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Introduction

Rechargeable batteries are becoming more and more impor-
tant in everyday life, especially in consumer electronic devi-
ces such as cellular telephones, notebook computers, com-
pact camcorders, and electric vehicles.[1–3] The development
of today s electronics industry needs batteries with much
higher energy densities. The nickel hydroxide/nickel oxy-
hydroxide couple Ni(OH)2/NiOOH is the primary redox
system used as the positive electrode of alkaline rechargea-
ble batteries, including nickel/cadmium (Ni/Cd), nickel/iron
(Ni/Fe), nickel/metal hydride (Ni/MH), and nickel/zinc (Ni/
Zn) batteries.[4,5] It has been reported that not only the crys-
tal structure but also the morphology of Ni(OH)2 has a sig-
nificant influence on its electrochemical properties.[6–8] Han
et al.[9] reported that the capacity of the positive electrode

could be significantly increased when nanophase Ni(OH)2

was added to micrometer-sized spherical Ni(OH)2. It is an-
ticipated that Ni(OH)2 nanostructures may have potential
applications in high-energy-density batteries. They may also
be used as precursors for NiO nanostructures, which are
well known as valuable materials due to their useful elec-
tronic, magnetic, and catalytic properties.[10,11] Such materials
have been extensively used in catalysis,[12, 17] battery catho-
des,[13] gas sensors,[14] electrochromic films,[15] and fuel-cell
electrodes.[16] Owing to their fundamental and technological
importance, as well as a long history of study, ever more ef-
forts continue to be directed towards exploiting the fabrica-
tion of Ni(OH)2 and NiO nanostructures.[18–29] Recently,
Ni(OH)2 and NiO hollow or solid micro/nanospheres,[18–23]

nanorods,[24] and nanotubes[25] have been reported. By hy-
drothermal treatment of freshly precipitated nickel oxalate,
Wang et al. obtained b-Ni(OH)2 nanoplates.[30] With the as-
sistance of NH3·H2O, Ni(OH)2 nanosheets have been syn-
thesized by a hydrothermal method at 200 8C.[29] Liu s group
prepared Ni(OH)2 nanoribbons by hydrothermal treatment
of amorphous a-Ni(OH)2 powder in the presence of high
concentrations of nickel sulfate.[26,27] Using an ethanol/water/
ammonia liquor system, Tang et al. fabricated Ni(OH)2

nanobelts, subsequent annealing of which furnished porous
NiO nanobelts.[28] However, in spite of the successes men-

Abstract: a-Ni(OH)2 nanobelts, nano-
wires, short nanowires, and b-Ni(OH)2

nanoplates have been successfully pre-
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convenient hydrothermal method
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sequence of dissolution, recrystalliza-
tion, and oriented attachment-assisted
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belts is proposed as a plausible mecha-
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tioned above, the design of a simpler and more user-friendly
protocol for the fabrication of Ni(OH)2 and NiO nanostruc-
tures remains a significant challenge. Herein, we report a
one-pot, large-scale hydrothermal synthesis of a-Ni(OH)2

nanobelts, nanowires, short nanowires, and b-Ni(OH)2 hex-
agonal and rectangular nanoplates in a very simple system
composed only of water, NiSO4, and NaOH. The effects of
the reaction parameters, such as the molar ratio of NaOH to
NiSO4 (denoted herein as “R”), the temperature, and the re-
action time, on morphological and crystallographic phase
evolution have been synthetically and systematically investi-
gated. To the best of our knowledge, this is the first system-
atic study of the factors affecting the crystallographic phase
and morphology of Ni(OH)2 nanostructures. The experimen-
tal results have confirmed that the hydrothermal method
offers a very powerful means of fabricating well crystallized
nanostructures, as indicated by our earlier work.[41,42] Fur-
thermore, a notable finding is that porous NiO nanobelts
were produced after exposure of the Ni(OH)2 nanobelts to
an electron beam for several minutes during transmission
electron microscopy (TEM) observations. Moreover, porous
NiO nanobelts, nanowires, and nanoplates could also be ob-
tained by annealing the as-prepared Ni(OH)2 products.

