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a  b  s  t  r  a  c  t

Nickel  hydroxide  with  a unique  ˛/ˇ  mixed  phase  structure  is  synthesized  by  partially  substituting
Al3+ for  Ni2+ with  chemical  coprecipitation  method.  The  physical  properties  of  the  synthesized  Al-
substituted  ˛/ˇ-nickel  hydroxide  are  characterized  by  X-ray  diffraction  (XRD),  Fourier  transform  infrared
spectroscopy  (FT-IR),  thermogravimetry  analysis  (TG),  scanning  electron  microscopy  (SEM),  inductively
coupled  plasma  atomic  emission  spectroscopy  (ICP-AES),  and  tap  density  testing.  The results  show  that
the Al-substituted  ˛/ˇ-nickel  hydroxide  exhibits  an  irregular  shape  and  contains  many  intercalated  water
molecules.  In  particular,  the  tap  density  of the  Al-substituted  ˛/ˇ-nickel  hydroxide  reaches  2.02  g  cm−3,
which  is  significantly  higher  than  that  of  ˛-nickel  hydroxide.  The  electrochemical  performances  of
the  prepared  samples  are  characterized  by  cyclic  voltammetry  (CV),  electrochemical  impedance  spec-
ixed phase
econdary batteries
icrostructure

lectrochemical performance

troscopy  (EIS),  and charge/discharge  tests.  The  results  demonstrate  that  the  Al-substituted  ˛/ˇ-nickel
hydroxide  has much  higher  electrochemical  activity,  better  electrochemical  reversibility,  lower  elec-
trochemical  reaction  impedance,  and  higher  discharge  voltage  than  the  pure  ˇ-nickel  hydroxide.  The
specific  discharge  capacity  of  the  Al-substituted  ˛/ˇ-nickel  hydroxide  maintains  to be 325.4  mAh  g−1 (or
657.3  mA  h  cm−3) after  100  cycles  at a  charging/discharging  current  density  of 200  mA  g−1 under  ambient
temperature.
. Introduction

Nickel hydroxide compounds are widely used as the active
aterial of positive electrode in alkaline secondary batteries

nickel–metal hydride (Ni–MH), nickel–zinc (Ni–Zn), nickel–iron
Ni–Fe), and nickel–cadmium (Ni–Cd) batteries) [1].  Typically,
ickel hydroxide has two polymorphic forms known as ˛-Ni(OH)2
nd ˇ-Ni(OH)2, which in the oxidation process transform into
-NiOOH and ˇ-NiOOH, respectively [2].  In commercial batter-

es, ˇ-Ni(OH)2 is usually used because it has a high tap density
nd good stability in strong alkaline electrolyte [3–7]. However,
he theoretical capacity of ˇ-Ni(OH)2 is only 289 mA  h g−1 due to
he one-electron-exchange reaction in ˇ-Ni(OH)2/ˇ-NiOOH cou-
le. This theoretical capacity has been approximately reached
n current commercial alkaline secondary batteries. Moreover,
f overcharge happens, the ˇ-NiOOH transforms partially into
-NiOOH, which results in a large volume expansion of the
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electrode and causes rapid capacity decay during electrochemical
charge/discharge cycles [8].

The ˛-Ni(OH)2 is capable of realizing a two-electron-exchange
reaction through the electrochemical conversion between ˛-
Ni(OH)2/�-NiOOH couple. The average oxidation state of nickel in
�-NiOOH is 3.3–3.7 [9].  Therefore, a much higher discharge capac-
ity can be obtained for ˛-Ni(OH)2. In addition, ˛-Ni(OH)2 exhibits
no noticeable volume change when repeatedly charge/discharge
cycled between ˛-Ni(OH)2/�-NiOOH couple because of the similar
lattice of ˛-Ni(OH)2 and �-NiOOH. However, pure ˛-Ni(OH)2 is very
unstable in a strong alkaline electrolyte and easily transforms to ˇ-
Ni(OH)2. In order to improve the stability of ˛-Ni(OH)2 in strong
alkaline electrolyte, many efforts have been focused on the prepa-
ration of stabilized ˛-Ni(OH)2 by partial substitution of Ni ion in the
nickel hydroxide lattice by other metal ions, such as Al [10], Co [11],
Fe [12], Mn  [13], and Zn [14] ions. Among these metal ions, Al ion
is the most attractive because of its high stability at trivalent state
and cheapness. It should be noted that the substitution approach
has a side effect that the discharge capacity usually decreases with

the increasing amount of substituting Al ion because Al ion is an
electrochemically inert element during the electrochemical redox
reaction. Therefore, the amount of substituting Al ion in ˛-Ni(OH)2
should be kept as low as possible.

