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A quadrafunctional electrocatalyst of nickel/nickel oxide embedded N-graphene
for oxygen reduction, oxygen evolution, hydrogen evolution and hydrogen
peroxide oxidation reactions

Abstract

A multifunctional nano-heterostructured electrocatalyst of transition metal/metal oxide (nickel/nickel
oxide) embedded on nitrogen-doped graphene is reported. The hybrid composite of N-doped graphene
nanosheets with a high atomic percentage of nitrogen (8.2 at%) and embedded with highly distributed
nickel/nickel oxide nanoparticles inside the graphene layers is synthesized by a one pot thermal annealing
process. The resultant composite demonstrates excellent electrocatalytic activity utilizing the superior
electrocatalytic properties of nickel/nickel oxide nanoparticles supported on nitrogen-doped graphene.
The hybrid exhibits efficient oxygen reduction reaction (ORR) properties comparable with state-of-the-art
electrode Pt/C with a four-electron transfer pathway and superior oxygen evolution reaction (OER)
compared to the state-of-the-art electrode for the OER, Ru/C. Alternatively, this composite acts as an
excellent electrode material for the hydrogen evolution reaction (HER) both in acidic and alkaline media.
Nevertheless, this composite facilitates the hydrogen peroxide oxidation reaction (HPOR) in the presence
of hydrogen peroxide, which is crucial for developing reversible fuel cells and fuel cells with liquid oxidant.
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A multifunctional nano-heterostructured electrocatalyst of transition metal/metal oxide (nickel/nickel
oxide) embedded on nitrogen-doped graphene is reported. The hybrid composite of N-doped graphene
nanosheets with a high atomic percentage of nitrogen (8.2 at%) and embedded with highly distributed
nickel/nickel oxide nanoparticles inside the graphene layers is synthesized by a one pot thermal
annealing process. The resultant composite demonstrates excellent electrocatalytic activity utilizing the
superior electrocatalytic properties of nickel/nickel oxide nanoparticles supported on nitrogen-doped
graphene. The hybrid exhibits efficient oxygen reduction reaction (ORR) properties comparable with
state-of-the-art electrode Pt/C with a four-electron transfer pathway and superior oxygen evolution
reaction (OER) compared to the state-of-the-art electrode for the OER, Ru/C. Alternatively, this
composite acts as an excellent electrode material for the hydrogen evolution reaction (HER) both in
acidic and alkaline media. Nevertheless, this composite facilitates the hydrogen peroxide oxidation
reaction (HPOR) in the presence of hydrogen peroxide, which is crucial for developing reversible fuel
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not only scarce and expensive but also get poisoned easily and
do not exhibit similar performance for both the oxygen reduc-
tion and oxygen evolution reactions.>** Alternative

Introduction

The development of sustainable energy storage and conversion

devices for next generation electronics is highly crucial due to
the rapid growth of technology.'® Metal-air batteries, reversible
fuel cells and hybrid energy storage devices can be strong
candidates to meet the future global energy demand; however,
the performance and commercialization of these devices are
limited due to the highly expensive nature of electrode mate-
rials like platinum and ruthenium oxide.> These materials are
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multifunctional nonprecious electrode materials with multiple
electrocatalytic properties are highly essential to overcome
these limitations.>® Chemically doped carbon nanostructured
materials have been demonstrated to exhibit remarkable elec-
trocatalytic properties, making them a promising alternative to
noble metals.>”** Among the different types of chemically
doped carbon, two-dimensional carbon materials, in particular
chemically doped graphene, have drawn widespread attention
due to their extraordinary electrochemical properties achieved
by introducing active sites for electrocatalysis.® Different
heteroatoms (N, B, P, and S) have been utilized for doping in the
carbon lattice and from this class of doped material, nitrogen
doped carbon and graphene showed superior performance both
for the ORR and OER.”*' Further modification of nitrogen-
doped graphene by dual doping or incorporating non-
precious metal nanoparticles can enhance its performance for
the ORR and OER, making it comparable to that of noble metal
electrodes.”™ In dual doping, N and P have recently attracted
a lot of interest because of the enhancement of the bifunctional
metal-free electrocatalytic activity by increasing active sites with
surface area.'*'> However, the restacking nature of graphene
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can reduce the active electrochemical surface area and thus
hinder its properties for practical applications." The decoration
of graphene layers with a nonprecious metal catalyst can
provide a three-dimensional structure with a high electroactive
surface area as well as synergistic electrocatalytic activity with
the conjugation of the metal catalyst.”>**'” Transition metal
nanoparticles, in particular nickel and cobalt, demonstrate
efficient electrocatalytic activity towards the ORR, OER and
HER; however pure cobalt, nickel and nickel oxides generally
show insufficient electrical conductivity and limited kinetics for
electrocatalysis of the ORR, OER and HER.*""* The combina-
tion of N-Gr with transition metal nanoparticles can be an
effective way to improve the active electrochemical properties,
and the atomic percentage of metal doping on the graphene
lattice can play a role in single atom catalysis.'”***> Even though
the hybrid of cobalt nanoparticles with nitrogen-doped gra-
phene demonstrated superior ORR and HER performance,***
the combination of nickel nanoparticles with nitrogen doped
graphene can improve the electrocatalytic activity of the
composite for the OER, HER and hydrogen oxidation reaction
(HOR) due to the high affinity of nickel towards hydrogen
adsorption and the active sites for the OER.>**” The reported
nickel confined N-Gr showed good OER properties; however the
synthesis procedures required several steps and the ORR
properties were not mentioned.”” Alternatively, the hybrid of Ni/
NiO with N-Gr synthesized via pyrolysis followed by hydro-
thermal treatment in multiple steps demonstrated efficient
OER and HER performance; however, the ORR performance of
the composite was not efficient.*

