>® Ligands
can effectively adopt the topology of coordination nodes,
various binding modes and certain solvent molecules to
compete for unoccupied metal sites.’” Due to the favorable
rearrangement of electronic structures to minimize kinetic
energy barriers, a multi-metallic species frequently generates
synergistically improved catalytic activity.*® Furthermore,
during the calcination of MOFs, the inclusion of a secondary
metal can inhibit the total agglomeration kinetics of each
metal (MOFs).*®

Lately, MOF-derived nonprecious bimetallic alloy materials,
particularly using transition metals, have received much atten-
tion as oxygen electrocatalysts, because of their highly active
catalytic activities in the ORR and OER. Several findings have
shown that metal alloy catalysts such as FeCo,***° FeNi,***!
Fe-Mn,** and NiCo'*">** have better activity than their single
metal materials and that the intrinsic polarity that can be pro-
vided by a connection between two metals might help catalytic
activities. It is noted that metal alloys without a carbon
support cannot achieve outstanding ORR/OER performance.
The combination of metal alloy nanoparticles with hetero
atoms and graphitic carbon that have high stability, superior
conductivity. A large active surface area is preferable for enhan-
cing the catalytic activity of alloy-based materials, thus favors
increasing the number of active sites, as well as protecting
metal alloy nanoparticles from aggregation. For example,
Sheng et al. (2021) reported an efficient oxygen electrocatalyst
made of NiCo alloy nanoparticles anchored on a carbon
nanorod decorated with CNTs.** Tan et al. (2022) observed
that the electronic structure of the encapsulated CoNi alloy
exhibited good reversible oxygen catalytic activity and stabi-
lity.*> Thangasamy et al (2022) investigated CoPi-NPC
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nanosheets for the ORR in ZABs.*® Furthermore, Sim et al.
(2022) demonstrated that iron-cobalt/cobalt-nickel oxide dis-
persed on a reduced graphene oxide electrode exhibited
superior stability at a high current density and high-rate
rechargeable ZABs."?

During synthesis, MOFs have the drawback of carbon evap-
oration causing significantly reduced active sites and catalytic
durability. However, this work suggests tailoring the molecular
architectures of MOFs using the optimization of flexible multi-
carboxylate and 4,4-bpy ligands. The electrocatalysts were
derived from bimetallic MOFs having different ratios of
ligands ie. 4,4-bipyridine (4,4-bpy) and 4-aminodiacetic ter-
ephthalic acid (H,adtp) in the presence of polar solvents. It is
acknowledged that electrochemical activities (ORR and OER)
and ZAB performance can be controlled by varying the ratios
of 4,4-bpy and H,adtp ligands. The corresponding electro-
chemical performance of the heterostructure built of bi-
metallic sulfide and alloy composite materials was enhanced
in terms of electron transport, adsorption optimization, and
durability. The method is simple, rapid, and low-cost, and it
sheds light on the synthesis of high-efficiency reversible
oxygen electrocatalysts for large-scale production of a variety of
energy devices such as electrolytes, fuel cells, and metal-air
batteries.

2. Experimental section

2.1. Chemicals and materials

Commercially available materials such as nickel(un) sulfamate
tetrahydrate, cobalt(n) acetate tetrahydrate, and 4,4-bipyridine,
purchased from Merck, were used as received. For all experi-
ments, analytical grade solvents: ethanol, dimethylformamide
and deionized water were used. As described previously in the
literature, 4-aminodiacetic terephthalic acid was synthesized
(Scheme S17).*” CoNi alloy nanoparticles were prepared by the
method reported previously.”® Ni foam, 1 mm thick, was
employed as a substrate for an air electrode and as a current
collector for a negative electrode (Qijing Trading Co., Ltd). The
Ni foam was cleaned with 37% hydrochloric acid (Qchemical
Co., Ltd). Both zinc acetate (Merck) and potassium hydroxide
pellets (CT Chemical Co., Ltd) were used to make the electro-
Iyte. For the anode, a 2 mm thick Zn sheet (Zn 99.995 percent)
was purchased from Sirikul Engineering Ltd.

2.2. Synthesis of bimetallic MOF precursors

An ethanolic solution of (10 ml) of 4,4-bipyridine (0.156 g,
2 mmol) was added dropwise to a stirred solution of Ni
(SO3NH,),-4H,0 (0.325 g, 1 mmol) and Co(CH;COO),-4H,0
(0.249 g, 1 mmol), containing dimethylformamide (10 ml);
H,adtp (0.253 g, 1 mmol) in water (10 ml) was added dropwise
to the mixture. As a result, the solution color changed from
green to light blue. The mixture was stirred continuously for
6 h at ambient temperature and pH was adjusted to 8 using
concentrated HCIl. After the solution was transferred to a
100 ml Teflon lined autoclave, it was kept in an oil bath for
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72 h (120 °C). After cooling, the obtained blue precipitate of
the MOF precursors was washed several times with distilled
water and ethanol before being dried in a vacuum oven (60 °C
for 6 h).

