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The development of high-efficiency and durable bifunctional electrocatalysts is an important and
challenging topic in the area of energy storage/conversion. Herein, we prepared metallic cobalt
nanoparticle decorated N-doped graphitic sheets (Co@NGr) by adopting facile pyrolysis of a mixed
ligand cobalt-based MOF (CoMOF-2) as a sacrificial template displaying good OER and HER activity. The
catalytic material harvested at three different pyrolytic temperatures was characterized by various
analytical methods such as PXRD, SEM, TEM, Raman, and XPS analyses. The catalytic activity of the
obtained hybrid composite materials towards oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) was studied. Co@NGr-900 was found to be an efficient bifunctional electrocatalyst and
10 mA cm™2 current density was afforded at an overpotential of 390 mV for OER and 340 mV for HER
respectively. This study provides insight for the development of cost-effective nonprecious element-
based electrocatalysts for water splitting which has relevance in energy storage and conversion. Catalytic
performance is governed by the synergistic compositional effect of metallic cobalt/nitrogen-doping in

Received 11th May 2021
Accepted 5th June 2021

DOI: 10.1039/d1ra03691b

rsc.li/rsc-advances the graphitic carbon increasing the electrical conductivity/active sites of the composite material.

Introduction

Global energy demand continues to increase, mainly due to
modern living, industrialization, emerging economies and
rapid depletion of conventional fossil fuels. Fossil fuels as an
energy source have a tremendous impact on greenhouse gas
emissions along with climate change causing an adverse effect
on the environment and a new alternative clean energy source is
the requisite for the benefit of society. Research activities for the
development of viable alternative green energy are in the lime-
light due to the rapid depletion of non-renewable energy sour-
ces. Energy supply of the future is based on renewable sources
by tapping sustainable energy resources from solar, wind and
water from nature.”™ Development of sustainable electro-
chemical energy technologies comprises converting chemical
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energy to electrical energy by fuel cells and utilizing clean and
efficient hydrogen sources from water splitting as the energy
carrier.>® Electrochemical water splitting for the production of
clean ‘H,’ as a potential energy source is one of the most
promising approaches in the transition towards sustainable
energy resources. Slothful kinetics and high input potential
requirement for the OER/HER during water splitting process
hinder the overall efficiency and practical applications of this
segment. Electrocatalytic water splitting in presence of an effi-
cient catalyst provides a sustainable approach to generate clean
energy through hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER).”® Especially the OER has attracted
research attention due to its wide range of application to energy
conversion and storage technologies.>'® RuO, and IrO, are
generally regarded as benchmark electrocatalysts because of
their high electrocatalytic performance in the acidic as well as
the alkaline solution towards OER."**> Although, both state-of-
the-art catalyst (RuO,/IrO,) are made of precious metals with
low abundance/high cost and due to dissolution and easy
oxidation to higher valance state impede their practical utility
for large-scale OER catalyst."*'* Accordingly, to make water
splitting process practically viable, substantial research effort
has been devoted for the development of economical, more
efficient and cost-effective electrocatalyst materials essential for
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the real implementation of fuel cells, regenerative batteries, and
electrolyzer systems.

