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Due to the increasing energy consumption, designing efficient electrocatalysts for electrochemical
water splitting is highly demanded. In this study, we provide a facile approach for the design and
fabrication of efficient and stable electrocatalysts through wet chemical methods. The carbon
material, obtained by the dehydration of sucrose sugar, provides high surface area for the
deposition of NiO nanostructures and the resulting NiO/C catalysts show higher activity towards the
OER in alkaline media. During the OER, a composite of NiO with 200 mg C can produce current
densities of 10 and 20 mA cm™ at a bias of 1.45 V and 1.47 V vs. RHE, respectively. Electrochemical
impedance spectroscopy experiments showed the lowest charge transfer resistance and the highest
double layer capacitance in the case of the NiO/C composite with 200 mg C. The presence of C for
the deposition of NiO nanostructures increases the active centers and consequently a robust

electrocatalytic activity is achieved. The obtained results in terms of the low overpotential and small
Received 21st December 2018 Tafel sl f 55 mV dec-t f B . talyst 0 indicati for th ianifi t
Accepted 9th February 2019 afel slope o mV dec or non-precious catalysts are clear indications for the significan
advancement in the field of electrocatalyst design for water splitting. This composite material based

DOI-10.1039/c8ral0472g on NiO/C is simple and scalable for widespread use in various applications, especially in
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1. Introduction

The drastic increase in human population around the globe
has created many challenges related to the energy crisis.
These challenges include the shortage of energy resources
and environmental issues which need to be addressed."?
Electrochemical water splitting is a sustainable technology to
obtain green hydrogen based fuel, particularly if the energy
input is obtained from various renewable energy resources
including wind power, solar energy, and hydropower.>* Two
reactions take place during water electrolysis, namely the
oxygen evolution reaction (OER) at the anode and hydrogen
evolution reaction (HER) at the cathode, which are very
important for the efficient overall water splitting.®> Highly
active electrocatalysts are fundamentally needed for the
efficient electrochemical water splitting process. The
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supercapacitors and lithium-ion batteries.

benchmark catalysts for OER and HER are RuO, and Pt
respectively, but due to their high cost and scarcity, large-
scale practical applications of these are hindered. There-
fore, designing non-precious and low-cost catalysts is very
important from both the academic and industrial application
perspective. Numerous experimental and theoretical studies
have been carried out for the fabrication of non-precious
catalysts using earth-abundant materials.® Recently, exten-
sive research is going on the first-row transition metal oxides
that show promising catalysis properties for electrochemical
water splitting.””® Water electrolysis is heavily constrained by
kinetically slow OER process due to the unfavorable nature of
removing four electrons to produce oxygen molecule.*
Therefore, numerous efforts are taken to design catalysts for
efficient water electrolysis with emphasis on OER activity.
Among them, the oxides of Co, Fe, Ni, Mn'"* or their
hydroxides layers,"*** spinels,’® and perovskites'”* have
been widely investigated for OER. The major drawback of
these metal oxides is their poor electrical conductivity and
small number of active edges. Therefore, carbon materials
such as carbon nanotubes and graphene that have high
surface area and conductivity show a perfect platform to
support the metal oxides for the design of active OER elec-
trocatalysts.?*>*> However, the fabrication process of carbon
nanotubes and graphene is complicated and expensive, thus
a simple approach for the provision of carbon materials as
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a support to the metal oxides is highly needed in order to
realize the practical OER applications.

Herein, we have developed a simple strategy for the synthesis
of carbon material by the dehydration of sucrose sugar using
5 M concentrated sulfuric acid. The carbon material was further
used as a support to NiO nanostructures and proved itself as an
excellent candidate for the OER. The composite material is
characterized by SEM, EDS, XRD, and FTIR techniques. The
developed electrocatalysts show a low overpotential for OER and
generate a significant amount of current density. The NiO/C
electrocatalysts can be used for the large-scale applications
and the proposed strategy is promising for the design of new
functional composite materials for energy-related applications.

