Ethylene glycol-mediated direct synthesis of nanostructured nickel oxide—carbon
composite material on nickel foam and its electrochemical property
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A convenient ethylene glycol (EG)-mediated one-pot solvothermal route was designed for direct synthesis of nanostructured nickel oxide—
carbon composite material on nickel foam. EG was employed as solvent, complex agent and carbon source. Furthermore, cyclic
voltammetry and constant current charge—discharge measurements confirmed that the composite material electrode displayed good
electrochemical activity with a maximum specific capacitance of 539 F g~ " at a current density of 0.25 A g~ ".

1. Introduction: Considering the urgent demand for electrical
energy storage, much effort has been focused on developing new
electrode material and modifying the synthetic strategies that
could provide desired control for the composition, structure and
morphology of the active electrode material and optimise their
properties thereby [1]. By far, significant advances have been
achieved in the preparation of various types of electrode material
[2]. Among them, transition metal oxides have been extensively
investigated as alternative electrode materials owing to their high
theoretical capacity based on a reversible faradic redox reaction.
Especially, NiO has attracted considerable attention because of its
low toxicity, natural abundance and high theoretical specific
capacity [3—8]. However, the poor electrical conductivity of NiO
limits its rate capability for high power performance, thus
hindering its wide application in energy storage [9].
Consequently, binary composites have been constructed by
loading and/or incorporating carbon materials to the metal oxide
system. On the one hand, the metal oxide/carbon composites
could improve electrical conductivity and mechanical strength
and increase utilisation of active material [10]; on the other hand,
they could enhance storage capacity owing to possible synergetic
effects and other extended derived applications corresponding
with different compositions [11]. For instance, metal oxide/
carbon composites with different morphologies have been
constructed by a variety of approaches, including electrospinning
technique, electrochemical route and solvothermal synthesis etc.
Among these composites, carbon sources were provided by
glucose, polyacrylonitrile and block copolymer [12-16].
Furthermore, single-component materials could be obtained by
postprocessing of the metal oxide/carbon composites. For
example, metal oxide could be obtained by calcining the
composite in oxygen atmosphere to remove carbon, and carbon
nanostructures could be obtained by dissolving the composite
with acid to remove metal oxide [17, 18].

Ethylene glycol (EG) is commonly used as a mediator of polyhy-
droxyl alcohol, especially, it was widely used as a solvent to synthe-
sise metal oxides or metals owing to its strong reducing agent and
high boiling point [19, 20]. According to the previous researches,
synthesis of various metal oxides with different morphologies is
possible by using a suitable metal salt in EG, where EG acted not
only as a media, but also as the complex agent with metal ions
for consequent polymerisation [10, 18]. Inspired by this idea, we
here report a novel strategy for direct synthesis of NiO—C composite
material on nickel foam through a mild one-pot solvothermal reac-
tion of Ni(CH5COO), and EG followed by a subsequent calcination
process. Dehydration and carbonisation took place during heat
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treatment under a highly pure nitrogen atmosphere. EG was
exploited as a solvent, complex agent and carbon source.
Moreover, such a direct growth with no complex assembly facili-
tates the electrochemical measurements and manipulation process
[13, 21, 22].

2. Experimental section: All chemicals were of analytical grade
and used without further purification. Nickel foam was washed
with acetone, ethanol and deionised water several times before
use. In a typical procedure, 4 g of Ni(CH;COO),6H,O was
dissolved in 40 ml EG, and then the mixture and the pre-cleaned
nickel foam were sealed into a 50 ml capacity Teflon-lined
autoclave and heated at 160°C for 15 h. After cooling down to
room temperature, nickel foam with green thin film on its surface
was picked out and thoroughly rinsed with ethanol and deionised
water. After that, subsequent calcination treatment was carried out
at 450°C in a highly pure nitrogen atmosphere.

The structure and morphology of the product were characterised
by a Rigaku X-ray diffractometer (XRD) with (Cu Ko radiation A =
1.5406 A), scanning electron microscopy (FESEM, JEOL
JSM-6700F, 5.0 kV) equipped with an energy dispersive X-ray
spectrum (EDS). The electrochemical performance was evaluated
on a CHI 660D model electrochemical workstation by cyclic vol-
tammetry (CV) and a constant current discharge test by using a
three-electrode cell with a pre-cleaned nickel foam as the counter
electrode, Hg/HgO as the reference electrode, the obtained NiO—
C composite material on nickel foam as the working electrode
and 2 M KOH solution as electrolyte.

3. Results and discussion: Fig. 1a presents a typical SEM image of
pristine nickel foam, showing its three-dimensional cross-linked
porous structure, which can provide a high specific surface area
for facilitating sufficient loading of active material [13]. An
overview FESEM image of the products obtained through
solvothermal reaction of Ni(CH3COO), and EG and subsequent
calcination process is shown in Fig. 2b, and uniform and dense
products were observed on the nickel foam substrate. Figs. 2¢ and
d are the magnified images, clearly showing that the products are
roughwrought network structures composed of nanoparticles with
diameters of 240-300 nm.

