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Abstract Oxidized nickel/silver (NiO/Ag) nanocompos-
ites were prepared via micro-emulsion method. In the
method, the NiO nanospheres were dispersed in ethanol
including sodium dodecyl sulfonate (SDS) and sonicated to
form homogeneous suspension, and then an appropriate
amount of AgNOj; aqueous solution was added to this
suspension above, forming a micro-emulsion. In the micro-
emulsion, the NiO nanospheres were surrounded with
many Ag* ions. With the adding of NaBH,, Ag™ ions were
reduced to Ag nanospheres. Finally, a series of NiO/Ag
nanocomposites were prepared successfully. The
microstructures of as-prepared samples were characterized
by the XRD, SEM. The results showed that NiO and Ag
nanospheres formed uniform nanocomposites. The capac-
itance performance of NiO/Ag nanocomposites electrodes
with different Ag loading contents was investigated. The
results showed that the capacitance performance of NiO/
Ag nanocomposites was accordingly increased as the Ag
content increases. The capacitance of the NiO/Ag elec-
trodes with 3 % Ag loading was effective to obtain fully
reversible and higher specific capacitance of ~322 F g™*
at 1 A g~' current density.
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1 Introduction

Nanomaterials have been attracting great interest due to
their potential use in applications such as supercapacitors,
batteries, sensors, and solar cells [1, 2]. In electrochemical
technology, supercapacitors receive a special place because
they bridge the gap between batteries and conventional
capacitors, and deliver stored energy more rapidly than
batteries, and possess higher density and long cycle life
[3, 4]. At present, pseudocapacitors exhibit higher energy
density than electric double layer capacitors (EDLCs). The
transition metal oxides have been used as pseudocapacitor
electrode materials, which undergo fast reversible Faradic
redox reaction and result in a specific capacitance 10-100
times higher than that of EDLCs [5, 6].

Metal oxides such as RuO,, MnO,, NiO, Coz04 have
evolved as an important family of anode materials to be a
high-capacity alternative to graphite [3, 7-9]. Among these
metal oxides, NiO stimulated extensive scientific research
due to the potential applications in photocatalysts, elec-
trochromic, magnetic, and catalysis materials [10-13].
Owing to the high surface area of NiO, it is promising in
the field of supercapacitors and gas sensors. At present,
many scientists are working hard to develop various
methods for the synthesis of NiO. It is reported that metal
coating or doping on nickel oxide can enhance the super-
capacitor performance [14—17]. Cu-doping NiO [14], Fe-
doped NiO hollow spheres [15], Au nanoparticles coating
on NiO [16] have been prepared by various method. Owing
to the excellent conductive capacity and huge specific areas
of Ag nanospheres, the capacitance performance of Ag-
doped NiO nanocomposites can be enhanced effectively
[18]. Several methods have been reported [19-21]. How-
ever, most of methods are complicated, time-consuming,
and expensive, or require a relatively high temperature.
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Therefore, the development of a simple and fast synthetic
route that can generate a high-quality NiO naocomposites
remains an important topic of investigation.

In this article, an attempt was made to prepare NiO/Ag
naocomposites via micro-emulsion method. In the method,
the NiO nanospheres were dispersed in ethanol including
SDS and sonicated to form homogeneous suspension, an
appropriate amount of AgNOj3 aqueous solution was added
to this suspension above. Then, a micro-emulsion formed,
in which the NiO nanospheres were surround with many
Ag™ ions. With the adding of NaBH,, Ag*' ions were
reduced to Ag nanospheres. Finally, a series of NiO/Ag
nanocomposites with different percentages quality of Ag
were prepared successfully and exhibited superior elec-
trochemical properties than pure NiO.

2 Experimental
2.1 Synthesis of NiO

Nickel sulfate, sodium dodecyl sulfonate (SDS), silver
nitrate, potassium hydroxide at analytical reagent grade
were obtained from commercial suppliers and used as
received. The synthetic process was as follows [22]:
40 mL of 0.02 mol/L. KOH aqueous solution was slowly
dropped into 50 mL of 0.02 mol/L nickel sulfate solution
with 3.5 mg of SDS under an ultrasonic water bath at
power 80 W for 6 h. The solution was removed from the
sonicator and kept for 24 h at room temperature without
stirring. The colloidal precipitate was collected by cen-
trifugation, washed with water and ethanol several times,
and dried at 50 °C under vacuum for 24 h. The obtained
product was sufficiently ground and then calcined at
350 °C for 2 h.