Results and Discussion

Figure 1 shows representative
scanning electron microscope
(SEM) images of Ni(OH)2

nanobelts obtained after hy-
drothermal reaction for 24 h at
120 8C with R=3 (i.e. 9.8 mmol
NiSO4·7H2O and 3.3 mmol
NaOH). The images indicate
the large quantity and good
uniformity of the product; the
nanobelts can be seen to have
uniform width over their entire
lengths. The smooth, thin, belt-
like structures have a width
typically in the range of 60–
80 nm and lengths of up to sev-
eral tens to several hundreds
of micrometers.

Figures 2a and b depict low-
magnification TEM images of
the nanobelts. The ripple-like
contrasts observed in Figure 2b
are a result of bending strain,
further confirming the charac-
teristic shape of the nanobelts.
The thickness of the ribbons
ranges between 10 and 20 nm,
as estimated from Figure 1b
and Figure 2b, and indicated
with arrows. The main point to

emphasize here is that the yield and purity are rather high
according to the images. Figure 2c is a higher-magnification
TEM image and the inset therein is a lattice-resolved high-
resolution transmission electron microscope (HRTEM)
image of the part surrounded by the white frame. The
HRTEM image clearly reveals (110) atomic planes with a
spacing of 0.155 nm, which indicates that the as-synthesized
nanobelts are single crystals with a preferential [001] growth
direction along their long axes.

An interesting phenomenon was that the as-synthesized
nanobelts were very sensitive to electron-beam irradiation
under high-vacuum conditions during TEM observation and
were transformed into porous structures. As shown in Figur-
es 2d–g, after being irradiated by an electron-beam for sev-
eral minutes, the sharp lattice fringes of the nanobelts disap-

Figure 1. a) Low-magnification and b) high-magnification SEM images of
as-obtained Ni(OH)2 nanobelts (R=3, 120 8C, 24 h).

Figure 2. a), b) Low-magnification and c) high-magnification TEM images of as-obtained Ni(OH)2 nanobelts
(R=3, 120 8C, 24 h); the inset in c) is the HRTEM image of the part surrounded by the white frame. d) A
high-magnification TEM image of one Ni(OH)2 nanobelt after irradiation with an electron beam for several
minutes. e)–g) Different magnification TEM images of the porous NiO nanobelts obtained by irradiating
Ni(OH)2 nanobelts with an electron beam during TEM observation. h) HRTEM image of a porous NiO nano-
belt.
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peared (Figure 2d) and a copious amount of holes with di-
ameters of several nanometers gradually formed in these
nanobelts, while the long belt-like morphology was well
maintained. Figures 2e–g are typical TEM images of the
porous nanobelts at different magnifications. From Figure 2f
and g, it can be seen that most of the holes are square in
shape. The HRTEM pattern of a porous nanobelt illustrated
in Figure 2h shows a two-dimensional (2D) lattice with a
spacing of 0.14 nm, which corresponds to the separation be-
tween the (220) planes of cubic NiO (Fm3m, a=4.168 N).
This indicates that the Ni(OH)2 thermally decomposes to an
NiO phase upon electron-beam irradiation under high-
vacuum conditions. The HRTEM pattern also reveals that
the (111) planes of these NiO nanobelts are parallel to their
longitudinal axes, implying that the (111) planes were for-
merly (001) planes in the original Ni(OH)2 nanobelts. Such
smooth conversion of (001) planes in hexagonal Ni(OH)2 to
(111) planes in face-centered cubic (fcc) NiO by thermal de-
composition is a well-known and well-understood phenom-
enon for large crystal particles.[24,28, 31–34] Therefore, a similar
mechanism can be invoked in the case of the present nano-
belts.

When the amount of NaOH was increased to 4.9 mmol
(R=2) and other conditions were kept the same, nanowires
were generated, typical TEM images of which are presented
in Figures 3a,b. From Figure 3a, it can be seen that the prod-
uct was composed of copious amounts of thin, straight, and
long nanowires with diameters of 20–30 nm and lengths of
several micrometers, these respective dimensions being less
than the width and length of the aforementioned nanobelts.
An enlarged TEM image of the nanowires is shown in Fig-
ure 3b, close inspection of which reveals that each nanowire
has a uniform width over its entire length. Again, both
images are indicative of high yield and purity. On further in-
creasing the amount of NaOH to 9.8 mmol (R=1), short
nanowires were produced; their lengths decreased to
500 nm–1.5 mm, although their diameters were still about

20–30 nm, as shown in Figure 3c. Therefore, it can be con-
cluded that the greater the amount of NaOH used, the
shorter the one-dimensional (1D) nanostructures produced.
That is to say, NaOH regulates the 1D growth of the nano-
wires. It follows that 0D nanostructures will be obtained so
long as enough NaOH is introduced.

