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NiCo,04 nanoparticles inlaid on sulphur and
nitrogen doped and co-doped rGO sheets as
efficient electrocatalysts for the oxygen evolution
and methanol oxidation reactionsfy

*

Rebekah, C. Viswanathan“® and N. Ponpandian

The present work depicts the fabrication of NiCo,0O4 decorated on rGO, and doped and co-doped rGO and
its electrocatalytic activity towards the oxygen evolution reaction and methanol oxidation reaction. The
NiCo,0, catalyst with S-doped rGO outperformed the other catalysts, indicating that the sulphur atoms
attached on rGO possess low oxophilicity and optimum free energy. This results in facile adsorption of
the intermediate products formed during the OER and a rapid release of O, molecules. The same
catalyst requires an overpotential of 1.51 V vs. RHE to attain the benchmark current density value of 10
mA cm~2 and shows a Tafel slope of 57 mV dec™™ It also reveals outstanding stability during its
operation for 10 h with a minimum loss in potential. On the other hand, NiCo,04/S,N-rGO reveals
superior activity with high efficiency and stability in catalyzing methanol oxidation. The catalyst delivered

a low onset potential of 0.12 V vs. Hg/HgO and high current density of 203.4 mA cm™2 after addition of

rsc.li/nanoscale-advances

1 Introduction

Energy production from conventional fossil fuels results in the
release of large quantities of carbon and other poisonous
gases.' This greatly influences the flora and fauna of the planet
which leads to the urgency in developing a clean energy source
from intermittent renewable energy resources. Energy
production from such resources requires efficient energy
conversion and storage devices. Hydrogen has emerged as
a clean source of energy which is abundantly available in
nature.” Nowadays, water electrolysis is considered as a feasible
technique for production of hydrogen, which is regarded to be
a clean energy carrier having high energy density. Electro-
chemically splitting water into O, and H, gases takes place via
the oxygen evolution reaction (OER) at the anode and the
hydrogen evolution reaction (HER) at the cathode. This half
cell reaction can be effectively stimulated by effective electro-
catalysts which is a prerequisite for overall performance of
water electrolysis. However, fabricating electrocatalysts for
driving the OER is of utmost importance as it is a multiple
electron—proton transfer process. To date, IrO, and RuO, based
electrocatalysts have proven to be efficient electrocatalysts for
the OER. However, certain drawbacks such as poor stability and
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0.5 M methanol, revealing the outstanding performance of the electrocatalyst.

scarcity greatly hinder their use in practical applications.*” In
addition, fuel cells generate electricity by employing hydrogen
as a fuel. In the same manner, direct methanol fuel cells
(DMFCs) also produce electricity by oxidizing methanol fuel
applied at the anode to H, which is a tedious multi-step
process. Pt, Ru and Pd based electrocatalysts were accepted
as superior electrocatalysts, but they suffered from certain
drawbacks and limitations which impeded the commerciali-
zation of DMFCs. Therefore, designing and exploring high-
performance electrocatalysts with low cost and abundant
reserves for the methanol oxidation reaction (MOR) has
attracted much interest and still remains a great challenge.***
Recently, mixed transition metal (spinel oxide) based catalysts
have attracted enormous interest due to their easy synthesis,
low cost, abundance and the existence of more valence
states.””™* NiCo0,0, has emerged as a potential electrocatalyst
because it shows excellent redox behaviour, easily penetrates
through the electrolyte and has relatively lower resistance to
the diffusion of protons/cations.'®"” Various studies have been
reported so far based on NiCo,0O, and its composites with
carbon based materials and they are summarized in Table 2.
But the major drawback of this material is poor conductivity of
electrons which hinders its application in the field of electro-
catalysis such as the OER, ORR and HER. To improve the
conductivity of such materials and suppress the aggregation of
nanostructures occurring due to a greater number of oxidation
states, spinel oxides were intercalated with a few carbon
materials such as reduced graphene oxide (rGO), carbon
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nanofibers (CNF) and carbon nanotubes (CNT)."*** In this
work, rGO is incorporated as a carbon substrate due to its
outstanding properties such as large surface area, existence of
a greater number of active surface sites, and presence of epoxy
and carbonyl functional groups at the edges of the sheet. These
properties enable it to be a superior carbon support by effi-
ciently conducting electrons, and the oxygenated functional
groups serve as an anchoring site for adsorption of interme-
diate products. In addition, doping and co-doping with
heteroatoms also significantly improves the electronic proper-
ties by replacing the carbon atoms in the graphitic structure.
This creates defects in the adjacent sites due to the varying
bond length and size of the atom.”® As a result, uneven charge
distribution arises due to the difference in size and electro-
negativity of the heteroatoms compared with those of carbon
atoms. Nevertheless, due to the incorporated heteroatoms
having electronegativity higher (as in the case of N) or lower (as
in the case of S) than that of carbon, there occurs an electron
modulation to change the charge distribution in the carbon
network. This increases the interaction with the reactants to
offer active sites for catalytic OER application.>*” In the same
manner, co-doping of heteroatoms into a carbon network
further improves the electrocatalytic performance due to its
difference in electronegativity and oxophilicity of heteroatoms.
Moni et al. investigated the OER catalytic performance using
a NiCo,0,-nitrogen doped graphene oxide composite which
required a low overpotential of 1.63 V to achieve a current
density of 10 mA cm ™ 2.%® Liu et al. found that NiCo,0, with
a combination of defect-rich and ultrathin structure revealed
outstanding OER performance for Zn-air batteries.>® Li et al.
reported that NiCo,0, 3-D nanoflowers supported on graphene
nanosheets (GNs) exhibit favorable catalytic performance with
a low onset potential (1.50 V), a small Tafel slope (137 mV
dec™") and good stability toward the OER.**

