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Abstract Nanocrystalline Ni(OH)2 powder synthesized by
a chemical precipitation method was processed using the
planetary ball milling (PBM), and the physical properties of
both the ball-milled and unmilled Ni(OH)2 were character-
ized by scanning electron microscopy (SEM), specific
surface area, particle size distribution, and X-ray diffrac-
tion. It was found that the PBM processing could
significantly break up the agglomeration, uniformize the
particle size distribution, increase the surface area, decrease
the crystallite size, and reduce the crystallinity of nano-
crystalline β-Ni(OH)2, which were advantageous to the
improvement of the electrochemical activity of Ni(OH)2.
The ball-milled nanocrystalline (BMN) Ni(OH)2 was then
used to alter the microstructure of pasted nickel electrodes
and improve the distribution of the active material in the
porous electrode substrate. Electrochemical performances
of pasted nickel electrodes with a mixture of BMN and
spherical Ni(OH)2 as the active material were investigated,
and were compared with those of pure spherical Ni(OH)2
electrodes. Charge/discharge tests showed that BMN Ni
(OH)2 addition could enhance the charging efficiency,

specific discharge capacity, discharge voltage, and high-
rate capability of pasted nickel electrodes. This perfor-
mance improvement could be attributed to a more compact
electrode microstructure, better reaction reversibility, and
lower electrochemical impedance, as indicated by SEM,
cyclic voltammetry, and electrochemical impedance spec-
troscopy. Thus, it was an effective method to modify the
microstructure and improve the electrochemical properties
of pasted nickel electrodes by adding an appropriate
amount of BMN Ni(OH)2 to spherical Ni(OH)2 as the
active material.
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Introduction

Nickel-based rechargeable alkaline batteries (Ni/Cd, Ni/Fe,
Ni/Zn, Ni/H2, and Ni/MH) have been playing an important
role in the field of electric energy storage devices for more
than 100 years. Even though the further spreading of nickel-
based batteries currently runs under the strong competition
by the rechargeable Li-ion system which has a considerable
advantage in terms of specific energy, nickel batteries still
occupy a unique position within the battery industry [1–4].
Besides the very diverse applications including portable
electronics, power tools, remote and stand-by power
systems, satellites, and personal transportations, the nick-
el-based battery system appears to be the technology of
choice for the emerging electric vehicles (EVs), hybrid
electric vehicles (HEVs), and fuel cell electric vehicles.
Among them, HEVs have been receiving much attention
from both environmental and economical points of view.
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The Ni/MH technology for HEVs has eventually been
getting important since almost all the commercialized
HEVs employ Ni/MH batteries because of their better
combination of output power, capacity, life, reliability, and
cost [5–7].

Nickel-based batteries are usually cathode limited, so that
the capacity and cycle life of the cells are determined mainly
by the properties of nickel hydroxide active materials and the
corresponding electrodes. To improve the cell performance,
pasted nickel electrodes made from a porous nickel-foam
substrate and an active material called spherical Ni(OH)2
powder have been developed [8–10]. With their high
energy density and low cost relative to those of convention-
al sintered nickel electrodes, pasted nickel electrodes have
now been widely used in commercially available Ni/MH
and Ni/Zn batteries. Further enhancement is required in
both specific energy and specific power of pasted nickel
electrodes when they are used in batteries as the electric
source for EVs, HEVs, and power tools.

As the active material of nickel electrodes, the
physical and electrochemical characteristics of Ni(OH)2
are the key to determine the property of the electrodes.
Spherical Ni(OH)2 powder with a particle size distribution
from several microns to tens of microns has a high filling
density and superior flow characteristics [9, 11], which are
beneficial to the increase in the amount of the active
material loaded in the electrode substrate and the im-
provement of energy density of nickel electrodes. How-
ever, the electrochemical properties of spherical Ni(OH)2
are inferior, e.g., the charging efficiency, active material
utilization, electronic conductivity, and proton diffusion
ability are quite low [12, 13]. So considerable interest has
centered on the improvement of the electrochemical
activity of Ni(OH)2. Besides the composition and doping
level (cobalt, zinc, etc.), some physical and structural
properties strongly influence the electrochemical perfor-
mance of nickel hydroxide powder materials, such as the
morphology, particle size and size distribution, degree of
porosity, surface area, structural defects, crystal form, and
crystallite size [14–18]. 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, 9, 19–21] showed that Ni(OH)2 with
fine crystallite size and reduced crystallinity possessed a high
chemical proton diffusion coefficient and an increased nickel
utilization, giving an excellent charge/discharge cycling
behavior. This has also led to the development of nano-
structured nickel hydroxide as a promising electrode material
for high-performance nickel-based batteries [22–25].