Herein we report a single-step synthesis of nickel/nickel
oxide nanoparticle embedded nitrogen doped graphene with
multifunctional electrocatalytic properties via thermal anneal-
ing. The synthesis procedure is performed by thermal annealing
of the mixture of graphene oxide, nickel nitrate and uric acid as
a solid precursor of nitrogen at 800 °C under an argon atmo-
sphere. Uric acid has a high nitrogen content (~33 wt%), and its
crystals can adhere to surfaces bearing various organic func-
tionalities via multiple types of forces (electrostatic interactions,
hydrogen bonding and/or van der Waals interactions), without
the aid of surfactants.”® Taking into account its properties,
a nanocomposite of nickel/nickel oxide embedded nitrogen-
doped reduced graphene oxide (Ni/NGr) was synthesized via
co-pyrolysis of graphene oxide and uric acid with nickel nitrate.
The synthesized nanocomposite contains a high atomic
percentage of nitrogen doping in all of the possible configura-
tions and three dimensional structures for insertion of nickel
nanoparticles all over the graphene lattice in different dimen-
sions. As a result, the nickel/nickel oxide/N-doped graphene
nanocomposite exhibits high electrocatalytic activity for the
ORR, OER, HER and HPOR due to the active sites as well as
three-dimensional structure.

Experimental
Synthesis of nickel/nickel oxide/N-doped graphene

GO was prepared from naturally expanded graphite (Ashbury
Carbons, Grade-3772) using a procedure reported for the

2 | Sustainable Energy Fuels, 2018, xx, 1-9
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generation of ultra-large GO sheets.”® The GO sheets (approx. 20
mg) were dispersed in water by ultrasonication for 30 min at
a frequency of 50 Hz, and then mixed with uric acid and nickel
nitrate in a ratio of 1 : 5: 0.5 by mass. The mixtures were then
stirred continuously and heated at 80 °C for 10-12 h to remove
the water. The resulting solids were transferred to a tube
furnace and heated in an argon atmosphere at 5 °C min~ ' to
800 °C, and then annealed for 1 h. The synthesized nitrogen-
doped graphene with nickel nanoparticles was named Ni/NGr.
GO mixed with uric acid in the same ratio (1:5) without
nickel nitrate was also thermally annealed to yield nitrogen-
doped graphene named NGr. GO mixed with nickel salt in the
absence of uric acid in the ratio of 1:0.5 under the same
conditions was named Ni/Gr and used as a reference.

Characterization

The microstructures and morphology of the synthesized
samples were investigated by Field Emission Scanning Electron
Microscopy (FESEM, Zeiss ULTRA Plus) and High Resolution
Transmission Electron Microscopy (HRTEM, JEOL 2200FS) with
an acceleration voltage of 200 kv. X-ray diffractometry (XRD)
was performed on a Shimadzu S6000 equipped with Cu Ka
radiation (A = 0.154 nm) with a resolution of 0.02°. Raman
spectra were collected with a Renishaw inVia Raman Spec-
trometer with a laser wavelength of 514 nm. X-ray photoelectron
spectroscopy (XPS) analyses were performed using an ESCA-
LAB250Xi (Thermo Scientific, UK) with a monochromated Al Ko.
(energy 1486.68 eV) source operating at 150 W (13 kV x 12 mA)
under a vacuum of 2 x 10~° mbar. The analysis spot was 500
um in diameter. The binding energies were referenced to the
adventitious hydrocarbon C 1s signal at 284.9 eV.