In the present work, we have prepared pristine NiC0,0,,
NiC0,0,4/rGO, NiC0,0,/S-rGO, and NiC0,0,/S,N-rGO compos-
ites and their electrocatalytic performance towards the OER was
evaluated. Spinel NiCo,0, is coupled with rGO to enhance the
electron transport and to prevent the agglomeration of nano-
structures which helps in improving the electrocatalytic
performance. In addition, rGO was doped with S heteroatoms
and co-doped with S & N heteroatoms, which also significantly
improved the OER catalysis. NiC0,0,/S-tGO outperformed all
the other catalysts in alkaline medium, requiring a low over-
potential (280 mV) to achieve a current density of 10 mA cm >
and exhibiting a small Tafel slope (57 mV dec™ ).

2 Experimental methods

2.1 Chemicals and materials

Cobalt(n) acetate tetrahydrate (GRM 1359), nickel(u) acetate
tetrahydrate (GRM 6100), graphite flakes, potassium perman-
ganate (KMnO,), sodium meta-bisulfite, thiourea, sodium
nitrate and CTAB were bought from Hi-Media Laboratory Pvt.
Ltd, Mumbali, India. H,O,, HCI and conc. H,SO, were bought
from Sigma-Aldrich (Merck).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of pristine NiC0,0,

Pristine NiCo,0, nanostructures were prepared using a hydro-
thermal process as described in previously reported literature
with a minor modification.**** In brief, 1 M Ni(Ac) and 2 M
Co(Ac) were mixed together by stirring magnetically in 30 mL of
distilled water (DW). To this solution, 2 mM CTAB was added,
and the mixture was allowed to stir for 2 h and then transferred
to an autoclave, which was placed in a hot air oven and main-
tained at 200 °C for 12 h. The treated product was cleaned and
dried at 60 °C till a dried powder was obtained. Then, the ob-
tained powder was annealed at 600 °C for 2 h and the final
product was denoted as pristine NiCo,0, nanostructures.

2.3 Synthesis of the NiC0,0,/rGO nanocomposite

The NiC0,0,/rGO nanocomposite was synthesized using a facile
hydrothermal method. In the synthesis process, 0.1 M nickel
acetate and 0.2 M cobalt acetate were dispersed in 20 mL of DW
and allowed to stir for 3 h till the attainment of a transparent
solution. To the above solution, the required amount of CTAB was
added as a surfactant and simultaneously 50 mg of GO exfoliated
by water bath sonication was poured into it. GO was obtained from
graphite flakes by exfoliating it in strong acids (modified Hummers
method) which is reported in our earlier work.*>** The mixture was
then sealed in a Teflon-lined autoclave and hydrothermally treated
at 180 °C for 15 h. The treated mixture was washed to remove the
unreacted particles existing in the mixture. It was then dried and
calcined in an Ar atmosphere at 350 °C with a heating rate of
5° min~" to obtain a spinel NiC0,0,/rGO composite.

2.4 Synthesis of the NiCo,0,/heteroatom doped rGO
nanocomposite

The preparation protocol of the NiCo,O4/heteroatom doped rGO
nanocomposite is presented schematically in Scheme 1. In the
synthesis protocol, initially 50 mg of GO was exfoliated by soni-
cation for 3 h till the obtainment of a homogeneous dispersion.
To the GO solution, an appropriate amount of the dopant
precursor was also added to the same solution. Sodium meta-
bisulfite (Na,S,05) was used as a precursor for S-doping and
thiourea for S and N co-doping. After adding dopant precursors,
the mixture was stirred for 2 h and then treated hydrothermally at
150 °C for 8 h. The obtained product was finally calcined in an
inert atmosphere at 350 °C for doping of heteroatoms on the
carbon network. The sodium meta-bisulfite added sample was
denoted as S doped rGO and the thiourea added sample was
denoted as S and N co-doped rGO. For the preparation of the
NiCo,04/heteroatom doped rGO nanocomposite, 100 mg of the
prepared NiCo,O,4 nanostructures was intercalated with 30 mg of
heteroatom doped rGO by stirring and thermally treated at 60 °C
for 5 h. Then it was allowed to settle down and finally washed
with water and ethanol. The obtained samples were denoted as
NiC0,0,4/S-rGO and NiCo,0,/S,N-rGO nanocomposites.

2.5 Materials characterization

X-ray Diffraction (XRD) analysis was done using an XRD Rigaku
Ultima IV X-ray diffractometer (Cu-Ka1 radiation, A = 1.5406 A)

Nanoscale Adv., 2021, 3, 3216-3231 | 3217
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Scheme 1 Schematic representation of NiCo,04/S-rGO composite preparation.

to confirm the phase formation and purity of the samples. The
morphological analysis was done using FESEM (FEI, QUANTA
250-FEG, Germany) and the composition of elements present in
the samples was analyzed using EDAX (Bruker, Germany)
combined with FESEM. The functional group analysis was
performed using FTIR (Jasco Tensor 27, Japan). XPS (PHI Ver-
saProbe III, Japan) analysis was done to investigate the various
oxidation states existing in the samples.

