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a b s t r a c t

Herein, we report a Mott-Schottky catalyst by entrapping cobalt nanoparticles inside the N-doped gra-
phene shell (Co@NC). The Co@NC delivered excellent oxygen evolution activity with an overpotential of
merely 248 mV at a current density of 10 mA cme2 with promising long-term stability. The importance of
Co encapsulated in NC has further been demonstrated by synthesizing Co nanoparticles without NC shell.
The synergy between the hexagonal close-packed (hcp) and face-centered cubic (fcc) Co plays a major
role to improve the OER activity, whereas the NC shell optimizes the electronic structure, improves the
electron conductivity, and offers a large number of active sites in Co@NC. The density functional
theory calculations have revealed that the hcp Co has a dominant role in the surface reaction of elec-
trocatalytic oxygen evolution, whereas the fcc phase induces the built-in electric field at the interfaces
with N-doped graphene to accelerate the Hþ ion transport.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical energy conversion using earth-abundant ma-
terials with high activity and long-term stability is one of the key
features for renewable and clean energy production [1e4]. The
anodic oxygen evolution reaction (OER) is a counterpart to the
hydrogen evolution reaction (HER) in an electrochemical water
splitting cell [1e4]. The OER (4OH� / O2 þ 2H2O þ 4e-) involves
the transfer of multiple protons and electrons and is both ther-
modynamically and kinetically demanding [1e4]. Although noble
metal oxides (RuO2, IrO2) have been considered as the state-of-the-
art catalysts for OER, the lack of stability, high cost, and low
abundance of the noble metal-based catalysts restrict their large-
rashanth.menezes@mailbox.
e (P.W. Menezes), arindam.
scale applications [5e7]. Therefore, tremendous efforts have been
made to develop efficient OER catalysts with earth-abundant
transition metals [5e11].

Among various synthetic strategies developed for catalyst
design, the modulation of the electronic structure of the active sites
and optimization of the binding energy of the reaction in-
termediates have been found to be effective to promote catalytic
activity [12]. In this respect, designing the Mott-Schottky electro-
catalyst by forming N-doped graphene (NC) shell on the surface of
the catalyst nanoparticles (NPs) is highly promising [13,14]. The role
of the NC layer in the heterogeneous catalyst is similar to the li-
gand(s) in the homogeneous system [15]. As the Schottky barrier is
continuous, the semiconducting NC heterojunction, formed on the
surface of the NPs, can control the electron density within the
catalyst by adjusting the Fermi level charge flow through the
interface [16]. Recently, the concept of Mott-Schottky catalysts has
been established in water splitting and in various catalytic organic
reactions [12,13,17,18].

Within the active electrocatalysts, N-doped carbon-based ma-
terials with an adjustable electron structure have been found to be
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beneficial to promote the electrochemical activity of various
nanocatalysts [19e25]. Mostly, metal-organic framework (MOF)-
derived M@NC- and MXn@NC- (M ¼ transition metal, X ¼ P, S, Se,
etc. and n > 0) type catalysts have been explored for the cathodic
HER [19,20, 26-32]. For example, zeolitic imidazolate framework-
and Prussian blue analogederived catalysts such as alloys [26,30],
phosphides [27,32], and chalcogenides [28] with core-shell struc-
tures containing N-doped carbon shell have been reported with
excellent electrochemical HER performances. The superior catalytic
activity and durability of M@NC for HER have been ascribed to the
faster electron transfer kinetics fromN-doped carbon shell to metal
core, the presence of MeNeC active sites, and protective NC shells
as well as the stronger binding ability of NC and the adsorbates [33].