Another key component of pasted nickel electrodes is the
highly porous nickel-foam, the substrate of the electrodes. It
has a typical volumetric porosity of 95–97% and a pore size
of 400–700 μm [26]. As compared with the sintered nickel

substrate, the higher porosity and larger pore size of nickel-
foam allow for easy access of the Ni(OH)2 slurry in the
pasting process and result in high filling density of the active
material, but they also increase the contact resistance both
between the substrate and Ni(OH)2 particles and among the
Ni(OH)2 particles themselves. Thus, the power capability of
pasted nickel electrodes is usually inferior to that of sintered
nickel electrodes. To enhance the conductivity and high-rate
capability of pasted nickel electrodes, one common practice
in the battery industry is to use a substantial amount of con-
ductive additives such as Co or Co compounds [8, 27–30],
a major cost factor in the manufacture of pasted electrodes.
Another effective approach is to modify the microstructure of
the electrodes and improve the distribution or homogeneity of
the active material and additives in the nickel-foam substrate,
e.g., reducing the final electrode thickness and/or enhancing
the packing efficiency of Ni(OH)2 particles in the porous
electrode substrate [31, 32].

Mechanochemical processing of materials by ball
milling is an attractive technique for preparing novel
materials, e.g., amorphous and nanocrystalline materials
[33]. In comparison with other methods for the processing
of materials, the ball-milling technique is advantageous
because it is based on simple processes and shows high
efficiency, low energy consumption, and low cost. This
technique has been widely applied to prepare hydrogen
storage alloys for Ni/MH batteries and electrode materials
for Li-ion batteries [34–36]. In the literature, a method of
high-energy ball milling (HEBM) was used to modify the
structure and electrochemical performance of Ni(OH)2,
and the ball-milled Ni(OH)2 was directly utilized as the
active material of Ni/MH batteries. The experimental
results showed that HEBM was an effective method to
improve the discharge properties of β-Ni(OH)2 such as
specific discharge capacity, discharge potential, and cycle
performance, while the performance of α-Ni(OH)2 was
greatly reduced by HEBM processing [37]. Casas-Cabanas
et al. [38] employed the low-energy milling treatment to
improve the material distribution and homogeneity of the
mixture of β-Ni(OH)2 and graphite, which was used as the
active material for a pocket-plate electrode. They found
that the capacity of the Ni(OH)2 sample with added
graphite was increased with the increase in milling time.

In theory, the size of tetrahedral interstices in pasted
nickel electrodes, which are formed by the close-stacking
of spherical Ni(OH)2 with a particle size of 9 μm, is
around 2 μm [39]. Thus, if small Ni(OH)2 particles with
the size of ∼2 μm are used to fill these interstitial voids,
the packing efficiency of Ni(OH)2 active materials in the
electrode could be much improved. This will subsequently
result in an enhancement of the material utilization and
high-rate capability of the electrode. In our previous work
[40, 41], the normal ball milling (NBM) was used to
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modify the commercial spherical Ni(OH)2 powder, and it
was found that the average particle size of spherical Ni
(OH)2 was decreased from 8.839 to 1.926 μm by NBM
with a milling time of 120 h. From the industrial point of
view, it is highly desirable that the milling time can be
significantly reduced and the treatment efficiency can be
much improved. This might be realized by using a higher
energy milling technique, such as the planetary ball
milling (PBM). In this paper, nanocrystalline Ni(OH)2
powder synthesized by a chemical precipitation method
was processed using PBM to break up the agglomeration
and further improve the electrochemical activity. The
physical and structural features of the ball-milled
nanocrystalline (BMN) Ni(OH)2 were characterized and
correlated to the electrochemical activity of Ni(OH)2. The
BMN Ni(OH)2 with a particle size of ∼2 μm was then
adopted to alter the microstructure of pasted nickel
electrodes and improve the distribution and packing
efficiency of the active material in the porous electrode
substrate. The electrochemical properties of pasted nickel
electrodes with an addition of BMN Ni(OH)2 to spherical
Ni(OH)2 as the active material were investigated by
charge/discharge tests, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS). The
mechanism for the effect of BMN Ni(OH)2 in pasted
nickel electrodes was also examined. We reported that it
was an effective method to modify the microstructure and
improve the electrochemical performance of pasted nickel
electrodes by adding an appropriate amount of BMN
Ni(OH)2 to spherical Ni(OH)2 as the active material.