2.3. Synthesis of electrocatalysts

The resulting precursors were pyrolyzed in a tube furnace at
700 °C for 2 hours in an argon environment at a heating rate
of 3 °C min™". Following that, a dandelion flower-like hierarch-
ical catalyst made of N and S co-doped carbon and carbon-
encapsulated CoNi alloy nanoparticles was prepared. The cata-
lysts  viz.  C0¢Sg/CONi/NizS,@CNS-1, C0¢Sg/Co-N,/CoNi/
NizS,@CNS-2, C0¢Sg/CoNi/NizS,@CNS-3, and Co04Sg/Co-N,/
CoNi/Ni;S,@CNS-4 were obtained by optimizing the ligand

Flexible carboxylate moieties

Lewis Base N Centre

N-donor Pillar

Fig. 1 Ligand structures demonstrating their distinct functionalities.
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ratios. Supporting documentation contains details about elec-
trocatalyst characterization, electrochemical measurement,
electrode fabrication of the air cathode and assembly of ZABs.

3. Results and discussion

3.1. Synthesis

The hierarchical electrocatalyst was prepared using a reaction
of 4,4-bpy and 4-aminodiacetic terephthalic acid ligands and
Ni and Co metal ions in the presence of DMF/ethanol/water.
The use of neutral N-donor ligands (4,4-bpy), as pillars to
space 2D layers based on polycarboxylate ligands, is an
effective and controllable method of generating hierarchical
architectures.”® Architectures are frequently built with mixed
ligands as linkers; single linkers are uncommon because most
linkers are difficult to build in one mode while spacing them
in the other. Fig. 1 shows the distinct function of both linkers
viz. 4,4-bipyridine and 4-aminodiacetic terephthalic acid.
Compared with aromatic rigid carboxylates (BTC),”° the flex-
ible multidentate iminodiacetate functionality can easily
chelate and bridge metals by adopting diverse bonding modes.
Nickel-cobalt MOF clusters were generated homogeneously
and remodeled into carbon frameworks after drying and sub-
sequent carbonization at 700 °C for 2 h under an Ar atmo-
sphere. The ligands in the MOF structures (4,4-bpy and
H,adtp) can be easily optimized with a constant molar ratio of
1:1 for Ni** and Co**, as shown in Fig. 2. Controlled calcina-
tion can produce CoNi alloy nanoparticle/carbon composites
derived from MOFs with unique structures, tailorable porosity,
and large surface areas suitable for electrocatalytic appli-
cations (OER/ORR).”" During the heat treatment process, the
formation of alloy nanoparticles and carbon materials occurs
simultaneously, and the CoNi-based nanoparticles may be uni-
formly dispersed in carbon frameworks, which is still extre-

=,

700°C 2 h

CoNi-MOF Precursor CoS/Co-N/CoNi/NiS@CNS
* At constant ratio (1:1) of Ni(SO,NH,),.4H,0 & Co(CH,COO0),.4H,0

4,4-Bpy
(mmol)

H,adtp

Electrocatalysts (mmol)

C0,Sg/CoNI/NiyS,@CNS-1 1
Co,S/Co-Nx/CoNi/Ni,S,@CNS-2

2
1
C0,Sy/CoNi/Ni,S,@CNS-3 3

W e -

C0,Sg/Co-Nx/-CoNi/Ni,S,@CNS-4

Fig. 2 Scheme for the synthesis of electrocatalysts 1—4 (CoS/CoN/CoNi/Co—N@CNS) optimizing the ligand concentration.
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mely difficult to achieve via other methods. Furthermore, car-
bonaceous materials used in three-dimensional porous hier-
archical designs have been proven as an effective way to
enhance electrocatalytic performance.’>** Thus, a variety of
interconnected nanostructures are created when metal-based
nanoparticles are incorporated into three-dimensional carbon
frameworks with voids.?® The entire synthetic process is quite
simple and facile, requiring only an oil bath and subsequently
a tubular furnace.

3.2. Morphological and structural analysis

Images from field-emission scanning electron microscopy
(FE-SEM) reveal polyhedral structures with multilayered struc-
tures. In Fig. 3a, the prepared MOFs display homogeneous
spherical surfaces, indicating that multi-carboxylate and 4,4-
bpy were uniformly coordinated on the Ni-Co ion center. In
Fig. 3b, after pyrolysis, dandelion flower-like structures (3 pm)
with a rough surface are observed; their edges still had a

View Article Online

Paper

similar spheroid morphology. The Ni-Co elements are largely
found in the particles and overlap with the N and S elements,
indicating the formation of CoNi alloy nanoparticles.
Consequently, the diameters of the carbon nanofibers are seen
to differ due to the optimization of the ligands (50-100 nm).
In Fig. 3c—f, the catalyst morphology was investigated further
using TEM and EDS. The hierarchical structure of CoySg/Co-
N,/CoNi/Ni;S,@CNS-4 with extended graphitic carbon net-
works on the surface of carbon polyhedra is confirmed via
TEM. In Fig. 3c, CoNi alloys show a polyhedron-like shape with
less than 10 nm diameter nanoparticles hanging on the
surface and edges. In Fig. 3d and S2,f the metal sulfides
(CoeSs and Ni;S,) appear homogeneous on the surface carbon
structures.”® The creation of the heterojunction® is further
confirmed by high-resolution TEM (HRTEM), which also exhi-
bits distinct lattice fringes and close contact between CogSg
(440) and Ni;S, (110) as shown in Fig. 3d and e. In Fig. 3f
(inset), the (111) plane of CoNi and the (002) plane of carbon

Fig. 3

(a) FE-SEM images of MOF precursor-4 and that (b) after calcination of the corresponding dandelion flowers like CogSg/Co—N,/CoNi/

NizS,@CNS-4 catalyst, (c—e) TEM images of CogSg/Co—N,/CoNi/NizS,@CNS-4, CogSg/NizS, and their heterojunction, (f) TEM image of CoNi alloy
nanoparticle; inset show derived fast Fourier transform SAED patterns, and (g) EDS mappings for carbon (C), nitrogen (N), sulphur (S), cobalt (Co)

and nickel (Ni).

