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Abstract

Nickel hydroxide powder was modified by the method of ball milling, and the physical properties of both the
ball-milled and un-milled nickel hydroxide were characterized by scanning electron microscopy, specific surface
area, particle size distribution and X-ray diffraction. It was found that the ball milling processing could obviously
increase the surface area, decrease the particle and crystallite size, and reduce the crystallinity of b-Ni(OH)2, which
was advantageous to the improvement of the electrochemical activity of nickel hydroxide powder. Electrochemical
performances of pasted nickel electrodes using the ball-milled nickel hydroxide as an active material were inves-
tigated, and were compared with those of the electrodes prepared with the un-milled nickel hydroxide. Charge/
discharge tests showed that the ball-milled nickel hydroxide electrodes exhibited better performances in the charging
efficiency, specific discharge capacity, active material utilization and discharge voltage. The improvement of the
performances of b-Ni(OH)2 through ball milling could be attributed to the better reaction reversibility, higher
coulombic efficiency, higher oxygen evolution potential and lower electrochemical impedance, as indicated by the
cyclic voltammetry and electrochemical impedance spectroscopy studies. Thus, ball milling was an effective method
to modify the physical properties and enhance the electrochemical performances of nickel hydroxide powder for the
active material of rechargeable alkaline nickel batteries.

1. Introduction

Nickel hydroxide is the positive electrode material of
rechargeable alkaline batteries (e.g. Ni/Cd, Ni/Fe, Ni/
Zn, Ni/H2 and Ni/MH). These nickel-based batteries are
usually positive limited, so that the capacity and cycle
life of the cells are determined mainly by the properties
of nickel electrodes [1, 2]. In order to improve the cell
performance, pasted nickel electrodes made from a
porous nickel-foam substrate and an active material
called spherical nickel hydroxide powder have been
developed. With their high energy density and low cost
relative to those of conventional sintered nickel elec-
trodes, the pasted nickel electrodes have now been
widely used in commercially available Ni/MH and Ni/
Zn batteries [3–5]. The practical importance of nickel
hydroxide materials and their electrochemical properties
is not only limited to battery application, since nickel
hydroxide or nickel oxide electrodes also find important

applications in fuel cells, electrochemical capacitors,
electrolysers, electrosynthetic cells and electrochromic
devices.
As the discharged-state active material of the nickel

electrodes, the physical and electrochemical characteris-
tics of nickel hydroxide are the key to determine the
property of the electrodes. Spherical nickel hydroxide
powder with a particle size distribution from several
microns to tens of microns has a high filling density and
superior flow characteristics, which can provide an
optimized pasting and a nickel-foam penetration process
[6]. These physical properties of spherical nickel hydrox-
ide are beneficial to the increase in the amount of the
active material loaded in the electrode substrate and the
improvement of energy density of the nickel electrodes.
However, the electrochemical properties of spherical
nickel hydroxide are inferior, e.g. the charging efficiency,
active material utilization, electronic conductivity and
proton diffusion ability are quite low [7]. So considerable

Journal of Applied Electrochemistry (2006) 36:97–103 � Springer 2005
DOI 10.1007/s10800-005-9045-3



interest has centred on the improvement of the electro-
chemical activity of nickel hydroxide. Besides the com-
position (doping with cobalt, zinc, etc.) and the impurity
level, some physical properties strongly influence the
electrochemical performance of nickel hydroxide powder
materials, such as the morphology, structural defects,
surface area, degree of porosity, crystal form and
crystallite size [8–10]. In particular, the crystallite size
and crystallinity have been proven to be in strong
correlation to the electrochemical activity of nickel
hydroxide active materials. Studies [4, 11–13] have shown
that nickel hydroxide with fine crystallite size and
reduced crystallinity possesses a high chemical proton
diffusion coefficient and an increased nickel utilization,
giving excellent charge/discharge cycling behaviour.
Mechanochemical processing of materials by ball