Experimental

PBM processing and physical characterization
of nickel hydroxide powders

Nanocrystalline nickel hydroxide powder was synthesized by
a chemical precipitation method as described in the literature
[13]. The synthesized powder material was subsequently
subjected to a milling processing in a planetary ball mill. The
ball to powder mass ratio was 8:1 and the duration of milling
was scheduled between 4 to 48 h. The crystallographic
structure of Ni(OH)2 powders was characterized by X-ray
diffraction (XRD) with a Rigaku diffractometer using Cu Kα
radiation (l=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 analyzer. The particle size
distribution of the powders was obtained using a Mastersizer
2000 particle size analyzer. The properties of the commercial
spherical Ni(OH)2 powder (from NEXcell Battery Co., Ltd)

were also examined and compared with those of the
nanocrystalline Ni(OH)2 powders before and after PBM
processing.

Preparation and electrochemical testing of pasted nickel
electrodes

Pasted nickel electrodes with an addition of BMN Ni(OH)2
were prepared as follows: 8 wt% nanocrystalline Ni(OH)2
powder ball-milled with 48 h was mixed thoroughly with
92 wt% spherical Ni(OH)2 powder as the active material,
10 wt% nickel and 5 wt% CoO powders were used as
conductors, and 3 wt% suspension containing 60 wt%
polytetrafluoroethylene (PTFE) and 1.5 wt% carboxy-
methyl cellulose (CMC) was added to the mixed powders
as a binder. The mixture was then blended to obtain a paste.
The resulting paste was incorporated into a 2×2-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. For comparison,
the nickel electrodes without the addition of BMN Ni(OH)2
were also prepared using pure spherical Ni(OH)2 powder as
the active material. The morphology and microstructure of
the as-prepared nickel electrodes were examined by SEM
using a LEO 1530 microscope.

Charge/discharge studies were conducted in a test cell,
including the as-prepared nickel electrodes as the cathode
and a hydrogen-storage alloy [Mm(Ni–Co–Mn–Al)5] elec-
trode as the anode. Polypropylene was used as the separator
between the cathode and anode. The electrolyte solution
consisted 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 discharge characteristics at
various rates (0.2, 0.5, 1.0, 1.5, and 2.0 C) were obtained
with a fixed charge rate of 0.2 C. The tests were performed
on a Kikusui PF 40W-08 cycler.

For the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements, a three-com-
partment 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
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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 to 0.7 V vs Hg/HgO. For
the EIS studies, the impedance spectra were recorded at a 5-
mVamplitude of perturbation, with a sweep frequency range
of 20 kHz to 1 mHz. The tests were performed using an
Autolab PGSTAT30 system. All the electrochemical mea-
surements were carried out at ambient temperature.

Results and discussion

SEM and BET analyses

Figure 1 shows the scanning electron micrographs at a high
magnification for the commercial spherical Ni(OH)2 (sample
A), as-synthesized nanocrystalline Ni(OH)2 (sample B), and
nanocrystalline Ni(OH)2 ball-milled with 48 h (sample C),
respectively. It can be seen that Ni(OH)2 particles consist of
many tiny crystals. Sample A 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. While
sample B possesses a unique surface texture with ultrathin
flake-like nanocrystals and a high porosity, suggesting a high
specific surface area for the electrochemical redox reaction.
After PBM for 48 h, sample C has a rougher surface with
much more flake-like nanocrystals projecting from the
powder, which can further increase the surface area. From
the BET measurement, the specific surface areas of Ni(OH)2
samples A, B, and C are 10, 30, and 42 m2 g−1, respectively,
indicating the highest surface area of sample C. For the
active material of nickel electrodes, a high specific surface
area can provide a high density of active sites and promote
intimate interaction of the active material with the surround-
ing electrolyte [13, 14]. Therefore, better electrochemical
reactivity of the BMN Ni(OH)2 powder will be facilitated by
the high surface area.