As expected, a further increase in the amount of NaOH
to 19.6 mmol (R=1/2) led to the formation of Ni(OH)2

nanoplates, as depicted in Figures 4a and b. It can be seen
from the TEM images that most of the nanoplates have a
hexagonal morphology with sizes in the range 100–150 nm.
Many of them are regular hexagons, with the adjacent edges
forming angles of 1208, as indicated by arrows in Figure 4b.
As Zhu and co-workers[29] suggested, the surface of the
nanoplates is made up of the (0001) planes of the hexagonal
b-Ni(OH)2 phase, the angles of 1208 may be those of the
(10–10) and (01–10) planes, and the edges should corre-
spond to the (10–10) and (01–10) planes. This suggestion is
supported by an HRTEM pattern with the [0001] as zone
axis, as shown in Figure 4c; clear lattice fringes of 0.27 nm
between two adjacent (10–10) and (01–10) planes can be ob-
served. In addition to the nanoplates, some rod-like nano-
structures can also be observed in Figure 4a, which presuma-
bly arose from a face-to-face stacking of some nanoplates.
These stacked structures were further examined by
HRTEM, as shown in Figure 4d, which shows a side view of
a typical single nanoplate. The calculated interplanar spac-

Figure 3. a) Low-magnification and b) high-magnification TEM images of
as-obtained Ni(OH)2 nanowires (R=2, 120 8C, 24 h). c) A TEM image of
as-obtained Ni(OH)2 short nanowires (R=1, 120 8C, 24 h).

Figure 4. a), b) TEM and c), d) HRTEM images of the as-obtained
Ni(OH)2 nanoplates when R=1/2. e) TEM image of the as-obtained
Ni(OH)2 nanoplates when R=1/3; the inset is an HRTEM image of a
rectangular nanoplate. f) TEM image of the as-obtained Ni(OH)2 nano-
plates when R=3/40.
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ing is 0.46 nm, which is in good agreement with the d spac-
ing value of the (0001) plane of hexagonal b-Ni(OH)2. We
also irradiated the nanoplates with an electron beam for a
certain time, but no obvious holes appeared on their surfa-
ces. This lack of a phase transformation may be ascribed to
stronger binding of water molecules in the nanoplates as
compared with that in the nanobelts.

On further decreasing the [Ni2+]/ ACHTUNGTRENNUNG[OH�] molar ratio to
R=1/3, a lot of rectangular nanoplates appeared, a typical
TEM image of which is shown in Figure 4e. The lengths of
these nanoplates were in the range 100–200 nm, while their
widths were in the range 50–100 nm. According to the
HRTEM image shown as an inset in Figure 4e, the rectangu-
lar nanoplates are also single crystals. Moreover, the lower
the value of R, the more rectangular nanoplates were
formed. When R was decreased to 3/40, a great number of
rectangles with many gaps were formed, as shown in Fig-
ure 4f. To the best of our knowledge, this is the first report
of this kind of morphology for Ni(OH)2 nanostructures,
which should result in an increase in the specific surface
area of the product and may open up new possibilities for
material applications.

Besides the [Ni2+]/ ACHTUNGTRENNUNG[OH�] molar ratio, the temperature
also had a significant effect on the shape and phase struc-
ture of the product when the value of R was between 1 and
1/2. In the case of R=3/4 and hydrothermal reaction for
24 h, nanoplates were obtained at 120 8C, a typical TEM
image of which is shown in Figure 5a. At 140 8C, however,
the product was composed of nanobelts and a small amount
of nanoplates, as presented in Figure 5b, and an interesting
phenomenon was that the nanoplates adhered to the nano-
belts and tended to fuse into them. Further increasing the
reaction temperature to 160 8C resulted only in the forma-
tion of nanobelts, as shown in Figure 5c. When the tempera-
ture was further increased to 180 and 200 8C, long and uni-
form nanobelts remained the only product, as depicted in
Figure 5d.