In contrast to HER, the NC shell on the catalyst surface is inactive
for OER and reduces the number of active sites by hindering overall
efficiency [34]. As a result, carbon-rich materials require a much
higher overpotential for anodic OER [34]. Therefore, an optimiza-
tion of the catalyst structure by controlling the thickness of the NC
layer is required to avail of high OER activity. Interestingly, the
metal-rich catalyst with ultrathin NC shell could be the ideal choice
to promote OER processes [35,36]. For example, catalysts such as
Co@NC [37], CoeNeC [38], and CoeNC/CNT [39] were explored for
the electrochemical OER where the variation in the N/C ratio, na-
ture of nitrogen (pyridinic, pyrollic, etc.), and thickness of the NC
layer led to a wide variation in the electrocatalytic activity. How-
ever, the distribution of the Co NPs in these catalysts is not uniform.
In addition, the Co NPs with varying sizes and a different number of
NC layers are embedded in the carbon (or N-doped carbon) matrix
[37e39]. As a result, the catalyst system became highly complex,
and the effect of NC layers on the OER activity was difficult to
realize. Therefore, designing of Co@NC system with a defined par-
ticle size and an optimum number of NC layers is still a challenge.
Moreover, a direct comparison of the OER activities of bare Co NPs
and Co@NC has not been previously explored to elucidate the
essential role of the NC layer on the surface. These lacunae in this
field led us to design Co@NC catalyst having Co NPs with uniform
size and a defined number of N-doped graphene layers on the
surface. Furthermore, we explored the effect of the NC layer on Co
NPs by comparing their OER activities. The difference in the activ-
ities was also explained by electrochemical, spectroscopic, micro-
scopic, and DFT studies.

It should be mentioned here that previously cobalt-based NPs
with fcc phase have been explored for water oxidation in alkaline
medium [33,40]. However, the effect of different phases of the
metal on the catalytic OER activity was rarely studied. Recently,
superior OER performance of hcp Ni over fcc phase has been
demonstrated by Wang et al. [41]. However, the reason behind the
difference in the OER activity with different phases of metal was
never described. Herein, we present a facile strategy for the syn-
thesis of a Mott-Schottky electrocatalyst by introducing an N-
doped graphene shell on the surface of the cobalt nanoparticles
(Co@NC) containing the mixture of fcc and hcp phases and explain
Scheme 1. Schematic representation for the synthesis of the Mott-Sch
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the synergy between the two phases with the NC shell to improve
the OER activity.

A complex Co-NTA (NTA¼ nitrilotriacetic acid) has been used as
the precursor for the formation of Co@NC by low-temperature
pyrolysis (Scheme 1). The importance of the N-doped graphene
shell has further been established by the superior electrochemical
performance of Co@NC over Co NPs in an alkaline electrolyte. The
Co@NC produced only an overpotential 248 mV at a geometric
current density of 10 mA/cm2, whereas an overpotential of 290 mV
was required for Co NPs to reach the same current density. In
addition, Co@NC generated constant current for OER under chro-
noamperometric conditions. Most notably, the DFT calculations
have shown the synergy between fcc and hcp Co nanoparticles to
improve the Hþ ion transport and to facilitate the surface reactions
during water oxidation, respectively.

2. Results and discussions

The catalyst precursor Co-NTA was prepared by the hydrother-
mal reaction of cobalt chloride and nitrilotriacetic acid (see
experimental) [42]. The precursor was characterized by powder X-
ray diffraction (PXRD; Fig. S1) [42]. Infrared spectra showed the
vibrations corresponding to carbonyl functions (Fig. S2) [42]. The
nanorod morphology of Co-NTA was revealed by scanning electron
microscopic (SEM; Fig. S3) and transmission electron microscopic
(TEM; Fig. S4) studies.

Pyrolysis of Co-NTA in an argon atmosphere at 500�C produced
Co@NC (see experimental) [42]. Notably, the temperature used for
the synthesis of Co@NC was significantly lower compared with the
temperature (~900�C) reported for M@NC catalysts prepared from
MOFs [43]. The reflections in the PXRD pattern further confirmed
the only presence of metallic Co and was a mixture of hexagonal
(JCPDS card no. 05-0727) and cubic (JCPDS card no.15-0806) phases
(Fig. S5) [44,45]. The co-existence of Co in two different crystal
forms, hexagonal and cubic, has also been reported previously [46].
The average crystallite size was calculated using the Scherrer
equation and found to be 23 nm, which is in good agreement with
the TEM data (see later). In addition to this, a broad peak for
graphitic carbon (002) was detected at a two-theta value of 24�

[46]. The elemental analysis of Co@NC confirmed N-doping in
carbon (13.6% of carbon and 1.7% of nitrogen).