Research focuses on alternative and affordable transition
metal based OER electrocatalysts has gained much attention in
the past decade. Thus, transition metal-based materials, which
include transition metal oxides, hydroxides, chalcogenides,
organometallic compounds, etc. has grown and captured
eminence as OER electrocatalysts.”™® Despite significant
progress, insufficient activity, stability as well as poor mass
transport properties are the major bottlenecks associated with
the development of new electrocatalytic material. Metal-organic
frameworks (MOFs), a class of hybrid materials possessing
tunable surface functional groups, good porosity/surface area,
compositional versatility and homogeneous distribution of
metal atoms stimulated remarkable interests in a variety of
research fields.**” In spite of the above mentioned attributes,
due to the poor electron conducting properties, low diffusion of
reactants through MOF porosity, saturation of coordination
geometry of metal centers and low reactivity of metal centers,
most MOFs being not efficient as the electrode materials or
electrocatalysts.”® Hence, research activities have been focused
on the pyrolysis of MOF as sacrificial template to produce
functional nanostructured carbon materials towards electro-
catalytic application. In fact, nanostructured carbon and
composite materials comprising metal-nitrogen-carbon (M-N-
C) systems with earth abundant transition metals derived from
MOFs revealed excellent activities as low cost electrocatalyst.>**
Among M-N-Cs, Co embedded nonprecious transition metal
with nitrogen co-doped carbon composite has been demon-
strated as an efficient costeffective electrocatalyst due to the
concomitant inherent assets such as porous nature of the
graphitic carbon and conducting property of metal and
nitrogen present in the system.*"*” General strategy adopted for
synthesis of M-N-C based electrocatalytic composites for ORR/
OER comprises pyrolysis of the desired metal salt along with
nitrogen/carbon rich precursors resulting low-density active
sites with anomalies in structural uniformity and porosity.
MOFs composed of metal nodes and appropriate N/C-contained
organic linkers are an ideal candidate as a sacrificial template to
achieve uniform structure, with porosity and available active
sites for the rational design of M-N-C OER/HER catalysts by
carbonization.

Motivated by the inherent electrical properties of the cobalt
metal, porous nature of graphitic carbon and the excellent OER
properties of the Co-N-C nanostructured materials from
previous studies, development of a smart cobalt embedded
carbon composite is an effective approach to promote the
electrochemical application.*®** The active metal nanoparticles
and N-doped graphitic carbon shell in composite materials can
concomitantly improve the OER and HER activity.***” Based on
these background, we have chosen rationally designed Co(u)
based mixed ligand 3D MOF (CoMOF-2) composed of N-donor
and aromatic dicarboxylate ligands for the fabrication of Co-
N-C based nanostructured material via high temperature
pyrolysis. Bulk phase pure COMOF-2 was prepared by conven-
tional reflux method involving metal salt/ligand precursors in
appropriate stoichiometry reported by us earlier.*® Pyrolysis of
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CoMOF-2 has been performed at three different temperatures
(700/800/900 °C) to optimize the conditions and evaluated the
progressive transformation of the material to develop Co-N-C
based nanostructured material and assessed their electro-
catalytic performance. Decomposition of CoMOF-2 by the
carbonization at 900 °C under inert condition led to the
formation of uniformly distributed cobalt encased N-doped
graphene nanosheets (Co@NGr) anticipating excellent electro-
chemical performance. The composite carbon nanomaterial
Co@NGr obtained by carbonization showed good OER and HER
performance comparable with the benchmark noble electro-
catalyst. Among the carbonized materials CoO@NGr-900 showed
good stability and excellent electrocatalytic performance toward
OER and HER with an overpotential of 390 mV and 340 mV
respectively under standard condition. MOF-derived hybrid
nanocomposite CoO@NGr-900 also sustained stability, R, as well
as an electroactive surface area with excellent electrochemical
activity. The high electrocatalytic performance of Co@NGr-900
can be ascribed to the presence of metallic Co nanoparticle,
N-doping and porosity of carbon matrix. This work provides
a viable approach for designing cobalt embedded N-doped
graphene nanosheets (Co@NGr) as highly efficient electro-
catalyst towards electrochemical water splitting, maybe useful
in fabricating electrochemical energy storage and conversion.