2.6 Electrochemical measurements

The OER electrocatalytic performance of the synthesized samples
was investigated using a PARSTAT analytical electrochemical
workstation consisting of a standard three electrode system. As
a working electrode, a glassy carbon electrode (GCE) coated with
the samples was used, and platinum wire and Hg/HgO were
employed as the counter electrode and reference electrode,
respectively. Initially, before modifying the GCE with the catalyst,
it was cleaned by polishing with alumina powder of various sizes
(1.0, 0.3 and 0.05 pm) and washed by sonication in a mixture of
ethanol and DW till a mirror-like surface was obtained. For slurry
preparation, 5 mg of catalysts (pristine NiC0,0,, NiC0,0,/rGO,
NiC0,0,/S-rGO and NiC0,0,/S,N-rGO) was added to a mixture of
ethanol (20 pL) and Nafion (5 pL, DuPont, 0.5 wt%) and dispersed
by sonication for 1 h. 5 pL of the dispersed solution/slurry was
pipetted and coated on the GCE surface. Then it was allowed to
dry at ambient temperature and used for further investigations.
The electrocatalysis towards the OER was demonstrated in 1 M
KOH under an O, saturated atmosphere. The polarization plot
was recorded at a sweep rate of 5 mV s ' from which the over-
potential required to deliver a current density of 10 mA cm™ and
the onset potential at which evolution of oxygen begins is
calculated. In order to understand the OER kinetics, Tafel plots
were fitted by re-plotting the polarization curves. All the

3218 | Nanoscale Adv., 2021, 3, 3216-3231

measurements recorded during the catalytic OER w.r.t Hg/HgO
were converted to the reversible hydrogen electrode (RHE) scale
using the Nernst equation

Erne = Eng/meo + Eygpugo +0.059 x pH (1)

The stability of the catalysts was demonstrated using the
chronoamperometry (CA) technique at a stable potential of 1.54 V
vs. RHE for durations of 1000 s and 10 000 s. Stability was also
further evaluated using the chronopotentiometry technique at
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Fig. 1 XRD patterns of (a) pristine NiCo,O4, (b) NiCo,04/rGO, (c)
NiC0,04/S-rGO, and (d) NiC0,04/S,N-rGO.
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a constant current density of 10 mA cm > for a time period of 10 h.
The charge transfer ability of the electrocatalyst was assessed
using electrochemical impedance spectroscopy (EIS) which was
conducted in the frequency range from 10 kHz to 0.1 Hz with an
amplitude of 0.02 V. The electrochemically active surface area
(ECSA) was derived from the fraction of double layer capacitance
value (Cq)) calculated from CV curves recorded in the non-faradaic
potential region (0.5 to 0.6 V vs. RHE) at different scan rates (20—
180 mV s~ ') and specific capacitance of the electrode surface (Cy).

3 Results and discussion
3.1 Structural and functional group analysis

Structural analysis of the synthesized products was performed
using XRD and the patterns are displayed in Fig. 1. The XRD
pattern of pristine NiCo,O, presented in Fig. 1(a) contains
obvious diffraction peaks at 18.78, 31.8, 37, 44.1, 54.6, 59.1 and
64.9°, which were ascribed to the (11 1),(220),(311),(400), (4
22),(511)and (4 4 0) planes and matched well with the JCPDS
card no: 20-0781. The diffraction pattern also clearly revealed
the formation of a cubic spinel phase with the space group
F3dm, and the absence of additional peaks confirmed that the
samples were highly crystalline in nature. All the XRD patterns
of the NiCo0,0,/rGO, NiC0,0,/S-tGO and NiC0,0,/S,N-rGO
samples shown in Fig. 1(b)—-(d) also exhibit the spinel phase,
and the weak peak observed at around 26° confirms that GO was
reduced during hydrothermal treatment.* In Fig. 1(c), it was
perceived that the characteristic diffraction peak of rGO at
around 26 = 26° was suppressed which might be due to the
disordered structure and poor intensity of diffraction.**** In the
XRD pattern of NiCo0,0,/S,N-rGO depicted in Fig. 1(d), the
intensity of diffraction peaks is highly reduced and the
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Fig. 2 FTIR spectra of (a) NiCo,04/rGO, (b) NiCo,04/S-rGO, and (c)
NiC0,04/S,N-rGO.
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Fig. 3 (a and b) FESEM images of pristine NiCo,0y4, (c) EDX spectrum
of pristine NiCo,Qy, (d and e) FESEM images of NiCo,04/rGO, (f) EDX
spectrum of NiCo,04/rGO, (g and h) FESEM images of NiCo,0,4/S-
rGO, (i) EDX spectrum of NiC0,04/S-rGO, (j and k) FESEM images of
NiC0,04/S,N-rGO and (1) EDX spectrum of NiC0,04/S,N-rGO.

Nanoscale Adv, 2021, 3, 3216-3231 | 3219


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00135c

Open Access Article. Published on 30 March 2021. Downloaded on 2/3/2026 2:19:30 PM.

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

(cc)

Nanoscale Advances

existence of an obvious peak at 26° was noticed. This might be
due to co-doping of heteroatoms in the carbon network.

Also, heteroatom doping and co-doping didn't alter the
crystal structure which further proves that heteroatoms have
been perfectly doped into the carbon network by replacing
carbon atoms. The crystallite size of the NiC0,0,/S-rGO nano-
composite was calculated using the Scherrer formula, D = 0.94/
B cos 6, and it was found to be 18 nm.