This journal is © The Royal Society of Chemistry 2022
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are represented by lattice spacings of 0.521 and 0.316 nm in
the HRTEM image of CooSg/Co-N,/CoNi/NizS,@CNS-4. A few
layers of graphitic carbon can be seen on the surface of CoNi
and metal sulfides as a result of the electronic interaction
between the carbon shells and metal nanoparticles. Such
carbon layers enhance electrocatalytic activity and the carbon
shells on the CoNi alloy and metal sulfides (CosSg and NisS,)
can control aggregation, thus enhancing the stability of the
catalyst. In comparison to the as-prepared CoNi/NizS,@CNS-1
and CoySg/Co-N,/CoNi/Ni;S,@CNS-3 catalyst (Fig. S5%), the
surface of the carbon polyhedrons does not generate hierarchi-
cal structures. However, similar structures can be observed in
C0ySg/Co-N,/CoNi/NizS,@CNS-2, indicating that the optimiz-
ation of ligands is required for the formation of a good graphi-
tic carbon structure. Several studies asserted that particle size
has a direct influence on catalyst mass activity due to its effect
on the specific surface area, which is the total surface area per
unit mass of the catalytic material (m® g~*).>® In comparison
to conventional catalysts, which frequently contain a wide
range of metal particle sizes, only a small proportion of metal
particles of the appropriate size can exhibit significant electro-
catalytic activity.”” Furthermore, variations in particle size
associated with extensively conductive carbon networks encou-
rage the rapid diffusion or transfer of metal ions and electrons
and improve the electrical conductivity and rate performance
of the electrode. Hierarchically ordered architectures made of
different-sized structures prevent the serious agglomeration of

() (b)

View Article Online

Nanoscale

alloy nanoparticles caused by the high durability of electrode
and surface roughness.>®>®

To understand the solid-state thermolytic transformations,
MOF materials were studied by thermogravimetric analysis
(TGA) under inert (N,) conditions. In Fig. 4a, TGA traces for
C09Sg/Co-N,/CoNi/Niz;S,@CNS-4 under an atmosphere of N,
are shown. The decomposition of MOFs began at around
200 °C and was followed by a precipitous mass loss in the
MOF precursor. At 278.6 °C, the TG curve shows the first
weight loss of 10.8 percent, indicating the decomposition of
the lattice sulfamate and phenyl group attached to the Co and
Ni atoms. The second stage mass loss of 28% occurred at
377.6 °C, corresponding to the removal of the metal coordinat-
ing oxygen and sulfur. The final maximum rate of mass loss
i.e. 37% at 490-800 °C indicates that CoNi alloy nanoparticles,
as well as N and S co-doped graphitic carbon networks, are
formed. The ceramic yield (21.5 percent) of CogSg/Co-N,/CoNi/
Ni;S,@CNS-4 caused the decomposition of MOF precursor-4.

In Fig. 4b and c, the X-ray diffraction (XRD) patterns of four
different catalysts are shown. At 44.55, 51.79, and 76.23°, three
distinct peaks with strong intensities were observed, which
correspond to the NiCo alloy in all catalysts. The three peaks,
which are sandwiched between Co (PDF#15-0806) and Ni
(PDF#04-0850), correspond to the (111), (200), and (220) lattice
planes for the metallic Co and the Ni fcc structure, indicating
that the metal alloys are attached to the heteroatom doped gra-
phitic carbon structures.®® In Fig. 4c, due to the optimization

120 1
—— CoNi MOF precursor-4 Co JCPDS # 15-0806 .
o Ni JCPDS # 04-0850 g _ - \
g
L1 C0,S4/CONi/NiyS,@CNS-1 r § = '
28.0% 2 o
- 23 3
£5 | N y 2
\ -_3§; CoySy/Co-Nx/CONiNi;S,@CNS -2 ] i z,
g §
\ 371% | k-40 £ | CosS,/CoNilNisS,@CNS-3 1
K] 1 g =
N E
204 -5
—— Co,Sy/Co-N/CoNi/Ni,;S, 4 | ¢ [C0sSy/CONXICONI/NI, S, @CNS-4 _l JCPDS # 19-0364* (Co,S,)
0 . . r r ' r . . ) A JCPDS # 01-076-1870 (Ni;S,) Co,N (PDF#03-065-1458)
100 200 300 400 500 600 700 800 900 T T T T T — T T T T T T T
10 20 40 50 60 70 80 5 10 15 20 25 30 35 40

Temperature (°C)

(d)

(e)

500 1000 1500 2000 2500 3000
Wave number (cm™)

Fig. 4

2 Theta (°) 2 Theta (°)

Intensity (a.u)

—— C0,Sy/Co-N/CoNi/Ni,S, 4

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

(@) TGA spectrum of MOF precursor-4 conversion to catalyst CogSg/Co—N,/CoNi/NizS,@CNS-4, (b and c) XRD patterns of electrocatalysts