Results and discussion
Material characterization

Synthesis of cobalt doped N-encased carbon nanocomposite
embraces two steps. The first step consists of synthesis of the
phase pure 3D mixed ligand CoMOF-2 composed of aromatic
dicarboxylic acid (BDC = 1,4-benzenedicarboxylate) and acyla-
mide decorated N-donor linker (L = (E)-N-(pyridin-4-
ylmethylene)isonicotinohydrazide). Pyrolysis of CoMOF-2 at
three different temperatures 700, 800, 900 °C under N, atmo-
sphere is the second step and the Co-N-C material attained has
been labelled as Co@NGr-700, CoO@NGr-800 and Co@NGr-900
respectively. Experimental details of the carbonization process
are provided in the ESI.} It is worth mentioning here that bulk
synthesis of CoMOF-2 with good phase purity has been
accomplished by room temperature stirring of the precursors
and the PXRD data is in good agreement with the simulated
SXRD as per our previous report (Fig. S11).*® The bulk material
has been characterized well with other physico-chemical
methods also and the SXRD analysis of COMOF-2 exposed that
2D [M,(BDC),],, sheets constituted by the dimeric Co(u)-tere-
phthalate clusters are doubly pillared by the Schiff base linker L
generating the porous 3D framework (Fig. S2 and S3t). Antici-
pating the nanostructured carbon material with metal doping,
pyrolysis of CoMOF-2 has been implemented at different
temperatures, where the dicarboxylate/pyridine-based N-donor
ligand with acylamide functional group can act as carbon/
nitrogen source along with the uniformly distributed metallic
cobalt. Characterization of the pyrolytic products collected
under different annealing temperatures has been executed by
various analytical methods (SEM/TEM analysis, PXRD, XPS,
Raman and surface area analysis) to confirm the systematic
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assembly of Co@NGr nanocomposite. Structural and morpho-
logical changes of the annealed CoMOF-2 material and the
progressive evolution of the Co@NGr have been monitored and
analyzed by microscopic techniques (TEM and FE-SEM). As
depicted in SEM/TEM images, upon annealing at 700 °C
(Co@NGTr-700) in N, atmosphere, decomposition and gasifica-
tion of CoMOF-2 3D framework commence with the controlled
formation of graphitic carbon and precipitation of metallic
cobalt retaining part of COMOF-2 as unburned. The escape of
the gases produced during the pyrolysis resulted in a rough
surface that is composed of randomly agglomerated small
particles with sizes ranging from several nanometers, yielding
interconnected meso- and microporous ensembles as depicted
in Fig. 1a and d.

SEM/TEM image of CoMOF-2 heat treated at 800 °C
(Co@NGr-800) revealed the clusters of nanoparticles are
agglomerated and inter-connected one another by coalescence,
generating spherical morphology possessing highly porous
closely distributed voids with rough surface entailing the
formation of added carbonaceous matrix still retaining some
intact COMOF-2 (Fig. 1b and e). Fusion and expansion of the
graphitic carbon matrix with complete transformation of the
CoMOF-2 become apparent at 900 °C (Co@NGr-900) inducing
the realization of hetero-atom doped carbon shell with homo-
geneously dispersed Co nanoparticle generating the anticipated
product Co@NGr nanomaterial as depicted in Fig. 1c and f.
Elemental analysis shown in Fig. 1g-k revealed the material is
composed of Co, C, N, O supporting formation of CoO@NGr-900.
Co@NGr nanostructured material was further characterized by
HR-TEM microscopic technique. The morphological changes
including entrapment of metallic Co-nanoparticle in the carbon
matrix upon temperature variation of the annealed products are
clearly visible in the HR-TEM image (Fig. 2 and S4-S6t). Inter-
estingly, with an increase in annealing temperature, the
embedded cobalt nanoparticle retains almost similar average
size and the complete decomposition of the organic moiety of

{Iﬂ )
Co@NGr -900 Carbon Oxygen

) TEM
images of Co@NGr nanomaterials; (g—k) STEM image/EDX elemental
mapping of Co@NGr-900 nanomaterial.

Fig. 1 (a—c) FE-SEM images of Co@NGr nanomaterials;
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Fig. 2 (a—c) TEM micrographs with particle-size measurement of
Co@NGr-900 (different resolution); (d—h) high resolution TEM images
with lattice fringes measurement of Co@NGr-900; (i) SAED pattern of
Co@NGr-900.

CoMOF-2 to N-doped carbon shells emerges at 900 °C. Probably,
decay of the Cobalt MOF at low temperature carbonization
releases metallic cobalt assisting the catalysis in the formation
of carbon matrix as well as release of O, from the carboxylate
and amide functional ligand moieties. The O, released from the
ligand of COMOF-2 can oxidize small amount of metallic cobalt
to trivial amount of cobalt oxide (CoO,), indeed reflected in XPS
data of CoO@NGr-900. As shown in Fig. 2a-d for CoO@NGr-900,
well-dispersed cobalt nanoparticles with varying sizes are
encased by the carbon matrix. HR-TEM micrographs show that
each cobalt nanoparticle is surrounded with few layers of N-
doped graphitic shells (Fig. 2e-h).

