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a b s t r a c t

The present paper introduces a new method to prepare nano-NiOOH by oxidizing and cracking spherical
Ni(OH)2 of nano-structure in NaClO–NaOH solution. The prepared samples were characterized by X-ray
powder diffraction (XRD), field emission scan electronic microscope (FESEM) and transmission electron
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microscopy (TEM). Results indicate that the synthesized sample is nano-NiOOH rod of 60–150 nm in
width. The charge/discharge tests show that the nano-NiOOH cathode shows good cycling reversibility
at high current density of 10,000 mA g−1, provides a high capacity of 276 mAh g−1 and reduces the charge
time to as short as 1.83 min. Furthermore, the nano-NiOOH still keeps a reversible capacity of 93.7% after
120 cycles at a super high charge/discharge current of 10,000 mA g−1, showing a good charge/discharge
property.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
. Introduction

With the fast development of portable electronic products over
he past two decades, increasing importance has been attached
o the high current charge/discharge characteristics of batteries.
t is generally acknowledged that it is more difficult to engineer
atteries capable of high-rate charging than high-rate discharging
1–9]. For example, existing technologies such as Ni-MH, Li-ion, and
ilver–zinc batteries can achieve high discharge rates up to 1–6 C,
ut the electric charge acceptance ability is so poor that longer than
.4–10 h of charge time are needed.

The electrochemical transformation between Ni(OH)2 and
iOOH, the most common redox couples of alkaline secondary
atteries, is the basic principle of nickel-based batteries such as
i-MH, Ni–Cd, and Edison batteries, which brings about an annual
lobal production of over 3 billion pieces [10,11]. Compared with
he large specific capacity of metal hydride (MH) anode, the lim-

ted charging capacity of Ni(OH)2 cathode represents a barrier to
he improvement of the properties of nickel batteries [12–15]. Up
o now, conventional �-Ni(OH)2 which can only provide a specific
apacity of 150–170 mAh g−1 has been commonly used as a cath-

∗ Corresponding author. Tel.: +86 10 64449332; fax: +86 10 64449332.
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oi:10.1016/j.jpowsour.2008.11.127
ode material [16]. The synthesis and application of spherical nickel
hydroxide dramatically increase the charge/discharge capacity of
this cathode to above 230 mAh g−1 [17,18]. The discharge capac-
ity of nano-Ni(OH)2 electrodes prepared by ultrasonic chemistry,
hard template method and other common methods can reach as
high as 250 mAh g−1, further approaching the theoretical capac-
ity of 291 mAh g−1 calculated by Faraday’s law [19–23]. However,
mass production of nano-Ni(OH)2 is impractical by using the hard
template method.

In the primary battery field, the alkaline Zn/MnO2 battery plays
a dominant role due to its mature technology and competitive
price, resulting in an annual worldwide production of 60 billion
manganese batteries. However, the capacity of alkaline Zn/MnO2
batteries declines severely under high current load [24]. By con-
trast, with substitution of high-performance spherical NiOOH for
MnO2, the Zn/NiOOH battery has achieved a high discharge current
over 120 mA g−1, offering a service life several times as long as that
of alkaline Zn/MnO2 batteries [25,26].

Considerable researches are conducted on the preparation
and electrochemical performance of nano-nickel hydroxide in
certain applications [27–29]. However, it is difficult to use the
current methods to synthesize nanomaterials as NiOOH due to

its strong oxidation property in strong alkaline solution. Con-
sequently, little study has been carried out on the preparation
and electrochemical properties of nano-NiOOH, and there is no
attempt to report the nano-NiOOH rod with high performance
at super high charge/discharge rates. Here we report a new

ghts reserved.
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Fig. 1. The FSEM pictures of the Ni(OH)2 samples at different pH (sample a: 10.90–11.05; sample b: 11.21–11.29; sample c: 11.40–11.60).

Fig. 2. The producing schematic diagram of the nano-NiOOH by splitting method.
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ig. 3. The FSEM images of NiOOH samples prepared at different reaction time. (a)
repared for 12 h.

pproach to the batch synthesis of nano-NiOOH rod by oxidiz-

ng and splitting nano-structured spherical nickel hydroxide. The
repared nano-NiOOH has good cycling reversibility at a super
igh current density of 10,000 mA g−1, provides a high discharge
apacity of 276.1 mAh g−1 and reduces the charge time to as short
s 1.83 min.
) 2 h, (c) 4 h, (d) 6 h, (e) 9 h, (f) 12 h, and (g) is the TEM images of the NiOOH sample

2. Experimental
Mixed solution of 1.2 M NiSO4, 0.01 M Na2SO4 and 0.02 M H2SO4
was prepared in a 100 ml volumetric flask, from which 50 ml was
removed to a beaker in reserve and marked as solution A.