Particle size distribution

To investigate the effect of the PBM processing on the
agglomerate size of nanocrystalline Ni(OH)2 powders, the
particle size distribution of the powders was measured and
the average particle size (d50) was obtained. Figure 2 shows
the particle size distribution at various milling times for
nanocrystalline Ni(OH)2 powders. It is noted that the
average particle size is markedly decreased from 13.13 to
3.43 μm during 12 h of the milling time, and is further
decreased to 1.97 μm by PBM when the milling time is
reached at 48 h. Meanwhile, the as-synthesized nano-
crystalline Ni(OH)2 possesses a relatively wide range of

size distribution with a small distribution curve around
2 μm, which gets less obvious at 12 h of the milling time
and finally disappears after PBM for 48 h. This implies that
the size of both the large agglomerates (∼13 μm) and the
small particles (∼2 μm) is reduced during PBM and the size

Fig. 1 SEM photographs at a high magnification for (a) commercial
spherical Ni(OH)2, (b) as-synthesized nanocrystalline Ni(OH)2, and
(c) nanocrystalline Ni(OH)2 ball-milled with 48 h
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distribution becomes much more uniform with an increase in
the milling time. In comparison with 120 h of the milling time
for the normal ball milling (NBM) [40, 41], the milling time
is much reduced for PBM to obtain the similar results. Thus,
PBM is a more effective process to break up the agglom-
eration and enhance the homogeneity of the size distribution
of nanocrystalline Ni(OH)2 powder materials.

XRD patterns

XRD patterns of Ni(OH)2 samples A, B, and C are
presented in Fig. 3a–c, 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 all
these Ni(OH)2 samples have a β-type crystal structure.
β-Ni(OH)2 crystallizes with a hexagonal brucite structure.
The intersheet distance c of the layered structure of Ni
(OH)2 is represented by the d001 value. The d100 or d110
value corresponds to the Ni–Ni distance a in the layers of
Ni(OH)2, where a=[2/31/2]d100 or 2d110 [42, 43]. The
crystal parameters obtained from XRD patterns are listed
in Table 1. In comparison with sample A, sample B shows

some different microstructural characteristics as revealed in
XRD patterns. The peaks corresponding to the (001), (101),
(102), and (111) reflections in the XRD pattern of sample B
are noticeably broadened as compared to those in the
pattern of sample A. After PBM for 48 h, these XRD
reflections for sample C are further broadened. That is, the
largest full-width of half-maximum intensity (FWHM) of
these peaks is obtained with the BMN Ni(OH)2.

The broadening of some of the diffraction lines [e.g., (001)
and (hk0)] is directly related to the crystallite size [19, 44].
The crystallite size D, in the direction perpendicular to
various diffraction planes can be estimated from the XRD
lines using the Scherrer formula:

D ¼ 0:9l=B cos θð Þ ð1Þ
where D is the crystallite size, l represents the X-ray
wavelength, B is the FWHM, and θ 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 sample C has the
smallest crystallite size among the three Ni(OH)2 samples.
To the best of our knowledge, the crystallite size value of
sample C (BMN Ni(OH)2) is also the smallest one currently
available in the literature for Ni(OH)2 materials.

Fig. 2 Particle size distribution at various milling times for nano-
crystalline Ni(OH)2 powders: (a) before ball milling, d50=13.13 μm;
(b) ball-milled with 12 h, d50=3.43 μm; and (c) ball-milled with 48 h,
d50=1.97 μm

10 20 30 40 50 60 70
0

1200

2400

3600

c

In
te

ns
it

y

2θ / degrees

10 20 30 40 50 60 70
0

1200

2400

3600

 

 b

10 20 30 40 50 60 70
0

1200

2400

3600

 

 

(111)
(110)

(102)

(101)(100)

(001)
a

Fig. 3 XRD patterns for (a) commercial spherical Ni(OH)2, (b) as-
synthesized nanocrystalline Ni(OH)2, and (c) nanocrystalline Ni(OH)2
ball-milled with 48 h

Table 1 Experimental results of XRD analysis for Ni(OH)2 powders

Parameters Sample A Sample B Sample C

Crystal type β-Ni(OH)2 β-Ni(OH)2 β-Ni(OH)2
Crystallite size
calculated from
(001) peak/nm

12.29 1.72 1.46

Crystallite size
calculated from
(101) peak/nm

8.99 2.94 2.45

Lattice parameter c/Å 4.60 4.60 4.60
Lattice parameter a/Å 3.12 3.12 3.12
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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 struc-
tural defects, such as stacking faults/growth faults and/or
proton vacancies, also plays a very important role in explain-
ing this broadening [19, 44–46]. So, besides the smallest
crystallite size, sample C should also possess the most
structural defects. Thus, PBM is also effective in decreasing
the crystallite size and increasing the structural defects of
nanocrystalline Ni(OH)2 powder materials.