The population of the cobalt nanoparticles generated at
elevated temperature catalyze the graphitization process and
assist the complete conversion of COMOF-2 in the formation of
N-doped graphitic shells. The graphitic shell imparts more
stability and durability to Co@NGr-900 and proved to be very
beneficial in protecting the cobalt nanoparticle from leaching
out and often involve in electrocatalytic reactions. HR-TEM
image was analyzed to determine the d-spacing in the case of
Co@NGTr-900. As depicted in Fig. 2h, the cobalt particles exhibit
d-spacing of 0.198 nm between two adjacent lattice fringes
corresponds to cubic cobalt plane of (111) and in the case of
graphitic carbon (Fig. 2f) the d-spacing 0.329 nm matches to the
(200) plane. Selected area electron diffraction (SAED) pattern
exposed scattered diffraction spots from highly crystalline
metallic cobalt endorsing the entrapment in the carbon shell
(Fig. 2i). Detailed FE-SEM and TEM analysis not only revealed
the progressive evolution but the crucial annealing temperature
(900 °C) for the preparation of phase pure CO@NGr-900.

RSC Adv, 2021, 11, 21179-21188 | 21181


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03691b

Open Access Article. Published on 15 June 2021. Downloaded on 12/5/2025 10:01:55 PM.

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

(cc)

RSC Advances

The hybrid composite materials derived at different
annealing temperatures were further investigated for their
structural aspects and phase composition using PXRD data.
Complete disappearance of the peaks from pristine CoOMOF-2
and the presence of new peaks with identical pattern in all
the three composite clearly demonstrate the formation of the
nanostructured carbonized material. Powder X-ray diffraction
(PXRD) patterns of Co@NGr-700, Co@NGr-800 and Co@NGr-
900, JCPDS card for metallic cobalt and graphite for compara-
tive analysis are provided in the Fig. 3a. Sharp peaks appeared at
44.3°,51.6° and 75.9° from PXRD data for all the three samples
can be assigned to metallic cobalt with crystalline facets of
(111), (200) and (220) (JCPDS no. 00-015-0806). However, the
reflections around 26.2° corresponding to (002) facet of the
graphitic carbon (JCPDS no. 01-075-1621) seemed to be very
weak in all the three samples reflecting the amorphous nature
of the carbon shells. However, as shown in Fig. 3b zoomed
version of the PXRD data shows a peak at around 26.2° for the
(002) facet in all the three carbonized samples with an increase
in peak intensity and sharpness for CoO@NGr-900, clearly vali-
dating the formation of amorphous graphitic carbon shells.
PXRD data clearly demonstrate entrapment of highly crystalline
metallic cobalt in the carbon matrix.