CoS/Co-N,/CoNi/NiS@CNS, (d) Raman spectra of catalysts 1-4, (€) Raman image (laser at 532 nm) of a filter showing the distribution of graphitic

carbon, and (f) the FT-IR spectrum of CogSg/Co—N,/CoNi/NizS,@CNS-4.
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of the ligands, catalysts Co¢Sg/Co-N,/CoNi/NizS,@CNS-2 and
Co0oSg/Co-N,/CoNi/Ni;S,@CNS-4 display consistent diffraction
peaks at 17.3, 29.8 and 37.8° for the corresponding (200), (311)
and (222) crystal planes, which match the standard data of
CooSs (PDF#19-0364) and Co,N (PDF#03-065-1458). Other
peaks at 21.8, 27.8 and 37.8° are well indexed to the (010) (110)
and (111) planes of Ni;S, (PDF#01-076-1870); some relatively
weak peaks match with CoC, Ni-N and NS diffraction.”>'® In
Fig. 4d, the Raman spectra of all the electrocatalysts are
shown. Two major peaks are observed: one between 1348
and1354 cm™' (D-band) and another between 1579 and
1591 cm™' (G-band), which have slightly shifted from the
reported CoNi electrocatalyst.'** The D-band is associated
with the A;, mode and finite-sized graphite crystals. The
G-band is matched to permissible E,, mode vibrations in a
graphitic network and can be seen in all sp” bonds. The CosSg/
Co-N,/CoNi/NizS,@CNS-2, Co0sSg/CoNi/Niz;S,@CNS-3, and
Co0oSg/Co-N,/CoNi/NizS,@CNS-4 catalysts have Ip/Ig values of
0.853, 0.847 and 0.915, indicating that electrocatalysts have the
most organized graphitic carbon structures.®’ Due to the
absence of the 4,4-bpy ligand, the -catalyst CoySg/CoNi/
Ni3S,@CNS-1 has both a lower Ip/Ig value and less N and S
doping. The characteristic peaks of 486, 525, 675 and
2750 cm ™" are found in electrocatalysts 1-5, which correspond
to Eg, Fpe and Ay, nodes of the metal sulfides and 2D bands,
respectively.’® The Ip/Ig values allow for the generation of
Raman images from specific areas of the filters with high con-
centrations of graphitic carbon particles. Fig. 4e shows a
Co0oSg/Co-N,/CoNi/NizS,@CNS-4 Raman spectroscopy image,
clearly representing the five and six membered rings of the
particles and the zonification among them. The Raman results
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Ni;S,@CNS-4 catalyst possesses a well-organized graphitic
carbon network. In Fig. 4f, the FT-IR spectrum shows how
the structure of the material can change after calcination.
The two strong intense peaks at 1779 and 1540 cm™" corres-
pond to C=N and C=C stretching. The strong peaks at
1185 and 540 cm™' are representative of the vibrations of
the M cation on the surface of the metal sulfides and metal
nitrides (CooSs, NizS, and Co,N). All the above findings
imply that the CoS/Co-N,/CoNi/NiS@NCS catalysts: 1-5 are
multicomponent nanocomposite materials made of CoNi
alloys and both N,S-elements incorporated into graphitic
carbons.

In Fig. 5a, the presence of a micro/meso-porous structure is
confirmed by the Brunauer-Emmett-Teller (BET) surface area
of catalysts and a hysteresis loop in the N, adsorption and de-
sorption isotherm in the P/P, range between 0.2 and 1.0. It is
noted that the BET surface areas of the as-prepared catalyst
increase due to ligand optimization with the increase in pore
volumes (24 to 92 ecm?® g™"); larger porosity makes it easier for
the electrolyte to access the interior of the pores, which speeds
up the diffusion of catalytic reactants.®® Both the surface area
and pore volume of CooSg/Co-N,/CoNi/NizS,@CNS-4 (369.5;
91.72 em® g7') are significantly greater than those of CooSg/
CoNi/Ni;S,@CNS-1 (99.86; 35.18 cm® g™ '), which is due to
optimization of the ratio (3:1) of the ligands 4,4-bpy and
4-aminodiacetic terephthalic acid. In Fig. 5a (inset), the pore-
size distribution curve verifies the mesoporous structure; the
size of the mesopore is in the range of 2-10 nm. Therefore, the
superior catalytic activity of Co04Sg/Co-N,/CoNi/Ni;S,@CNS-4
can be attributed to the high intrinsic catalytic activity of
CoNi, the heterojunction of metal sulfides, and the well-dis-
persed state of the catalyst in the composite electrode. The
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Fig. 5 (a) Nitrogen adsorption—desorption isotherm curves of catalysts 1—4; inset pore size distribution image of catalysts 1-4, (b) XPS wide spec-

trum of CogSg/Co—N,/CoNi/NizS;@CNS-4, (c) Co 2p, (d) Ni 2p, (e) C 1s, (f) N 1s, and (g) S 2p spectra.
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C0oSg/Co-N,/CoNi/NizS,@CNS-4 rich mesoporous structure
and large specific surface area not only expose more active
sites, but also make it easier for ions and electrons to move
around, improving electrochemical kinetic performance of the
catalyst throughout the ORR and OER processes.®®