To shed light on the mechanism of formation of the
Ni(OH)2 nanobelts, their growth process has been followed
by examining the products harvested after different hydro-
thermal treatment times of 0, 0.5, 1, 3, 6, 12, 24, 48, and 96 h
at 160 8C, with the value of R being fixed at 3. Before hydro-
thermal treatment, namely at 0 h reaction time, only irregu-
lar and flocculated nanoparticles were obtained, as shown in
Figure 6a. An XRD pattern (Figure 7a-A) revealed that

they were amorphous, which indicated that hydrothermal
treatment was absolutely necessary for the synthesis of
Ni(OH)2 nanocrystals. The product obtained after hydro-
thermal reaction for 0.5 h still consisted of irregular parti-
cles, as presented in Figure 6b. When the hydrothermal pro-
cess was extended to 1 h, a copious amount of short nanofi-
laments appeared (Figure 6c) and the irregular particles van-
ished. On prolonging the hydrothermal reaction time to 3 h,
the nanofilaments were completely transformed into short
nanowires of diameter 20–30 nm and length 1–3 mm, as
shown in Figure 6d. After a reaction time of 12 h, the short
nanowires grew into longer nanowires with lengths in excess
of 10 mm, but their diameter was unchanged from that of the
short nanowires obtained after a reaction time of 3 h; a typi-
cal TEM image is shown in Figure 6e. When the reaction
time was extended to 24, 48, and 96 h, both the length and
diameter progressively increased. Figure 6f shows a repre-
sentative TEM image of the sample after a reaction time of
96 h, close inspection of which reveals several noteworthy
features. First, a bifurcation is found at the end of one nano-

Figure 5. TEM images of the as-obtained Ni(OH)2 nanostructures at dif-
ferent temperatures in the case of R=3/4 and hydrothermal reaction for
24 h: a) 120 8C, b) 140 8C, c) 160 8C, d) 180 8C.

Figure 6. TEM images of the Ni(OH)2 nanostructures harvested after dif-
ferent hydrothermal treatment times at 160 8C with R=3: a) 0, b) 0.5,
c) 1, d) 3, e) 12, f) 96 h.
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belt, as indicated by an arrow. Second, parallel fissures are
observed in a part of a nanobelt, as marked by the frame;
this phenomenon can also be seen in Figure 5c, as indicated
by arrows. Third, the ripples on some nanobelts are not con-
secutive, as highlighted by a circle. On the basis of the
above observations, we are inclined to describe the forma-
tion process of the Ni(OH)2 nanobelts as involving a se-
quence of dissolution, recrystallization, and oriented attach-
ment-assisted self-assembly of nanowires into nanobelts, this
being a thermodynamically driven process. Under hydro-
thermal conditions, higher temperature and pressure in-
creased the solubility of fine amorphous a-Ni(OH)2 nano-
particles in water so that a highly supersaturated solution
was formed; this was followed by a nucleation and crystalli-
zation process of nanocrystals. Due to the difference in solu-
bility between the larger particles and the small particles ac-
cording to the Gibbs–Thomson law,[38] nanofilaments formed
(Figure 6c) as the small particles agglomerated. As the reac-
tion progressed, these nanofilaments extended along their c
axes and grew into short and eventually long a-Ni(OH)2

nanowires. Many of these nanowires then aligned in a side-

by-side arrangement to form nanowire bundles. Subsequent-
ly, these nanowire bundles further crystallized to form
single-crystal nanobelts through oriented attachment, which
is similar to the formation process of Sb2O3 nanobelts re-
ported by Tang s group.[39]

The phase composition and form of the as-synthesized
products were examined by X-ray powder diffraction
(XRD) analysis. X-ray diffractograms B–D in Figure 7a are
those of the as-prepared Ni(OH)2 nanobelts, nanowires, and
short nanowires, respectively. All of the diffraction peaks
could be clearly indexed to the monoclinic phase a-Ni(OH)2

with lattice constants of a=7.89, b=2.96, c=16.63 N, and
b=91.18 in accordance with the standard card JCPDF
No. 41–1424. No peaks attributable to other types of nickel
hydroxide are observed in the XRD patterns, indicating the
high purity of the samples obtained. Diffractogram A in Fig-
ure 7a is that of the sample before hydrothermal treatment,
which shows it to be amorphous. Diffractogram E in Fig-
ure 7a is that of the mixture of nanobelts and nanoplates ob-
tained with R=3/4 at a reaction temperature of 140 8C. It
can be seen that all of the diffraction peaks in E can be in-
dexed to a monoclinic phase, confirming that the principal
morphology of this sample is one of nanobelts, as depicted
in Figure 5b. Figure 7b shows the XRD patterns of the hex-
agonal and rectangular Ni(OH)2 nanoplates, respectively; all
of the diffraction peaks are in good agreement with the hex-
agonal b-Ni(OH)2 structure with lattice constants of a=