dx.doi.org/10.1016/j.jpowsour.2011.11.081
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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The Al ion substitution not only changes the chemical com-
osition but also influences the phase composition of nickel
ydroxide product and accordingly affects the electrode prop-
rties [15]. Usually, a mixture nickel hydroxide product with
-phase and ˇ-phase can be obtained by carefully controlling

he amount of Al ion substitution. Although there are numer-
us papers on Al-substituted ˛-nickel hydroxide, few papers are
ound to study the structure and electrochemical performance
f the Al-substituted nickel hydroxide with unique ˛/  ̌ mixed
hase structure. Tu et al. [16] added different amount of nano-
ized ˛-Ni(OH)2 into the microscale ˇ-Ni(OH)2 and investigated
he electrochemical properties of this biphase nickel hydroxide.
hey found that the biphase nickel hydroxide with 10 wt% nano-
ized ˛-Ni(OH)2 exhibits better charge/discharge cyclic stability
nd higher discharge capacity than that of ˇ-Ni(OH)2 electrode.
ince ˇ-Ni(OH)2 has a better structural stability and ˛-Ni(OH)2 has

 higher discharge capacity, the nickel hydroxide with ˛-phase
nd ˇ-phase is expected to have better electrochemical perfor-
ance. Based on the above consideration, the present work aims

o investigate the structure and electrochemical performance of
l-substituted nickel hydroxide with ˛/  ̌ mixed phase structure.
he Al-substituted ˛/ˇ-nickel hydroxide was synthesized by a
hemical coprecipitation method. The physical properties of the
repared samples were characterized by X-ray diffraction (XRD),
ourier transform infrared spectroscopy (FT-IR), thermogravime-
ry analysis (TG), scanning electron microscopy (SEM), inductively
oupled plasma atomic emission spectroscopy (ICP-AES), and tap
ensity testing. The electrochemical performances of the prepared
ample were investigated by cyclic voltammetry (CV), electro-
hemical impedance spectroscopy (EIS), and charge/discharge
ests.

. Experimental

.1. Sample preparation and characterization

The Al-substituted ˛/ˇ-nickel hydroxide was  prepared by
hemical coprecipitation method. First, 1.0 mol  L−1 NaOH was
dded dropwise into a mixture solution containing Ni(NO3)2·6H2O
nd Al(NO3)3·9H2O (in a [Al3+/Ni2+] molar ratio of 1/10) under
agnetic stirring at 60 ◦C. The final pH value of the mixture

olution was controlled to be 10–11. After continual stirring
or 3 h, the obtained suspension was kept in mother solution
t 60 ◦C for 20 h and then collected by filtration. The precipi-
ate was washed with deionized water to a neutral state, and
ried at 60 ◦C in air to a constant weight. As comparison, the
ure ˇ-Ni(OH)2 was also prepared under similar conditions as
escribed above but without adding Al(NO3)3·9H2O in the reaction
olution.

The phase structure of the prepared samples was  identified
ith a X-ray diffractometer (Panalytical X’ Pert PRO) using Cu K˛

adiation source (� = 1.5418 Å, 40.0 kV, 100 mA). Infrared spectra
f the prepared samples were obtained on a Fourier transform
nfrared spectrometer (FT-IR, Thermo Nicolet NEXUS 470). The
urface morphology and metals content of the prepared sam-
les were characterized by scanning electron microscopy (SEM,
itachi S-570) equipped with energy dispersive spectroscopy

EDS). The metals content of Al-substituted ˛/ˇ-nickel hydrox-
de was also analyzed using inductively coupled plasma atomic
mission spectroscopy (ICP-AES, IRIS Advantage). A JZ-1 tap den-
ity tester (China) was used to determine the tap density of

he prepared samples. Thermal gravity analysis (TG) of the pre-
ared samples was carried out with a thermal analyzer (Netzsch
TA 449C) heating from 50 ◦C to 800 ◦C at a heating rate of
0 ◦C min−1.
rces 203 (2012) 177– 183