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:

NiOOH þ H2Oþ e� , Ni OHð Þ2 þ OH� ð2Þ
which is believed to be a solid-state proton intercalation and
deintercalation reaction [47–49]. In the charge/discharge
process, the proton insertion into and desertion 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 increasing 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/dis-
charge cycling behavior. Therefore, the BMN Ni(OH)2 is
envisaged to display a superior electrochemical behavior,
suggesting a promising use as a high-performance electrode
material for nickel batteries.

Charge/discharge tests for pasted nickel electrodes

As discussed above, the BMN Ni(OH)2 with an average
particle size of ∼2 μm is expected to possess a high
electrochemical activity, while the commercial spherical
Ni(OH)2 with an average particle size of ∼9 μm has been
demonstrated to have a high filling density. To improve
the distribution and packing efficiency of Ni(OH)2 active
materials in pasted nickel electrodes and simultaneously
utilize the individual property advantages of these two
Ni(OH)2 powder materials, a mixture of the BMN and
spherical Ni(OH)2 powders has been used as the active
material to fabricate the electrodes.

Figure 4 shows the typical charge and discharge curves
for the pasted nickel electrode with pure spherical Ni(OH)2
as the active material (code A) and the electrode with an
addition of 8 wt% BMN Ni(OH)2 to spherical Ni(OH)2
(code B), the rates for the charge and discharge are 0.2 and
0.5 C, respectively. It can be seen that the charge voltage of
electrode B is lower than that of electrode A, which implies
that the former has better chargeability and lower intrinsic
resistance. The specific discharge capacity of electrode B is
larger than that of electrode A, and the discharge voltage of
electrode B is also higher than electrode A. Figure 5 gives
the high-rate discharge capability of electrodes A and B, in
which the efficiency denotes the ratio of the capacity at
various rates to the capacity at the 0.2-C rate. The
experimental results show that BMN Ni(OH)2 addition
can considerably enhance the high-rate discharge efficiency
of pasted nickel electrodes, and the effect becomes more
remarkable with an increase in the discharge rate. This
indicates that the addition of BMN Ni(OH)2 to spherical
Ni(OH)2 not only can increase the discharge capacity and
utilization of nickel hydroxide active material, but can also
improve the discharge voltage and high-rate capability of
nickel electrodes. Given these findings, it can be concluded
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that the nickel electrode with added BMN Ni(OH)2 experi-
ences less polarization during the charge/discharge process
as compared with the electrode without BMN Ni(OH)2. This
conclusion is corroborated by CV and EIS studies.

CV and EIS measurements of pasted nickel electrodes

The cyclic voltammograms of pasted nickel electrodes A
and B are shown in Fig. 6. For both electrodes, one anodic
nickel hydroxide (Ni(OH)2) oxidation peak, appearing at
about 500 to 550 mV, is recorded before oxygen evolution.
Similarly, one cathodic oxyhydroxide (NiOOH) reduction
peak at about 300 to 320 mV is observed on the reverse
sweep. To compare the CV characteristics of electrodes A
and B, the results of CV measurements are tabulated in
Table 2.

The average of the cathodic and anodic peak potentials
(Erev) can be taken as an estimate of the reversible potential
for nickel electrodes, and the difference in the anodic and
cathodic peak potentials (ΔEa,c) is a measure of the
reversibility of the redox reaction [14]. The experimental
data in Table 2 show that the redox reactions are somewhat
quasireversible for electrodes A and B, as indicated by the
relatively large ΔEa,c. However, the ΔEa,c of electrode B is
smaller than that of electrode A, which suggests that
electrode B with added BMN Ni(OH)2 has better reaction
reversibility. Furthermore, electrode B also has a slightly
more cathodic reversible potential.

As shown in Table 2, 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 added BMN Ni(OH)2 has
better electrochemical reactivity and higher active material

utilization. Thus, a higher charging efficiency and a greater
discharge capacity can be obtained with electrode B.

In comparison with those of electrode A, the anodic peak
potential of electrode B is obviously shifted to a more
cathodic value, while the cathodic peak potential is shifted
to a more anodic value. As indicated by the above charge/
discharge studies, electrode B has a lower charge voltage
and a higher discharge voltage as compared with electrode
A. Thus, the observation for the oxidation and reduction
potentials from CV is consistent with the experimental
results of the charge and discharge voltages, implying again
that electrode B has a smaller polarization during the
charge/discharge process.