milling is an attractive new technique for preparing
novel materials, e.g. amorphous and nanocrystalline
materials. In comparison with other methods for the
processing of materials, the ball milling technique is
advantageous because it is based on simple processes,
shows high efficiency, low energy consumption and cost.
This technique has been widely applied to prepare
hydrogen storage alloys for Ni/MH batteries and the
electrode materials for lithium ion batteries [14–17]. It
has been pointed out that the process of ball milling can
decrease the particle and crystallite size of materials, and
induce the continuous formation of structural defects
through the cycling deformation of crystallites. In this
work, the method of ball milling was used to modify the
structural and electrochemical characteristics of the
commercial spherical nickel hydroxide powder. The
physical and electrochemical properties of the ball-
milled nickel hydroxide were characterized and com-
pared with those of the un-milled nickel hydroxide. The
effect mechanism of ball milling and the relationship
between the structural characteristics and electrochem-
ical activity of nickel hydroxide were also examined. We
report that ball milling is an effective method to modify
the physical properties and enhance the electrochemical
performances of nickel hydroxide powder for the active
material of rechargeable alkaline nickel batteries.

2. Experimental details

2.1. Ball milling processing and physical
characterization of nickel hydroxide powders

Commercial spherical Ni(OH)2 powder (from NEXcell
Battery Co., Ltd., containing co-precipitated 1.9 wt.%
Co and 2.5 wt.% Zn) was milled in a ball mill. The ball
to powder mass ratio was 8:1, and the duration of
milling was scheduled between 24 to 120 h. The crys-
tallographic structure of Ni(OH)2 powders was charac-
terized by X-ray diffraction (XRD) with a Rigaku
diffractometer using CuKa radiation (k=1.542 Å).
Scanning electron microscopy (SEM) observation was
performed using a LEO 1530 microscope. The specific

surface area was evaluated by the Brunauer–Emmett–
Teller (BET) nitrogen adsorption method using a
CHEMBET-3000 surface area analyser. The particle
size distribution of the powders was obtained using a
Mastersizer 2000 particle size analyser. The properties of
both the ball-milled and un-milled Ni(OH)2 powders
were examined and compared.

2.2. Electrochemical characterization of nickel
hydroxide powders

Pasted nickel electrodes were prepared as follows:
Ni(OH)2 powder (before or after ball milling for 120 h),
nickel powder (Inco T255) and CoO powder (Aldrich,
)325 mesh) weremixed thoroughly in an agate mortar. A
suitable amount of suspension containing 60 wt.%
polytetrafluoroethylene (PTFE) (Aldrich) and 1.5 wt.%
carboxymethyl cellulose (CMC) (Aldrich) was added to
the mixed powder as a binder. The mixture was then
blended to obtain a paste. The resulting paste was
incorporated into a 2 cm�2 cm nickel-foam substrate, to
which a nickel ribbon was spot-welded as a current
collector. Subsequently, the pasted electrodes were dried
at 80 �C for 2–3 h and pressed at 175 MPa to assure good
electrical contact between the substrate and the active
material. The content of Ni(OH)2 active material in the
resultant electrodes was determined through the weight
ratio of different electrode components.
Charge/discharge studies were conducted in a test cell,

including the as-prepared nickel electrodes as the
cathode and a hydrogen-storage alloy electrode as the
anode. Polypropylene was used as the separator between
the cathode and anode. The electrolyte solution con-
sisted of 6 M KOH+1 wt.% LiOH. The cell capacity
was cathodically limited. The test cells were charged at a
rate of 0.2 C for 6 h, and discharged at the same rate
down to a cut-off voltage of 1.0 V. After several charge/
discharge cycles for cell activation, the charge and
discharge curves at the 0.5 C rate were obtained. The
tests were performed on a Kikusui PF 40W-08 cycler.
For the cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS) measurements, a three-
compartment glass cell containing 6 M KOH+1 wt.%
LiOH electrolyte solution was used. The pasted nickel
electrodes, which acted as the working electrode in the
cell, were soaked in the electrolyte solution for 10 h
before test. A hydrogen-storage alloy electrode with a
capacity well in excess of the nickel electrodes was used
as the counter electrode. For the reference electrode, a
Hg/HgO (6 M KOH) electrode was employed, and the
potential of the working electrode was monitored
through a Luggin capillary with respect to the reference
electrode. The nickel electrodes were activated by
charge/discharge cycling before the experiments, and
were then cycled several times by CV to obtain a stable
profile. The voltammograms were recorded at a sweep
rate of 0.1 mV s)1, with a sweep potential range of 0.1–
0.7 V vs Hg/HgO. For the EIS studies, the impedance
spectra were recorded at a 5 mV amplitude of