Raman spectroscopy of all the three composite material was
performed using Micro-Raman Spectroscopy system with
532 nm line of an Ar-ion laser at room temperature to evaluate
the graphitization structure (Fig. 3¢ and S7t). All the samples
showed three noticeable peaks, conforming D, G, 2D bands and
the enhanced intensity as well as the sharpness of the peaks
obviously establish the higher degree and complete graphiti-
zation at 900 °C. As depicted in Fig. 3c, typical D/G appeared at
1360/1592 cm ™' in the case of CO@NGr-900 and the sharp 2D
band appeared at 2706 cm ™' can be attributed to the ultra-thin
graphitic layers surrounding the metallic cobalt as observed in
the HR-TEM analysis.*” Conventionally D/G band corresponds
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to disordered carbon and ordered sp*-graphitic carbon respec-
tively. Observed ID/IG value 0.85 for Co@NGr-900 discloses the
carbon is well graphitized with an active distortion due to the N-
doping and existence of metallic cobalt in the carbon matrix
concurring with HR-TEM and PXRD results, favoring for accel-
erating ion transfer in improving electrochemical activity. XPS
tests were performed to examine the surface chemistry and
bonding configurations of Co@NGr composites. The full scan
survey spectra exposed carbon, oxygen, nitrogen, and cobalt as
possible elements are present in carbonized products (Fig. S87).
Table S1f provide the details of the atomic percentage of
respective elements present in the carbonized material. Upon
increasing the carbonization temperature except for carbon,
atomic percentage for rest of the elements show a decreasing
trend with only small amount of nitrogen (0.69%) existing in
Co@NGr-900. Thus, complete carbonization process of the
CoMOF-2 with mild doping of nitrogen in the carbon shells
entrapping cobalt nanoparticles achieved at 900 °C in the
formation of Co@NGr-900. Fig. 3d-f represents the high-
resolution XPS spectra of Co 2p, C 1s, and N 1s regions
respectively. The deconvoluted Co 2p spectrum showed two
peaks at 780.8 eV (Co 2p;/,) and 796.7 eV (Co 2p,,) (Fig. 3d). In
addition, peaks at 785.6 eV, 796.7 eV suggest presence of
a trivial amount of cobalt oxide and the 802.9 eV peak can be
assigned as a satellite peak.*® The C 1s spectrum is fitted by two
peaks at 284.8 eV (C-C) and 285.7 eV (C=N) indicates the
heteroatom doping in carbon matrix of the Co@NGr-900 and
weak satellite peak appeared at 288.7 eV (Fig. 3e). The N 1s
spectrum reveals peaks at 399.1 eV (pyridinic), 401.5 eV
(pyrrolic) and 403.8 eV (graphitic nitrogen), inducing distortion
in the carbon matrix playing an important role in electro-
catalysis (Fig. 3f).”* The pore-size and surface area analysis of
Co@NGTr-900 revealed micro/mesopores in the range of 0.6-
0.7 nm and 3-9 nm, and specific surface area (54.9 m> g™ )
respectively (Fig. S9-S11 and Table S27). Characterization by
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versatile analytical method endorse the fabrication of Co-
encapsulated heteroatom doped carbon composite, which
believed to play vital role as an excellent electrocatalyst. The
cobalt/nitrogen entrapment in the carbon matrix can assist the
porosity, high surface area and electronic interaction of the
composite is also beneficial for the mass transport favoring
electrochemical activity of CoO@NGr-900.

Electrochemical performance of Co@NGr

The unique nitrogen-doped carbon framework encased with
cobalt nanoparticles endows large active surface area with
homogeneous distribution of active nanoparticles within the
nanosheets for improved mass transfer and conductivity can
probably exhibit proficient electrocatalytic performance. Hence,
we decided to explore the potential of the annealed CoMOF-2
derived carbon nanomaterials for its electrochemical perfor-
mance based on the unique structural features and composi-
tional advantages. Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) have been implemented to evaluate the
electrochemical properties of the calcined samples using
a three-electrode electrochemical cell (ESIf). Electrocatalytic
experiments were performed using respective materials loaded
on glassy carbon electrode (GCE) devised as a working elec-
trode, while Pt and Ag/AgCl electrode was used as counter and
reference electrode respectively. All the activated calcined
material was subjected to CV for 50 cycles (5 mV s~ ') to validate
stability of catalyst and the OER performance was evaluated by
iR-corrected linear sweep voltammetry (LSV) at scan rate of 5 mV
s ' in the 1 M KOH alkaline solution. The obtained polarization
curve of calcined materials in LSV exhibits higher currents at
lower potentials (Fig. 4a and b).