XPS measurements were carried out to extend the investi-
gation of the elemental composition of the prepared catalysts
1-4. In Fig. 5b, the survey-scan confirms the existence of Co,
Ni, C, N and S in the CoySg/CoN,/CoNi/Ni;S,-4. This spectrum
is consistent with evidence obtained vie EDS and XRD.
Deconvoluting the Co 2p core level spectra (Fig. 5c¢) yields
binding energies of 780.6 and 798.3 eV, indicating that Co®*
and Co”>" are present in Co0oSg-NizS,/CNS. The Co 2p;,/Co
2p1» spin-orbit coupling of Co®" cations bound to N (N-Co)**
or S°° elements. At binding energies of 788.9 and 804.8 eV,
corresponding satellite peaks were observed. The high-resolu-
tion Ni 2p spectrum exhibits four peaks at 854.4, 861.1, 866.1
and 869.6 eV, matching the Ni** and Ni** cations: the two
peaks at 854.4 eV and 861.1 eV focus on Ni*" and Ni*" 2p;,,
respectively.'®®® Additionally in Fig. 5d the two peaks of Ni 2p
in Ni3S,/NCS shift to 861.1 and 869.6 eV, 2p,,, respectively.
The positive shift of both Co and Ni ions in the CogSg/CoN,/
CoNi/Ni;S,-4 suggests the presence of interfaces, implying that
the four active sites of the CoNi alloy, Co-N,, Ni3S, and CosSg
interact with each other.®” Moreover, in Fig. 5e, the four
primary types that can be seen in the N 1s spectrum are pyridi-
nic N (401.1 eV), pyrrolic N (402.6 eV), graphitic N (404.7 eV),
and oxidized N (406.9 eV). When compared to the other cata-
lysts, it is significant that the pyridinic N and graphitic N are
seen to enhance the ORR and OER quite considerably. The
Co0ySg/Co-N,/CoNi/Ni3S,-4 catalyst shows that the binding
energies of the N 1s peaks are clearly higher than those of cata-
lysts 1-3 and reported in the literature,®® which can be the
optimization result of a CoNi alloy and Co-N electron moving
to the N atom. The C 1s spectrum can be deconvoluted into
three independent peaks at 284.6, 286.8, and 289.1 eV, which
correspond to C-C/C=C, CS, and CN, respectively (Fig. 5f).
The fine spectrum of S 2p is shown in Fig. 5g: the peaks at
168.7 and 164.8 eV are attributed to the 2ps,, and 2p,,, orbitals
(metal sulfur bonds/CoySg—Ni3S,). Furthermore, the peaks at
167.4 eV representing C-S,-C, indicate that sulfur atoms have
been successfully incorporated into the carbon grid during the
process of calcination. Meanwhile, the presence of nickel and
cobalt ions having mixed valences can increase the conduc-
tivity of metal sulfide.®®’® It is important to note that non-
metallic heteroatoms (N and S) are known to increase the
effectiveness of electron transport and significantly increase
the catalyst conductivity. The above results confirm the suc-
cessful combination of metal sulfides, metal alloys and the N
and S doped graphitic carbon matrix, thereby closely binding
each other in CoySg/CoN/CoNi/Ni3S,-4. Catalyst 4, due to its
strong electronic coupling, can effectively regulate the charge
distribution of the active sites, thereby promoting the electro-
catalytic process. With its 2D structural design, active site
charge control, and quick reaction kinetics, the C0ySg/Co-N,/
CoNi/Ni;S,-4 catalyst is anticipated to increase the bifunctional
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activities. The high resolution XPS spectra of other catalysts
1-3 are shown in Fig. S8 and S9.}

3.3. Electrochemical oxygen reduction reaction (ORR)

In Fig. 6, the catalytic performance of ORR is demonstrated by
linear sweep voltammograms (LSVs), obtained in O,-saturated
0.1 M KOH at a rotating speed of 1600 rpm on a rotating disk
from 0.06 to 0.96 V (vs. RHE: reversible hydrogen electrode)
with scan rates of 10 mV s™'. Under identical conditions, the
ORR activity of the commercial Pt/C (20 wt% Pt on Vulcan
XC-72, Merck) was also examined. In Fig. 6a, it is seen that the
limiting current density of Co¢Sg/CoNi/Niz;S,@CNS-1 cannot
reach -4 mA cm™>, whereas the other catalysts clearly exceeded
this value. The corresponding half-wave potentials of the cata-
lysts CoeSg/Co-N,/CoNi/NizS,@CNS (2-4) are found to be 0.83,
0.79, and 0.86 V (vs. RHE). In comparison to the commercial
Pt/C and PtC + RuO, (0.83 V vs. RHE), C0¢Sg/Co-N,/CoNi/
Ni;S,@CNS-4 showed a greater cathodic peak at 0.86 V, which
was higher than the commercial catalysts. However, under a
saturated N, atmosphere, no such noticeable peak was
detected, showing that the cathodic peak was caused by the
ORR (Fig. S10bt). The ORR performance of catalyst CoySg/Co-
N,/CoNi/Ni;S,@CNS-4 proved to be better in comparison to
recently reported catalysts, in the alkaline electrolyte
(Table S11).">*>*¢ In Fig. 6b, to further investigate catalytic
performance, LSV was conducted applying different rotations
(400-2000 rpm) using RRDE; the limiting current densities of
C04Sg/Co-N,/CoNi/Niz;S,@CNS-4 were found to be 2.02 to
7.05 mA cm™, respectively. It is noted that electrocatalyst 4 had
a much higher half-wave potential (E;;,) and limiting current
density (i4) than other transition metals and N,S-doped graphi-
tic carbon catalysts.'®”! In Fig. 6¢, for a more quantitative
assessment of ORR Kkinetics, the Tafel slopes derived from the
LSVs are shown. As for catalyst CoySg/Co-N,/CoNi/Ni3S,@CNS-
4, the smallest Tafel value (40.87120 mV dec™ ') outperformed
the benchmark Pt/C (45.93 mV dec ™). The Tafel values of cata-
lysts C0oSg/CONi/NizS,@CNS-1 (111.99 mV dec '), CoySs/Co-
N,/CoNi/NizS,@CNS-2 (49.62 mV dec™?), and CoySs/CoNi/
NizS,@CNS-3 (100.57 mV dec ') are better when compared
with the recent literature.

