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Nickel hydroxides (Ni(OH),) with various morphologies, including flower-like, walnut-like and particle-aggregated microspheres, have been
successfully synthesised by a surfactant-assisted microwave hydrothermal method. NiO microspheres have been obtained by calcining
corresponding Ni(OH), precursors at 400°C for 2 h. The products were characterised by X-ray diffraction, Fourier transform infrared
spectroscopy, thermogravimetric analysis, scanning electron microscopy and transform electron microscopy. The electrochemical
properties of the NiO microspheres with different morphologies were also investigated.

1. Introduction: Nickel hydroxide (Ni(OH),), one of the most
important transition metal hydroxides, has attracted increasing
attention as it is a unique cathode material, which can be widely
used in many applications, such as power tools, portable
electronics, electric vehicles, positive electrode active material
and so on. [1]. Hexagonal layered Ni(OH), has two polymorphs
with a- and B-forms [2]. Mostly, the active materials of positive
electrodes are B-Ni(OH), because of its stability in a strong
alkaline electrolyte and excellent reversibility. The as-calcined
NiO has also aroused considerable attention because of its
applications in areas such as chemical sensors, catalysis, fuel cell
electrodes and dye-sensitised solar cells [3-5]. The overall
performance of nickel cathodes depends on the microstructure,
the textural characteristics and the crystallite size of the active
material [6]. Thus, the design and synthesis of the
morphology-controlled nickel-based nanocrystals have been
intensively pursued, especially the organisation of nanostructured
building blocks, such as nanoparticles, nanorods, nanowires,
nanosheets and so on into three-dimensional (3D) ordered
superstructures by bottom-up approaches has been an exciting
research field [7-13]. Furthermore, developing a facile and
environment-friendly route to produce 3D hierarchical micro/
nanostructures is very important for nanoscience and synthetic
chemistry.

Here, we report the synthesis of Ni(OH), and NiO with various
morphologies,  including  flower-like,  walnut-like  and
particle-aggregated microspheres, by a surfactant-assisted micro-
wave hydrothermal method. Polyethylene glycol (PEG) with differ-
ent molecular weights and different filling ratios for the autoclave
had an important effect on the formation of Ni(OH), with different
morphologies. The as-calcined NiO microspheres retain the same
morphology as their Ni(OH), precursors. Finally, we investigated
the electrochemical properties of NiO microspheres with different
morphologies.

2. Experimental: All the reagents were of analytical grade and
were used without further purification.

2.1. Synthesis of flower-like microsphere precursor: In the
experiment, 0.12 g PEG-20000 was dissolved in 5 ml deionised
water to form a transparent solution. Then, 0.29 g Ni(NOs), -
6H,O was added to the above solution under stirring, followed
by the addition of 15 ml ethanol and 50 ml CO(NH,), solution.
Then, 2ml NH;-H,O was added dropwise into the above
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solution to form a clear blue solution at pH ~9. The final
solution was transferred into a 100 ml Teflon-lined autoclave.
Then, the autoclave was sealed and heated in an MDS-8
microwave hydrothermal system at 160°C for 0.5 h, then cooled
to room temperature naturally. The resulting pale green slurry
was rinsed with deionised water and absolute ethanol several
times to remove soluble impurities. The precipitate was dried at
80°C in a vacuum oven for 12 h to obtain the sample S-1.

2.2. Synthesis of walnut-like and particles aggregated microspheres
precursors: In the test, 0.6 g PEG-6000 was dissolved in 25 ml
deionised water to form a transparent solution. Then, the
Ni(NOs),'6H,0 solution was added to the above solution under
vigorous stirring, followed by an addition of 25 ml CO(NH,),
solution to form a clear blue solution and then transferred into a
100 ml Teflon-lined autoclave, leaving the autoclave about half
full. The autoclave was sealed and treated at 160°C for 30 min in
an MDS-8 microwave hydrothermal system. After that the reaction
was terminated and the autoclave was cooled to room temperature.
The resulting pale green slurry was rinsed with deionised water
and absolute ethanol several times to remove soluble impurities.
The precipitate was dried at 80°C in a vacuum oven for 12 h to
obtain the sample S-2. The procedure of sample S-3 was nearly
same as S-2 except that the autoclave was filled in proportion to %a.