2.2 Synthesis of NiO/Ag composites

First, 200 mg NiO was dispersed in 20 mL ethanol and
sonicated for 1.5 h at room temperature. After that, an
appropriate amount of SDS was added and stirred for
another 1.5 h. Then, an appropriate amount of AgNO;
aqueous solution (2.86 x 107 mol L™") was added to this
suspension. After that, 2.86 x 1073 mol L™} NaBH,4
solution was slowly dropped into the suspension above and
stirred for 2 h. The product was collected by centrifuga-
tion, washed with water and ethanol several times, then
dried at 50 °C under vacuum for 24 h. The Ag nanoparti-
cles were prepared by the same preparation procedure
except the adding of NiO. The samples prepared under
different mass percentage of Ag are denoted as NiO/Ag s
(0.5 %), NiO/Ag; (1 %), NiO/Ag;s (1.5 %), NiO/Ag,
(2 %) and NiO/Agz (3 %).

2.3 Materials characterization

X-ray diffraction studies were performed by using D/max-
2400 diffraction X-ray diffractometer (Rigaku) with Cu Ka
as radiation source. Scanning electron microscope (SEM;
Hitachi, Japan, JEOL, JSM-6330F) was used to observe the
morphologies of the materials. Prior to the characterization,
the specimen were coated with a very thin layer of gold
atoms. The observations were carried out after retrieving
the slices onto Cu grids.

2.4 Electrochemical measurements

The working electrodes were prepared according to the
following steps. The typical mass load of the electrode
materials is 10 mg. 75 wt% of active materials was mixed
with 7.5 wt% of acetylene black and 7.5 wt% of con-
ducting graphite in an agate mortar until a homogeneous
black powder was obtained. To this mixture, 10 wt%
polytetrafluoroethylene was added with a few drops of
ethanol. The resulting paste was pressed at 10 MPa to a
stain less-steel grid that served as a current collector. Each
electrode contained about 5 mg of electroactive material
and had a geometric surface area of about 1 cm”. A typical
three-electrode experimental cell equipped with a working
electrode, a platinum foil counter electrode, and a saturated
calomel reference electrode (SCE) was used for measuring
the electrochemical properties of the working electrode and
its performance as a Faradaic ECs. All electrochemical
measurements were carried out on CHI860D electro-
chemical working station in KOH aqueous solution as
electrolyte at 25 °C.

3 Results and discussion
3.1 The structural and morphology of composites

XRD diffraction data for the polycrystalline materials
provided information about the phase composition and the
degree of crystallinity of the nanoparticle [18]. The mean
crystallite dimension, or size, of the coherent crystalline
domain and the lattice imperfections can be estimated from
peak broadening [22]. The full width at half maximum
(FWHM) implies the crystal sizes of the samples [23].
Figure 1 shows XRD patterns of the NiO nanospheres and
NiO/Ag nanocomposites as-prepared. Both samples show
typical diffraction at 37.28°, 43.23° and 62.78°, which are
indexed to the (111), (200) and (220) crystal planes of
cubic NiO phase (JCPDS 47-1049), respectively. The
samples have not exhibited the diffraction angles of 30.28°
and 50.28°, indicating not presence of a Ni,Oj structure.
The broad FWHM of NiO reveals that the grain size of NiO
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Fig. 1 XRD of NiO (a) and NiO/Ag; nanocomposite (b)

may be very small. For the NiO/Ag nanocomposites,
besides the typical peaks of NiO, some new peaks at
20 = 38.14°, 44.33°, 64.51°, 77.46° appeared, which can
be assigned to (111), (200), (220) and (311) crystal planes
of Ag nanospheres (JCPDS 89-3722), respectively. It is
evident that the NiO/Ag nanocomposites are composed of
cubic NiO and Ag. Owing to the well crystallinity of Ag,
the FWHM of NiO/Ag nanocomposite seems decreased
compared with NiO nanospheres.