One of the most important aspects of the electrocatalytic
ORR in aqueous electrolytes is the electron transfer number
(n), which not only represents the efficiency of oxygen conver-
sion but also provides information about the mechanism of
the ORR. The ORR can involve two reactions: a four-electron
reaction (O, + 2H,0 + 4e” — 40H™) and a two-electron reaction
(O, + H,O + 2~ = HO*>™ + OH"). The fractions of HO*~ pro-
duced and the predicted electron transfer numbers are shown
in Fig. 6d. In Fig. 6d (inset), even though the accompanying
LSVs are significantly different, all the catalysts such as CogSg/
Co-N,/CoNi/NizS,@CNS-2  (3.96), Co0¢Sg/CoNi/NizS,@CNS-3
(3.83), C0,Ss/Co-N,/CoNi/Ni;S,@CNS-4 (3.98) and Pt/C (3.99)
show better electron transfer numbers than the metallic cata-
lyst CogSg/CoNi/NizS,@CNS-1 (~3.69). The electrochemical
impedance spectroscopy (EIS) tests provide more evidence in
favor of this. In Fig. 6e, according to the Nyquist plot, the cata-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Electrocatalytic ORR performances: (a) LSV curves of CoS/Co—N,/CoNi/NiS@CNS 1-4, commercial 20% Pt/C and Pt/C + RuO, in O,-satu-
rated 0.1 M KOH, (b) LSV curves of CoS/Co-N,/CoNi/NiS@CNS-4, at various rotation rates, (c) Tafel plots of catalysts 1-4 and Pt/C, (d) Electron trans-
fer number (n) of catalysts 1-4, and Pt/C, inset: the corresponding peroxide yields, (e) EIS spectra of catalysts 1-4, and (f) chronoamperometric
responses of CogSg/Co—N,/CoNi/NizS,@CNS-4, and commercial 20% Pt/C in O,-saturated 0.1 M KOH solution at a rotation rate of 1600 rpm at

~0.4V vs. RHE.

lyst CooSg/Co-N,/CoNi/Ni;S,@CNS-4 exhibits the lowest charge
transfer resistance, among the three catalysts 1-3, having a
noticeably smaller semicircle in the intermediate frequency
region (Table S21). As shown in Fig. 6f, the long-term dura-
bility of CoySg/Co-N,/CoNi/Ni;S,@CNS-4 and commercial Pt/C
electrocatalyst was investigated using chronoamperometric
experiments. Only 16% catalytic activity loss was discovered on
the surface of the Co04Sg/Co-N,/CoNi/Niz;S,@CNS-4 electrode
after more than 24 h of continuous chronoamperometric ana-
lysis, demonstrating the superior stability of catalyst 4 to the
commercial Pt/C electrocatalyst. This outcome was brought
about by the stronger incorporation of metal sulfides, nitro-
gen-coordinated Co, and CoNi alloys into the porous graphitic
carbon framework, which increased the electrochemical ORR
activity and endurance. In Fig. 6f (inset), the catalyst was
tested against methanol poisoning to prove its applicability in
direct methanol fuel cells (DMFCs). The catalyst CooSg/Co-N,/
CoNi/Ni;S,@CNS-4 showed strong resistance to methanol
because there was no current density loss when 2.0 mL of
methanol (CH;O0H) was added to the 0.1 M KOH solution. On
the other hand, the commercial Pt/C electrocatalyst exhibit a
considerable decrease in cathodic current density during the
addition of CH;OH because of the methanol oxidation process
being facilitated on the Pt/C catalytically active surface sites.
These findings indicate that Co¢Sg/Co-N,/CoNi/NizS,@CNS-4
can be exploited as a possible cathodic material in the exciting

This journal is © The Royal Society of Chemistry 2022

field of ZABs since catalyst 4 has excellent ORR kinetics, out-
standing durability, and strong resistance to methanol poison-
ing. It is noted that the unique hierarchical porous structure
and interfacial synergy between the CoNi, CoN, Ni;S,, and
CooSg nanoparticle structures with rich defects can increase
mass transfer and graphitization to a degree that is advan-
tageous for electron transport.