2.3. Synthesis of NiO nanostructues: The as-obtained precursors
were calcined in air at 400°C for 2h to produce NiO
nanostructures that preserved the precursors’ morphology.

2.4. Characterisation: The crystalline phases of the products were
characterised by using X-ray diffraction (XRD-D/max2200pc,
Japan) with Cu Ko radiation of wavelength 1=0.15418 nm. The
Fourier transform infrared (FTIR) spectroscopy of the sample was
conducted at room temperature with a KBr pellet on a
VECTOR-70 (Bruker) spectrometer. The morphology of the
products was characterised with a JSM-6700F field-emission
scanning electron microscope operated at 5 kV and JEM 2010
transmission  electron  microscope operated at 200 kV.
Thermogravimetric analysis was performed by a TG-DSC analyser
(TGA 2050 thermogravimetric, DTG-60AH SHIMADZU, Japan).

2.5. Electrochemical  test:  Flower-like,  walnut-like  and
particle-aggregated nickel oxide microspheres were mixed with
ionic  liquid [IL, 1-butyl-3-methylimidazolium  bromide

745
© The Institution of Engineering and Technology 2013


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

(BmimBr)] to form three stable composite films, which were used
to immobilise haemoglobin (Hb). The as-prepared composite
electrodes (CPE) used NiO with flower-like, walnut-like and
particle-aggregated microspherical architectures and were labelled
as F-NiO/IL/Hb-CPE, W-NiO/IL/Hb-CPE and A-NiO/IL/
Hb-CPE, respectively. All electrochemical measurements were
carried out with a CHI660B electrochemical workstation
(Shanghai Chenhua Co.) controlled by a microcomputer with
CHI660 software. A three-electrode system was used, where an
Ag/AgCl (3 M KCl) electrode served as the reference electrode, a
platinum wire electrode as the auxiliary electrode and a modified
CPE as the working electrode. Cyclic voltammetric measurements
were conducted in an unstirred 30 ml electrochemical cell at 25°C.

3. Results and discussion: Fig. 1 shows the XRD patterns of the
as-prepared precursors and corresponding calcined products at
different temperatures. Except for the weak diffraction peak at 26 =
14.68° corresponding to the hexagonal o-Ni(OH),, all the other
peaks of sample S-1 (curve a) ascribed to the hexagonal phase of
B-Ni(OH), (JCPDS Card No. 14-117) because of the addition of
ammonium [14]. When the system pH was less than 9.5, the
particle’s structure was neither o-Ni(OH), nor B-Ni(OH), owing
to interstratification of the a-motifs in the B-Ni(OH), matrix [15].
The peaks of samples S-2 and S-3 (curves b and c) matched well
with the nickel nitrate hydroxide standard pattern (JCPDS Card
No. 22-752) [16]. On the basis of the general formula of o-Ni
(OH),, [Ni(OH),_,A""',, - yH,0] with x=0.2-0.4, y=0.6-1
and A=CI~, NO>~, CO%?™ or OCN™, the products were definite
o-form. The peaks at 12.2° and 24.7° of samples S-2 and S-3
corresponded to the (001) and (002) planes, respectively. Also,
the peaks of the samples S-2 and S-3 obtained a slight shift,
which was attributed to the extent and type of the intercalated
anions in the Ni(OH), lattices. Besides, the peak intensity of
sample S-3 is stronger than that of S-2, which may be because of
the high filling ratio. After calcinations, all the precursor samples
changed into the cubic crystalline structure of NiO (JCPDS Card
No. 4-835). Furthermore, with the increasing of calcination
temperature, all peaks became sharp with high intensities, which
implied that a high crystallinity NiO phase was obtained.