3.127 and c=4.606 N (JCPDS card No. 14-0117). On the
basis of the above results, it could be concluded that the
crystallographic phase of the as-prepared samples is mainly
dependent on the [Ni2+]/ACHTUNGTRENNUNG[OH�] molar ratio; that is to say, in-
creasing the amount of NaOH leads to the generation of b-
Ni(OH)2.

With a view to obtaining a more comprehensive under-
standing of the structure transformation and morphology
evolution of the Ni(OH)2 nanocrystals, large-scale experi-
ments were carried out under different reaction conditions,
and some typical experimental parameters and representa-
tive results are listed in Table 1. It can be concluded from
the table that the molar ratio of [OH�] to [Ni2+] was vital in
determining the final morphology and crystallographic
phase produced. At R�1, a-Ni(OH)2 nanobelts or nano-
wires and short nanowires were always obtained after hy-
drothermal treatment regardless of the temperature. At R�
1/2, which is less than the stoichiometry of Ni(OH)2, irre-
spective of any other conditions, only b-Ni(OH)2 nanoplates
were generated, and more and more rectangular nanoplates
were formed with increasing amount of NaOH. At 1/2�R�
1, such as R=3/4, temperature played a very important role
in determining the morphology and crystallographic phase
of the final product, as discussed above.

Nickel hydroxide (Ni(OH)2) is a typical layered double-
hydroxide (LDH), of which there are two polymorphs,
namely the a- and b-phases.[35] Both forms crystallize in the
hexagonal system with the brucite-type structure by stacking
of the Ni(OH)2 layers along the c axis. The main difference
between the a- and b-Ni(OH)2 phases arises when other

Figure 7. a) XRD patterns of the Ni(OH)2 nanostructures: A) before hy-
drothermal treatment; B), C), and D) nanobelts, nanowires, and short
nanowires obtained by hydrothermal treatment for 24 h at 120 8C with
R=3, 2, and 1, respectively; E) the mixture of nanobelts and nanoplates
obtained by hydrothermal treatment for 24 h at 140 8C with R=3/4.
b) XRD patterns of A) the hexagonal and B) the rectangular Ni(OH)2

nanoplates.
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ions or molecules are present between the stacking layers
along the c axis. a-Ni(OH)2 consists of stacked Ni(OH)2�x
layers intercalated with various anions[36] (e.g., carbonate, ni-
trate, sulfate, etc.) or water molecules in the interlayer space
to maintain overall charge neutrality.[37] However, b-
Ni(OH)2 has a brucite-like (Mg(OH)2) structure without
any intercalated species. Nevertheless, the Ni(OH)2 layers of
both polymorphs share a common hexagonal planar ar-
rangement of octahedrally oxygen-coordinated NiII ions. In
the present case, when the ratio of Ni2+ to OH� exceeded
1:1, a substantial amount of excess SO4

2� anions was present
in the system, and these intercalated into the interlayer
spaces of the Ni(OH)2 layers leading to the formation of a-
Ni(OH)2. Moreover, due to the stacking of the layers along
the c axis, 1D nanowires with [0001] direction were formed.
Then, with sufficient energy being provided, the nanowires
self-assembled laterally through oriented attachment to min-
imize the surface energy of the system and further crystal-
lized to form single-crystal nanobelts. When R was de-
creased to 2, more NaOH was introduced into the reaction
system, and this strong electrolyte may have partially neu-
tralized the surface charges of the obtained Ni(OH)2 nano-
wires, preventing possible crystallite aggregation.[43] The
aforementioned oriented attachment of nanowires would
then have been prevented so that only nanowires were ob-
tained after reaction for 24 h at 120 8C. Nevertheless, nano-
belts could still be obtained by prolonging the reaction time
or increasing the temperature in the case of R=2, as shown
in Table 1, indicating that nanowires could be transformed
into nanobelts so long as enough energy was provided. This

further confirmed that the
nanobelts were formed by a
lateral self-assembly of the
nanowires. On the other hand,
we also noted that when R was
varied from 3 to 1, the length
of the nanobelts or nanowires
decreased with increasing con-
centration of NaOH and that
short nanowires were ultimate-
ly formed because NaOH dis-
favors the anisotropic growth,
as pointed out by Liu et al.[40]