3.4. Oxygen evolution reaction (OER)

As shown in Fig. 7a, OER performance of the electrocatalysts
and the commercial RuO,/PtC + RuO, catalysts were evaluated.
Results were compared with the well-developed transition
metal alloy catalysts reported recently (Table S1t). It is seen
that CoySg/Co-N,/CoNi/NizS,@CNS-4 (1.58 V) and CoySg/Co—
N,/CoNi/Ni3S,@CNS-2 (1.61 V) both possessed low overpoten-
tials of 196 and 201 mV at 10 mA cm™2, which are smaller
than the commercial RuO, (203 mV) and associated with the
synergy between CooSg and NisS, in catalyst-4. In contrast,
C04Sg/CoNi/Ni;S,@CNS-1 (205 mV) and CogSg/Co-N,/CoNi/
Ni;S,@CNS-3 (211 mV) catalysts have high overpotential of cat-
alysts. However, the OER performance of prepared catalysts
1-4 proved to be superior to the recently reported catalysts
(Table S1f). The results indicated that bimetallic alloys
and sulfides acted positively in promoting the performance of
the OER.>* As shown in Fig. 7b, the Co0oSgs/Co-N,/CoNi/
Ni;S,@CNS-4 catalyst had the smallest Tafel value (79.51 mV

Nanoscale, 2022, 14,17908-17920 | 17915


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr04933c

Open Access Article. Published on 07 November 2022. Downloaded on 2/14/2026 2:08:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

~~
1]
N’

|—— Catalyst-4
|—— Catalyst-2
|—— Catalyst-1
|—— Catalyst-3
|—— PtC+RuO,
——Ru0,

—— CoNi-Control|

»
o
'l

w
o
L

Current density (mA cm)
) S

0
L] L] L] L] L]
1.2 1.4 1.6 1.8 2.0
(C) Potential (V vs RHE)
250
|—s— catalyst 1
225 |—e— catalyst 3|
|—A— catalyst 2
200 + —v— catalyst 4|
175 4
150 -
<}
- 1254
N
100 4
75 4
50 o
vy
25+
0+ T T T T T T T T T
50 75 100 125 150 175 200 225 250 275 300

zZ'(©)

View Article Online

Nanoscale
1.75
(b) m Catalyst 1
@ Catalyst 2
1.70 < A Catalyst3
v Catalyst4
s 4 PHC+RuO2
W 1.65 < CoNi
X
x
£ 1.60 -
<
S 1554
.
c
9
o
S 1.50 -
1.45 4
1.40 T T T T T T
0 1 2 3 4 5 6 7
(d) Log j (mA cm?)
100 1
*
e e q,
°
80 o 0.0...... 80%
—_ o Ceo LIS
P )
o o
c i 0000, 58%
£ ® ¢ecceee,
=
°
o
2 40 4
‘-
Kl
[
[v4
20 4
¢ Catalyst4,
¢ RuO,
0 4 8 12 16 20 24

Time (h)

Fig. 7 Electrocatalytic OER performances: (a) LSV curves of CoS/Co—N,/CoNi/NiS@QCNS 1-4, commercial RuO, and Pt/C + RuO; in N,-saturated
0.1 M KOH, (b) Tafel plots of LSV curves of catalysts 1-4, RuO, and Pt/C + RuO,, (c) EIS spectra of catalysts 1—-4, and (d) chronoamperometric
responses of CogSg/Co—N/CoNi/NizS,@CNS-4, and commercial RuO, in N,-saturated 0.1 M KOH solution.

dec™) among all as-prepared catalysts: Co0oSg/CONi/
Ni;S,@CNS-1  (130.74 mV dec™'), C0oSs/Co-N,/CoNi/
Ni;S,@CNS-2 (119.38 mV dec™ ') and CoySg/CoNi/Ni;S,@CNS-3
(91 mVv dec™); all indicating fast OER kinetics. As shown in
Fig. 7c, the EIS measurements based on the Nyquist plot
revealed that of the three samples, Co0ySg/Co-N,/CoNi/
Niz;S,@CNS-4 had the shortest semicircle. The potential gap
AE between the ORR and OER (E = Ej;o — Ej;,) has been used
to evaluate an electrocatalyst’s total bifunctional activity.
Consequently, CogSg/Co-N,/CoNi/Ni;S,@CNS-4 had a tiny AE
value of 0.72 V, which is comparable to the most recently
described metal-involving oxygen electrocatalysts
(Fig. S10dt).">'® In contrast to benchmark Pt/C and RuO,,
which decreased after the 24 h tests, the performance of cata-
lyst 4 did not significantly decline after continuous operation
for 24 hours at 10 mA cm™> according to the long-term dura-
bility test, representing that the material had good bifunc-
tional catalytic stability, as shown in Fig. 7d. The superior ORR
and OER activities of the CoySg/Co-N,/CoNi/Ni;S,@CNS-4 cata-
lyst can be attributed to the following factors based on the
above results: firstly, the optimized ligand concentration in

17916 | Nanoscale, 2022, 14,17908-17920

catalyst-4 had a high surface area, hierarchical pores, and
defect rich structures, which helped to increase the number of
electroactive sites, enhancing reactions and electrocatalytic
performance. Secondly, the 2D graphitic carbon polyhedron
heterogeneous structure with N and S elements was able to
boost catalytic processes at the interface and provide long-
range conductivity. Finally, the porous multi-compound
system of the CooSg, Co-N,, CoNi alloy nanoparticles, and
Ni;S, enhanced the electrochemical kinetics by synergistically
facilitating charge/ion diffusion and increasing the interfacial
contact between the electrolyte and the electrode. A compari-
son of ORR/OER catalytic activity with that of a previously pub-
lished transition metal and heteroatom-doped carbon compo-
site catalyst, as shown in Table S1, further supports the excep-
tional bifunctional activity of CoySg/Co-N,/CoNi/Ni;S,@CNS-4
in our work.