Figure 7 shows the electrochemical impedance spectra
for 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 [50, 51]. A fitting calculation was
performed on the spectra using the electrical equivalent
circuit which consisted of the elements of the electrolyte
resistance (Rs), the charge transfer resistance (Rct), the
double-layer capacitance (Cd), and the Warburg impedance
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Table 2 Experimental results of CV measurements for pasted nickel
electrodes

Parameters Electrode A Electrode B

Anodic peak potential Ea/mV 558 516
Cathodic peak potential Ec/mV 301 318
Average potential Erev/mV 430 417
Peak separation ΔEa,c/mV 257 198
Anodic peak current Ia/mA cm−2 398 447
Cathodic peak current Ic/mA cm−2 252 306
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Fig. 7 Electrochemical impedance spectra of pasted nickel electrodes:
(a) without and (b) with an addition of 8 wt% BMN Ni(OH)2 powder
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(W0). The simulated values of Rct for electrodes A and B
were found to be 1.12 and 0.31 Ω cm2, respectively. It is
evident that the charge transfer resistance of electrode B
with added BMN Ni(OH)2 is much smaller than that of
electrode A without BMN Ni(OH)2. This implies that the
electrochemical reaction on electrode B proceeds more
easily than that on electrode A.

SEM analysis for pasted nickel electrodes

To investigate the effect of BMN Ni(OH)2 addition on the
morphology and microstructure of pasted nickel electrodes,
SEM micrographs for the as-prepared electrodes A and B
before charge/discharge cycling are presented in Fig. 8. It is
noted that there are many large pores with a size of several
microns between the spherical Ni(OH)2 particles among
electrode A, which will cause a high resistance for the
transfer of electrons and ions in the electrode during the
charge/discharge process. For electrode B with added BMN
Ni(OH)2, small ball-milled particles are embedded between

the larger Ni(OH)2 spheres, indicating a more compact
electrode microstructure. So the interconnectivity of spheri-
cal Ni(OH)2 particles among electrode B is much enhanced
through the linkage of BMN Ni(OH)2 particles, which will
result in a shorter current conducting pathway in the active
material and a better degree of contact between the nickel
electrode and the electrolyte. Thus, this kind of electrode
microstructure can facilitate the rapid movement of both
electrons and ions in the electrode and lower the internal
resistance of the electrode. Meanwhile, with high electro-
chemical activity the BMN Ni(OH)2 particles themselves can
also participate in the charge/discharge reaction and make a
contribution to the capacity of the electrode. Accordingly,
BMN Ni(OH)2 addition can reduce the electrochemical
reaction impedance and enhance the charge/discharge
cycling properties of pasted nickel electrodes.

Conclusions

The planetary ball milling (PBM) has been used to process
the nanocrystalline nickel hydroxide powder, which was
synthesized by a chemical precipitation method. It is found
that the PBM processing can significantly break up the
agglomeration, uniformize the particle size distribution, and
increase the surface area of nanocrystalline β-Ni(OH)2 par-
ticles. Structural characterization shows that PBM is also
effective in reducing the crystallite size and increasing the
structural defects of nanocrystalline β-Ni(OH)2. These
changes in physical and structural characteristics induced
by PBM are advantageous to the improvement of the
electrochemical activity of nanocrystalline Ni(OH)2 powder
materials.

Electrochemical measurements reveal that the pasted
nickel electrode with a mixture of the ball-milled nano-
crystalline (BMN) Ni(OH)2 and commercial spherical
Ni(OH)2 as the active material exhibits superior charge/
discharge performances in comparison with those of the
electrode prepared with pure spherical Ni(OH)2. That is, a
greater discharge capacity, a higher charging efficiency,
better high-rate capability, and a higher discharge voltage
can be obtained for the nickel electrode with the addition
of 8 wt% BMN Ni(OH)2. SEM examination shows that
the homogeneous embedment of small BMN Ni(OH)2
particles between the larger Ni(OH)2 spheres forms a more
compact electrode microstructure, which results in better
interconnectivity of spherical Ni(OH)2 particles and a
shorter current conducting pathway in the electrode.
Furthermore, compared with the pure spherical Ni(OH)2
electrode, the nickel electrode with added BMN Ni(OH)2
possesses better reaction reversibility and lower electrochem-
ical impedance, as indicated by CV and EIS studies. There-
fore, it is a promising method to modify the microstructure

Fig. 8 SEM photographs for as-prepared pasted nickel electrodes: (a)
without and (b) with an addition of 8 wt% BMN Ni(OH)2 powder
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and improve the electrochemical performance of pasted
nickel electrodes by adding an appropriate amount of BMN
Ni(OH)2 to spherical Ni(OH)2 as the active material.
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