2.2. Preparation of nickel electrode

The pasted nickel electrodes were prepared as follows: the
prepared nickel hydroxide sample, nickel powder, graphite, and
acetylene black were mixed thoroughly in a weight ratio of
85/5/5/5. A proper amount of polytetrafluoroethylene (PTFE, 5 wt%)
binder was  added to the above mixture to obtain homogenous
slurry with adequate rheological properties. The slurry was  filled
into a nickel foam sheet. The obtained nickel electrodes were dried
at 60 ◦C and then pressed under a pressure of 8 MPa  for 5 min
to assure good electrical contact between nickel foam and active
material. The nickel electrodes were first soaked in 6.0 mol  L−1 KOH
electrolyte for 24 h to assure complete penetration of electrolyte
into the nickel electrodes prior to electrochemical measurements.

2.3. Electrochemical measurement

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were carried out using an Autolab
PGSTAT12 Electrochemical Workstation (ECO Chemie BV, Utrecht,
Netherlands) in a classical three-compartment electrolysis cell at
ambient temperature. The prepared nickel electrode was used as
working electrode. The counter electrode was a piece of nickel
foam sheet and the reference electrode was an Hg/HgO electrode.
A 6.0 mol  L−1 KOH aqueous solution was used as electrolyte. The
scan rate for CV measurement was 0.1 mV  s−1 and the cell potential
ranged from 0.0 V to 0.8 V vs. Hg/HgO. EIS measurement was made
at open circuit potential with a superimposed 5 mV sinusoidal volt-
age in the frequency range from 10 kHz to 10 mHz.

Galvanostatic charge/discharge measurement of nickel elec-
trodes was  conducted using a Land Battery Testing Equipment
(CT2001C) at ambient temperature. Test cells were assembled
using the prepared nickel electrode as the cathode, a commercial
hydrogen-storage alloy electrode as the anode, and polypropylene
as the separator. A 6.0 mol  L−1 KOH aqueous solution was used as
electrolyte. The nickel electrodes were charged at a current density
of 50 mA  g−1, and then discharged to 1.0 V with the same current
density for activation. Such four cycles were done before further
charge/discharge measurements at the constant current density
of 200 mA g−1. The current densities and discharge capacities in
this work were all calculated according to the actual mass of the
synthesized nickel hydroxide samples used in the nickel electrode
preparation.

3. Results and discussion

3.1. Physical properties of the prepared nickel hydroxide

Fig. 1 gives the XRD patterns of the prepared nickel hydrox-
ide samples. For comparison, the positions of standard diffraction
peaks of ˛-Ni(OH)2·0.75H2O (JCPDS 38-715) and ˇ-Ni(OH)2 (JCPDS
14-117) are also given at the bottom in Fig. 1. For the nickel hydrox-
ide without Al, all the diffraction peaks can be indexed as pure
ˇ-Ni(OH)2. The lattice parameters a (=2d1 1 0) and c (=d0 0 1) of this
pure ˇ-Ni(OH)2 evaluated from Bragg formula are 3.125 Å and
4.591 Å, respectively. For the Al-substituted nickel hydroxide, the
diffraction peaks from both ˛-Ni(OH)2 and ˇ-Ni(OH)2 are detected,
indicating that it is a two-phase mixture. The lattice parameter
a (=2d1 1 0) of the Al-substituted ˛-nickel hydroxide in the two-
phase mixture evaluated from Bragg formula is 3.066 Å, which is
smaller than that (3.125 Å) of the pure ˇ-Ni(OH)2. This is caused

by the smaller ionic radius of Al (0.54 Å) compared to Ni (0.69 Å)
in the lattice of nickel hydroxide [15,17].  The lattice parameter
c (=3d0 0 3) of the rhombohedral Al-substituted ˛-nickel hydrox-
ide in the two-phase mixture evaluated from Bragg formula is
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Fig. 1. XRD patterns of: (a) Al-substituted ˛/ˇ-nickel hydroxide and (b) pure ˇ-
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f  the standard XRD peaks of ˛-Ni(OH)2 and ˇ-Ni(OH)2, respectively.