3.5. Zinc-air battery performance

The CoySg/Co-N,/Co-Ni/NizS,@CNS-4 catalyst utilized in real
ZABs (Fig. 8a) as an air cathode was properly evaluated based
on its better ORR/OER activities. Thus, an aqueous recharge-

This journal is © The Royal Society of Chemistry 2022
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2100 2400

of the assembled rechargeable ZABs (b) open-circuit voltage curves of

ZABs using CogSg/Co—N/CoNi/NizS,@CNS-4 and Pt/C + RuO, air cathodes, (c and d) charge and discharge polarization curves and the corres-

ponding power density curves, (e) specific capacity plots at 10 mA cm~2,
NizS,@CNS-4 and Pt/C + RuO,; (g) galvanostatic cycling stability tests o
RuO, and (h) the photos of two ZABs connected in series to drive green LE

able Zn-air battery was prepared using catalyst CooSg/Co-N,/
CoNi/Ni;S,@CNS-4 as the air cathode. Comparisons were
made between its performance and that of the catalyst used in
commercial air cathodes (Pt/C + RuO,, mixed catalyst, 1:1
ratio). It was found that the ZAB based on Co¢Sg/Co-N,/CoNi/
Ni;S,@CNS-4 had an open circuit potential (OCP) of 1.59 V
(Fig. 8b), which is greater than that of the Pt/C + RuO, catalyst
(1.47 V) and recently published bifunctional -catalysts
(Table S3t). In Fig. 8c, both discharge and charge polarization
curves of Co0ySg/Co-N,/CoNi/Niz;S,@CNS-4 are observed to
display a smaller voltage gap than Pt/C + RuO, due to its
strong bifunctional activities. In Fig. 8d, catalyst 4 based ZABs
exhibited a peak power density of 206.9 mA cm™> at 325 mA
cm >, outperforming Pt/C + RuO, (116.1 mWem™>). The pres-
ence of micro- and mesopore structures in the CooSg/Co-N,/
CoNi/Ni;S,@CNS-4 was found to be primarily responsible for

This journal is © The Royal Society of Chemistry 2022

(f) discharge curves at different current densities of CogSg/Co—N/CoNi/
f the zinc—air battery with CogSg/Co—N/CoNi/NizS,@CNS-4 and Pt/C +
D lights.

the high electrochemically active surface areas, which facili-
tated the transport of mass electrons during performance. A
specific capacity of 801 mA h g~* for the collectively exhaustive
Co0ySg/Co-N/CoNi/NizS,@CNS-4 was obtained from the galva-
nostatic discharge curve at a current density of 10 mA cm™?, as
shown in Fig. 8e. This was somewhat higher than the ZAB
using the Pt/C + RuO, (762 mA h g™') air cathode.
Furthermore, under different discharge current densities,
CoySg/Co-N,/CoNi/Niz;S,@CNS-4 demonstrated a significant
rate capability (Fig. 8f). In Fig. 8g, long-term cyclability testing
at 10 mA cm™? revealed that Co,Sg/Co-N,/CoNi/Ni;S,@CNS-4
had a narrow initial voltage gap of 0.96 V and no significant
voltage attenuation after cycling for more than 370 h
(Fig. S117), which was significantly better than the cycle time
of Pt/C + RuO,-based ZABs (only 50 h). In Fig. 8h, two catalyst-
4-based ZABs are connected in series facilitating green light-

Nanoscale, 2022, 14, 17908-17920 | 17917
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emitting diodes (LEDs, 2.2 V). In Table S3, the catalytic behav-
ior (ORR/OER) of the Co04Sg/Co-N,/CoNi/Ni;S,@CNS-4 catalyst
is compared to that of recent CoNi-based electrocatalysts in
the literature. It is important that the facile synthesis of
ligand-optimized = CooSg/Co-N,/CoNi/Ni;S,@CNS-4  outper-
forms the as-assembled ZABs in terms of open-circuit voltage,
specific capacity, and power density.

4. Conclusion

In this study, a convenient and controllable ligand optimiz-
ation (4-aminodiacetic terephthalic acid and 4,4-bipyridine)
approach to synthesize CoS/Co-N,/CoNi/NiS@CNS by tailoring
graphitic carbon under a moderate temperature of 700 °C was
developed. The CoySg/Co-N,/CoNi/Ni3S,@CNS-4 catalyst dis-
played a dandelion flower like structure and exhibited excellent
bifunctional activity, robust stability, and a potent resistance
to methanol. The catalyst 4 fabricated air cathode displayed
the highest power density and specific capacity when com-
pared to the ZAB performance utilizing Pt/C + RuO, electroca-
talysts. The long-term cyclability test on catalyst 4 under 10 mA
cm > demonstrated that it had a small initial voltage gap and
the air cathode used in the practical ZABs can be circulated for
more than 350 h. The exceptional electrocatalytic perform-
ances are attributed to the abundant CoNi alloys and N and S
heteroatoms serving as active sites, which interlace and loosely
pack the active components and partially graphitized carbon-
aceous matrix to ensure efficient electron/charge transport. In
conclusion, the stated synthesis approach can be used to gene-
rate effective electrocatalysts for electrochemical energy appli-
cations by utilizing various metal-coordination complexes with
different carboxylate and N-donor ligands.
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