SEM studies of Co@NC showed spherical nanoparticles assem-
bled together with carbon nanofiber to form one-dimensional
growth of the nanostructures (Fig. 1a and S6). TEM analysis of
Co@NC also confirmed that the assembly of spherical nanoparticles
and carbon nanofibers (Fig. 1b). The selected area electron diffrac-
tion (SAED) pattern revealed the crystalline nature of the core
(Fig. 1b, inset). The core-shell structure of the spherical nano-
particles with a Co corewrapped within an N-doped graphene shell
was revealed by high-resolution TEM (HRTEM). The diameter of the
core was determined to be 27 nm, whereas the thickness of the N-
doped graphene shell was detected to be 2e3 nm (Fig. 1c). The shell
ottky electrocatalyst Co@NC from the precursor complex Co-NTA.



Fig. 1. (a) SEM image of Co@NC showing the assembly of the spherical nanoparticles to form the nanostructures. (b) TEM image of Co@NC and inset showing the SAED pattern. (c)
HRTEM image of a Co@NC nanoparticle exhibiting the core (diameter 27 nm) and N-doped graphene shell with 7e9 graphene layers (thickness 2e3 nm). (d) The d-spacing of
0.21 nm corresponding to the (111) plane of the cubic cobalt (Fm3m) and (e) corresponding FFT pattern. (f) The d-spacing of 0.19 nm corresponding to the (220) plane of the
hexagonal cobalt (space group: P63/mmc) and (g) corresponding FFT pattern.
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consisted of seven to nine layers of N-doped graphene with a d-
spacing of 0.34 nm corresponding to the (002) plane of graphene
[44e46]. It was observed that the core was a combination of the
cubic (space group: Fm3m) and hexagonal (space group: P63/mmc)
cobalt formed by the favorable co-crystallization (Fig.1d and f) [46].
Fast Fourier transfer (FFT) pattern of HRTEM images also proved the
presence of cubic and hexagonal cobalt in Co@NC (Fig. 1e and g)
[46]. Energy dispersive X-ray (EDX) spectra exhibited the presence
of Co, C, and N in Co@NC, whereas EDX mapping showed the dis-
tribution of the elements (Fig. S7).

Information about the nature of the N-doped graphene shell
was deduced from the Raman spectroscopic studies of the powder
Co@NC sample (Fig. S8). The Raman spectrum of Co@NC displayed
three peaks at 1349, 1590, and 2700 cm-1 representing D, G, and 2D
bands, respectively [47,48]. The intensity ratio of D and G bands (ID/
IG) was calculated to be 1.19, signifying a large number of defects in
the graphitic carbon layers due to the N-doping. The comparatively
broad second-order band (2D) and 2D/G peak intensity ratio (1.88)
also indicates that the shell is made of thin graphene with few
layers [49]. Furthermore, the TuinstraeKoenig equation (see the
experimental part) was used to determine the crystalline size. The
size of the Co@NC was calculated to be 14.08 nm [50].

The electronic environment and oxidation states of the ele-
ments in Co@NC were determined by X-ray photoelectron spec-
troscopy (XPS) studies. High-resolution Co 2p spectrum showed
two peaks at 779.2 eV and 795.0 eV corresponding to Co 2p3/2 and
Co 2p1/2 (Fig. S9) [51,52]. The deconvolution of the Co 2p3/2 peak
revealed the presence of Co0 (778.5 eV) and CoeN (781.8 eV) spe-
cies [51e53]. The peaks at 780.4 eV and 779.6 eV indicated the
3

existence of Co(II) and Co(III) species, originated from the surface
oxidation of cobalt nanoparticles [54]. The corresponding satellite
peak of Co(II) was detected at a binding energy of 786.4 eV (Fig. S9).
The Co 2p XPS spectrum also showed the electron transfer from the
NC shell to the Co species (Co (0) ¼ 778.1 eV), indicating a strong
electronic interaction [55].

N 1s XP-spectrum was deconvoluted into five peaks for CoeN
bonding, pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N spe-
cies (Fig. S10) [51e54]. The C 1s XPS spectrum was fitted for CeC
and C¼O and CeN bonds (Fig. S11) [56]. The four peaks in the O
1s spectrum were attributed to C¼O, CeOH, CeC¼O, and CeOeC
species (Fig. S12) [56e58].