Functional group analysis of the prepared catalysts was
performed using FTIR and the corresponding spectra are shown
in Fig. 2. The FTIR spectrum of NiC0,0,/rGO is displayed in
Fig. 2(a) in which the characteristic band noticed at 562 cm™*
was ascribed to the metal oxide bond located at the tetrahedral
site and that at 660 cm™ " was ascribed to the metal oxide bond
at the octahedral site of the NiCo,0, spinel structure.*® The
strong peaks observed at 1566, 1416 and 1145 cm ' were
attributed to the vibrational modes of C=C, O=C-C and C-O
bonds, respectively. In the FTIR spectrum of NiCo0,0,/S-tGO
shown in Fig. 2(b), the major peaks observed at 1091, 1511,
1443 and 856 cm ™! were attributed to C-S, C=C, O=C-C and
C-S,% which clearly established that S was successfully doped
on rGO sheets by replacing carbon atoms from the appropriate
positions. Similarly, in the spectrum of NiCo0,0,/S,N-rGO which
is shown in Fig. 2(c), the absorption band at 1538 cm ™" was
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attributed to the vibrational mode of C=N and the peak
observed at 1086 cm ~' is due to the bonding of sulphur and
nitrogen with the carbon atoms.*”

3.2 Elemental and morphological analysis

The surface morphology and compositional analysis of the
prepared catalysts was performed using field emission scanning
electron microscopy and EDX. The micrographs were recorded
at a scan rate of 90 pS and an applied potential of 20 kV. Fig. 3
shows the micrographs of pristine NiCo,04, NiC0,0,4/rGO,
NiC0,0,/S-rGO and NiC0,0,/S,N-rGO. Fig. 3(a and b) show the
FESEM images of pristine NiCo,0,, which exhibits a hexagonal
shape with the average diameter ranging from 350 to 500 nm.
The nanostructures were formed by the aggregation of flake-like
structures during hydrothermal treatment in which the
hydroxide ions along with metal ions contributed to the devel-
opment of nuclei formation and finally resulted in the growth of
hexagonal nanostructures. Fig. 3(c) shows the corresponding
EDX spectrum from which the purity of the sample was
confirmed. Fig. 3(d and e) show the FESEM images of NiC0,0,/
rGO, Fig. 3(g and h) show the FESEM micrographs of NiC0,0,/S-
rGO, and Fig. 3(j and k) show the micrographs of the NiCo,0,/
S,N-rGO nanocomposite. It was observed that in all the
composite samples, NiCo,O, nanostructures were firmly

Fig. 4
composite.

3220 | Nanoscale Adv., 2021, 3, 3216-3231

(@ and b) TEM images of the NiCo,04/S-rGO composite, (c) SAED pattern of NiC0,0,4/S-rGO and (d) HRTEM result of the NiCo,04/S-rGO

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decorated both at the edges and basal plane on rGO due to the
electrostatic force of attraction between the functional groups of
rGO and metal ions. The EDX spectrum of pristine NiCo,0,
shown in Fig. 3(c) exhibits the peaks of Ni, Co and O atoms
alone confirming the purity of the sample. The EDX spectrum of
NiCo0,0,/rGO is shown in Fig. 3(f) which further confirmed that
NiCo,0, bonded well with rGO and no extra peaks were
observed confirming that the composite was formed success-
fully. Fig. 3(i) and (1) show the EDX spectra of NiC0,0,/S-rGO
and NiCo0,0,/S,N-rGO composites, respectively, and it was
obvious that sulphur (S) was doped into the carbon network of
NiCo0,0,/S-rGO and both S and N were doped into the graphene
network anchored by NiCo,0, nanostructures.

TEM analysis further revealed the growth of NiCo,0, nano-
particles with the diameter ranging from 10 to 20 nm on rGO
sheets as displayed in Fig. 4(a) and (b). The SAED pattern of the
NiC0,0,/S-tGO composite (Fig. 4(c)) exhibited multiple
diffraction facets indicating that the NiCo,0,/S-tGO composite

View Article Online

Nanoscale Advances

was polycrystalline. Fig. 4(d) shows the HRTEM image of the
NiCo0,0,/S-rGO nanocomposite which showed interlayer spac-
ings of 0.242 nm, 0.283 nm and 0.459 nm which were attributed
to the (311), (220) and (111) planes, respectively, of NiC0,0,.
To investigate the oxidation state of the elements present in
the NiCo,0,/S-tGO electrocatalyst, XPS measurements were
performed. The survey spectrum of the NiCo,0,/S-tGO sample
presented in Fig. 5(a) shows the presence of all the elements,
i.e., Ni, Co, S, C and O, confirming the successful formation of
the composite. Fig. 5(b) shows the deconvoluted spectrum of Ni
2p in which the low energy band at 856.2 eV corresponded to the
Ni 2p3), state and the high energy band at 874.2 eV was attrib-
uted to the Ni 2p,,, oxidation state. The spectrum also revealed
the existence of shakeup satellite peaks (marked as “sat.”) at
878.4 eV and 862.1 eV, respectively.*®** The spin-orbit doublets
of the Ni*" oxidation state were observed at binding energies of
854.9 and 871.0 eV, respectively, and those of the Ni** oxidation
state were observed at binding energies of 856.5 eV and
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deliver current densities of 10 and 50 mA cm™2.
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862.3 eV, respectively. The deconvoluted spectrum of Co 2p is
shown in Fig. 5(c) and consists of two major peaks observed at
782.2 eV and 798.2 eV. These peaks correspond to Co 2p;3/, and
Co 2p;, oxidation states, respectively, and the peaks observed at
785.4 and 802.6 eV were attributed to satellite peaks (denoted as
sat.). Also, the deconvoluted peaks at 782.2 and 797.4 eV were
attributed to the Co®" oxidation state and the peaks at binding
energies of 780.1 and 795.2 eV confirmed the existence of the
Co®" oxidation state.*®***%” The order of intensity of the Co 2p
satellite peak was remarkably higher than that of other spinels
which might be due to the increased order of hydroxylation of
cobaltites which helps in stimulating OER activity.** The C 1s
spectrum shown in Fig. 5(d) revealed four fitted peaks at
binding energies of 284.2, 285.6, 286 and 286.8 eV, respectively,
which were attributed to C-S-C, C-S, C-O-C and C=0 bonding,
respectively. This strongly indicates that sulphur atoms were
successfully doped into the carbon network. The high resolu-
tion spectrum of S 2p is displayed in Fig. 5(e) and it is worth
noting that the obvious peaks at 163.1 eV and 164.8 eV were
ascribed to S psz,, and S py/, oxidation states, respectively.*>**
The deconvoluted O 1s spectrum is shown in Fig. 5(f) with the
peaks fitted at binding energies of 529.1, 530.5 and 531.5 €V,
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respectively. The peaks observed at 529.1 eV and 530.5 eV were
attributed to bonding between metal/oxygen and defective sites,
respectively. Meanwhile, the peak observed at 531.5 eV was
ascribed to the chemisorbed water molecules.*?