All the calcined Co@NGr material revealed good OER activity
and Co@NGr-900 showed lower potential compared to other
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samples. In particular, for CO@NGr-900 the observed potential
at a current density of 10 mA cm > was 1.62 V (vs. RHE)
compared with 1.51 V for RuO,. The electrocatalytic properties
of each calcined materials were evaluated by comparing the
overpotential at 10 mA cm™> current density. The required
potential and its corresponding overpotential to obtain 10 mA
cm 2 current density for all the materials are measured (Fig. 4a)
and tabulated in Table 1. CoO@NGr-900 required overpotential
of 390 mV to obtain standard current density of 10 mA cm 2,
significantly lower than 430 mV and 470 mV for Co@NGr-800
and Co@NGr-700 respectively. 10 mA cm > current density
has been adopted as standard metric by OER literature as well
as solar fuel synthesis and Co@NGr-900 attained this mark by
an overpotential of 390 mV, which is on higher side compared
to the benchmark RuO, (280 mV) but comparable with litera-
ture reports (Table S41).* To obtain 50 mA cm > current
density, overpotential of 520 mV is required for Co@NGr-900
nanocomposite and 590/700 mV in the case of Co@NGr-800
and Co@NGr-700 respectively (Fig. 4b and Table S3+).

OER trend for carbonized products were in the order
COo@NGTr-900 > Co@NGr-800 > Co@NGr-700 at 10 mA cm 2 as
well as 50 mA cm 2 Tafel slope was calculated from each
anodic polarization curve of Co@NGr electrocatalyst to

Table 1 Summary of overpotential for OER and HER for different
Co@NGr nanomaterials at 410 mA cm™—2

Overpotential
(mV) for OER

Overpotential

Co@NGr nanomaterials (mV) for HER

Co@NGr-700 470 779
Co@NGTr-800 430 403
Co@NGr-900 390 340
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Fig.4 (a—c) LSV plots and Tafel plots (OER) of Co@NGr-700/800/900 nanomaterials and RuO, at 10/50 mA cm?; (d—f) LSV plots and Tafel plots

(HER) of Co@NGr-700/800/900 nanomaterials at —10/—50 mA cm 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 21179-21188 | 21183


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03691b

Open Access Article. Published on 15 June 2021. Downloaded on 12/5/2025 10:01:55 PM.

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

(cc)

RSC Advances

determine the steady-state of the electrocatalytic material and
shown in Fig. 4c. The resulting Tafel slop for Co@NGr-900 was
146 mV dec ', smaller than that of CO@NGr-800 and Co@NGr-
700 (163 mV dec™ " and 210 mV dec™ ). The above data advocate
the applicability of Co@NGr-900 catalyst for OER reaction
delivering good catalytic performance.

The HER was performed using the composite materials in
the H,SO, solution (0.5 M) adopting a similar electrode system
mentioned in OER analysis. The LSV curves were measured at
scan rate of 5 mV s~ ' and the corresponding plots are provided
in the Fig. 4d and e. Linear sweep voltammetry (LSV) curves
clearly disclose Co@NGr-900 material can achieve the current
density of —10 mA cm™? at an overpotential of 340 mV vs. RHE
in acidic 0.5 M H,SO, with superior catalytic performance with
lower overpotentials compared to other carbonized materials.
However, the observed overpotential for Co@NGr-700, and
Co@NGT-800 to achieve —10 mA cm > current density being 403
and 779 mV respectively (Table 1 and Fig. 4d). The required
overpotential to achieve —50 mA cm™> current density is also
given in the Fig. 4e and Table S3,T which follows the same trend
of overpotential observed for —10 mA cm > current density.
Thus, to obtain —50 mA em™? current density, an overpotential
of 628 mV was required for Co@NGr-900 while 625/908 mV was
observed in the case of Co@NGr-800 and Co@NGr-700 respec-
tively. Albeit, these obtained results are not promising, but
comparable with cobalt-entrapped carbon composite materials
reported in the literature (Table S5t).** The relevant Tafel slope
of the Co@NGT-900 catalyst (239 mV dec™ ') was also smaller
than those of Co@NGr-800 (271 mV dec™ ') and Co@NGr-700
(283 mV dec™ ") exemplifying more beneficial electrocatalytic
kinetics of the Co@NGr-900 catalyst for the HER (Fig. 4f).