To demonstrate the advantages of the N-doped graphene shell
on the Co nanoparticles in Co@NC, we additionally synthesized Co
NPs with identical structure and morphology (see experimental in
SI) [59]. The as-synthesized Co NPs were well characterized by the
state-of-the-art techniques, and the related discussions are pro-
vided in Fig. S13, Fig. S14, and Fig. S15.

The catalysts Co@NC and Co NPs were deposited on Ni foam
(NF) by an electrophoretic deposition (EPD) method (see experi-
mental). Subsequently, the water oxidation activities of the cata-
lysts were performed in 1.0 M aqueous KOH solution using linear
sweep voltammetry (LSV; Fig. 2) with a three-electrode set up.
The current density of Co@NC/NF started to increase at an applied
potential of 1.45 vs. reversible hydrogen electrode (RHE) and
reached 400 mA/cm2 at 1.64 vs. RHE, whereas the Co NPs dis-
played substantially lower catalytic activity. Cyclic voltammetric
(CV) studies were performed to understand the activation of
Co@NC under anodic potential (Fig. S16). The anodic activation of



Fig. 2. (a) LSV profiles for OER (scan rate 1 mV/s), (b) bar diagram representing a comparison of the overpotentials (including noble catalysts); (c) Nyquist plot, (d) comparison of the
Cdl of Co@NC/NF, Co NPs/NF, and NF in 1.0 M aqueous KOH solution.
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Co@NC led to an improvement in the OER activity with increasing
number of CV cycles (50 cycles; Fig. S16a). The CV profile clearly
shows two pre-peaksdA1 for the oxidation of Co2þ to Co3þ (1.33 V
vs. RHE) and A2 for the oxidation Co3þ to Co4þ (1.42 V vs. RHE;
Fig. S16b) [60]. This anodic activation of Co@NC resulted in the
formation of active catalyst cobalt (oxy)hydroxide@NC (see later)
[61,62].

The OER overpotential needed to reach a current density of 10,
and 100 mA/cm2 for Co@NCwas merely 248 and 340 mV, whereas
an overpotential 290 and 430mVwas required for Co NPs to attain
the same current density (Fig. 2a). The bare NF (prepared in the
same EPD condition) was inactive for OER. The poor performance
of Co NPs in comparison to Co@NC clearly established the
importance of Mott-Schottky catalyst for enhanced electro-
chemical performance (Fig. 2b). In addition, the obtained over-
potential for Co@NC is better than the commercially available
noble metal catalysts RuO2, IrO2, Pt (Fig. 2b and S17), and other
non-noble metal-based catalysts reported in the literature on Ni
foam support (Table S1).

To further assess the reaction kinetics of the catalysts, Tafel plots
were constructed from LSV curves that showed a Tafel slope of
50 mV/dec for Co@NC and 113 mV/dec for Co NPs (Fig. S18). As the
electrochemical long-term stability is a key criterion for practical
applications, the Co@NC catalyst was investigated by chro-
noamperometric (CA) measurements at an overpotential of 260mV
that exhibited stable current density over 48 h (Fig. S19). In the CA
profile, an increment in the current density was observed for the
first 23 h, indicating the activation of Co@NC to the active catalyst
Co(O)OH@NC. After that, the catalyst produced a stable current up
to 48 h. The CV profile after 48 h CA measurements also confirmed
the long-term stability of the catalyst under harsh electrochemical
water oxidation conditions (Fig. S20). The efficiency of Co@NC for
the water oxidation was further confirmed by achieving 95% Fara-
daic efficiency (Table S2). The turnover frequency (TOF) for Co@NC
4

was determined at 100 mA/cm2 current density and calculated to
be 2.15 per second.