3.82 Å. The interlayer spacing (d0 0 3 = 7.94 Å) of the Al-substituted
-nickel hydroxide in the two-phase mixture is larger than that

7.27 Å–7.32 Å) of pure ˛-Ni(OH)2 [18,19]. This increased interlayer
pacing is probably caused by an increase in the intercalated anions
n the Al-substituted ˛-nickel hydroxide lattice, which are neces-
ary for compensating the charge excess due to Al3+. The interlayer
pacing of the ˇ-nickel hydroxide in the two-phase mixture eval-
ated from Bragg formula is 4.591 Å, which is identical with that
4.591) of the pure ˇ-Ni(OH)2. The identical interlayer spacing indi-
ates that Al3+ may  not substitute Ni2+ in the ˇ-nickel hydroxide of
wo-phase mixture.

To complement the XRD measurements, FT-IR spectra for the
repared nickel hydroxide samples were made and the results are
hown in Fig. 2. The pure ˇ-Ni(OH)2 presents characteristic bands
or nitrate ion, hydroxyl groups, and adsorbed water molecules.
he sharp band at about 3640 cm−1 and the broad band at about
420 cm−1 correspond to stretching vibrations of hydroxyl groups

n the nickel hydroxide lattice and the adsorbed water, respectively
20]. The two  weak bands at about 1620 cm−1 and 1390 cm−1 are
ue to the angular deformation of adsorbed water molecule and

tretching vibrations of adsorbed anions (nitrate ions and carbon-
te ions), respectively [11,18,21].  At low wavenumbers, the couple
ands at about 523 cm−1 and 465 cm−1 are associated with Ni O H

ig. 2. FT-IR spectra of: (a) Al-substituted ˛/ˇ-nickel hydroxide and (b) pure
-Ni(OH)2.
rces 203 (2012) 177– 183 179

bending and Ni O stretching vibrations, respectively [22,23].  In
addition to these adsorptions, the FT-IR spectrum of Al-substituted
˛/ˇ-nickel hydroxide shows peak due to stretching vibration of
hydroxyl group of intercalated and adsorbed water molecules at
about 3450 cm−1. The intense band at 1390 cm−1 for Al-substituted
˛/ˇ-nickel hydroxide is assigned to intercalated anions (nitrate ions
and carbonate ions). The presence of carbonate ions is due to the
open system used in the synthesis. Contrast to the small interlayer
spacing (4.591 Å) of pure ˇ-Ni(OH)2, the Al-substituted ˛-nickel
hydroxide in the two-phase mixture has a larger interlayer spac-
ing of 7.94 Å that can host variable amounts of water molecules
and anionic species. The orderly arrangement of these intercalated
anions resulted from the hydrogen-bond action causes the sharp
absorption peak [24]. The intercalated anions play an important
role in maintaining the ˛-type phase structure through electro-
static attractions between positively charged hydroxide slabs and
negative charged anionic species. The bend vibration of M O H
and the stretching vibration of M O of Al-substituted ˛/ˇ-nickel
hydroxide are blue shifted, which are characteristic of ˛-nickel
hydroxide motifs [25,26].

Fig. 3 presents the SEM photographs of Al-substituted ˛/ˇ-
nickel hydroxide and pure ˇ-Ni(OH)2. It can be seen that both
samples appear to be aggregates of irregular shapes, very sim-
ilar to the Al-substituted ˛-nickel hydroxide powders prepared
by homogenous precipitation method [27] and electrochemi-
cal impregnation method [28]. In addition, the Al-substituted
˛/ˇ-nickel hydroxide particles seem more dense than the pure ˇ-
Ni(OH)2. Generally, nickel hydroxide powders with irregular shape
possess a higher specific surface area which can provide a high
density of active sites and accordingly promote intimate interac-
tion between the active material and the surrounding electrolyte
[29,30]. The tap density of the pure ˇ-Ni(OH)2 prepared in this
work is 1.65 g cm−3, which is very similar with the tap density
(1.62 g cm−3) of the chemical precipitated non-spherical nickel
hydroxides prepared by Chang et al. [31]. The tap density of the
Al-substituted ˛/ˇ-nickel hydroxide is 2.02 g cm−3. This value is
slightly lower than that (2.1–2.2 g cm−3) of commercial spherical
nickel hydroxide but much higher than that (<1.7 g cm−3) of ˛-
nickel hydroxide [32]. The high tap density of the Al-substituted
˛/ˇ-nickel hydroxide may  originate from the different Ksp of
Al(OH)3 (1.3 × 10−33) and Ni(OH)2 (5.5 × 10−16). Since the Ksp of
Al(OH)3 is much smaller than that of Ni(OH)2, the deposition of
Al3+ in the Ni(OH)2 lattice may  be quicker than that of Ni2+, which
may  provide a net structure and facilitate the agglomerations of
colloidal nickel hydroxide particles. The agglomerations squeeze
out water and further increase the structure’s density. Due  to this
dense structure, the Al-substituted ˛/ˇ-nickel hydroxide particles
are prone to grow and crystallize in the subsequent drying process,
and therefore the tap density remarkably increases.