Electrochemical measurements

For electrochemical characterization and measurements, Ni/
NGr, Ni/Gr and NGr were deposited from a 1 mg mL ™"
mixture, prepared by sonication in degassed isopropanol, on
a glassy-carbon electrode. The glassy-carbon working electrode
was polished mechanically with a slurry of 0.05 um alumina
particles to obtain a mirror-like surface, washed with Milli-Q
water and acetone, and allowed to dry. It was then tested in
a three-electrode cell, using platinum wire as the counter elec-
trode and a Ag/AgCl, KCl (3 M) electrode as the reference elec-
trode. Measurements were taken using a Bio-Logic SP300
potentiostat. The binding agent was 0.5 wt% Nafion for elec-
trocatalytic measurements.

The electrocatalytic properties were evaluated by rotating
disk electrode (RDE) experiments in an O,-saturated 0.1 M KOH
solution. First, the oxygen-reduction capability was assessed by
comparing cyclic voltammetric curves measured in argon- and
oxygen-saturated electrolytes. Linear sweep voltammetry curves
were recorded over the potential range of 0.0 to —0.8 V at a scan
rate of 10 mV s~ " at ambient temperature and at rotation speeds
of 100-2000 rpm. OER activity was measured by linear sweep
voltammetry in the potential window ranging from 1.0 to 1.8 V
versus the reversible hydrogen electrode (RHE) scale by adding
a value of 0.964 V. The HER activity was investigated in 0.1 M

This journal is © The Royal Society of Chemistry 2018
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KOH and 0.1 M H,SO, solution and the HOR properties were
evaluated in 0.1 M NaOH electrolyte in the presence of hydrogen
peroxide solution. Commercial Pt/C (20 wt%) and Ru/C
(20 wt%) in Nafion solution with the same loading amount
were taken for comparison.

Results and discussion

In the single pot synthesis of nickel nanoparticles embedded in
nitrogen-doped graphene (Scheme 1), graphene oxide, uric acid
and nickel nitrate were mixed together in water (in a ratio of
1:5:0.5 by mass at the mg scale), and then stirred continu-
ously at 80 °C to remove the water. The nickel nitrate salt and
uric acid dispersed and adsorbed on the graphene oxide surface
during the mixing. Uric acid has been reported as a solid
nitrogen precursor which can be doped in the graphene lattice
with a high atomic percentage of N in all the possible configu-
rations.”® The nickel salt was reduced at high temperature to
form nickel/nickel oxide nanoparticles. The oxygen groups in
graphene oxide and uric acid contributed to form nickel oxide
along with nickel nanoparticles on the graphene surface.

The morphology, structure and graphitic layers of the ob-
tained Ni/NGr were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The SEM images of Ni/NGr showed a laminar
morphology of graphene and the nanoparticles of nickel of
approximately 50 nm are easily visible situated on the edges as
well as inside the graphene layers (Fig. 1a). To further charac-
terize the surface of the nanocomposite, a low-magnification
TEM image was obtained and it showed highly distributed
nickel and nickel oxide nanoparticles embedded in the trans-
parent stacked graphene sheets in the range of 5 to 50 nm
(Fig. 1b). To investigate the proper distribution of nickel
nanoparticles on the graphene sheet, high-angle annular dark
field (HAADF) STEM was applied. The bright-field STEM image
shows the distribution of nickel nanoparticles on the graphene
sheet in the 5-50 nm range and the small particles are
embedded into the graphene layers (Fig. 1c). The corresponding

Nickel Nanoparticles Embedded N-Gr as
Quadrafunctional Electrocatalyst

COOH
Single Pot Mixture of Graphene
Oxide, Uric Acid and Nickel Nitrate

Scheme 1 Schematic diagram of the formation of Ni/NGr via the
thermal annealing of graphene oxide with uric acid and nickel nitrate.

This journal is © The Royal Society of Chemistry 2018

Sustainable Energy & Fuels

Fig. 1 (a) SEM image of Ni/NGr, (b) TEM image of Ni/NGr, (c) bright-
field STEM image of Ni/NGr, (d) HAADF-STEM image showing highly
distributed nickel nanoparticles on graphene, (e) HRTEM image
showing lattices of nickel and nickel oxide nanoparticles embedded
into the graphene lattice and (f) the corresponding FFT image of Ni/
NGr showing adjacent nickel atoms with the hexagonal graphene
pattern.