The factors associated with the catalytic kinetics and interfacial
properties for the enhanced electrochemical performance of
Co@NC were evaluated by the electrochemical impedance mea-
surements. The Nyquist plot revealed the lowest semicircle radius
for the Co@NC compared with the Co NPs and NF (Fig. 2c). The
lowest charge transfer resistance (Rct) value was determined for
Co@NC (3.87 U) compared with the Co nanoparticles (7.27 U) and
NF (43.517 U). This indicated the lowest charge transfer resistance
of Co@NC providing improved electronic conductivity. The elec-
trochemically active surface area (ECSA) of the investigated cata-
lysts was determined from electrochemical double-layer
capacitance (Cdl), which is expected to be linearly proportional to
the ECSA. The Cdl was evaluated by measuring the non-Faradic
capacitive currents related to double-layer charging from the scan
rate dependence of CVs (Fig. S21). A Cdl of 6.56 mF/cm2 was
determined for Co@NC, larger than that of Co NPs (4.58 mF/cm2)
and bare NF (0.82 mF/cm2; Fig. 2d). This result demonstrated the
presence of rich catalytically active surface sites in Co@NC
compared with the Co NPs.

To gain insights into the chemical and the electronic structure of
Co@NC during alkaline OER, XPS and TEM analyseswere carried out
after 48 h of CA (CA-OER) measurements. After CA-OER, The Co 2p
XPS spectrum of Co@NC showed two peaks at 779.1 and 794.7 eV,
assigned for Co 2p3/2 and Co 2p1/2, respectively (Fig. S22) [51e54].
The Co 2p3/2 deconvoluted peaks at 778.9 eV and 780.3 eV were
assigned for Co(III) and Co(II) species, respectively. The spin-orbit
spacing for Co2p3/2eCo2p1/2 was calculated to be 15.4 eV [63].
This result indicates the presence of a high amount of Co(III) in the
active catalyst structure formed by the anodic oxidation of the
metallic Co during OER.

The O 1s spectrum of Co@NC after CA-OER was fitted into three
peaks at 529.5 eV, 530.4 eV, and 531.5 eV (Fig. S23) [64,65]. Two
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distinct peaks for CoeO bond (529.5 eV) and CoeOH bond
(530.4 eV) were appeared because of the formation of Co(O)OH@NC
by the anodic oxidation of Co@NC in the alkaline medium, and the
third peak at 531.5 eV indicated the hydration of the catalyst during
activation of the catalyst [64,65].

The N 1s XP-spectrumwas fitted into two peaks at 398.5 eV and
400.2 eV that indicated the presence of pyridinic-N and pyrrolic-N
(Fig. S24) [51e54]. The C 1s XPS spectrum showed the peaks for
284.5 eV (CeC), 285.4 eV (CeO), 287.9 eV (C¼O), 291.2 eV
(OeCeOH), and 292.6 eV (OeC¼O) (Fig. S25) [66]. From the C 1s
spectrum, it was confirmed that carbonwas more oxidized after CA
compared with the fresh catalyst.

TEM images disclosed a slight agglomeration of the Co@NC
particles after CA-OER measurements (Fig. S26). HRTEM studies
specified that the N-doped graphene layer on the surface of the Co
nanoparticles remained intact. The existence of the N-doped gra-
phene layer was confirmed fromHRTEM, which detected the lattice
spacing of 0.34 nm, indexed for the (002) plane of graphitic carbon
shell [44e46]. The lattice spacing of 0.21 nm was detected in the
core corresponding to the (200) plane of Co(O)OH (JCPDS card no.
26-480) [67]. This result also revealed that the inner cobalt core
was oxidized from Co(0) to Co(II)/Co(III) to form Co(O)OH active
catalyst structure as supported by XPS data.

The major advantages associated with Co@NC arise from the N-
doped graphene layer on the surface of the cobalt nanoparticles.
Although the core (cobalt nanoparticle) is not stable under alkaline
water oxidation and undergoes electrochemical activation to form
Co(O)OH@NC as the active catalyst, the NC layer on the surface
remains intact. The NC layer acts as the sink of electrons and con-
trols the electron flow during water oxidation [15,16]. As a result, a
significant improvement in the OER activity was observed for
Co@NC comparedwith bare Co NPs. Even the OER activity of Co@NC
was observed to be superior to many other cobalt-based catalysts
reported in the literature (Table S1). In addition, the NC layer pro-
tects the complete agglomeration of the Co NPs so that the nano-
particles can retain their morphology even after long-term oxygen
evolution. This indeed significantly improves the stability of the
catalyst system.