Based on the literature, the probable electrocatalytic reaction
mechanism for OER and HER is proposed as depicted in the
Fig. 5.°>* The electrocatalyst adsorbs the reactant on its surface
and form an intermediate in facilitating the electrocatalysis.
The intermediate thus formed enables the charge transfer
between an electrode and the reactant. In this work, the pyro-
lyzed cobalt-based MOF material was used as electrode material
for electrochemical reactions. The OER and HER activities of
pyrolyzed material were evaluated using a standard three-
electrode electrochemical system in 1.0 M KOH and 0.5 M
H,SO, electrolytes. The OER is a four-step process, and 4

(a) (b)
a[oiu\io"e- (OH'\mezq rme
ox’g,P “ j\" ” H* + e M*H,

Heyrovsky Tafel
Reaction Reaction
My
A3 -
\ o "’O*e/ \ /

Fig. 5 Probable electrocatalytic mechanism for (a) oxygen evolution
reaction (OER) and (b) hydrogen evolution reaction (HER) (M* = active
site of electrocatalyst; H,ps = adsorbed hydrogen).

Volmer
Reaction

M*+ H*+ e
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electrons need to be transferred for each O, molecule genera-
tion (Fig. 5a). In this process, OH™ ion adsorbed on the active
site of electrocatalyst (M*) and forms M*-OH via 1-electron
oxidation followed by conversion of M*-OH into M*-O via
deprotonation and electron removal. The generated M*-O will
transform into M*-OOH after an OH™ ion coupled with 1-
electron oxidation and engendering O, molecule and initial
active electrocatalyst. On the other hand, the HER process
involves three steps to generate H, molecule in an acidic
medium (Fig. 5b). Initially, hydrogen intermediates (H,qs) are
formed via the charge-induced discharge of protons or water in
the Volmer reaction. Then the generated hydrogen intermediate
(Haas) produces H, molecule as a product either by a combina-
tion of one proton with H,4s species (Heyrovsky reaction) or
a combination of two H,qs species directly (Tafel reaction).
Good surface area and porosity observed in Co@NGr-900
also could elicit easier mass transportation in assisting supe-
rior activity of Co@NGr-900 for HER in acid media. Stability of
Co@NGr-900 was evaluated by cyclic voltammetry in 1 M KOH
solution. The iR-corrected LSV of freshly loaded Co@NGr-900
material was recorded, then cyclic voltammetry (CV) was per-
formed for 200 cycles at 5 mV s~ * followed by LSV (Fig. S127).
The polarization curve with steady anodic potential clearly
demonstrates the stability of the catalytic material even after
200 CV cycles. This is further reinforced by the comparison of
the TEM images of the recovered Co@NGr-900 with the pristine
sample (Fig. S131). Electrochemical impedance spectroscopy
(EIS) is used for investigating the fundamental behavior of an
electrode material and the data can establish electron transfer
rate.>® In EIS, a typical Nyquist plot is constituted by two
regions, a high frequency region represented by a semicircle
corresponding to charge transfer resistance (R.) occurring at
the electrode/electrolyte interface, and a low frequency region
representing a vertical line along the slope gradually varying
from 45° to 90° exemplified the diffusion of ions in the electrode
material. The EIS measurement of CO@NGr was carried out in
the frequency range from 50 kHz to 100 mHz with applying
alternating current (AC) perturbation potential amplitude of
10 mV (without applying any potential). Nyquist plot of the
electrode materials Co@NGr-700, Co@NGr-800 and Co@NGr-
900 entail a depressed semicircle and straight line in the
high/low frequency region respectively (Fig. 6¢c and S14f).
Nyquist plots dominate by the linear region indicating that
electron transfer occurring at the electrode surface is strongly
influenced by a diffusion-limited process. The diffusion-limited
process in lower frequency is represented by the Warburg
impedance (Z,,), specifying an impedance is a consequence of
the diffusion layer between electrode surface material and the
solution. However, in the case of Co@NGr-900 material, the
vertical line observed in lower frequency region of Nyquist plot
is much shorter than of Co@NGr-800/700 and also has steeper
slope (>45°) suggesting the capacitive behavior of Co@NGr-900
material. The linearity in low-frequency region with steeper
slope for CoO@NGr-900 unveils a lower diffusive resistance and
probably ensuing higher electrolyte ion diffusion into the
electrode material supporting the better water splitting perfor-
mance amongst the carbonized materials. Electrochemically