In addition, NaOH is a strong
electrolyte that is selectively
adsorbed on certain crystal sur-
faces; the quantity of hydroxyl
functions adsorbed on (0001)
faces is much larger than that
adsorbed on other faces ac-
cording to Wang et al.[44] The
higher the concentration of
NaOH, the greater the steric
effect it exerts on the (0001)
faces. As a result, the lengths
of the one-dimensional nano-
structures decreased with in-

creasing concentration of NaOH. Ultimately, when R was
less than 1/2, OH� anions were present in the system in
excess, which restricted the intercalation of other species
(e.g. SO4

2�) into the as-formed crystal nuclei, and as a result
only b-Ni(OH)2 nanoplates were formed. Furthermore,
owing to the presence of excess OH� ions, the strong inhibi-
tory effect on 1D anisotropic growth along the c axis, cou-
pled with the strong steric effect as well as the crystal nature
of the hexagonal planar arrangement, led to the formation
of hexagonal nanoplates. The precise mechanism of forma-
tion of the rectangular nanoplates with gaps still remains a
puzzle; more in-depth studies are necessary and the relevant
work is underway.

The very interesting phenomenon observed in the case of
R=3/4, that is, the sole formation of nanoplates at lower re-
action temperatures (e.g. 120 8C) and longer and longer 1D
nanostructures being synthesized on increasing the tempera-
ture to 140, 160, 180, and 200 8C, as shown in Figure 5, can
be explained in terms of the relationship between the steric
effect exerted by OH� and the energy provided to overcome
this steric effect. At lower temperature, the relatively high
OH� concentration restricted not only the 1D crystal growth
but also the intercalation of SO4

2�, and hence b-Ni(OH)2

nanoplates were the exclusive product. When the tempera-
ture was increased to 140 8C, the inhibitory effect on the 1D
crystal growth was largely overcome and the main product
was nanobelts accompanied by a small amount of nano-
plates. When the temperature was further increased to
160 8C, a lot of nanobelts were clearly produced, as shown in
Figure 5c; some parallel nanowires could also be observed,

Table 1. Ni(OH)2 nanobelts/nanowires/short nanowires/nanoplates obtained under different reaction condi-
tions.

NiSO4

[mmol]
NaOH
[mmol]

ACHTUNGTRENNUNG[Ni2+]/ ACHTUNGTRENNUNG[OH�]
(R)

T
[8C]

Reaction time
[h]

Morphology and shape Phase

9.8 3.3 3 120 24 nanobelts a

9.8 4.9 2 120 24 nanowires a

9.8 4.9 2 120 48 nanobelts a

9.8 9.8 1 120 24 short nanowires a

9.8 19.6 1/2 120 24 nanoplates b

9.8 39.2 1/4 120 24 nanoplates b

9.8 4.9 2 160 24 nanobelts a

4.9 3.3 3/2 120 24 short nanowires a

2.45 3.3 3/4 120 24 nanoplates b

2.45 3.3 3/4 140 24 nanobelts and nanoplates a

2.45 3.3 3/4 160 24 nanobelts a

2.45 3.3 3/4 180 24 nanobelts a

9.8 3.3 3 80 24 nanobelts a

1.23 3.3 2/5 180 24 nanoplates b

9.8 3.3 3 25 0 irregular particles amorphous
9.8 3.3 3 160 1 short nanofilaments a

9.8 3.3 3 160 3 short nanowires a

9.8 3.3 3 160 6 a few short nanobelts a

9.8 3.3 3 160 12 nanobelts a

9.8 3.3 3 160 48 nanobelts a

0.98 3.3 3/30 160 24 nanoplates (rectangles
appear)

b

0.49 3.4 3/20 160 24 nanoplates b

0.25 3.4 3/40 160 24 nanoplates (more rectan-
gles)

b
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but nanoplates were no longer seen owing to the provision
of more energy through the higher reaction temperature. As
sufficient energy was supplied at the higher reaction temper-
atures of 180 and 200 8C, the nanobelts became ever more
prevalent at the expense of the nanowires. These results fur-
ther confirmed that temperature can weaken the inhibitory
effect of OH� anions and promote the self-attachment of
nanowires into nanobelts.