Structural analysis of the prepared catalysts was performed
using Raman spectroscopy and the results are displayed in
Fig. 6. The Raman spectra of pristine GO and the NiCo,0,/rGO,
NiC0,0,/S-rGO and NiC0,0,/S,N-rGO composites are shown in
Fig. 6(a)-(d), respectively. All the spectra exhibited a D band
centered at 1350 em™ " and a G band at 1590 cm ™. The D band
and G band provided information about the degree of distortion
in the carbon network due to doping and co-doping of hetero-
atoms and graphitic sp>hybridized carbon, respectively. The
ratio between the intensity of the D band (Ip) and G band (Ig)
defines the degree of defect levels in the carbon network.*
Pristine GO has an I/I; ratio of 0.84, while the I,/I; ratios of
NiCo0,0,/rGO, NiC0,0,/S-rGO and NiC0,0,/S,N-rGO composites
exhibit higher ratio values of 0.94, 1.04 and 1.122, corroborating
that imperfections were introduced by heteroatom doping into
the graphene structure.*
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3.3 Electrocatalysis of the OER

The electrocatalytic performance of the developed electro-
catalytic materials was initially investigated using cyclic vol-
tammetry (CV) performed at a sweep rate of 50 mV s ' in the
potential range from 0.2 to 1.8 V vs. RHE in alkaline medium.
Prior to acquiring data, the modified electrodes were subjected
to potential cycling for different number of cycles to attain the
stable state. The CV curves of pristine NiCo,0,4, and NiCo,0,/
rGO and NiCo0,0,/S-tGO nanocomposites shown in Fig. 7(a)
displayed a redox peak in the potential range from 1.2 to 1.45 V
vs. RHE which was attributed to the conversion of redox couples
Co>*/Co®" and Ni**/Ni**, respectively.” The sharp anodic peak
noticed in the NiCo,0,/S-tGO nanocomposite was ascribed to
the transition from the Co®" oxidation state to the Co"" state
followed by the evolution of oxygen molecules.*® This occurred
due to the increased electrophilicity arising from a greater
number of -OOH intermediates that were generated which in
turn decompose and release O, molecules more efficiently. This
results in enhanced electrocatalytic performance with rapid
evolution of oxygen molecules. Moreover, the same catalyst also
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a potential of 1.52 V vs. RHE for 10 000 s, (c) chronopotentiometry conducted for NiCo,04/S-rGO at a current density of J = 10 mA cm~2 for
10 h, and (d) LSV curves recorded for the NiCo,04/S-rGO sample before (solid line) and after (dotted line) performing CA for 10 000 s.
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delivered a higher current density of 180 mA cm > when
compared with other catalysts which clearly indicates that the
NiC0,0,/S-rGO nanocomposite exhibits superior electro-
catalysis towards the OER.

To assess the OER catalytic activity of the prepared samples,
linear sweep voltammograms (LSVs) were recorded in 1 M KOH
solution after 50 potential sweeps at a scan rate of 5 mV s~ '. The
polarization curves are displayed in Fig. 7(b) and it was clearly
observed that the NiCo,0,/S-rGO catalyst outperforms the other
catalysts with low overpotentials of 280 mV and 350 mV
required to deliver current densities of 10 and 50 mA cm 2,
respectively. The enhanced electrocatalytic performance was
attributed to the electro-oxidation of Ni** to NiOOH and
conversion of the CoOOOH oxidation state to Co0O,.* In addition,
the incorporated sp> hybridized carbon substrate possessing
more defective sites for electron movement emerged during
reduction from GO which also helped in enhancing OER
catalysis by adsorbing the intermediate products and releasing
O, molecules with a lower energy barrier. Moreover, doping
with heteroatoms further improved the catalytic efficiency as
they were capable of adsorbing the intermediate products
formed during oxidation of water. In this context, binding of
oxygen and its reactivity with an element is an important
parameter to be assessed for catalytic applications. Since S is
less electronegative than N, carbon atoms at the adjacent edges
become less positively charged in S-doped carbon when
compared with those in N-doped carbon. Hence, the assimila-
tion of negatively charged hydroxide ions (OH ) happens easily
and vigorously on N-doped carbon. The adsorption of inter-
mediates in N-doped carbon was much stronger while the
dissociation of the final product (O,) was more strenuous in N-
doped carbon when compared with other heteroatom doped
carbon.” This suggested that the NiC0,0,/S-rGO electrocatalyst
showed enhanced catalytic performance in oxidation of water
due to its low oxophilicity properties. Thus it strongly proves
that oxophilicity plays a vital role in water oxidation relative to
the electrophilicity of the dopants. The catalytic performance
was compared with a few spinel NiCo,0, based electrocatalysts
and is tabulated in Table 2.
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Fig. 9 (a) EIS spectra of all catalysts and (b) equivalent circuit.
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To assess the kinetic behaviour of OER catalytic activity,
Tafel plots were fitted by re-plotting the polarization curves with
log of current density on the x-axis and overpotential on the y-
axis and are presented in Fig. 7(c). The slope obtained from the
linear fit was considered as the Tafel slope and was described as
dlog(j)/dn = 2.303RT/anF. From the formula it was observed
that the Tafel slope value reveals the number of electrons
transferred during the electrocatalytic reaction.**** In this
regard, the NiCo,0,/S-tGO electrocatalyst has a small Tafel
slope value of 57 mV dec™' when compared with the other
electrocatalysts indicating that the electrocatalyst is more effi-
cient in electron transfer as a consequence of bonding of sp>
hybridized carbon with NiCo,0, nanostructures and hetero-
atom doping into the graphitic structure. This resulted in
superior OER catalytic performance when compared with the
other catalysts. Fig. 7(d) shows the comparison plot of the
overpotentials required in pristine NiCo,0,4, NiC0,0,/rGO and
NiCo0,0,/S-rGO electrocatalysts to achieve current densities of
10 and 50 mA cm 2.