98



perturbation, with a sweep frequency range of 20 kHz–
1 mHz. The tests were performed using an Autolab
PGSTAT30 system. All the electrochemical measure-
ments were carried out at ambient temperature.

3. Results and discussion

3.1. SEM and BET analyses

Scanning electron micrographs at a high magnification
for Ni(OH)2 powders before and after ball milling are
shown in Figure 1(a) and (b), respectively. It can be seen
that Ni(OH)2 particles consist of many tiny crystals.
Spherical Ni(OH)2 before ball milling is made up of
stacks of thin plate-like crystals, and the surface porosity
of the powder is low due to the relatively close stacking
of the crystals. After ball milling for 120 h, the surface of
Ni(OH)2 particles changes to a different crystal texture
with granular crystals and a high porosity.

From the BET measurement, the specific surface areas
of Ni(OH)2 powders before and after ball milling are 10
and 21 m2 g)1, respectively. This indicates that the ball
milling processing not only alters the surface morphol-
ogy and crystal form of Ni(OH)2 powder, but also
increases the surface area of the powder material.
For the active material of nickel electrodes, a high

surface porosity is beneficial to the penetration of the
electrolyte into the electrode. Meanwhile, high specific
surface area provides a high density of active sites and
promotes intimate interaction of the active material with
the surrounding electrolyte [7, 8]. Therefore better
utilization of the ball-milled Ni(OH)2 material is facil-
itated by the high porosity and surface area.

3.2. Particle size distribution

In order to investigate the effects of the ball-milling time
on the particle size of Ni(OH)2 powders, the particle size
distribution of the powders was measured and the

Fig. 1. SEM photographs for Ni(OH)2 powders before (a) and after (b) ball milling.
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average particle size (d50) was obtained. Figure 2 shows
the change of the average particle size of Ni(OH)2
powders with the milling time. The particle size is
markedly decreased during a 24 h of the milling time.
When the milling time is beyond 24 h, the particle size is
also decreased with the increase in the milling time, but
the rate of the decrease in the particle size is lowered.
The average particle size is decreased from 8.839 to
1.926 lm by ball milling when the milling time is
reached at 120 h. This confirms that ball milling is an
effective process making large particles become small
ones.

3.3. XRD patterns

XRD patterns of Ni(OH)2 powders before and after ball
milling are presented in Figure 3(a) and (b), respectively.
The characteristic diffraction peaks at (001)(d4.60),
(100)(d2.70), (101)(d2.34), (102)(d1.76), (110)(d1.56) and
(111)(d1.48) show that both these Ni(OH)2 samples have
a b-type crystal structure. b-Ni(OH)2 crystallizes with a
hexagonal brucite structure. The inter-sheet distance c of
the layered structure of nickel hydroxide is represented
by the d001 value. The d100 or d110 value corresponds to

the Ni–Ni distance a in the layers of nickel hydroxide,
where a=[2/

ffiffiffi

3
p

]d100 or 2d110 [18, 19]. The crystal
parameters obtained from XRD patterns are listed in
Table 1. It can been seen that the ball milling processing
does not alter the basic crystal structure of b-Ni(OH)2.
However, compared with Ni(OH)2 before ball milling,
the ball-milled Ni(OH)2 shows some different micro-
structural characteristics as revealed in the XRD pat-
terns. The peaks corresponding to the (001), (101), (102)
and (111) reflections in the XRD pattern of the ball-
milled Ni(OH)2 are noticeably broadened as compared
to those in the pattern of the un-milled Ni(OH)2. That
is, a larger full-width of half-maximum intensity
(FWHM) of these peaks is obtained with the ball-milled
Ni(OH)2.
The broadening of some of the diffraction lines [e.g.