© 2021 The Author(s). Published by the Royal Society of Chemistry
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linear fitting of current density at 1.43 V vs. RHE vs. different scan rates
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nanomaterials.

active surface area is one of the main parameters attributable
towards the essential properties of the electrocatalyst. Electro-
chemical double-layer capacitance (Cq) is an important
parameter to evaluate the active electrochemical surface area of
catalysts in OER. High Cq value reflects that the catalysts could
expose more active sites to promote electrocatalytic oxygen
generation. The double-layer capacitance (Cq) is linearly
proportional to the active surface area, which is established by
the measurement of non-faradaic capacitive current.

The Cgq, is directly proportional to effective active surface area
(EASA) besides conductivity of the material and EASA of
Co@NGr-900 was evaluated as per the reported literature.*>%%”
CV was performed in 1 M KOH for the potential range 1.0 to
1.5 V vs. RHE at various scan rates to measure Cq value. The
current densities vs. scan speeds at 1.43 V vs. RHE were plotted
for CO@NGr-900, based on the CV (Fig. 6a). The plot exhibits
a linear relationship and the slope of this line reveals the Cy; of
Co@NGr-900 catalyst (29.5 mF cm ™ ?) reflecting exposed active
sites towards efficient electrocatalytic activity (Fig. 6b). Elec-
trochemically active surface area of Co@NGr-900 has been
evaluated by assessing Cq; in a non-faradaic capacitive current
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range by operating cyclic voltammograms and the calculated
EASA value found to be 737.5 cm?. The electrocatalytic activity of
Co@NGr-900 can be endorsed mainly to its composition i.e., the
presence of catalytically active cobalt as well as nitrogen-doped
carbon matrix encasing the nano sized metal clusters. Uniform
distribution of metallic cobalt can act as active centres
promoting the oxidation of OH™ into molecular oxygen in OER.
Further, metallic nanoparticles can facilitate charge movements
by improving surface wettability and electrical conductivity
thereby enhancing the electrode-electrolyte interaction in the
catalytic efficiency.”®*® Furthermore, heteroatom doping in the
form of nitrogen in the graphitic sheets, the nitrogen can
interact with carbon creating C-N bonds, introducing disorder
in the matrix as well as positive charge on the carbon atom.
Electrostatic force between the positively charged carbon matrix
can adsorb the OH™ ion promoting the OER activity. In addition
to this, the excellent electrical properties of N-doped graphene
enhance the electrical conductivity of the Co@NGr-900 catalyst
which further boosts the OER and HER performance by electron
transfer. As observed in the case of CoO@NGr-900 large surface
area observed can provide sufficient ion-adsorption on the
interface and the uniform distribution of active micro and
mesoporous sites facilitate electrolyte ion-diffusion and
provides more ion adsorption site for the efficient electro-
chemical process.

Conclusions

In summary, we could optimize the synthetic condition for the
preparation of N-doped carbon-based -cobalt-encapsulated
electrocatalyst by carbonization of a cobalt based mixed
ligand MOF showing good OER and HER performance. The
spectroscopic and microstructural investigations of all the
pyrolyzed product and the progression in the formation of
Co@NGr-900 with N-doped graphitic carbon encasing metallic
cobalt has been carefully analyzed. These nanomaterials were
characterized by different analytical methods like PXRD, TEM,
and XPS analyses and all the analytical methods exposed the
uniform distribution of cobalt nanoparticles between thin
layers of N-doped graphitic sheets in the case of Co@NGr-900.
Optimized annealing temperature is crucial to get the phase
pure bulk material Co@NGr-900 with the formation of cobalt
nanoparticle and N-doping in the graphitic carbon material
and, which provides active sites beneficial in OER and HER
activities. The electrocatalytic properties of the obtained hybrid
materials towards OER and HER were studied in 1 M KOH/0.5 M
H,SO, solution using various electrochemical techniques
clearly demonstrate the good performance of Co@NGr-900 as
bifunctional catalyst for water splitting. This work provides
insight, practical and effective approach for preparing highly
active and superior electrocatalyst towards next generation
energy devices.
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