Stability of the electrocatalyst is an essential parameter to be
investigated before its practical use in large scale applications.
Hence, it was analyzed using the chronoamperometry tech-
nique for the prepared samples. The short-term stability of all
the catalysts was evaluated at a stable applied potential of 1.52 V
vs. RHE for 1000 s and the results are shown in Fig. 8(a). The
stability of the NiC0,0,/S-rGO catalyst is found to be superior to
that of the other catalysts when subjected to a continuous
electrolysis process for a short time period of 1000 s. Initially,
for the NiCo,0,/S-tGO catalyst the current density was found to
be 121.5 mA cm™> and as water oxidation began the current
density decreased to 62.4 mA c¢cm > and remained stable
thereafter up to 1000 s. Moreover, the zig-zag pattern noticed in
the CA curve was due to evolution of oxygen bubbles while a few
bubbles remained on the surface of the electrode and destroyed
the electrocatalytic performance. The CA curve for the same
catalyst (NiC0,0,/S-rGO) was recorded for 10 000 s to evaluate
its long-term stability and is depicted in Fig. 8(b). It exhibited
good stability by sustaining maximum (65%) current density
which implies that it can be used in real time application. In the
same manner, stability of the NiCo,0,/S-rGO electrocatalyst was

(b)
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further demonstrated via chronopotentiometry analysis at an
applied current density of 10 mA cm ™2 for 10 h and the result is
displayed in Fig. 8(c). It was observed that there is a negligible
increase in potential and a constant response during its cata-
lytic performance measurement for 10 h. These findings further
proved that the NiCo,0,/S-rGO composite can be employed as
an electrocatalyst for the OER in large scale application.
Fig. 8(d) shows a comparison of polarization curves recorded
before and after performing CA for 10 000 s. The result showed
slight variation after conducting chronoamperometry analysis
for 10 000 s. This strongly proved its efficiency and stability in
the evolution of oxygen molecules.

The charge transfer ability of the prepared electrocatalysts
was demonstrated using Electrochemical Impedance Spectros-
copy (EIS). The Nyquist plots for pristine NiC0,0,, and NiCo,0,/
rGO, NiC0,0,/S-tGO and NiCo0,0,/S,N-tGO composites are
presented in Fig. 9(a). The plots were recorded in the frequency
range of 10 kHz to 0.1 Hz with an applied AC amplitude of
20 mV. The EIS spectra of all the electrocatalysts consisted of
a suppressed semicircle in the high frequency region which was
attributed to charge transfer resistance (R.). The suppressed
figure of the semicircle is attributed to the presence of a CPE
(constant phase element).”*

The straight line corresponds to Warburg resistance (Wjy)
which arises from the penetration of ions through the electro-
lyte solution. The experimentally obtained EIS spectra were
fitted with the equivalent circuit as shown in Fig. 9(b). It
contains Ry (solution resistance), R (charge transfer resis-
tance), CPE, Cq; (double layer capacitance) and Wy (Warburg
resistance).”””* The R is of utmost importance as it describes
the degree of conductivity and the R, values are tabulated in
Table 1. It was evident from the result that the catalysts bonded
with the rGO carbon structure possess a small R, value when
compared with the NiCo,O, pristine catalyst owing to its large
specific surface area and greater number of active sites. More-
over, heteroatom doping further increased the conductivity of
the catalyst by replacing carbon atoms from the appropriate
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location. Thus it illustrates that the conductivity of the catalyst
is maximum with rapid electron transfer which helps in stim-
ulating the OER process.

Determination of the electrochemically active surface area
(ECSA) is a key factor as it is an important parameter in stim-
ulating OER activity. Greater the number of active surface sites,
higher is the electrocatalytic performance. ECSA is calculated
from the fraction of Cq; and Cg as shown below

ECSA = Cyq/Cs (2)

In order to calculate the Cq values, cyclic voltammetry curves
were recorded at different scan rates in the non-faradaic
potential region of 0.5 to 0.6 V vs. Hg/HgO initially which is
shown in Fig. 10(a). The recorded CV curves exhibited a rect-
angular shape which depicted the characteristics of electric
double layer capacitance (EDLC). In addition, there occurred no
charge transfer in the non-faradaic region, while the current
was generated from the electric double layer (EDL). The specific
capacitance (Cg) of the catalyst coated surface was considered to
be 60 pF cm™~> which was reported in earlier studies.>®**