The TG curve of the sample S-1 is shown in Fig. 2a. There are
three main weight loss regions with a net weight loss of —28%.
The initial weight loss of about —3.5% is ascribed to the loss of
the surface adsorbed water and ethanol. The second weight loss
of about —22% is because of the removal of crystalline water and
decomposition of intercalated anions between o-Ni(OH),, which
is larger than the theoretic value (19.4%).

Ni(OH), — NiO + H,0 (mass loss 19.4%) (1)
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Figure 1 XRD patterns of as-prepared precursors
a—c S-1, S-2 and S-3, respectively

NiO obtained by calcining the precursor at
d—£300, 400 and 500°C, respectively
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Figure 2 TG and replicate plots of Ni(OH), precursors
a S-1

b S-2

¢ S-3, respectively

After 340°C, the weight loss continued but slowed at 400°C and
finally ceased at 500°C. The process may be due to the removal of
the PEG. As a consequence, the stable residue can be ascribed to
NiO.

In contrast, the TG curves of samples S-2 and S-3 both show an
increased total weight loss of about —35%. The first weight loss
could be because of the removal of the adsorbed water, ethanol
and structurally bonded water [17]. The second weight loss of
about — 23% in the range of 280 and 340°C was because of decom-
position of a-Ni(OH), and the intercalated anions [18], such as
NO3, CO3~ or OCN™, which can also demonstrats the formation
of a-Ni(OH),. Then, the decomposition of hydroxides continued
up to 450°C to obtain pure NiO (Fig. 1). Furthermore, the replicated
results revealed better repeatability (Fig. 2). Fig. 3a shows a typical
FTIR spectrum of the B-Ni(OH), precursor (sample S-1). A narrow
and sharp peak at 3641 cm™" is due to the vo_yy stretching vibration,
which confirms the brucite structure of the B-Ni(OH), phase. Peaks
at 3431 and 1618 cm™" are assigned to v(H,O) stretching vibration
and 8(H,0) bending vibration, respectively. The strong band at 521
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Figure 3 FTIR spectra of a-Ni(OH),

a B-Ni(OH),

b Precursors and NiO

c—e Obtained by calcining precursors at 300, 400 and 500°C, respectively
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Figure 4 Typical SEM images of Ni(OH), precursors obtained at 160°C for 30 min

a and b Microflowers assembled by nanoleaves (S-1)
d and e Walnut-like microspheres (S-2)
g and & Particles-aggregated microspheres (S-3)

TEM images (c, f'and i) of NiO obtained by calcining corresponding precursors at 400°C for 2 h (inset: the corresponding SAED patterns)

cm™" corresponds to the 84y of the hydroxyl group, and the peak at
1383 cm™! was attributed to a trace surface adsorption of nitrate
ions [14, 19]. The shoulder peak at about 611 cm™" is due to the
stretching vibration of hydroxyl groups hydrogen-boned to Ni—O.
In Fig. 3b, this spectrum shows typical features of a-Ni(OH),.
The strong absorption bands at 2234, 1499 and 1284 em™! corres-
pond to the vibration of C=N triple bonds, carbonate ions and
nitrate groups, respectively. The bands about 640 and 478 cm™
are because of doy and vn;_oy vibrations [20]. Curves c—e show
the FTIR spectra of calcined products at different temperatures
(Fig. 3). With the increasing temperature, the bands about 3439
and 1629 cm™" decreased. The nitrate group related band of about
1385 cm™! decreased to the point of vanishing at 500°C, whereas
the increasing band at 400 cm™' proved the formation of NiO
species. Besides, the bands at 1722 cm™! were ascribed to the
urethane carbonyl groups of PEG [21].