(001) and (hk0)] is directly related to the crystallite size
[11, 20]. The crystallite size D, in the direction perpen-
dicular to various diffraction planes can be estimated
from the XRD lines using the Scherrer formula:

D ¼ 0:9k=B cosðhÞ ð1Þ

where D is the crystallite size, k represents the X-ray
wavelength, B is the FWHM, and h is the Bragg angle.
The D values of Ni(OH)2 calculated from (001) and
(101) XRD peaks are given in Table 1. It indicates that
the ball-milled Ni(OH)2 has a smaller crystallite size as
related to the un-milled Ni(OH)2.
Furthermore, it has been pointed out that the abnormal

broadening of the (10 l) reflection lines (l „ 0) cannot be
attributed only to the crystallite size. The existence of
structural defects, such as stacking faults/growth faults
and/or proton vacancies, also plays a very important
role in explaining this broadening [11, 20, 21]. So,
besides with a smaller crystallite size, the ball-milled
Ni(OH)2 should also possess more structural defects as
compared to the un-milled Ni(OH)2. Thus, ball milling
is an effective method to decrease the crystallite size and
increase the structural defects of nickel hydroxide
powder.
It is widely accepted that the nickel electrode works as

an insertion electrode for protons, the redox reaction of
Ni(II)/Ni(III) in alkaline media can be expressed as:

NiOOHþH2Oþ e�¢Ni(OH)2 þOH� ð2Þ

which is believed to be a solid-state proton intercalation
and de-intercalation reaction [22–25]. In the charge/
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Table 1. Experimental results of XRD analysis for nickel hydroxide

powders

Parameters Un-milled Ni(OH)2 Ball-milled Ni(OH)2

Crystal type b-Ni(OH)2 b-Ni(OH)2
Crystallite size calculated

from (001) peak/nm

12.0 11.8

Crystallite size calculated

from (101) peak/nm

8.0 7.8

Lattice parameter c/Å 4.60 4.60

Lattice parameter a/Å 3.12 3.12
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discharge process, the proton insertion into and deser-
tion from the hexagonal structure of nickel hydroxide
occur reversibly, and the crystal structure of nickel
hydroxide is maintained. The electrochemical activity of
nickel hydroxide materials can be improved by increas-
ing the chemical proton diffusion coefficient in Ni(OH)2.
The small crystallite size and low crystallinity (high
density of structural defects) of nickel hydroxide powder
are beneficial to the acceleration of the solid-state
proton diffusion in Ni(OH)2 lattice, and this will
diminish the concentration polarization of protons
during charge/discharge, leading to a better charge/
discharge cycling behaviour. Thus, the ball-milled
Ni(OH)2 is envisaged to display a superior electrochem-
ical behaviour as compared to the spherical Ni(OH)2
before ball milling. This conclusion is corroborated by
the following electrochemical studies.

3.4. Charge/discharge tests for pasted nickel electrodes

Figure 4 shows the typical charge and discharge curves
at the 0.5 C rate for the pasted nickel electrode with the
un-milled Ni(OH)2 as the active material (code A) and
the electrode prepared with the ball-milled Ni(OH)2
(code B). The top-of-charge voltage of electrode B is
lower than that of electrode A, which indicates that the
former has a better chargeability and a lower intrinsic
resistance. It is well known that the swelling of the nickel
electrodes during cycling has detrimental effects on the
performances of the nickel electrodes and batteries.
Swelling reduces the integrity of the electrodes and
causes a bad electrical contact between the active
material and substrate. Consequently, the electrode
performances are impaired by the decrease in the
charging efficiency and cycle life of the electrodes [26,
27]. Swelling, as reflected by an increase in the thickness
of the electrodes, is related to the formation of
c-NiOOH during cycling. During charging, the product
b-NiOOH can be easily transformed into the less
dense c-NiOOH. This is especially true when the
electrodes are subjected to overcharging or charging at