A linear fit was obtained by plotting the scan rate against
current density measured at a potential of 0.55 V vs. Hg/HgO
and is shown in Fig. 10(b). The slope value of the linear plot
(i.e., i = C(dE/dt)) corresponds to the Cgq; value.>* The roughness
factor (R¢) also plays a significant role in enhancing the catalytic
performance and was calculated from the ratio of ECSA and
geometric surface area (0.0732 cm?) of the electrode.” The
calculated values of ECSA and R are tabulated in Table 1. The
NiCo0,0,/S-tGO electrocatalyst exhibits a greater ECSA value
suggesting that the catalyst contains a large number of active
sites due to heteroatom doping into the graphitic structure
which altered the energy bands resulting in creation of valences.
Also, due to reduction of GO more active sites have been
generated by partial removal of functional groups which is also
beneficial for improving the OER performance.
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(a) CV curves measured in the potential range of 0.5 to 0.6 V vs. Hg/HgO for the NiC0,0,/S-rGO catalyst, and (b) linear fit of current
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Faradaic efficiency is an important parameter to evaluate the
efficiency of the catalyst. The faradaic efficiency of the catalyst
modified electrode was calculated using the collection effi-
ciency for which the NiCo,0,/S-rGO catalyst was drop-cast on
a glassy carbon (GC) disk and allowed to dry at ambient
temperature without disturbing the Pt ring. A linear sweep
voltammogram (Fig. S11) was acquired at a sweep rate of 5 mV
s~ at 1600 rpm by sweeping the potential at the disk from 1.1 to
1.75 Vvs. RHE and the evolved O, molecules were reduced at the
Pt ring. The faradaic efficiency was calculated using the
following equation.

Faradaic efficiency = Igx x np/Ip X ng X Ncp (3)

where Iy corresponds to the ring current due to oxygen reduc-
tion at the Pt ring, I, is the disk current arising from oxygen
evolution at the GC disk electrode, np and ni describe the
number of electrons transferred during O, evolution and
reduction and the parameter N¢;, indicates the collection effi-
ciency of the RRD electrode, which is found to be 0.3684 and
was calculated following a procedure reported earlier.*®* The
calculated faradaic efficiency at 1.56 V is 98.23%. This clearly
reveals that O, evolution is more dominant than the electro-
chemical oxidation of Ni** to Ni*" at 1.56 V vs. RHE. The loss of
1.77% might be due to the ohmic drop associated with the
diffusion of O, evolved, and the voltammetric response
observed at the disk electrode does not depend on rotation rate
which implies that electrocatalytic oxidation of water molecules
is kinetically limited.

The turnover frequency is also an important factor of interest
which gave an insight into intrinsic OER electrocatalysis.»*® It
was calculated by considering 100% activity of all the atoms
participating in the catalytic reaction.*® The TOF value was
calculated for the NiCo,0,/S-rGO catalyst, which delivered an
overpotential (1) of 280 mV, using the equation (eqn (4)) pre-
sented below

TOF = Jgeo/4 x Fx n (4)

where Jq., represents the current density at the corresponding
overpotential value (280 mV) of NiC0,0,/S-rGO, F is the Faraday
constant (96 485.4 C mol ") and n corresponds to the number of
moles. The TOF value of the NiC0,0,/S-rGO catalyst was found to
be 5.14 x 10~* s~". The TOF values of other catalysts are tabu-
lated in Table 1. The greater TOF value is due to the combined
synergetic effect of metal atoms coupled with heteroatom (S)
doped rGO providing electrochemically accessible sites.

Table 1 Onset potential, Tafel slope, overpotential measured at 10 mA cm™
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Table 2 Comparison of few NiCo,0, spinel based electrocatalysts

Tafel
slope
Mj=10 mA (mv

Catalyst em-2 (mV) dec™") Electrolyte References
NiCo0,0, hollow microcuboids 420 53.0 1M NaOH 7
NiCo,0, microflowers 350 54 01M 12
KOH
NiCo0,S, on nickel foam 279 68 1MKOH 13
NiCo0,0, rosette-like 670 89 1MKOH 15
hierarchical spinel
NiCo0,0, 3-D nanoflowers 383 137 1 MKOH 21
Chrysanthemum flower-like 400 — 0.1 M 28
NiCo,04-nitrogen doped KOH
graphene oxide
NiCo0,0, ultrathin nanosheets 340 75 01 M 29
KOH
NiC0,0,-1GO 381 45.7 1 M KOH 32
NiCo,0, nanoframes with 265 82 1MKOH 39
a nanosheet surface
NiCo,S, spheres grown on N,S 340 65 0.1M 45
co-doped rGO KOH
Zinc-doped NiCo,04 420 62.0 0.1 M 55
KOH
NiCo0,0, via KIT-6 350 43.0 1 M KOH 56
Hierarchical hollow urchin-like 419 43.9 1M NaOH 57
NiCo0,0,
NiCo0,0,/NiO/CoF,@mCroo 330 70.0 0.1 M 58
composite KOH
Nitrogen-doped graphene- 373 at5 156.0 0.1 M 59
NiC0,0, mA cm > KOH
C0;0,/NiC0,0, double-shelled 340 88.0 1 M KOH 60
nanocages
NiC0,0,/NiO 360 61 1 M NaOH 61
NiCo,0,4/VN nanoparticles 385 69.4 1 M KOH 62
NiC0,0,@NiWS nanosheets 290 95.2 1 M KOH 63
NiC0,0,/S-rGO 280 57 1 MKOH This work