To understand the difference in the oxygen evolution activity of
Co and Co@NC and the effect of the cubic and hexagonal phases of
Co in OER, DFT calculations were carried out. Based on the OER
reaction steps (Scheme S1), we calculated the Gibbs free energies of
OH, O, and OOH on Co(fcc)@NC, Co(fcc)@C, Co(hcp)@NC, and
Co(hcp)@C (see calculation method in SI). The fully relaxed atomic
structures of OER intermediates (OH, O, OOH) adsorbed Co@C slab
models showed all-downhill energy steps in OER (Fig. 3). At pH 14,
both Co(hcp)@NC(py) (py ¼ pyridinic-N) and Co(hcp)@NC(pyr)
(pyr ¼ pyrrolic-N) showed free energy downhill, whereas Co(hcp)
Fig. 3. Calculated free energy diagram of the intermediates in OER on four Co-graph
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@C revealed energy uphill with a tiny barrier, close to the thermal
energy at room temperature (0.03 eV). Therefore, Co(hcp)@C has
favorable surface reaction kinetics for OER under alkaline
conditions.

Co(fcc), Co(fcc)@NC(pyr), and Co(fcc)@C have very high energy
barriers (Fig. 3), and only Co(fcc)@NC(py) was predicted to have
high surface reaction kinetics as shown in the energy landscapes
(Fig. 3). Therefore, the overall OER activity of Co(fcc)@C is low
because of the high energy barriers in the reaction step of OOH
formation of Co(fcc)@NC(pyr) and Co(fcc)@C. As selective produc-
tion of pyrrolic-N and pyridinic-N is difficult, Co(fcc)@NC cannot be
considered as a good OER catalyst, no matter how good is a pyr-
idinic phase of Co(fcc)@NC in OER. Therefore, the synergistic effect
of the mixed-phase Co cannot be explained only by surface reaction
energy landscapes.

As electrical conductivity is also one of the key factors for cat-
alytic activities, we calculated the electron density of states (DOS)
to compare the electron populations at Fermi energy of Co(hcp) and
Co(fcc) in the interface of C and NC (Fig. S27) [68]. The total DOS of
all the phases showed high electron state populations near the
Fermi energy level, which indicates that the metallicities of Co(hcp)
and Co(fcc) are well preserved when entrapped inside C and NC
shell. However, it showed that the conductivity of all the systems
was not significantly changed regardless of Co phases and the type
of N-doping. This is in good agreement with the experimental
results.

The Co(hcp)@NC, Co(hcp)@C has nearly zero electric fields near
the graphene surfaces, indicating that there are weak driving forces
to transport Hþ ions. On the other hand, Co(fcc)@C and Co(fcc)@NC
showed finite positive values of electric field, 0.08V/Å and 0.11V/Å
(Fig. 4). Therefore, the existence of fcc phase Co provides strong
driving forces to transport Hþ ions and prevents the local pH
reduction. Compared with the electric field strength of Co(fcc)@C,
that of Co(fcc)@NC notably increased by 35%. Hþ ions generated by
OER can be thereby further accelerated by the interface electric
field of Co(fcc)@NC. Hence, Co(fcc)@NC can play an important role
in prompting Hþ ions transport away from the carbon surface. Our
theoretical analyses well explain the synergistic impacts of hcp and
fcc phase Co in Co@NC in the OER: each phase has a different role.
Previously different OER activities of the fcc and hcp phases of Ni
have been demonstrated, but no effort has been made to under-
stand the experimental results [41]. The present work confirmed
that multiphase metallic particles in metal-N-doped graphene
heterogeneous catalyst can have high catalytic activities being well
designed with considerations of the different roles of the phases.

As four protons and four electrons are involved in the overall
process of OER, Hþ(aq) ions should be removed from the catalytic
surface to attain better activity [69]. The Hþ ion transport efficiency
ene/N-doped graphene systems with U ¼ 1.23 V at pH 12 (left) and 14 (right).