Fig. 4 presents detailed morphologies of the samples. Figs. 4a
and b show the low- and high-magnification FE-SEM images of
sample S-1, respectively. It can been seen that the products are
mainly composed of large quantities of uniform flower-like micro-
spheres with sizes of 2.0-3.0 um, whereas the thickness of
assembled nanosheets is 10-20 nm. Fig. 4d shows the low-
magnification FE-SEM image of sample S-2, which consists of
monodispersed microspheres with sizes of 2.0-6.0 um. As shown
in Fig. 4e, the high-magnification FE-SEM image indicates that a
walnut-like 0-Ni(OH), microsphere was constructed with densely
stacked lamellar sheets. Figs. 4g and /% show that the
particle-aggregated sample S-3 is composed of smaller 3D nano-
particles with a diameter less than 100 nm. Figs. 4¢, f'and i are
TEM images of NiO obtained by calcined S-1, S-2 and S-3 at
400°C for 2 h, respectively; they possess the same morphology as
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their corresponding precursors. Besides, the corresponding selected
area diffraction (SAED) patterns of the samples (insets in Figs. 4c, f°
and 7) indicated that the calcined products were all polycrystalline.

Fig. 5 shows the cyclic voltammograms (CVs) of different elec-
trodes in 0.1 M PBS with pH 7.0 at a scan rate of 0.1 V s~'. The
responses of Hb to NiO/IL/Hb-CPEs were obvious and their revers-
ibility are all favourable. The F-NiO/IL/Hb-CPE (curve a) was es-
pecially favourable, in which a pair of stable and well-defined
redox peaks appeared with an anodic peak potential (£, a) of
—0.230V, a cathodic peak potential (£, c¢) of —0.319 V and AE,
of 0.089 V, suggesting a fast and quasi-reversible electron transfer
process. The apparent formal potential (£0'), which is defined as the
average value of the E),, ¢ and E,,, a, was estimated to be —0.275V,
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Figure 5 CV of a F-NiO/IL/Hb-CPE, b W-NiO/IL/Hb-CPE, ¢ A-NiO/IL/
Hb-CPE

Supporting solution: 0.1 M pH 7.0 PBS, scan rate: 0.1 V 57!
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which was characteristic of the reversible electrode process of the
heme Fe(Ill)/Fe(Il) couples in the immobilised Hb. From the com-
parison of electrochemical behaviour of Hb with different modified
electrodes, it is clear that NiO played an important role in facilitat-
ing the direct electron transfer between Hb and the underlying elec-
trode by the synergetic effect with BmimBr. The reason for this
could be as follows. The good biocompatibility of the NiO/IL com-
posite may have prevented denaturation and retains the essential
secondary structure of the entrapped protein. More importantly,
the flower-like architecture of F-NiO was accessible for Hb mole-
cules to enter into the inside of the F-NiO microspheres, and
more Hb molecules were aggregated onto the nanopetal surfaces.
Moreover, F-NiO was abundant in active sites for protein binding
and could act as a rigid framework to encourage the appropriate
conformation of entrapped proteins, facilitating the direct electron
transfer between the redox proteins and the underlying electrode.
Furthermore, the film composed of water-miscible BmimBr and
electric NiO exhibited excellent conductivity and also contributed
to the efficient electron transfer. Compared with F-NiO/IL/
Hb-CPE, the peak currents of W- and A-NiO/IL/Hb-CPE were
decreased, which might be because of the structurally different
NiO materials. The small cavities and uniform structures on the
surface of W-NiO and A-NiO limited the Hb to only being adsorbed
on the surface of the microspheres.

4. Conclusions: In summary, Ni(OH), microspheres with different
morphologies, including flower-like, walnut-like and particles
aggregated into microspheres, have been synthesised successfully
via a surfactant-assisted microwave hydrothermal method.
The as-calcined NiO microspheres were also well preserved with
the same morphologies as their corresponding precursors. The
surfactant with different molecular weight and filling ratio in the
hydrothermal process would have an important effect on
controlling the morphology of the Ni-based microspheres. The
electrochemical test results showed that NiO/IL/HB-CPEs were
suitable for the detection of haemoglobin, however the detection
sensitivity and reversibility of the electrodes is different because
of the various morphologies of NiO. These Ni(OH), and NiO
materials with different morphologies could be used in chemical
sensors, catalysts, fuel cell electrodes and so on.
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