A corresponding XRD pattern is provided in Fig. 2a, and one can
observe four peaks at 26 of 37°, 43°, 63° and 75° corresponding to
the (111), (200), (220) and (311) diffraction planes of the cubic
structure of NiO (JCPDS Card No. 47-1049) in addition to the
peaks marked with asterisks that are attributed to the nickel foam
substrate (JCPDS 03-1051). Moreover, the pattern also confirms
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Figure 1 SEM images of samples
a Pristine nickel foam
b—d NiO-C composite material at different magnifications
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Figure 2 XRD and EDS pattern of NiO—C composite material
a XRD pattern
b EDS pattern

the existence of a broad diffraction peak centred at approximately
26=20°, which matches with the non-graphitic carbon [13]. The
component of the composite material was characterised by EDS.
Ni, O and C elements can be seen in Fig. 2b, showing that the pro-
ducts are mainly composed of NiO and C [17].

Based on the above results, we elucidate a plausible mechanism
responsible for formation of NiO—-C composite material. In our re-
action system, EG performs three major roles in the growth of
nickel oxide/carbon composite material. First, EG was used as a
solvent. Secondly, when Ni(CH3COO),:6H,O was mixed with
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EG at 160°C, the -OCH,—CH,O- chain was tightly bound with
the nickel ions to produce nickel alkoxide, which precipitated to
become the nuclei [23, 24], that is, EG acted as complex agent
with nickel ions for polymerisation to form a polymeric network.
Finally, subsequent calcination was carried out at 450°C in a
highly pure nitrogen atmosphere, NiO—-C composite is thus
obtained and carbon source is provided by EG.

Typical CV curves of the NiO-C composite electrode and pris-
tine nickel foam shown in Fig. 2a were measured in 2 M KOH so-
lution and the potential ranges were 0-0.6 V (against Hg/HgO) at a
scan rate of 10 mV/s. As shown in Fig. 2a, no well-defined peaks
could be observed at the bare nickel foam. However, a couple of
redox peaks are visible at the NiO—C composite electrode. This con-
firms that the electrochemical performance mainly originates
from the NiO-C composite other than the nickel foam, and the
redox reaction of NiO corresponds to the reaction: NiO+
OH 2NiOOH +e~ [8]. Fig. 2b shows the CV curves of the
NiO-C composite electrode in the potential range of 0-0.6 V
(against Hg/HgO) at different scan rates. As the scan rate increases
from 2 to 20 mV/s, the oxidation and reduction peaks potentials
shift to more positive and negative positions, respectively, and
the capacitance decreases inevitably. The decrease in capacitance
may be explained by the fact that the inner active sites in the elec-
trode are inaccessible at high scan rates because of ionic/electronic
diffusion effect [6, 21]. The shapes of these CV curves do not sig-
nificantly change, revealing the ideal capacitive behaviours of the
composite electrode (Fig. 3).

The typical constant current charge—discharge tests were further
carried out at various current densities of 0.25, 0.5, 0.75 and 1.0 A/g
to evaluate the electrochemical properties and quantify specific
capacitance of the NiO—C composite electrode (Fig. 4). As shown
in Fig. 4a, the potential-time profiles exhibited symmetric
charge—discharge features, indicating good capacitor behaviour
and reversible redox reaction characteristics [6]. As the discharge
current density decreases, the discharge curve displays a longer
plateau (Fig. 4b).
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Figure 3 CV curves of composite electrode and pristine nickel foam;
composite electrode at different scan rates
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Figure 4 Charge—discharge curves (Fig. 4a) and discharge curves
(Fig. 4b) of composite electrode at different discharge current densities;
dependence of specific capacitance (Fig. 4c)

The specific capacitance decreases from 539 to 288 F/g as the
discharge current density increases from 0.25 to 1 A/g. The specific
capacitance was calculated according to the following formula

C IxAt
Cn = m- AV xm
where C,, (F/g) is the specific capacitance, / (mA) is the charge—dis-
charge current, At (s) is the discharging time, AV (V) represents the
potential drop during discharge and m (mg) is the mass of the active
material within the electrode. The dependence of specific capa-
citance on different current densities is shown in Fig. 4c. The
longer the discharge time, the greater the corresponding specific
capacitances. A possible reason is that the limited OH™ ions
cannot intercalate swiftly at the electrode/electrolyte interface at
higher current density [6]. Compared with our previously reported
data of nickel oxide—carbon microspheres obtained by the hydro-
thermal method using glucose as carbon source [13], the specific
capacitance of our current NiO-C composite on nickel foam is
much higher. Such superior performances could be attributed to
the composite using EG as carbon source with relatively small
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size that provides a high specific surface area and shortens the
electro diffusion pathway [25]. At the same time, specific capaci-
tance obtained at smaller charge—discharge current densities is
believed to be closer to that of the state with sufficient utilisation
of the electrode material [26].

4. Conclusions: In conclusion, we have demonstrated a facile
solvothermal strategy for one-pot synthesis of NiO-C composite
electrode material on nickel foam, using EG as solvent, complex
agent and carbon source. The composite material displayed good
electrochemical activity with a maximum specific capacitance of
539 F/g at a current density of 0.25 A/g. The synthesis route
presented here is robust and may be extended to fabricate other
metal oxide/carbon composites for applications in electrochemical
energy storage.
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