Fig. 4. The yellow and blue regions represent the electron accumulation and depletion regions, respectively. The isovalue is set at 0.03 e/Bohr. The sky blue, black, green, red, and
pink balls indicate Co, C, N, O, and H atoms, respectively. N, O and H atoms are not visible in this direction of the figure.
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mostly relies only on diffusion, a relatively weak driving force for
Hþ mobility, and leads to significant local pH reduction [70,71]. We
assumed that the improved OER activity of Co@NC was originated
from the mixed Co phases (hcp and fcc), an additional driving force
to keep Hþ ion concentration low near the catalyst surface (Fig. 4).
Previous studies on metal-graphene heterostructures have also
shown a significant amount of charge transfer between metal
particles and graphene layers, inducing large dipole moments
(Equations S2-S5) [72,73].

3. Conclusions

In conclusion, we have demonstrated a controlled synthesis of a
Mott-Schottky catalyst, Co@NC, where Co nanoparticles are
entrapped inside a thin N-doped graphene shell. The Co@NC dis-
played strikingly better OER overpotentials, Tafel slope, ECSA,
charge transfer resistance, and long-term stability than that of Co
NPs. The N-doped graphene shell significantly improves the
adsorption of the reaction intermediates on the surface of the active
catalyst and fastens the reaction kinetics of OER. In addition, the
synergy of the hcp and fcc phases of Co plays a crucial role to
improve the OER activity. The hcp phase of Co controls the surface
reaction of electrocatalytic oxygen evolution, and the fcc phase
induces the built-in electric field at the interfaces with N-doped
graphene to accelerate the Hþ ion transport. The presented work
provides a new facile strategy to design active non-noble metal-
based OER electrocatalysts in a controlled way that may find great
potential for water electrolysis, oxygen reduction reaction, and
rechargeable batteries.

4. Experimental section

Synthesis of Co-NTA: 6 mmol of CoCl2.6H2O was dissolved in
15 mL of double distilled water and stirred for 30 min to make a
6

homogeneous solution [74]. 3 mmol of NTAwas dispersed in 15 mL
of isopropanol and stirred for 30 min. NTA dispersion was added to
the cobalt chloride solution and stirred for 30 min. The obtained
suspension was transferred into a Teflon-coated autoclave (50 mL
volume) and placed it in a preheated oven (180�C) for 6 h. The
autoclave was allowed to come down to room temperature by
natural cooling. The pink color precipitate was collected, washed
with double distilled water five times, and finally with ethanol by
centrifugation at 8,000 rpm for 10 min. Collected solid was dried in
a hot air oven at 60 �C for 6 h.

Synthesis of Co@NC: The fine powder of Co-NTA (100 mg) was
placed in a crucible boat and pyrolyzed at 500�C in the Ar atmo-
sphere for 2 h (in a tubular furnace with heating rate: 2

�
C/min)

[42]. The furnace was allowed to naturally cool down to room
temperature. The black powder was collected and denoted as
Co@NC.

Synthesis of Co NC:Amixture of polyethylene glycol (PEG 4000,
2 g), CoCl2.6H2O (0.24 g), and ethylene glycol (100 mL) was heated
at 150�C under inert (N2) atmospherewith vigorous stirring to get a
clear solution [59]. The temperature of the solution was increased
to 170�C, and a suspension of NaBH4 (0.7 g) in ethanol (10 mL) was
added to the solution over a period of 20 min. The reflux was
continued for 30 min after the complete addition of NaBH4. The
reaction mixture was cooled down to room temperature. The Co
NPs were collected by centrifugation (10,000 rpm) and washed
thoroughly with ethanol and dried overnight at 50�C.

Characterization:PXRD was recorded in Bruker AXS D8
advanced diffractometer equipped with a position-sensitive de-
tector and curved germanium (111) primary monochromator. The
radiation used was Cu-Ka (l ¼ 1.5418 Å). The crystalline size and d-
spacing were calculated from the Scherrer formula and Bragg
equation.

ATR FTIR spectrawere recorded on the Thermo Scientific Nicolet
iS50 spectrometer. Raman spectra were recorded in a Jasco/NRS-
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3100 spectrophotometer. The crystallite size of Co@NC was calcu-
lated using TuinstraeKoenig equation [50]:

(La)nm ¼ 2.41 � 10�10 x(lnm)4/(ID/IG) where

La ¼ crystallite size, l ¼ the wavelength used for the measurement.
SEM studies were performed in a Hitachi S-2700 microscope.