HAADF image (Fig. 1d) clearly shows the bright spots of nano-
particles well dispersed in the carbon matrix. The high-
resolution transmission electron micrograph (HRTEM)
combined with STEM-EDS clearly verifies the formation of
nanoparticles onto graphene sheets (Fig. 1e). The lattice fringes
with widths of 2.0 and 1.7 A are assigned to the (111) and (200)
crystal planes of fec structures of pure Ni respectively and the
lattice fringes with a width of 2.4 A are assigned to the (110)
crystal planes of NiO.>® The lattice fringes with a width of 3.4 A
are the crystal planes of NGr. Interestingly, different crystal
planes of the lattice fringes with a width of 3.7 A are observed,
which are close to the (200) crystal planes of Ni(NOj3),.** The
presence of nanometer sized Ni(NOs), can provide insight into
the formation mechanism of nickel and nickel nitrate nano-
particles by thermal annealing of nickel nitrate salt supported
by graphene layers. During the annealing, the salt becomes
encapsulated inside the graphene layers and starts reducing at
high temperature to form nanostructured nickel and nickel
oxides; however, a small portion remains unreacted for encap-
sulation inside the graphene layers and forms the (200) crystal
planes of nickel nitrate nanoparticles. The corresponding fast
Fourier transformation (FFT) image revealed the highly

Sustainable Energy Fuels, 2018, xx, 1-9 | 3
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crystalline nature of the composite (Fig. 1f). The FFT image is
similar to the electron diffraction pattern with the difference of
the investigated area size and the way of producing it. The well-
defined diffraction spots and rings in the FFT image confirmed
that the sample was comprised of a hexagonal carbon lattice
typical of graphene-like materials and a comparatively bigger
spot of nickel was clearly identified adjacent to the hexagonal
carbon lattice. The STEM-EDS mapping provided further
confirmation and the elemental distribution of Ni/NGr (Fig. 2).
The distribution of carbon, nitrogen and nickel (Fig. 2b-e)
demonstrated the dominant metallic Ni with nitrogen on the
carbon. Based on the STEM images, the regular distribution of
nickel nanoparticles embedded on nitrogen-doped graphene
layers was clearly visible. The presence of some oxygen on nickel
in the EDS-mapping (Fig. 2f) indicates the formation of nickel
oxide along with nickel nanoparticles. The overall mapping of
all the elements (Fig. 2f) shows the position of the elements and
the presence of nickel and nickel oxide particles on the gra-
phene layers. The TEM-EDS elemental line profile further
confirms the presence of C, O, N and Ni on the surface (Fig. S3
and S47).

The XRD patterns of Ni/NGr and NGr (Fig. 3a) indicated
a slight shifting of the graphene peak corresponding to Ni/NGr
at around 24.0° from the graphene peak of NGr at 26.5°, which
corresponded to an interlayer spacing 0.370 nm larger than the
usual interlayer spacing of NGr (0.33 nm) calculated at 27° due
to the encapsulation of nickel nanoparticles inside the gra-
phene layers which alters the interlayer spacing. The peak of Ni/

100 nm .

Fig. 2 (a) Enlarged selected area for STEM-EDS mapping, (b) STEM-
EDS mapping of C, (c) STEM-EDS mapping of N, (d) STEM-EDS
mapping of Ni, (e) STEM-EDS mapping of O, and (f) STEM-EDS
mapping of all of these elements.
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Fig. 3 (a) XRD patterns of Ni/NGr and NGr, (b) XPS survey spectra of

Ni/NGr and NGr, (c) N 1s XPS spectrum of Ni/NGr and (d) Ni 2p XPS
spectrum of Ni/NGr.

NGr at 38.4, 44.5 and 51.8° belong to fcc NiO (110), fee Ni (111)
and fcc Ni (200) respectively, which matched with the crystal
structure calculated from the HRTEM image (Fig. 1e). The XRD
pattern of Ni/Gr was also compared to Ni/NGr (Fig. S7). From
the comparison it was observed that the graphene peak of Ni/Gr
is situated at 27°, similar to NGr with an interlayer spacing of
0.33 nm. Here, uric acid functioned as the carbon skeleton
preventing the nickel nanoparticles from agglomerating and
instead causing them to distribute uniformly in the graphene
layer during the annealing process at high temperature.** The
presence of NiO nanoparticles with Ni nanoparticles in both of
the composites of Ni/NGr and Ni/Gr was confirmed from the
XRD pattern; however the fcc Ni (111) dominates in the Ni/Gr
sample. The Ni/NGr and NGr samples were further character-
ized by Raman spectroscopy at an excitation wavelength of
514 nm under ambient conditions. As shown in Fig. S67 the G
peaks of Ni/NGr, Ni/Gr and NGr occurred between 1582 and
1598 cm ™' indicating defect formation due to nitrogen doping
as well as thermal treatment. The broad peak at 518 cm ™" in Ni/
NG and Ni/Gr confirms the presence of nickel oxide on the
surface, which was absent in NGr.