50 ml 3 M NaOH + 0.6 M NH3 solution was marked as B.
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NiOOH (from 250.3 to 124.2 mAh g−1) corresponding to an increase
in discharge current density from 120 to 10,000 mA g−1. Under
conditions of 80X electric current density, the remaining ratio
of discharge capacity in a nano-NiOOH electrode is about 69.3%.
J. Pan et al. / Journal of Pow

8.5 ml 13.2 M ammonia was diluted to 100 ml and marked as
olution C.

Solution C was removed into a reactor equipped with a heater,
n agitator and a pH measurement device. Temperature was con-
rolled at 52 ◦C. Solution A and B were slowly pumped into the
eactor by using two constant flow pumps controlled by two micro-
omputers. Three samples, a, b and c, were separately obtained
y controlling pH value within 10.90–11.05, 11.21–11.29 and
1.40–11.60, respectively. Flow volume was 0.40–0.41 ml min−1.

hen the reaction was finished, stirring of the solution was
aintained for 20 h, followed by removing out and washing the

recipitation product with hot deionized water until the pH of fil-
ered solution was within 7.1–7.6. Then the product was dried in
acuum at 60 ◦C for 3 h to obtain the samples.

A NaClO–NaOH solution was prepared using the method
eported elsewhere [12]. 10 g of above prepared Ni(OH)2 powders
ere then added to the NaClO–NaOH solution by stirring in the tem-
erature range of 5–10 ◦C. A black NiOOH suspension formed after
eacting for a period of 6–12 h was washed with deionized water
sing a decanting method and filtered using a G4 sintered glass fil-
er. The precipitate was then dried in a 50 ◦C vacuum environment
or 6 h, yielding the NiOOH samples. The purity of the NiOOH sam-
le was analyzed by ferrous titration [12]. For the sake of contrast,
he ordinary spheric Ni(OH)2 as raw material was also added to the
bove concentrated sodium hypochlorite solution with constant
gitation at 25–35 ◦C for 3 h to form spheric NiOOH [12].

The phase structure of the prepared NiOOH samples was ana-
yzed using a Rigaku D/max2500VB2+/PCX X-ray diffractometer
XRD) with a Cu anticathode (40 kV, 200 mA). The morphology of
he NiOOH samples was examined using a field emission scan elec-
ronic microscope (FESEM) and a transmission electron microscopy
TEM).

The nano-NiOOH electrodes were fabricated as described in
etail elsewhere [3]. A pure nickel plate was used as an auxiliary
athode, a Zn(Hg)/ZnO electrode as reference electrode and 9 M
OH solution as the electrolyte. The charge/discharge performance
f the prepared electrode was measured using a Land-2001A cell
est instrument.

. Results and discussions

Fig. 1 is FSEM photos of three types of Ni(OH)2 (a, b, and c)
btained at different pH. It shows a great effect of pH on the mor-
hology. It is hard to form spherical Ni(OH)2 and there appears
ano-grain even amorphous colloid at low pH (10.90–11.05),
hile dense spherical Ni(OH)2 is easily formed at high pH

11.40–11.60). When pH is in an appropriate range(11.21–11.29), a
alance between the complexation dissolution and precipitation is
chieved, and the Ni(OH)2 particles convert into abundant nano-
i(OH)2 flakes, piling up to form spherical nano-Ni(OH)2 along
certain space direction. Thus, nano-NiOOH may be obtained by

xidizing and cracking nano-structured Ni(OH)2.
Fig. 2 represents a schematic diagram for the production of nano-

iOOH using the splitting method mentioned above. Experiments
n synthesizing NiOOH have revealed that proper concentrations of
aClO and NaOH, longer reaction time and higher reaction temper-
ture can promote the decomposition of NaClO solution both on the
urface and inside the spherical Ni(OH)2. The tension of oxygen gen-
rated during the decomposition reaction will crack the spherical
iOOH to be split.
Fig. 3 shows FESEM and TEM images of the prepared NiOOH sam-
les at different reaction time. It can be seen from Fig. 3a that the
ano-structured spherical Ni(OH)2 consists of numerous nanome-
er Ni(OH)2 rods. In the process of reaction, cracks develop from the
urface toward the core of spherical NiOOH until the sphere breaks
Fig. 4. The XRD patterns of the samples. (a) The spherical Ni(OH)2 and (b) the
prepared nano-NiOOH.

into NiOOH rods. The results show that the NiOOH is completely
split into rods after 12 h. Using the measuring scale in the diagram,
it can be seen that the NiOOH rods range from 70 to 200 nm in width
and 600 to 1000 nm in length. Fe2+ titration analysis indicates that
the purity of nano-structured NiOOH is about 98.2%. TEM analy-
sis (Fig. 3g1 and g2) reveals that the NiOOH sample prepared using
the above-mentioned splitting method is typically in the shape of
a rod or shuttle of 60–150 nm in width and 500–900 nm in length,
conforming to the results of FESEM analysis.