The thermal behavior of the a-Ni(OH)2 nanobelts and b-
Ni(OH)2 nanoplates was investigated by means of TGA and
DTA measurements (Figures 8a,b). The TGA curve in Fig-

ure 8a indicates that in the temperature range from 30 to
600 8C a-Ni(OH)2 shows two steps at around 65 and 285 8C,
with different net weight losses; the total weight loss was
measured as about 20%. The TGA curve of b-Ni(OH)2

(Figure 8b), on the other hand, shows the onset of decompo-
sition (weight loss) at about 285 8C. The major weight loss
occurs rapidly between about 298 and 342 8C, as reported in
the literature.[29] The total weight loss was measured as
about 20%, in good agreement with the theoretical value
(19.4%) calculated from the following reaction:

NiðOHÞ2 endothermic
������!NiOþH2O ð1Þ

It is believed that the difference in the TGA curves of the
two kinds of products may be attributed to the different
bonding abilities of water molecules in the respective a- and
b-phases, and the TGA results also confirmed the phenom-
enon that holes appeared on the surfaces of the a-Ni(OH)2

nanobelts but not on the b-Ni(OH)2 nanoplates after irradi-
ation with an electron beam for a certain time during TEM
investigation. The DTA curve in Figure 8a shows two endo-

thermic peaks with maxima located at 68 and 345 8C, and
the DTA curve in Figure 8b shows one endothermic peak
with a maximum located at 318 8C. The temperature ranges
of the endothermic peaks in the two DTA curves corre-
spond well to those of the weight losses in the TG curves
and are consistent with the endothermic behavior observed
during the decomposition of a- and b-Ni(OH)2 into NiO.

Porous NiO nanobelts, nanowires, and nanoplates could
be obtained by thermal decomposition of the as-synthesized
precursor Ni(OH)2 nanobelts, nanowires, and nanoplates at
500 8C for 2 h. Figures 9a,b show the XRD patterns of NiO

nanocrystals obtained from nanobelts and nanoplates as pre-
cursors, respectively. The obtained diffractograms reveal
that all of the samples could be perfectly indexed to the
cubic structure of crystalline NiO and that no impurities
were present in the powder samples. The inset in Figure 9
shows low-angle powder X-ray diffraction patterns of the
porous NiO nanobelts and nanoplates. The presence of a
single broad diffraction peak in the low-angle range is indi-
cative of a disordered mesostructure with no discernible
long-range order in the mesopore arrangement.

Typical TEM images of the porous NiO nanobelts, nano-
wires, and nanoplates are shown in Figure 10. It can be seen
from Figure 10a that there is an abundance of pores in the
nanobelts, and that there is no significant change in the di-
ameter of the nanobelts as compared to their precursors, but
that they are much shorter than before calcination, which
may stem from the decreased mechanical stability of the
porous nanostructures and the sonication to which they
were subjected prior to TEM observation. A similar phe-
nomenon was also noted for the porous nanowires, as shown
in Figure 10b. Although the morphology of the b-Ni(OH)2

nanoplates, as shown in Figure 10c, was perfectly retained
after thermal decomposition to NiO, their size was a little

Figure 8. Thermogravimetric curves of a) a-Ni(OH)2 nanobelts and b) b-
Ni(OH)2 nanoplates.

Figure 9. XRD patterns of the porous NiO a) nanobelts and b) nano-
plates obtained by thermal decomposition of the as-synthesized Ni(OH)2

nanobelts and nanoplates as precursors at 500 8C for 2 h. The inset shows
the corresponding low-angle XRD patterns.
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smaller than that of the precursors. The inset in Figure 10c
is an enlarged image of the porous NiO nanoplates; a lot of
holes can clearly be seen, which confirms the porosity of the
NiO nanoplates.