To evaluate the morphological features of the samples,
SEM of the NiO nanospheres, Ag nanospheres and NiO/Ag
nanocomposites have been studied. Figure 2a shows the
SEM image of NiO with low resolution (10,000x), and
Fig. 2b is the image with high resolution (80,000 ). From
Fig. 2a, b, it can be seen that the morphology of NiO
nanospheres was the thin flake aggregated by uniform
spherical nanoparticles with the average size of 30 nm. The
surface of flake was so rough that some holes appeared.
Energy dispersive spectroscopy (EDS) of the NiO nano-
spheres is shown in Fig. 3a. It revealed that it is consists of
nickel and oxygen besides carbon and cuprum from a
C-coated Cu grid. In the method of NiO nanospheres, SDS
plays a crucial role in preventing the random aggregation in
the synthesis of nanoparticles and helps to develop the
specific morphology [24-26].

Figure 2c, d show the Ag nanospheres with average
sizes of 5—-12 nm, which is smaller than the NiO nano-
spheres. These Ag nanospheres are easily to unite each
other to form flat and smooth thin flakes, which is thinner
than NiO flakes. Due to the small size of Ag nanospheres,
the specific areas of Ag nanospheres may be huge. Energy
dispersive spectroscopy (EDS) for the Ag nanoparticles is
exhibited in Fig. 3b. It is clear that the as-prepared Ag
flakes are consists of Ag besides carbon and cuprum from a
C-coated Cu grid.

Figure 2e, f show the SEM micrograph of the as-pre-
pared NiO/Ag nanocomposites with different resolutions. It
is evident from Fig. 2f that the morphology of NiO/Ag
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nanocomposites is very consistent with the pure NiO
nanospheres. However, the NiO/Ag nanocomposites
become more uniform than NiO nanospheres. Those uni-
form nanospheres were adhered to form a flat and smooth
surface, as shown in Fig. 2e. It is obviously that these holes
appeared in NiO (Fig. 2b) was rare in the NiO/Ag
nanocomposites, which may be caused by the Ag nano-
spheres. The small Ag nanospheres can effectively prevent
the reunion and overgrowth of the NiO nanosphere,
resulting in the homogeneous NiO/Ag nanocomposites.
Not only that, but the small Ag nanospheres increase the
ion/electron transfer and the contact chance between
electrolyte and active materials. EDS for the NiO/Ag
nanocomposites is exhibited in Fig. 3c. It is clear that the
as-prepared NiO/Ag nanocomposites are consists of Ni, O,
Ag besides carbon and cuprum from a C-coated Cu grid.

3.2 The formation mechanism for the NiO/Ag
nanocomposites

Based on the XRD and SEM analysis, the NiO/Ag
nanocomposites were prepared via micro-emulsion
method. The process can be described more clearly through
the schematic illustration in Fig. 4. In the process, the
homogeneous NiO nanospheres ethanol suspension was
formed firstly by ultrasound. As an appropriate amount of
anionic surfactant SDS was added, the carbon chains of
SDS attached on the surface of NiO nanospheres while the
negative electrons of sulfonate groups were surrounded
with the NiO nanospheres. Then, AgNO; aqueous solution
was added to the suspension above. A large number of Ag™
ions were attracted by the negative electrons and aggre-
gated in the surround of NiO nanospheres. Finally, a
stable micro-emulsion formed, in which the NiO nano-
spheres were surround with many Ag' ions. With the
adding of NaBH,, Ag" ions were reduced to small and
uniform Ag nanospheres. These Ag nanospheres aggre-
gated in the surround of NiO nanospheres to prevent the
reunion and overgrowth of the NiO nanosphere, resulting
in the homogeneous NiO/Ag nanocomposites. Further-
more, Ag nanospheres can increase the ion/electron trans-
fer and the contact chance between electrolyte and active
materials. So, the electrochemical property with higher
specific capacitance was enhanced, resulting in high dis-
charge/charge current density [18].

3.3 Electrochemical studies

Cyclic voltammetry (CV) is used to evaluate the electro-
chemical properties and quantify the specific capacitance
of as-prepared NiO/Ag electrodes. The electrochemical
performance of NiO/Ag nanocomposites with different Ag
mass percent contentis characterized by CV in the
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Fig. 2 SEM images of NiO (a, b), Ag (¢, d) and NiO/Agz nanocomposites(e, f)

potential range from —0.3 to 0.5 V, as shown in Fig. Sa—e.
It is clear that the redox peak was observed at all NiO/Ag
nanocomposites CV curves. As the scan rate increased, the
CV curves of NiO/Ag nanocomposites showed light com-
pression. The degree of compression is correlated with the
rate capability of the electrode system, which indicates
prolonged duration, which is required to charge the
capacitor due to increased time constant [27]. These

electrodes display significant rate capability as they are
able to maintain shape under fast scan rate without any
pronounced shape distortion.