Fig. 4 gives the EDS spectrum of the Al-substituted ˛/ˇ-nickel
hydroxide sample. It can be seen that Al is successfully doped in
the lattice of nickel hydroxide. The molar ratio of [Al3+/Ni2+] on
the surface of Al-substituted ˛/ˇ-nickel hydroxide coming from
EDS result is 0.96/10, which is slightly lower than that (1.06/10)
from ICP-AES result. The amount of water molecules intercalated
in nickel hydroxide plays an important role in the crystal structure
and electrochemical properties. In this work, TG analysis has been
used to investigate the water content and the dehydration reaction
of nickel hydroxide. Fig. 5 shows the TG curves of Al-substituted
˛/ˇ-nickel hydroxide and pure ˇ-Ni(OH)2. The TG curve of pure
ˇ-Ni(OH)2 shows two  obvious weight loss regions. The first region
below 185 ◦C with a weight loss of about 5.7% is due to the loss of

adsorbed water molecules. The second region between 185 ◦C and
450 ◦C with a weight loss of about 19.2% is due to the decomposition
of nickel hydroxide into NiO, H2O, and the loss of adsorbed anions of
the mother solution [33]. The TG curve of Al-substituted ˛/ˇ-nickel
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Fig. 3. SEM images of: (a and b) pure ˇ-Ni(OH)

ydroxide shows three weight loss regions. The first region below
5 ◦C with a weight loss of about 3.3% is due to the loss of adsorbed
ater molecules. The second region between 75 ◦C and 185 ◦C with

 weight loss of about 5.9% is mainly attributed to the loss of
ater molecules that structurally bonded in between the nickel
ydroxide lattices [18]. These structurally bonded water (interca-

ated water) molecules provide the passage for proton diffusion
long the molecular chain between layers, which may  accelerate
he proton diffusion rate. The total water content of Al-substituted
/ˇ-nickel hydroxide is about 9.2 wt%, which is much higher than

hat (5.7 wt%) of pure ˇ-Ni(OH)2. The third region between 185 ◦C

nd 450 ◦C with a weight loss of about 22.0% is due to Al-substituted
/ˇ-nickel hydroxide being decomposed into NiO, Al2O3, H2O,
nd the loss of adsorbed and intercalated anions (nitrate ions and

ig. 4. EDS spectrum of Al-substituted ˛/ˇ-nickel hydroxide (the selected region is
llustrated in the inset SEM image).
 (c and d) Al-substituted ˛/ˇ-nickel hydroxide.

carbonate ions) [34,35]. Based on the results of XRD, ICP-AES, FT-
IR, and TG analysis, the chemical composition for Al-substituted
˛/ˇ-nickel hydroxide can be expressed as follows:

˛/ˇ-[Ni0.904Al0.096(OH)2]0.096+·[Mx
−Dy

2−]0.096−·0.594H2O,

where M and D are mono anions (NO3
− and OH−) and divalent

(CO3
2−) anions, and x + 2y = 0.096.

3.2. CV and EIS measurements of the prepared nickel hydroxide

Fig. 6 shows the stable CV curves of Al-substituted ˛/ˇ-
nickel hydroxide and pure ˇ-Ni(OH)2 electrodes at a scan rate of

−1
0.1 mV  s . For pure ˇ-Ni(OH)2, the oxidation peak potential (EO)
locates at 533 mV and the reduction peak potential (ER) locates
at 267 mV.  For Al-substituted ˛/ˇ-nickel hydroxide, both the EO
and ER shift to more positive positions at 547 mV and 317 mV,

Fig. 5. TG curves of pure ˇ-Ni(OH)2 and Al-substituted ˛/ˇ-nickel hydroxide.
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Table 1
Electrochemical parameters from the CV curves of Al-substituted ˛/ˇ-nickel hydroxide and pure ˇ-Ni(OH)2.