To characterize the elemental composition and nitrogen
content in the Ni/NGr and NGr samples, X-ray photoelectron
spectra (XPS) of the materials were measured. A comparison of
the spectra of Ni/NGr and NGr showed an increment of nitrogen
content in Ni/NGr due to the contribution of nitrogen in the
nickel salt and an obvious Ni 2p peak for nickel and nickel oxide
(Fig. 3b). The deconvolution of the N 1s peaks (Fig. 3c) showed
the presence of five nitrogen configurations. Both Ni/NGr and
NGr contained primarily (>40%) pyridinic nitrogen, ~15%
pyrrolic N, 35% graphitic N and minor amounts (<10%) of N-
oxides and pyridinic N-H. The total nitrogen content in Ni/
NGr was 8.1 at%, and in NGr it was 7.6 at%. The efficient
doping of nickel (0.56 at%) as Ni 2p spectra arising from the
multi-electron excitation in the main peak along with the
satellite peak in the Ni 2p core-level spectra was observed
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(Fig. 3d). The deconvolution of the Ni 2p;z, peak of Ni/NGr
(Fig. S8t) showed peaks at around 854.7 eV, 855.9 eV and
860.8 eV corresponding to NiO, NiOOH and B-Ni(OH),, respec-
tively.*>>* The peak formed at 864.8 eV was the satellite peak of
NiO.** The Ni 2p3, spectra of Ni/Gr indicated the presence of
metallic nickel from the peak at around 852.9 eV, the NiIOOH
peak at 855.7 eV, the B-Ni(OH), peak at 860.3 eV and the satellite
peak of Ni 2p at 863.9 eV (Fig. S91). The XPS peak at 854.7 eV
corresponding to NiO was absent in Ni/Gr.

The thermogravimetric analysis curves of Ni/Gr and Ni/NGr
(Fig. S10 & S117) provide the weight percentages of the nickel/
nickel oxide in the composites. From the thermogravimetric
analysis (TGA) it was measured that both of the composites
contain around 40 wt% of nickel. In addition, the decomposi-
tion behaviour of Ni/Gr showed rapid weight loss after 700 °C
for removal of oxygen groups whereas the Ni/NGr showed step-
by-step weight loss for decomposition of uric acid and
deoxygenation.

Electrocatalytic activity towards the oxygen reduction reaction
(ORR)

The electrocatalytic activity of Ni/NGr as an electrocatalyst is
evaluated for the oxygen reduction reaction (ORR) under alka-
line conditions. The electrocatalytic activities are investigated
using rotating disk electrodes (RDEs). Fig. 4a shows the linear
sweep voltammograms of Ni/NGr at different rotation
frequencies, all measured at a scan rate of 10 mV s~ " in oxygen-
saturated 0.1 M KOH(aq). Ni/NGr produced a positive onset
potential of +0.82 V and a highest current density of —5.0 mA
em ? at a rotation frequency of 2000 rpm. Further RDE
measurements (Fig. 6b) were thus used to calculate, using the
Koutecky-Levich equation (eqn (1)),?° the number of electrons
transferred to an oxygen molecule by the Ni/NGr electrode.
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Fig. 4 (a) Linear sweep voltammograms (LSVs) of Ni/NGr at different
rotation frequencies at a scan rate of 10 mV s ! in O,-saturated 0.1 M
KOH(aq). (b) Koutecky—Levich plots of Ni/NGr at electrode potentials
of 0.3,0.4 and 0.5V vs. RHE. (c) Comparison of LSV plots of Ni/Gr, NGr,
Ni/NGr and Pt/C at 1600 rpm. (d) Stability test of Ni/NGr in chro-
noamperometry for 25 000 s.
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1 y1/e 1
TN R (1)
J  020FC,D, w2 Jx

In the Koutecky-Levich equation, J, Jx, and J; are the
measured current density, the kinetic-limiting current density
and the diffusion-limiting current density, respectively; w is the
angular velocity of the disc, 7 is the overall number of electrons
transferred in the oxygen reduction, F is the Faraday constant
(96 485 C mol ™), C, is the bulk concentration of oxygen (1.2 x
10~° mol em™?), D, is the diffusion coefficient of oxygen in
0.1 M KOH(aq) (1.9 x 107° ecm?* s "), v is the kinetic viscosity
(0.01 cm® s') and 0.2 is a constant that is valid when the
rotation speed is expressed in rpm.