a high rate [28]. Such a high charge current or charge
voltage promotes the formation of c-NiOOH. Thus, the
formation of c-NiOOH and the swelling of the nickel
electrodes can be suppressed by the ball milling pro-
cessing of Ni(OH)2 because of the lowering of the charge
voltage.
As shown in Figure 4, the depth-of-discharge (DOD)

and specific discharge capacity of electrode B are larger
than those of electrode A. Moreover, the discharge
plateau of electrode B is also higher and more level than
electrode A. This indicates that the ball milling process-
ing not only can increase the discharge capacity and
utilization of the nickel hydroxide active material, but
can also improve the discharge voltage of the nickel
electrodes. Given these findings, it can be concluded that
the ball-milled Ni(OH)2 experiences less polarization
during the charge/discharge process. The modification
effect of ball milling on Ni(OH)2 is further studied by
CV and EIS.

3.5. CV measurements of pasted nickel electrodes

The cyclic voltammograms of the pasted nickel elec-
trodes A and B are shown in Figure 5. For both
electrodes, one anodic nickel hydroxide oxidation peak,
appearing at about 500 mV, is recorded prior to oxygen
evolution. Similarly, one cathodic oxyhydroxide reduc-
tion peak at about 320–350 mV is observed on the
reverse sweep. To compare the CV characteristics of the
electrodes A and B, the results of the CV measurements
are tabulated in Table 2.
The average of the cathodic and anodic peak poten-

tials (Erev) can be taken as an estimate of the reversible
potential for the nickel electrodes, and the difference in
the anodic and cathodic peak potentials (DEa,c) is a
measure of the reversibility of the redox reaction. The
ratio of the cathodic to anodic peak heights represents
the coulombic efficiency of the electrode materials [8].
The experimental data in Table 2 show that the redox
reactions are somewhat quasi-reversible for the pasted
nickel electrodes A and B, as indicated by the relatively
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large DEa,c. However, the DEa,c of electrode B is smaller
than that of electrode A, which suggests that electrode B
with the ball-milled Ni(OH)2 has better reaction revers-
ibility. Furthermore, electrode B also has a more anodic
reversible potential and a higher coulombic efficiency
compared to electrode A.
It is well known that oxygen evolution is the parasitic

reaction during charging of nickel battery electrodes.
Oxygen gas bubble formation may contribute signifi-
cantly to electrode degradation by generating internal
tensile stresses within the pores of the porous pasted
nickel electrodes, which can ultimately affect the cycle
life of the electrodes and batteries. Moreover, oxygen
evolution reaction also lowers the charging and cou-
lombic efficiency of the electrodes during the charge/
discharge cycle [29, 30]. To investigate the effects of the
ball milling processing of nickel hydroxide powder on
the oxygen evolution reaction, the potentials at
300 mA cm)2 from the voltammograms are taken as
an estimate of the potential for oxygen evolution. For
this, the potentials on the return sweep required to
produce 300 mA cm)2 of anodic current are adopted,
since the return sweep can provide the best approxima-
tion of the steady-state condition with less interference
from the nickel hydroxide redox reaction [31]. The
results in Table 2 show that the oxygen evolution
potential of electrode B shifts to a more positive value
as related to electrode A, suggesting that oxygen
evolution appears to be more difficult for electrode B
than electrode A. Thus, a higher charging and coulombic
efficiency can be obtained with electrode B due to the
increase in the oxygen evolution potential. Furthermore,
a higher oxygen evolution potential is also beneficial to
lower the internal pressure and improve the cycle life of
nickel-based rechargeable batteries.
As shown in Figure 5, both the anodic and cathodic

peak current densities for electrode B are higher than
those of electrode A at the same potential sweep rate.
This indicates that more active materials can be utilized
on the surface of electrode B during the charge/
discharge process, suggesting that the nickel electrode
with the ball-milled Ni(OH)2 as the active material has a
better electrochemical reactivity and a higher active
material utilization. Thus, a higher charging efficiency
and a greater discharge capacity can be obtained with
electrode B.
Because the potential ranges for oxygen evolution