TEM studies were carried out in FEI Tecnai G2 20 S-TWIN trans-
mission electron microscope (FEI Company, Eindhoven,
Netherlands) equipped with a LaB6-source at 200 kV acceleration
voltage. EDX analysis was carried out with an EDAX r-TEM SUTW
Detector (Si (Li)-detector).

The XPS spectra were recorded in a Kratos Axis Ultra X-ray
photoelectron spectrometer (Kratos Analytical Ltd., Manchester,
UK) using Al Ka monochromatic radiation source (1,486.7 eV) with
90� take-off angle. XPS data fitting was done using Casa XPS (Casa
Software Ltd.).

The surface area and pore size distribution were obtained by
using Quantachrome Autosorb-1 apparatus. Barret-Joyner-Halenda
method has been used to quantify BET surface area (SBET) and pore
size distribution by relating adsorption data of N2 isotherm in
relative to pressure range from 0.01 to 0.1.

The elemental analyses were performed on a Thermo Finnigan
Flash EA 1112 Series instrument. The sample was prepared in silver
capsule for measuring accurate measurements. The data were
recorded thrice, and the average data were presented. The
composition of the materials was evaluated by ICP-AES from
Thermo Jarrell Ash Trace Scan analyzer.

Electrochemical measurements:All electrochemical measure-
ments for OER calculation were measured by using a potentiostat
(SP-200, BioLogic Science Instruments) controlled by EC-Lab v10.20
software package. The electrodes were prepared by EPDmethod by
applying a potential difference of 10 V between anode and cathode
in a solution of iodine (for 50 mg of catalyst, 3 mg of iodine) and
acetone (10 mL) on 1 � 1 cm2 area nickel foam (NF, Racemate BV).
The catalytic activity of the catalyst was carried out in 1 M aqueous
KOH solution at room temperature using a single-compartment
three-electrode cell (material loaded on NF as a working elec-
trode, Pt wire as a counter electrode, and Hg/HgO reference
electrode).

Cyclic voltammetry (CV) and LSV were performed with 50% iR
compensation. The potentials presented in this work were refer-
enced to the RHE through RHE calibration, E (RHE) ¼ E (Hg/
HgO) þ 0.098 V þ (0.059 � pH) V [75]. Chronoamperometric
measurement was performed in 1.0 M KOH solution at a constant
potential (1.49 V vs. RHE).

The electrochemical double-layer capacitance, Cdl, was
measured from CV curves recorded in a potential range with no
Faradaic current at different scan rates from 10 to 200 mV/s (cycled
between 0.90 and 1.00 V vs. RHE). The anodic charging currents
were plotted as a function of the scan rate and from the,
slope Cdl, was obtained.

Electrochemical impedance spectroscopy was performed at
1.55 V vs. RHE to obtain the Nyquist plots. The amplitude of the
sinusoidal wave was surveyed in a frequency range of 100 kHz to
1 MHz. The impedance spectra were fitted using an equivalent RC

circuit model. The charge transfer resistance (Rct) was then
calculated from the diameter of the semicircle in the Nyquist
plots.

The number of active sites for Co@NC during electrochemical
water oxidation was calculated considering single-electron oxida-
tion of CoII to CoIII species [76e78]. The area associated with the
oxidation peak was calculated to be 0.058 � 10�3 V A.

Hence, the associated charge ¼ 0.058 � 10�3 V A/0.005 V/
s ¼ 11.600 � 10�3 C.
7

Now, the number of transferred electrons ¼ 11.600 � 10�3 C/
1.602 � 10�19 C ¼ 7.240 � 1016.

Therefore, the number of surface active sites that participated in
OER ¼ 7.240 � 1016.

TOF¼ (j � NA � A)/ (4 � F � n)

where j ¼ Current density ¼ 0.1 A/cm2; NA ¼ Avogadro
number ¼ 6.023 � 1023; A ¼ geometrical surface area ¼ 1 cm2; F ¼
Faraday constant ¼ 96,485 C/mol; n ¼ number of surface active Co-
sites for OER ¼ 7.240 � 1016.

The calculated TOF for Co@NC is 2.15 per second.
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