The Koutecky-Levich plots of J~* vs. w™*? at potentials of
+0.3, +0.4 and +0.5 V on the Ni/NGr electrode (Fig. 4b) show
good linearity (R*> = 0.998). The electron transfer number was
3.7-3.9 in the potential range of 0.3 to 0.5 V, which indicated
a four-electron process as the preferred pathway. A comparison
of the linear sweep voltammetry curve of Ni/NGr with those of
NGr, Ni/Gr and Pt/C (Fig. 4c) reveals the superior onset potential
and current density of Ni/NGr compared to NGr and Ni/Gr. The
Ni/Gr demonstrated poor ORR activity as neither the graphene
nor pure nickel nanoparticles have good ORR properties,* but
in the case of Ni/NGr, the presence and distribution of nickel
nanoparticles inside the nitrogen-doped graphene layers play
crucial roles in the formation of a three-dimensional structure.
The half-wave potential of Ni/NGr is found to be 0.62 V which is
much lower than that of the benchmark Pt/C (0.8 V) but
comparable with those of Ir/C (0.69) and RuO/C (0.68) (Table T1
in the ESIt). However the kinetic current density (4.6 mA cm™?)
is comparatively closer to the kinetic current density of Pt/C (5.2
mA cm ™ 2). Even though pure nickel is not a good catalyst for the
ORR, the presence of nickel oxide with highly catalytically active
sites of nitrogen-doped graphene enhanced the adsorption of
oxygen in the solution and thus improved the kinetic current
density.*® The electrocatalytic stability of Ni/NGr was also
investigated by continuous chronoamperometric measure-
ments at a constant potential of +0.6 V (Fig. 4d). The increment
of current density was observed with the addition of oxygen to
the solution as well as keeping the rotation speed at 200 rpm. A
constant current density curve after stabilization was observed
for a long cycle time and even at 25 000 s around 91% of its
initial current density was retained.

Electrocatalytic activity towards the oxygen evolution reaction
(OER)

Based on the efficient electrocatalytic OER activity of nickel
nanoparticles*® and nitrogen-doped graphene,"** the OER
properties of the hybrid electrode material of Ni/NGr are
investigated by sweeping the RDE potential from 1.0 to 2.0 V.
From the LSV curves of Ni/NGr, Ru/C, NGr, Ni/Gr and Pt/C
plotted in Fig. 5a, the onset potentials were measured to be
1.48, 1.46, 1.56, 1.49 and 1.68 V respectively. The potentials for
a current density of 10 mA cm™? for Ni/NGr, Ru/C, NGr, Ni/Gr
and Pt/C were evaluated at 1.62, 1.64, 1.76, 1.78 and 1.88 V
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Fig. 5 (a) Linear sweep voltammograms (LSV) of Ni/NGr, Ru/C, NGr,

Ni/Gr and Pt/C at a scan rate of 10 mV s~tin 0.1 M KOH(aq). (b) The
Tafel plots of Ni/NGr, Ru/C and Pt/C. (c) LSV curves of Ni/NGr and Pt/C
on an RDE (1600 rpm) in O,-saturated 0.1 M KOH(aq) at a scan rate of
10 mV s~! showing the electrocatalytic activities towards both ORR
and OER. (d) Comparison of LSV curves of Ni/NGr initially and after
1000 cycles for the OER.

respectively as the potential required to oxidize water at the
current density of 10 mA cm ™2 is used to judge the OER activity.
Therefore, Ni/NGr exhibited a similar onset potential and lower
potential to oxidize water at the current density of 10 mA cm™>
compared to Ru/C (one of the best electrocatalysts for the OER
at present) and they were superior to those of Pt/C. Even though
the Ni/Gr showed low onset potential the LSV curve indicated
a two-step process due to the poorer electrocatalytic properties
of graphene. The Tafel slopes for Ni/NGr, Ru/C and Pt/C were
about 98,109 and 238 mV per decade respectively indicating the
better OER activity of Ni/NGr (Fig. 5b). The high exchange
current density and smaller Tafel slope indicated that the OER
facilitated a kinetically more efficient pathway compared to
RuO/C and Pt/C. The high distribution of nickel nanoparticles
along with the high atomic percentage of nitrogen including
a high percentage of pyridinic N and graphitic N on the edges of
the surface creates active sites for efficient bi-catalysis reaction
for oxygen reduction and evolution. The atomic doping of nickel
with the configurations of NiO, NIOOH and B-Ni(OH), played
a crucial role to enhance the intrinsic catalytic activity of the
composite.’**” Upon comparison of bifunctional -electro-
catalysis with Pt/C measured using LSV plots obtained at
1600 rpm in oxygen-saturated 0.1 M KOH (Fig. 5c¢), a compa-
rable ORR with a four electron transfer pathway and better OER
activity of Ni/NGr were observed. In the ORR, the onset potential
and current density of Ni/NGr were lower than those of
commercial Pt/C as it is the state-of-the-art ORR electrode;
however in the OER the good catalytic activity of Ni/NGr was
revealed by its lower onset potential and higher current density
than Pt/C.

The OER and ORR activities of Ni/NGr are also superior to
those of Ru/C, as the ORR activity of Ru/C is poor compared to
that of Pt/C and nitrogen-doped carbons.*® The electrocatalytic
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stability of Ni/NGr for the OER is also evaluated and almost
similar properties are observed after 1000 cycles (Fig. 5d). Thus
this active material can be a potential platform for developing
bifunctional electrocatalysts for metal-air batteries and water
splitting.