Material ER/mV  EO/mV  EOE/mV  (EO − ER)/mV (EOE − EO)/mV

˛/ˇ-Nickel hydroxide 317 547 658 230 111
608 266 75
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Pure  ˇ-Ni(OH)2 267 533 

R: reduction potential; EO: oxidation potential; EOE: oxygen-evolution potential.

espectively. By a detailed observation, we can find that the broad
xidation peak and reduction peak of Al-substituted ˛/ˇ-nickel
ydroxide are actually a superposition of the reaction peaks of both
-nickel hydroxide and ˇ-nickel hydroxide. This result is in good
greement with the phase composition in XRD pattern. In addi-
ion, there is a couple of minor oxidation/reduction peaks located
t 610 mV  and 380 mV  on the CV curve of pure ˇ-Ni(OH)2 sam-
le. It is well known that trivalent ˇ-NiOOH can be transformed

nto � phase upon overcharge. Moreover, �-NiOOH can be reduced
o ˛-Ni(OH)2. Therefore, the couple of minor oxidation/reduction
eaks for pure ˇ-Ni(OH)2 sample is related to the electrochemical
eaction of ˛-Ni(OH)2/�-NiOOH couples.

To compare the CV characteristics of Al-substituted ˛/ˇ-nickel
ydroxide and pure ˇ-Ni(OH)2 electrodes, the results of CV mea-
urements are tabulated in Table 1. The potential difference
EO − ER) between EO and ER can be used to characterize the
eversibility of redox reaction [3,36].  Smaller EO − ER means more
eversible electrode reaction. The EO − ER value of Al-substituted
/ˇ-nickel hydroxide electrode is 230 mV,  which is 36 mV  smaller

han that (266 mV)  of pure ˇ-Ni(OH)2 electrode, suggesting that
l-substituted ˛/ˇ-nickel hydroxide has better reaction reversibil-

ty. Oxygen evolution is a side reaction during the charging of
ickel electrode. Oxygen evolution reaction may  contribute signif-

cantly to the electrode degradation by generating internal tensile
tress within the pores of the porous pasted nickel electrode and
ccordingly influence the cyclic performance of the electrodes
nd batteries [37]. Moreover, oxygen evolution reaction lowers
he charging and coulombic efficiency of the electrodes during
harge/discharge cycle. To compare the oxygen evolution reac-
ion of Al-substituted ˛/ˇ-nickel hydroxide electrode and pure
-Ni(OH)2 electrode, the potential at 300 mA  g−1 of anodic cur-
ent density is adopted, since the return sweep can provide the
est approximation of the steady-state condition with less inter-
erence from the nickel hydroxide redox reaction [38]. The results
n Table 1 show that oxygen evolution potential (EOE) of Al-

ubstituted ˛/ˇ-nickel hydroxide electrode shifts to a more positive
alue as compared with pure ˇ-Ni(OH)2 electrode. The potential
ifference (EOE − EO) between EOE and EO of Al-substituted ˛/ˇ-
ickel hydroxide electrode increases obviously in comparison with

ig. 6. Cyclic voltammograms of pure ˇ-Ni(OH)2 and Al-substituted ˛/ˇ-nickel
ydroxide at a scanning rate of 0.1 mV  s−1.
Fig. 7. Nyquist plots of pure ˇ-Ni(OH)2 and Al-substituted ˛/ˇ-nickel hydroxide,
where the equivalent circuit is also displayed. The symbols and solid lines corre-
spond to the experimental data and fitting curves, respectively.

that of pure ˇ-Ni(OH)2 electrode. The large EOE − EO value facil-
itates the electrode to be charged fully before oxygen evolution.
Therefore, it can be inferred that Al-substituted ˛/ˇ-nickel hydrox-
ide electrode would exhibit much better electrochemical cycling
properties than pure ˇ-Ni(OH)2 electrode.