To investigate the specific surface areas and porous
nature of the NiO nanobelts, nanowires, and nanoplates,
Brunauer–Emmett–Teller (BET) gas-sorption measurements
were carried out. Nitrogen adsorption–desorption isotherms
of these porous nanostructures are shown in Figure 11, and
the insets therein are the corresponding Barrett–Joyner–Ha-
lenda (BJH) pore size distribution plots. These isotherms
can be categorized as being of type IV, with a distinct hyste-
resis loop. The BET specific surface areas of the samples
were found to be 146 m2 g�1 for NiO nanobelts, 147 m2 g�1

for NiO nanowires, and 144 m2 g�1 for NiO nanoplates, indi-
cating that there is no obvious difference in specific surface
area among the three kinds of morphology. The average
pore diameters according to the BJH plots calculated from
the nitrogen isotherms of the porous NiO nanobelts, nano-
wires, and nanoplates were 11.6, 7.04, and 7.11 nm, respec-
tively, indicating that all of the samples contained mesoscale
pores but that the average pore diameters of the NiO nano-
wires and nanoplates were much smaller than that of the
NiO nanobelts. Moreover, the pore size distribution of the
NiO nanobelts was seen to be slightly broader according to
the BJH pore size distribution plots. Based on the above dis-
cussion, it is believed that these porous NiO nanostructures
satisfy the requirements for potential applications in the
field of surface catalysis and among them the nanowires
have the highest specific surface area and the lowest average
pore diameter.

Conclusion

In summary, by hydrothermal treatment of a very simple
system composed only of water, NiSO4, and NaOH, and
modulating the ratio of NaOH to NiSO4, some Ni(OH)2

nanostructures of various morphologies have been obtained.
Thus, a-phase nanobelts, nanowires, and short nanowires,
and b-phase hexagonal and rectangular nanoplates could be
synthesized exclusively, in high yields and with high purities.
By irradiation with an electron beam for several minutes,
the as-synthesized nanobelts were transformed into porous
NiO nanobelts, but the nanoplates underwent no obvious
changes under the same conditions. All of the as-prepared
Ni(OH)2 products could be transformed into corresponding
porous NiO nanostructures by annealing. The formation
process of the Ni(OH)2 nanostructures may be described as
a sequence of dissolution, recrystallization, and oriented at-

Figure 10. TEM images of the porous NiO structures obtained by thermal
decomposition: a) nanobelts, b) nanowires, and c) nanoplates.

Figure 11. Nitrogen adsorption isotherms of the porous NiO: a) nano-
belts, b) nanowires, and c) nanoplates. The insets show the corresponding
Barrett–Joyner–Halenda (BJH) pore size distribution plots.
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tachment-assisted self-assembly of nanowires into nanobelts.
The current process has the advantages of employing simple
synthetic methods and inexpensive experimental set-ups
that may readily be scaled-up for industrial production.

Experimental Section

Preparation of samples : All of the chemicals were of analytical grade
and were used without further purification. Distilled water was used
throughout. In a typical preparation of a-Ni(OH)2 nanobelts, an aqueous
solution (40 mL) containing NiSO4·7H2O (9.8 mmol) and NaOH
(3.3 mmol) was sealed into a 50 mL capacity Teflon-lined autoclave and
heated at 120 8C for 24 h (the reaction time was always 24 h unless other-
wise mentioned). After hydrothermal treatment, the reaction mixture
separated into a green paste-like precipitate and a clear supernatant,
which was decanted off. The solid product was subsequently washed sev-
eral times with deionized water, and then dried in air at 60 8C for 12 h.
Finally, a green powder was obtained. By changing the molar ratio of
NiSO4 to NaOH, the temperature, or the reaction time, a-Ni(OH)2 nano-
wires, short nanowires, and b-Ni(OH)2 nanoplates could be obtained.
Porous NiO nanobelts, nanowires, and nanoplates were obtained when
the as-synthesized Ni(OH)2 nanobelts, nanowires, and nanoplates were
directly calcined at 500 8C for 2 h in a muffle furnace.

Characterization : The as-prepared powder samples were characterized
by X-ray powder diffraction (XRD) analysis on a Rigaku X-ray diffrac-
tometer with CuKa radiation (l=1.5406 N). The morphologies and sizes
of the as-obtained products were observed by transmission electron mi-
croscopy (TEM, Hitachi H-800) and field-emission scanning electron mi-
croscopy (FE-SEM, JEOL 7500B). High-resolution transmission electron
microscopy (HRTEM) was performed with a JEM-3010 transmission
electron microscope (300 kV). Thermogravimetric (TG) analyses were
carried out with an STA-409PC/4/H Luxx simultaneous TG-DTA/DSC
apparatus (Germany) at a heating rate of 10 8Cmin�1 in a flow of air. N2

adsorption was determined by BET measurements using an ASAP-2000
surface area analyzer.
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