Electrocatalytic activity towards the hydrogen evolution
reaction (HER)

After observing the efficient ORR and OER electrocatalytic
properties of Ni/NGr, the electrodes were assessed in nitrogen-
saturated 0.1 M KOH electrolyte using a typical three-electrode
cell at room temperature to evaluate the hydrogen evolution
reaction (HER) properties. NGr, Ni/Gr and Pt/C catalysts with
the same mass loading on a glassy carbon electrode were
examined for comparison. The linear sweep voltammetry curves
of Ni/NGr, NGr, Ni/Gr and Pt/C (Fig. 6a) at a scan rate of 5 mV
s~ in 0.1 M KOH solution demonstrated electrocatalytic activity
towards the HER.

Commercial Pt/C shows the best HER activity and Ni/NGr
shows comparable HER activity close to that of Pt/C (Fig. 6a)
in alkali medium. NGr shows poor activity toward the HER. Ni/
Gr showed better HER electrocatalysis activity for water splitting
compared to NGr as the Ni/NiO interface exhibits efficient
hydrogen evolution electrocatalysis.*® The superior activities of
Ni/NGr indicate that the active sites in Ni/NiO/NGr are associ-
ated with Ni, NiO and N. The nitrogen doping influences the
HER activity of the Ni/NiO nano-interface for enhanced elec-
trocatalysis. The HER activity of the electrodes was also inves-
tigated in acidic 0.1 M H,SO, electrolyte (Fig. 6b) and the
electrodes were found to be more active in acidic media. The
potential for generating a current density of —20 mA cm™? for
Ni/NGr is —0.18 V vs. RHE which is superior to that reported for
Co-NG." The Tafel plots in alkali medium show a Tafel slope of
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Fig. 6 (a) Linear sweep voltammograms (LSVs) of Ni/NGr, NGr, Ni/Gr

and Pt/C at a scan rate of 5 mV s~* in argon-saturated 0.1 M KOH(aq).
(b) LSV curves of Ni/NGr, NGr, Ni/Gr and Pt/C ata scan rate of 5mV s*
in argon-saturated 0.1 M H,SO4(aq). (c) The Tafel plots of Ni/NGr and
Pt/C in 0.1 M KOH(aq). (d) The Tafel plots of Ni/NGr and Pt/C in 0.1 M
H2504(aq).
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166 mV per decade for Ni/NGr and 92 mV per decade for Pt/C
(Fig. 6¢) but in the acidic medium the Tafel plot of Ni/NGr is
38 mV per decade close to Pt/C (32 mV per decade) (Fig. 6d). The
small Tafel slope of Ni/NGr showed its efficiency of hydrogen
evolution in acidic media by the active electrocatalytic nano-
interface of metal/nitrogen-doped graphene. The interaction
of nitrogen with nickel and the presence of nickel oxide, the N-
Gr/Ni/NiO nano-interface might be the synergistically active
sites for HER catalysis both in the acidic and alkaline media. In
alkaline media, the HER pathway could be through the Volmer-
Heyrovsky process or Volmer-Tafel pathways.**

H,O + e — H,4 + OH™ (Volmer) and

Hads + Hads - HZ (Tafel) (2)
H,O + ¢~ — H,q + OH™ (Volmer) and
H,O + H,qs + €& — H, + OH™ (Heyrovsky) 3)

Both pathways involve the adsorption of an H,O molecule,
electrochemical reduction of the adsorbed H,O into adsorbed
OH™ and a H atom, desorption of OH™ to refresh the surface
and formation of a H adsorbed intermediate for H, generation.
The H atom binding energy of Ni metal is close to that of Pt;
however the HER catalytic activity is worse compared with Pt.*®
The exact nature of the HER of nickel/nickel oxide on nitrogen-
doped graphene is still unknown. Therefore, we assume that the
nature would be similar to the proposed mechanism for het-
erostructured NiO/Ni hybrid as OH™ generated by H,O splitting
could preferentially attach to the nitrogen-doped graphene/NiO
site at the interface due to strong electrostatic affinity to the
locally positively charged Ni** species and more unfilled
d orbitals in Ni** than in Ni metal, while a nearby Ni site would
facilitate H adsorption and thus the Volmer process, imparting
synergistic HER catalytic activity to Ni/NiO-NGr.**

Electrocatalytic activity towards the hydrogen peroxide
oxidation reaction (HPOR)