Fig. 7 presents the Nyquist plots of Al-substituted ˛/ˇ-nickel
hydroxide and pure ˇ-Ni(OH)2 electrodes at steady state after
being activated by cyclic voltammetric test. It can be seen that
the Nyquist plots of both electrodes display a depressed semicir-
cle resulting from charge-transfer resistance in the high frequency
region [39]. To obtain the charge-transfer resistance of the two  elec-
trodes, we simulated the measured data in high frequency region
by the equivalent circuit shown in Fig. 7. In the equivalent circuit,
RL and Rct represent the electrolyte resistance and charge-transfer
resistance, respectively; Q is the constant phase elements (CPE).
Q = Y(jω)n where Y is the admittance, j is the imaginary unit, ω is
the angular frequency, and n is the frequency power. For n = 1, Q
is a pure capacitance and for n = 0.5, Q is a Warburg-type diffusion
impedance. In Fig. 7, lines are the fitted results and symbols are
the measured data. The best fitting results of the Nyquist curves
in high frequency region from the equivalent circuit RL(Q·Rct) are
shown in Table 2. The charge-transfer resistance Rct of pure ˇ-
Ni(OH)2 electrode is 1.74 �,  which is nearly twice as large as
that (0.88 �)  of Al-substituted ˛/ˇ-nickel hydroxide electrode. This
implies that the electrochemical reaction within Al-substituted
˛/ˇ-nickel hydroxide proceeds more easily than that within pure

ˇ-Ni(OH)2. Generally, electrochemical polarization correlates with
the discharge potential. Smaller polarization means higher dis-
charge potential. Thus, the results of EIS suggest that the discharge
potential of Al-substituted ˛/ˇ-nickel hydroxide should be higher

Table 2
Best fitting results of the Nyquist plots for the Al-substituted ˛/ˇ-nickel hydroxide
and the pure ˇ-Ni(OH)2 in high frequency region.

Electrode RL/� Rct/� Y n

˛/ˇ-Nickel hydroxide 0.41 0.88 0.024 0.71
Pure ˇ-Ni(OH)2 0.40 1.74 0.029 0.71
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ig. 8. Charge/discharge curves of pure ˇ-Ni(OH)2 and Al-substituted ˛/ˇ-nickel
ydroxide at the constant current density of 200 mA  g−1.

han that of pure ˇ-Ni(OH)2, which can be further proved by the fol-
owing charge/discharge test. In low frequency region, the Nyquist
lots of both electrodes display a slope and the angle with the real
xis is higher than 45◦. This can be explained as a pseudo capaci-
ive behavior, that is to say a close to linear vertical line, and as this
ehavior occurs in a porous nickel electrode, angle is reduced.

The lower charge-transfer resistance of Al-substituted ˛/ˇ-
ickel hydroxide can be attributed to the following reason. It is
nown that H+ and OH− move the fastest in aqueous solution
ecause there is a proton relay system via hydrogen-bond net-
ork [40]. The ˛-nickel hydroxide within Al-substituted ˛/ˇ-nickel
ydroxide contains many water molecules and anions (see Figs.

 and 5) throughout the interlayer space by the intermolecular
ydrogen-bond network. This relay system is always in action

n the process of oxidation and reduction, which facilitates the
ntercalation/de-intercalation of protons or the rapid movement
f protons in the electrode. Therefore, smaller electrochemical
eaction impedance can be obtained for the electrode with Al-
ubstituted ˛/ˇ-nickel hydroxide. However, for pure ˇ-Ni(OH)2,
here is no such relay system due to the smaller interlayer space
about 4.6 Å as shown in Fig. 1). Therefore, the proton diffusion is
reatly weakened and the electrochemical reaction impedance is
ncreased in the electrode with pure ˇ-Ni(OH)2.

.3. Charge/discharge test of the nickel electrode

Fig. 8 shows the typical charge/discharge curves of the two
ickel electrodes at the constant current density of 200 mA  g−1. The
pecific discharge capacity of Al-substituted ˛/ˇ-nickel hydrox-
de electrode is 326.6 mA  h g−1, which is 71.2 mA  h g−1 higher
han that (255.4 mA  h g−1) of pure ˇ-Ni(OH)2 electrode. The volu-

etric capacity of Al-substituted ˛/ˇ-nickel hydroxide electrode
s 659.7 mA  h cm−3. A single discharge plateau at about 1.22 V
s observed for pure ˇ-Ni(OH)2 electrode. While Al-substituted
/ˇ-nickel hydroxide electrode shows a much higher discharge
lateau than pure ˇ-Ni(OH)2 electrode. In particular, two obvi-
us discharge plateaus (at about 1.30 V and 1.22 V) are observed
or Al-substituted ˛/ˇ-nickel hydroxide electrode, indicating that
wo redox systems are involved in the electrochemical reactions.
he scale of the individual discharge plateau is associated with
he ˛-nickel hydroxide and ˇ-nickel hydroxide in the mixture.
he higher discharge plateau of Al-substituted ˛/ˇ-nickel hydrox-

de electrode can be attributed to the larger quantity of water

olecules within the interlayer space, which facilitate the proton
iffusion during charge/discharge processes [41]. For the electrode
ith pure ˇ-Ni(OH)2, the charge curve presents two  plateaus. The
Fig. 9. Cyclic performance pure ˇ-Ni(OH)2 and Al-substituted ˛/ˇ-nickel hydroxide
at  the charge/discharge current density of 200 mA g−1.