The XRD patterns of the prepared nano-NiOOH sample are
shown in Fig. 4. By contrast to X-ray diffraction patterns men-
tioned elsewhere [12], the diffraction peak still proves the sample
to be NiOOH. Moreover, the diffraction peak appears to widen
significantly as a result of reducing the size of nano-NiOOH. The
calculation shows 55.2 nm in particle diameter of the NiOOH rods.
Therefore, NiOOH spheres can be split into large numbers of nano-
structured rods by improving the reaction conditions.

Fig. 5 represents the first discharge curves of both spherical and
nano-NiOOH with the same content of graphite (20 wt.%) as inert
electronic conductor under different discharge current densities.
It can be seen that the discharge capacity of nano-NiOOH (from
282.2 to 196.3 mAh g−1) are much higher than that of spherical
Fig. 5. Discharge curves of the NiOOH cathodes at different discharge current
densities. (a) The spherical NiOOH and (b) the prepared nano-NiOOH. a1 and
b1: 120 mA g−1; a2 and b2: 1000 mA g−1; a3 and b3: 5000 mA g−1; a4 and b4:
10,000 mA g−1.
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ig. 6. (a) Discharge curve of nano-NiOOH under the super high charge/discharge
ate of 10,000 mA g−1. (b) Cycle stability of the nano-NiOOH cathodes at current
ensity of 5000 and 10,000 mA g−1.

y contrast, the discharge capacity of spherical NiOOH remains
24.2 mAh g−1—only 49.6% of 250.3 mAh g−1 under a discharge
urrent density of 120 mA g−1. The super high current discharge
roperties of nano-NiOOH result from the fine size of its parti-
les, accelerating the participation of most internal NiOOH in the
eaction. Conversely, the greater size of spherical NiOOH prevents
onsiderable quantities of internal NiOOH from quick entering the
eaction, showing a longer and lower second plateau (1.1–1.2 V) dur-
ng the discharge proceed. That decreases the high-rate discharge
apacity.

Fig. 6a shows the charge/discharge curves of nano-NiOOH under
super high charge/discharge rate of 10,000 mA g−1. It can be

een that the first 50 cycles of discharge curves are almost iden-
ical under a charge/discharge current density of 10,000 mA g−1,
hus suggesting that nano-NiOOH maintains relatively satisfac-
ory cycling performance at super high charge/discharge rates.
xperimental results indicate that nano-NiOOH achieves a cycling
apacity of 276.1 mAh g−1

, reducing charge time of the elec-
rode down to 1.83 min. This suggests that charging time for
echargeable alkaline batteries would be greatly reduced by the
pplication of nano-NiOOH as a cathode material, making nickel
echargeable batteries much more efficient. Fig. 6b shows that a
ano-NiOOH electrode can achieve discharge capacities of 315.2

nd 276.1 mAh g−1 under charge/discharge current densities of
000 and 10,000 mA g−1, respectively, corresponding to respective
etaining capacities of 94.0 and 93.7% after 120 cycles. No obvi-
us decay in the cycling properties of nano-NiOOH electrodes is
bserved when they are charged and discharged at super-high rates,

[

[
[
[

urces 188 (2009) 308–312

thus demonstrating that nano-NiOOH offers robust cycling charac-
teristics.

4. Conclusion

In summary, a new method to prepare nano-NiOOH by oxi-
dizing and cracking spherical Ni(OH)2 in a NaClO–NaOH solution
is reported in this article. The experimental results show that
nano-NiOOH exhibits good cycling reversibility at super high cur-
rent density of 10,000 mA g−1, provides a high discharge capacity
of 276.1 mAh g−1 and reduces the charge time to as short as
1.83 min. Furthermore, nano-NiOOH still maintains a reversible
capacity of 93.7% after 120 cycles at a super high charge/discharge
current of 10,000 mA g−1, demonstrating good charge/discharge
properties. We deduce that the excellent electrochemical perfor-
mance of nano-NiOOH would make it possible as a promising
candidate for the rapid refueling of electric automobiles, com-
parable to refueling rates for conventional internal combustion
vehicles.
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