2. Materials and methods

Nickel sulfate hexahydrate, hexamethylenetetramine, sulphuric
acid, potassium hydroxide, ethanol, and sucrose sugar of high
purity of 99.5% were used as obtained from Sigma Aldrich,
Pakistan. The deposition of NiO nanostructures on carbon
material is based on three steps. Firstly, the carbon material was
obtained from the sucrose by reacting it with the concentrated
sulphuric acid. The carbon material was treated with the
deionized water for removing the unwanted particles, then
washed with the absolute ethanol and dried in an electric
furnace at 60 °C for overnight. Secondly, the nickel hydroxide
nanostructures were fabricated on the carbon material using
various carbon contents. The precursor solution was prepared
in 100 mL of the deionized water using 0.1 M nickel sulfate
hexahydrate and 0.1 M hexamethylenetetramine. Then
increasing amounts of carbon such as 100, 200, 300, and 400 mg
were added to the precursor solution. The beakers were covered
with the aluminium foil and left in a preheated electric oven at
95 °C for 5 hours. After that period, the samples were collected,
and the nanostructured product was obtained by the filtration.
The product was washed several times with the deionized water
and dried at room temperature. In the third step, the nickel
hydroxide products were calcinated at 500 °C for 3 hours.
Finally, the samples with different contents of carbon were
labelled as 1, 2, 3, 4 for 100, 200, 300, and 400 mg, respectively.
The structural features of the composite material were studied
by JEOL scanning electron microscopy (Hitachi model H-800) at
an accelerating voltage of 15 kV. The crystalline structure was
investigated by the Philips powder X-ray diffraction technique at
room temperature. The chemical composition of nano-
structured NiO was evaluated by energy disprove spectroscopy
(EDS) and carbon to NiO interaction by Fourier transform IR
technique.

The electrochemical measurements were carried out in N,
saturated 1 M KOH solution at room temperature. The satura-
tion of 1 M KOH solution with nitrogen gas for 30 min. The
catalysts ink was prepared in the mixture of deionized water and
5% as glutaraldehyde as binder using 10 mg of each catalyst.
The surface of the glassy carbon electrode was polished with
0.05 um alumina powder and rubbed several times with silica
and washed with deionized water. After drying the electrode at
60 °C in the oven and then was used for the deposition of 10 p
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litre of catalyst ink by drop casting method. The modified glassy
carbon electrode with catalyst was used as the working electrode
and silver-silver chloride (Ag/AgCl) as the reference electrode
and the platinum wire was used as a counter electrode. Linear
sweep and cyclic voltammetry were used as primary modes for
the functional characterization. Electrochemical impedance
spectroscopy was used to study the kinetics of oxygen evolution
reaction (OER) in the frequency range 100 kHz to 0.1 Hz and
amplitude of 10 mV and at 1.45 V vs. RHE (reversible hydrogen
electrode) in 1 M KOH electrolyte. The double layer capacitance
was also estimated using cyclic voltammetry (CV) at different
scan rates in the non-faradaic region at 0.95 V vs. RHE. The
slope of the linear plot of the average of anodic and cathodic
currents on the scan rate corresponds to the double layer
capacitance.”* All the potentials are reported after iR drop into
(RHE). The iR drop was estimated through the ac impedance
spectra from 50 kHz to 0.1 kHz and a voltage of 10 mV in 1 M
KOH. The real part of the resistance at 1 kHz was considered as
the solution resistance and was corresponded to the measure
the iR compensation of the working electrode.>**”

3. Results and discussion

3.1. The structural and morphological characterization of as
prepared advanced electrocatalysts

The morphological features of pristine NiO and carbon mate-
rials were investigated by scanning electron microscopy (SEM)
as shown in Fig. 1. A low magnification image of as obtained
carbon is shown in Fig. 1(a), which indicates that carbon
exhibits nanoskeleton structure. However, the pristine NiO
prior to the deposition on carbon is a mixture of porous and
spherical particles shape as shown in Fig. 1(b). After the depo-
sition of NiO on nanoskeleton carbon, the ball shape-oriented
nanoparticles show negligible alteration on various contents
of carbon as shown in Fig. 1(c and d). This indicates that the
variation of carbon content does not bring any considerable
change in the shape orientation of NiO nanostructures. The
crystalline structure, composition and phase purity of as ob-
tained crystals of NiO, carbon and NiO/C composite catalysts
were evaluated by X-ray diffraction (XRD) technique. The XRD
patterns for the pristine NiO and its composite with various
carbon content are shown in Fig. 2. The XRD patterns shown in
Fig. 2(a) corresponds to the pristine NiO and for samples 1, 2, 3,
and 4 are depicted in Fig. 2(b-e) respectively. All the samples
exhibited cubic phase and no any other impurity was found. All
the diffraction patterns are purely coming from the NiO nano-
material and well matched to the standard JCPDS card no. 96-
101-0096. However, the carbon material has shown a broad
reflection peak close to 25 theta degree which clearly indicates
its poor crystalline features, as shown in S1.f Beside the NiO
diffraction patterns few of the weak reflections for «-Ni (OH),
are also found and they are in good agreement with the stan-
dard JCPDS card no. (JCPDS 22-0444).