The recent attention on developing hydrogen peroxide fuel
cells, hydroxide exchange membrane fuel cells and fuel cells for
outer space and underwater applications requires efficient
noble metal free electrodes for the hydrogen peroxide oxidation
reaction (HPOR).*** Due to the multifunctional roles of
hydrogen peroxide in fuel cells as a liquid oxidant, fuel for one-
compartment or membraneless fuel cells, source of oxygen in
an air-free environment and for avoiding water flooding, the
importance of the use of hydrogen peroxide for developing
advanced fuel cells is highly crucial, and thus the development
of efficient noble-metal free electrocatalysts.**** Nickel sup-
ported nitrogen-doped carbon nanotubes and nickel deposited
carbon fiber had been demonstrated to exhibit promising
electrocatalytic properties for hydrogen peroxide oxidation
reaction (HPOR) activity respectively.**** Observing the HPOR
activity of nickel deposited carbon material, the HPOR activity
of the synthesized Ni/NGr is also explored. The cyclic voltam-
mograms of Ni/NGr in argon saturated 0.1 M NaOH solution
without adding any hydrogen peroxide showed a linear feature
without any oxidation or reduction peak, and a broad

This journal is © The Royal Society of Chemistry 2018
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electrooxidation peak of hydrogen peroxide at around 0.96 V
associated with a small hydrogen peroxide reduction peak at
0.85 V was observed after adding 0.5 mM solution of hydrogen
peroxide (Fig. 7a).

Linear sweep voltammetry was applied to investigate the
effects of current density with the raising of concentration at
a rotation frequency of 1600 rpm. The increment of current
density for the HPOR as well as hydrogen peroxide reduction
reaction (HPRR) was observed with the increment of concen-
tration (Fig. 7b). The adsorption of the oxygen generated in the
HPOR process and the peroxide ions on the transition metal/
metal oxide surface was attributed to the high current
density.*” Increments of current were also observed in Fig. 7c
with the increments of rotation frequency in the solution of
0.1 M NaOH with 4 mM H,0,. In alkaline media, the HPOR
takes place to form oxygen, water and electrons according to the
following mechanism,*

HO; + OH™ — O, + H,O + 2e~ (4)
In addition, the HPRR takes place in alkaline media
according to

O, + 2H,0 + 4~ — 40H™ (5)

The comparison of Ni/NGr with Ni/Gr and Pt/C for the HPOR
and HPRR in Fig. 7d indicates the superior current density of
Ni/NGr than Pt/C at a rotation frequency of 1600 rpm in argon
saturated 0.1 M NaOH solution with 4 mM H,O,. The Ni/Gr
exhibits comparatively poor HOR and HPRR activity due to
the poor electrocatalytic properties of graphene. The high
current density observed for the HPRR at lower potential is due
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Fig. 7 (a) Cyclic voltammograms (CV) of Ni/NGr in argon-saturated
0.1 M NaOH(aq) in the absence and presence of H,O,, (b) LSV curves
of Ni/NGr at a scan rate of 5mV st in argon-saturated 0.1 M NaOH(aq)
with different concentrations of H,O,, (c) the LSV curves of Ni/NGr at
different rotation frequencies at a scan rate of 5 mV s~* in argon-
saturated 0.1 M NaOH(aq) with 4 mM H,O,, (d) LSV curves of Ni/NGr
and Pt/C on an RDE (1600 rpm) in argon-saturated 0.1 M NaOH(aq)
with 4 mM H,O, at a scan rate of 5 mV s~ showing electrocatalytic
activities towards both HPOR and HPRR.
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to the lower activation energy of the hydrogen peroxide reduc-
tion reaction compared to the oxygen reduction reaction of
oxygen molecules. The fast kinetics and large current density of
the hydrogen peroxide reduction reaction might be associated
with the comparatively lower energy required for breaking the
single oxygen bond (146 kJ mol ") in hydrogen peroxide than
the double oxygen bond (494 k] mol™ ') in oxygen molecules.**
Thus the nanostructured Ni/NGr shows remarkable electro-
catalytic activity for the HPOR associated with the HPRR in
hydrogen peroxide and can be a promising electrode for the
development of reversible and one compartment hydrogen
peroxide based fuel cells.

Conclusions

In conclusion, we report a single pot synthesis of nickel and
nickel oxide embedded N-doped graphenes (Ni/NGr) with high
electrocatalytic activity. The superior electrochemical activities
for the ORR, OER, HER and HPOR are attributed to the syner-
gistic effect of the high atomic percentage of nitrogen including
edge N atoms and Ni. The efficient atomic percentage of nickel
doping on the carbon lattice of graphene contributes to single
atom catalysis along with the embedded nickel/nickel oxide
nanoparticles on the nitrogen-doped graphene surface. The
quadrafunctional electrocatalytic activities of the composite for
the ORR, OER, HER and HPOR demonstrate the applicability of
this nanostructured electrode material for developing multi-
functional energy storage and conversion devices such as
reversible fuel cells, metal-air batteries, hybrid energy storage
systems, platinum-free electrolyzers for complete water splitting
and hydrogen peroxide based one compartment fuel cells.
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