The NiO capacitor in an alkaline solution relies on
charge storage in the electric double layer at the electrode—
electrolyte interface and charge storage in the host material
through redox reactions on the surface and hydroxyl ion
diffusion in the host material [28, 29]. Figure 5f displays
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the CV curves of NiO/Ag nanocomposites with various Ag
loadings (0-3 %) at the 5 mV s~ ! scan rate in 1.0 mol L™!
KOH aqueous electrolyte. It is clear that the redox peaks
reveal the Faradaic pseudocapacitive property of the NiO/
Ag nanocomposites.

The capacitance of NiO/Ag nanocomposites with 0.5, 1,
1.5, 2, 3 % and unloaded NiO along with the specific
capacitance delivered by NiO and Ag are plotted, as shown
in Fig. 6. The specific capacitance (SC) is calculated based
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on the charge—discharge curves using the following equa-
tion [18, 21]:
iAt

SC =
AEm

(Fg™") (1)
where i is the discharge current in amperes, At is the dis-
charge time in seconds corresponding to the voltage dif-
ference (4E) in volts excluding iR drop, and m is the mass
of the active electrode material in grams. The obtained
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Fig. 5 CV curves of NiO/Ag
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Fig. 6 The charge—discharge curve of NiO/Ag with 0-3 % Ag
loading in 1 mol L™' KOH at a current density of 1 A g~!
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values are 211, 277, 322 and 121 F gfl for NiO/Ag s,
NiO/Ag; s and NiO/Ag; and NiO electrodes, respectively.
Because the specific capacitance values are normalised by
the total weight of the composite, the capacitance con-
tributed by NiO decreases steadily with increasing “Ag
component”. The specific capacitance of NiO is only
121 F g~ '. It can be clearly observed that the capacitance
of NiO/Ag nanocomposites remarkably increases from 121
to 211 F g when the Ag loading increases to 0.5 wt%.
The results show that low loading of Ag nanospheres
loading can also enhance obviously the specific capaci-
tance. As the Ag loading on NiO increased gradually, the
specific capacitance of NiO/Ag nanocomposites increased
accordingly.
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Fig. 7 The charge—discharge curve of NiO/Ag; in 1 and 6 mol L™
KOH at a current density of 1 A g™!

We compared the electrochemical behavior of a NiO/
Ag; nanocomposite in the different concentrations elec-
trolytes. Figure 7 shows the charge—discharge curve of
NiO/Ags obtained in the 1 and 6 mol L™' KOH at a current
density of 1 A g~'. The capacitance of the NiO/Ags
nanocomposite from the charge—discharge analysis was
322 F g~' in the 1 mol L' KOH, which is close to that
tested in the 6 mol L™' KOH (345 F g~'). The results
indicate that the capacitor electrode of the NiO/Ags
nanocomposite is stable in different concentrations of KOH
electrolytes and that the NiO/Ag; nanocomposite in the
6 mol L™' KOH appears to be higher capacitance than
1 mol L™' KOH. The result shows that the NiO/Ag
nanocomposite can be applied to more wide fields.

4 Conclusions

In summary, a series of NiO/Ag nanocomposites have been
synthesized via micro-emulsion method which is simple
convenience and easy to application. The formation of
micro-emulsion leads the small and uniform Ag nano-
spheres attached on the surface of NiO, forming the NiO/
Ag nanocomposites. These small Ag nanospheres around
NiO prevent the reunion and overgrowth of the NiO
nanosphere, resulting in the homogeneous NiO/Ag
nanocomposites. Because Ag nanospheres can increase the
ion/electron transfer and make contact between electrolyte
and active materials sufficient, the electrochemical prop-
erties with higher specific capacitance was enhanced. The
results show that the capacitance performance of NiO/Ag
nanocomposites increased accordingly with the Ag content
increasing. The capacitance of the NiO/Ag nanocomposites
electrodes with 3 % Ag loading were effective to obtain
fully reversible and higher specific capacitance of
~322F g 'at1 A g ! current density.
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