Fig. 3 shows the chemical bonding features of NiO with
various content of carbon, pristine nanoparticles NiO and
carbon itself by the Fourier transform IR (FTIR) technique. The
bands at 2347 cm ™' are mainly coming from the CO, as the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Scanning electron microscopy images of various catalyst based on NiO/C composites, (a) pure carbon, (b) pristine NiO, (c) sample 1, (d)

sample 2, (e) sample 3, (f) sample 4 NiO/C composites respectively.

sample for FTIR measurement was prepared under normal
atmospheric conditions. The bands at 1640 cm™ " of pure NiO
are assigned to the vibration of the C=C. The characteristic Ni-
O chemical bond is found between 477 to 681 cm™*, however in
this study we found two shoulder peaks at 615 and 681 cm ™"
which are assigned to Ni-O stretching vibration. All the band
shifts in frequency values reveals a strong interaction between
carbon and NiO materials.****

The chemical composition of the prepared composite
materials was also evaluated by energy dispersive spectroscopy
(EDS) and it has confirmed the presence of carbon, Ni and O as
main elements which strongly supports the FTIR and XRD
analysis. The EDS spectra are shown in S2.}

This journal is © The Royal Society of Chemistry 2019

3.2. Oxygen evolution reaction activity of NiO/C composite

Linear sweep voltammetry (LSV) was used to evaluate the elec-
trocatalytic activity of NiO/C composite in 1 M KOH. Fig. 4
shows the polarization curves of RuO,, bare glassy carbon
electrode, pristine carbon, pure NiO, and NiO/C composites
with different carbon contents at the scan rate of 5 mV s~ *. All
the potentials are reported with respect to a reversible hydrogen
electrode (RHE). A negligible catalytic activity is reported for the
GCE.

It is obvious that NiO/C composites with different carbon
content have shown an enhanced OER activity compared to
the pristine NiO and carbon. The composite samples show
higher OER activity, possibly due to the increased surface

RSC Aadv., 2019, 9, 5701-5710 | 5703
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Fig.2 XRD spectra for various catalysts (a) pristine NiO, (b) sample 1,
(c) sample 2, (d) sample 3, (e) sample 4 NiO/C composites
respectively.

area of composite material and increased conductivity due to
carbon material. Fig. 4(a) shows that NiO/C composite
sample 2 with 200 mg C can produce current densities of 10
and 20 mA cm ™ at an applied potential of 1.45 and 1.47 V vs.
RHE, respectively, showing the highest current values. The
samples 3 and 4 are also very active for OER compared to the
pristine carbon and NiO. This could be attributed to high
content of carbon in sample 3 and 4 that has high density of
active sites, thus the optimized condition for getting the best
OER activity is herein reported for the sample 2. In case of
sample 3, the anodic peak at 1.36 V might be attributed to
Ni** to Ni** oxidation process and at 1.45 V is related to water
oxidation and the obtained results are consistent with the
reported work.*® Generally, the pre-oxidation is assigned to
the M*>" (M-OH; here M is = Ni) to M*" (M-OOH) oxidation
and notice to be in the range of 1.25 to 1.43 V vs. RHE as in
case of sample 3 we found peroxidation peak. We found
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Fig. 3 FTIR study of pure carbon, pristine NiO, NiO 100 mg carbon,
NiO 200 mg carbon, NiO 300 mg carbon, NiO 400 mg carbon.

a little peroxidation peak in RuO, as shown in Fig. 4(a),
however in other samples no peroxidation was seen. It is
found that the peroxidation peaks are very much close to the
OER activity. The height of current or the integrated peak
area related to pre-oxidation peak corresponds to the density
of active sites (M-OOH) on the surface of metal oxide and
consequently it favors the OER activity of an electrocatalyst.
There is a strong relationship between the peroxidation peak
and the composition of an electrocatalyst.?*~**

The samples 1, 3 and 4 require more bias voltage to produce
a current density of 10 mA cm 2. The electrocatalytic perfor-
mance of composite sample 2 with 200 mg C was compared
with noble metal oxide catalyst RuO,. The comparison indi-
cates that RuO, can produce a current density of 20 mA cm 2
at higher applied potential vs. RHE compared to sample 2 as
shown in Fig. 4(a), which also demonstrates that the prepared
NiO/C (sample 2) is highly active for OER and requires lower
potential than RuO,. The OER kinetics was also investigated
via Tafel slope value. It has been shown that the OER mecha-
nism is not fully understood, but generally OER mechanism
on the transition metal oxides was stated by Y. Li et al** in
alkaline media as shown in the following chemical equations:

M*+ OH — M*OH +e~ (a)
M*OH + OH™ — M*O + H,O + ¢~ (b)
M*0O + OH™ — M*OOH + e~ (c)
M*OOH + OH™ — M*0, + H,O + ¢~ (d)
M*0, — M* + O, (e)

Here M* is the active site present on the catalyst. The step (c) is
the rate determining step.