3.4 Electrocatalysis of the MOR

The electrocatalytic activity towards the MOR using the fabri-
cated samples (pristine NiC0,0,, NiC0,0,/rGO, NiC0,0,/S-tGO
and NiCo,0,/S,N-1GO) was evaluated by cyclic voltammetry in
1 M KOH solution before and after addition of methanol. Before
recording CV curves, the prepared electrodes were subjected to
potential cycling for 30 cycles to attain the stable state.
Fig. 11(a-d) show the relative CV curves of the pristine NiCo0,0,,
NiC0,0,/rGO, NiC0,0,/S-tGO and NiC0,0,/S,N-rGO electro-
catalysts recorded with and without addition of methanol in the

2, and calculated values of ECSA, Ry, and R, from EIS

Onset potential Tafel slope Overpotential 7 TOF x
Catalyst (Vvs. RHE) (mV dec™) (mV) at 10 mA cm > ECSA (cm?) Ry R (Q) 10 (sh
Pristine NiC0,0, 1.58 142 — 0.54 7.37 47.3 —
NiC0,0,4/rGO 1.55 125 360 0.98 13.38 28.2 4.53
NiC0,0,/S-1GO 1.48 57 280 2.23 30.46 8.23 5.14
NiC0,0,/S,N-1GO 1.52 118.5 320 1.08 14.7 10.8 5.41
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potential range from 0.8 to —0.8 V vs. Hg/HgO at a scan rate of
50 mV s~ . It is worth noting that all the CV curves exhibit redox
peaks in the anodic and cathodic sweeps corroborating the
transfer of oxidation states (Ni**/Ni*" and Co®*/Co®") of Ni and
Co atoms. In addition, the anodic current density increased
sharply after addition of 0.5 M methanol, undoubtedly revealing
the outstanding electrochemical activity of all electrocatalysts
towards the oxidation of methanol. The current densities of
pristine NiC0,0,, NiC0,0,/rGO, NiC0,0,/S-tGO and NiCo,0,/
S,N-rGO were found to be 78.6, 138.5, 140.8 and 203. 4 mA cm ™2,
respectively. Among all the electrocatalysts, NiC0,0,/S,N-rGO
exhibits superior electrocatalytic MOR as depicted in
Fig. 11(d), with an elevated current density of 203.4 mA cm >
and extremely low onset potential of 0.12 V vs. Hg/HgO when
compared with other catalysts. This is mainly accredited to the
existence of a greater number of active accessible electro-
catalytic sites compared to other catalysts which leads to better
electrocatalytic activity.

The oxidative species of Ni and Co atoms i.e., hydroxides and
oxy-hydroxides formed during electrochemical reaction afford
rich active sites for stimulating -catalytic oxidation of
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methanol.** Moreover, NiCo,0, nanostructures coupled with
rGO and heteroatom (S & N) co-doping into the carbon network
of rGO also significantly improve the catalytic performance by
enhancing the electron transfer easily.*® The coupled rGO helps
in chemisorption of CO molecules and dissociation of other
intermediate products formed during oxidation of methanol.*®
Also, because of the doped heteroatoms, owing to the variation
in electronegativity and size when compared with carbon, there
occurs structural distortion and difference in charge density in
the carbon network. This generates a greater number of topo-
logical defects in the graphene sheet, which therefore enhances
the electron transport and thereby improves the electro-
chemical activity with the attainment of higher current density.
They also serve as adsorption sites for adsorbing intermediate
products formed during electro-oxidation of methanol.

The stability of the outperforming catalyst (NiCo,0,4/S,N-
rGO) was investigated using the CA technique at a persistent
potential of 0.4 V vs. Hg/HgO for a duration of 1000 s and is
displayed in Fig. 12(a). The catalyst revealed excellent stability
by sustaining a maximum order of current density showing that
it can serve as a better electrocatalyst for oxidation of methanol.
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The stability of the catalyst was also further proven by recording
its CV curve after performing CA for 1000 s which is shown in
Fig. 12(b). Hence, the NiCo,0,/S,N-rtGO electrocatalyst can be
employed as an anode catalyst in DMFCs for practical
applications.

3.5 Mechanism of the MOR

The methanol oxidation reaction is a complex multi-step
process. It proceeds as a slower reaction and the reaction
proceeds through multiple steps. The possible routes to the
complete oxidation of methanol are as follows. Initially, the
methanol which is fed to the anode part is oxidized to formal-
dehyde, which is then oxidized to formic acid. Finally, formic
acid is oxidized to carbon dioxide. In some cases, the fed
methanol may take another route, which forms carbon
monoxide as an intermediate product. The carbon monoxide
acts as a poison to the generally used platinum catalyst at the
anode of the DMFC.

4 Conclusion

A set of electrocatalysts (pristine NiCo,0,, NiC0,0,/rGO,
NiC0,0,/S-tTGO and NiCo0,0,/S,N-tGO) were developed by
a simple hydrothermal technique and their electrocatalytic
performance towards oxygen evolution was investigated. To
enhance the electron conductivity and catalytic efficiency,
spinel NiCo,0, was coupled with rGO. To further improve the
efficacy of the electrochemical reaction heteroatoms were
doped and co-doped into the graphitic network, which alters the
electronic band structure and helps in improving oxidation of
water molecules. As a result, NiC0,0,/S-tGO outperformed the
other catalysts due to its low oxophilicity and good conducting
nature when compared with the other catalysts. The catalyst
required an overpotential of 280 mV to deliver a current density
of 10 mA cm ™2 and exhibited a small Tafel slope of 57 mV dec ™.
The same set of electrocatalysts were also investigated towards
oxidation of methanol in which the NiCo,0,/S,N-rGO catalyst
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showed outstanding performance with an extremely low onset
potential (0.12 V) and high current density (203.4 mA cm™?).
This was accredited to the combined effect of existence of
multiple oxidation states of Ni and Co atoms and co-doped
heteroatoms which causes defects in the obtained rGO sheets.
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