and nickel hydroxide oxidation lie close to each other,
the oxidizing current-density peak of the voltammo-
grams may represent a combination of fluxes due to
simultaneous oxidation and oxygen evolution reactions.
This is particularly true for the porous pasted nickel

electrodes in concentrated alkali solutions or at rela-
tively high potential sweep rates [30]. Thus, the oxygen
evolution reaction may have a strong effect on the
anodic oxidation peak of the voltammograms. It can be
seen from Figure 5 that the electrodes A and B have
the almost same potentials for the anodic oxidation
peaks. The reduction current-density peak is less
influenced by the oxygen evolution reaction than the
oxidation peak. The results in Table 2 show that the
cathodic peak potential of electrode B is obviously
shifted to a more anodic value as compared to that of
electrode A. This observation is consistent with the
above experimental results of the discharge voltage,
implying again that electrode B has a higher discharge
voltage and a smaller polarization during the charge/
discharge process.

3.6. EIS measurements of pasted nickel electrodes

Figure 6 shows the electrochemical impedance spectra
for the pasted nickel electrodes A and B. The impedance
spectra of these two electrodes display a depressed
semicircle resulting from the charge transfer resistance
in the high-frequency region, and a slope related to the
Warburg impedance appearing in the low-frequency
region [32]. It can be seen that the impedance of
electrode B with the ball-milled Ni(OH)2 is smaller than
that of electrode A with the un-milled Ni(OH)2. This
implies that the electrochemical reaction on electrode B
proceeds more easily than that on electrode A.
In comparison with the spherical Ni(OH)2 before ball

milling, the ball-milled Ni(OH)2 possesses a higher
surface area, a smaller crystallite size and more struc-
tural defects. Therefore, the ball-milled Ni(OH)2 powder
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Table 2. Experimental results of CV measurements for pasted nickel electrodes

Electrodes Anodic peak

potential Ea/mV

Cathodic peak

potential Ec/mV

Average potential

Erev/mV

Peak separation

DEa,c/mV

Oxygen evolution

potential Eo2/mV

Coulombic

efficiency g/%

A 499 325 412 174 635 68

B 503 350 427 153 671 82
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provides an optimal degree of contact between the
electrode and the electrolyte, and facilitates the interca-
lation/de-intercalation of protons or the rapid move-
ment of both electrons and protons in the electrode.
Accordingly, a smaller electrochemical reaction imped-
ance and a better charge/discharge cycling behaviour
can be obtained for the nickel electrode with the ball-
milled Ni(OH)2 as the active material.

4. Conclusions

The method of ball milling has been used to modify the
physical and electrochemical characteristics of the com-
mercial spherical nickel hydroxide powder. It is found
that the ball milling processing not only can alter the
surface morphology and crystal form of b-type nickel
hydroxide powder, but can also increase the surface area
of the powder material. The basic crystal structure of b-
Ni(OH)2 does not change after ball milling. However,
compared with the un-milled b-Ni(OH)2, the ball-milled
b-Ni(OH)2 possesses more structural defects and smaller
sizes of particles and crystallites. These physical and
structural characteristics are advantageous to the
improvement of the electrochemical activity of nickel
hydroxide powder.
Electrochemical measurements reveal that pasted

nickel electrode using the ball-milled Ni(OH)2 as the
active material exhibits superior charge/discharge per-
formances in comparison with those of the electrode
prepared with the un-milled Ni(OH)2. That is, a greater
discharge capacity, better chargeability and a higher
discharge voltage can be obtained with the ball-milled
nickel hydroxide electrode. The improvement of the
performances of nickel hydroxide powder through the
ball milling processing can be attributed to the better
reaction reversibility, higher coulombic efficiency, higher
oxygen evolution potential and lower electrochemical
impedance, as indicated by the cyclic voltammetry and
electrochemical impedance spectroscopy studies. Thus,
ball milling is an effective method to modify the physical
properties and enhance the electrochemical perfor-
mances of nickel hydroxide powder for the active
material of rechargeable alkaline nickel batteries.
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