The Volmer reaction, Heyrovsky reaction, and Tafel reaction
are corresponded to the Tafel slope values of 120, 40, and 30 mV
dec™" respectively.?**”

This journal is © The Royal Society of Chemistry 2019
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(a) LSV polarization curves for various catalysts GCE, pure carbon, pristine NiO, sample 1, sample 2, sample 3, sample 4 and RuO, at scan

rate of 5 mV st in 1 M KOH solution at room temperature, (b) the corresponding Tafel slopes from OER polarization curves for various

electrocatalysts.

For a better understanding of excellent OER activity of NiO/C
based composite catalysts (samples 1, 2, 3 and 4) and pristine
NiO, the Tafel slopes were measured from OER polarization
curves. Fig. 4(b) shows that NiO/C composite electrocatalyst
(sample 2) has a Tafel slope value of 55 mV per decade, which is
lower than the pristine NiO, and NiO/C composite electro-
catalysts (samples 1, 3, and 4). The governing OER mechanism
for the sample 2 is the Volmer-Heyrovsky reaction mechanism.
The Tafel slope reflects the rate of change of the current density
with the overpotential.***® A low value of Tafel slope means,
a small increase in the overpotential leads to significant
increase of the obtained current density. The lowest Tafel slope
value was obtained for composite sample 2 with 200 mg C,
which is comparable to the recently published works,***® that
indicates excellent OER activity due to the synergetic effect
produced between the carbon and NiO during the synthesis
process.

To further investigate the superior performance of the
prepared electrocatalysts of NiO with carbon, the double layer
capacitance (Cqj) regarding the several samples was deter-
mined by measuring the non-faradaic capacitive current
associated with double-layer charging in the non-faradic
region from the scan-rate dependence of cyclic voltammo-
grams. All the measured current in the non-faradaic potential
region is assumed to be due to double-layer charging.?*** The
electrochemically active surface area (ECSA) is generally
assumed to be proportional to the double layer capacitance,**
and therefore, the information on the Cy is relevant for the
characterization of OER activity. Fig. 5 shows the cyclic vol-
tammetry (CV) curves at various scan rates in 1 M KOH. From
the cyclic voltammetry curves, double layer charging current is
estimated at a potential of 0.05 V and plotted vs. different scan
rates. After the linear fitting, the value of the slope corre-
sponds to the Cq; (double layer capacitance). The values for the
Cq for the pristine NiO and carbon, NiO/C composite (samples

This journal is © The Royal Society of Chemistry 2019

1, 2, 3 and 4) are shown in Fig. 6. The estimated Cq, values of
pure carbon, pristine NiO, sample 1, sample 2, sample 3, and
sample 4 are 1.7 x 10 %, 4 x 10°°,6.2 x 1073, 2.9 x 10, and
3.6 x 10 % F cm 2, respectively. The highest value of the Cy
(6.2 x 10™* F cm~?) for the composite sample 2 with 200 mg C
agrees with the robust OER activity. The excellent electro-
catalytic activity could be assigned to the great surface
provided by the carbon material for the deposition of NiO
nanostructure which has further improved their catalytic
properties. Further, it supports the charge transfer and
provides easy path to the electrolyte to penetrate within the
structure of NiO/C composite which further easily meet the
active edges of composite electrocatalysts.

Fig. 7(a) show the stability experiments for the sample 2
obtained through various cyclic voltammetry runs at 5 mV
s~ . Electrocatalyst has high capability to retain its activity
for a long time, thus it is suggested that the NiO/C composite
sample (sample 2) can be used for large-scale applications. A
chronoamperometric experiment was performed at 1.45 V vs.
RHE for 5 h (Fig. 7(b)) revealed a significant stability and
further it ensures the capability of the electrocatalyst for
practical applications. The kinetics of oxygen evolution
reaction (OER) at the NiO/C composite electrodes was also
investigated by electrochemical impedance spectroscopy
(EIS). Fig. 8 presents the Nyquist (A) and Bode (B) plots for the
OER at the electrocatalysts at room temperature and under
an applied potential of 1.45 V vs. RHE. All the samples
showed only a well resolved semicircle in the Nyquist plots,
as well as a single peak in the Bode plots, with the corre-
sponding relaxation being assigned to the charge transfer
process. The inset in (A) shows a one time-constant equiva-
lent circuit used to interpret the impedance data, in which Ry
is the ohmic resistance of the solution, R is the charge
transfer resistance, related to the overall rate of the OER, and
Cq1 the double layer capacitance.*** After fitting the

RSC Aadv., 2019, 9, 5701-5710 | 5705
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Fig. 5 Shows the cyclic voltammetry (CV) curves vs. RHE at the different scan rates for the calculation of double layer capacitance of various
electrocatalysts such as pristine NiO, sample 1, sample 2, sample 3, and sample 4 respectively.

impedance data, the parameters R.. and Cq; were obtained, as
presented in Table 1.

The charge transfer resistance, R.;, showed a remarkable
decrease form the sample containing 100 mg of C to that with
200 mg of C, with this one presenting a value of 2 Q cm?, the
lowest charge transfer resistance among all the composite
samples. Increasing the C content to 300 mg lead to
increased charge transfer resistance, and then again to

5706 | RSC Adv., 2019, 9, 5701-5710

a lower value for the 400 mg C sample. Regarding the double
layer capacitance, Cqj, values of the order of 10 ° F cm ™2 were
obtained, inside the range generally obtained for the double
layer capacitance.>**” The increase of the carbon content on
Cq) reveals a similar (inverse) effect to that on the charge
transfer resistance. The samples with 200 and 400 mg C
showed the highest capacitance value of 4.5 x 10>, whereas
the samples with 100 and 300 mg C showed lower values of

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The linear fitting of non-faradic current of various CV curves vs. different scan rates.

2.1 x 107° and 2.6 x 107° F cm™ 2, respectively. Ii is worth
noting that the determination of Cq4 by EIS also lead to
a highest value in the case of sample 2, as obtained before
using the non-faradaic current. The EIS observations suggest
that the increase on the carbon content systematically leads
to the decrease of the charge transfer resistance and the
increase of the double layer capacitance, but with the best
values being obtained for 200 mg C on the material compo-
sition (sample 2), which seems to be in agreement with the

This journal is © The Royal Society of Chemistry 2019

higher catalytic activity of this sample towards the OER, as
discussed above. The performance of sample 2 electrocatalyst
in terms of Tafel slope and an over potential to achieve
a current density of 10 mA ¢cm > is compared with the
recently reported Ni-based electrocatalysts in alkaline
media**~® as given in S1 Table.j It is obvious from the S1
Tablet that the proposed electrocatalyst is more efficient and
can be integrated into practical water splitting devices due to
low over potential.
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Table 1 Fitting parameters obtained from the EIS data for the OER at
the NiO/C composite electrocatalysts

RJ/Q cm?® R./Q cm? Cq/F cm ™2
NiO 100 mg carbon 2.7 11.5 2.1 x 107°
NiO 200 mg carbon 1.6 2.0 4.5 x 1077
NiO 300 mg carbon 2.7 5.0 2.6 x 107°
NiO 400 mg carbon 1.8 2.2 4.5 x 107°

4. Conclusions

We have developed a simple strategy to prepare NiO/C based
composites with the carbon material that is obtained by simple
dehydration of sucrose sugar. The NiO nanostructures are
decorated on carbon through wet chemical method. These
composite electrocatalysts have shown an excellent electro-
catalytic activity towards OER. To best of our knowledge and
available literature, there is no report about the use of carbon
material obtained from the dehydration of sucrose sugar and
combined with NiO nanostructures. The sample 2 with 200 mg
C can produce a current density of 10 mA cm > at the bias
potential of 1.45 V vs. RHE only which is the lowest possible
potential to date. The Tafel slope of 55 mV dec ™" is the lowest
for NiO based catalysts to date. The NiO/C composite material
also exhibits good stability during the OER process. Electro-
chemical impedance spectroscopy experiments confirm the
best performance of the NiO/C composite with 200 mg C, with
this material revealing the lowest charge transfer resistance and
the highest double layer capacitance, which may be associated
with higher electrochemically active surface area. The presence
of carbon in NiO composite results in a swift charge transfer
and consequently leading a robust catalytic activity towards
OER. The findings indicate that the composite has superior
electrochemical properties, therefore, it can be capitalized for
a wide range of energy storage applications such as water
splitting devices, supercapacitors, lithium-ion batteries, and
fuel cells.

This journal is © The Royal Society of Chemistry 2019
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