first plateau at about 1.39 V corresponds to the oxidation of ˇ-
Ni(OH)2 to ˇ-NiOOH, while the second plateau at about 1.57 V
corresponds to the oxygen evolution reaction. For the electrode
with Al-substituted ˛/ˇ-nickel hydroxide, the charge curve shows
three plateaus though the first plateau is not obvious. The first
plateau at about 1.39 V and the second plateau at about 1.44 V are
associated with ˇ-nickel hydroxide and ˛-nickel hydroxide in the
mixture, respectively. The third plateau at about 1.55 V is due to
the oxygen evolution reaction.

The cyclic performance of the two electrodes at the constant
current density of 200 mA g−1 is shown in Fig. 9. During the cycle
processes, the electrode with Al-substituted ˛/ˇ-nickel hydrox-
ide shows much higher specific discharge capacity and better
cycling stability than the electrode with pure ˇ-Ni(OH)2. The spe-
cific discharge capacity of the electrode with pure ˇ-Ni(OH)2 can be
maintained to be about 270.0 mA  h g−1 for the first 33 cycles, which
reduces gradually in the following cycles and only 250.3 mA h g−1

can be obtained after 100 cycles. While for the electrode with Al-
substituted ˛/ˇ-nickel hydroxide, the specific discharge capacity
increases gradually for the first 56 cycles, and can be maintained to
be 325.4 mA  h g−1 (or 657.3 mA h cm−3) after 100 cycles. This indi-
cates that the electrode with Al-substituted ˛/ˇ-nickel hydroxide
has much higher specific discharge capacity and better cyclic sta-
bility than the electrode with pure ˇ-Ni(OH)2.

The higher discharge capacity and better cyclic stability of Al-
substituted ˛/ˇ-nickel hydroxide arise due to its unique structure.
The ˛/  ̌ mutually embedded structure combines the advantages
of both ˛-nickel hydroxide and ˇ-nickel hydroxide. The ˛-nickel
hydroxide within Al-substituted ˛/ˇ-nickel hydroxide has a higher
specific discharge capacity and provides relay system for the pro-
ton diffusion in the electrode. Thus, the solid-state diffusion and
intercalation/de-intercalation processes are remarkably improved,
leading to a higher electrochemical activity. The ˇ-nickel hydrox-
ide in the two-phase mixture decreases the intimate interaction
between the ˛-nickel hydroxide and the surrounding electrolyte
and therefore improves the phase stability of ˛-nickel hydroxide
in alkaline electrolyte. In addition, the relatively low substituted
Al content in the ˛/ˇ-nickel hydroxide may  also increase the spe-
cific discharge capacity since Al is inefficient in the electrochemical
redox reaction.

4. Conclusions
Al-substituted mixed phase ˛/ˇ-nickel hydroxide was  syn-
thesized by a chemical coprecipitation method. It is found that
the Al-substituted ˛/ˇ-nickel hydroxide has a tap density of
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.02 g cm−3, which is significantly higher than that of ˛-nickel
ydroxide. Compared with pure ˇ-Ni(OH)2, the Al-substituted
/ˇ-nickel hydroxide has higher electrochemical activity, bet-

er electrochemical reversibility, lower electrochemical resistance,
nd higher discharge voltage. Two discharge plateaus are observed
or the Al-substituted ˛/ˇ-nickel hydroxide due to the two phases
f the nickel hydroxide. The specific discharge capacity of the
l-substituted ˛/ˇ-nickel hydroxide maintains 325.4 mA  h g−1 (or
57.3 mA  h cm−3) after 100 cycles at a charging–discharging cur-
ent density of 200 mA  g−1 at ambient temperature, which indicates
hat it may  be a promising positive active material for alkaline sec-
ndary batteries. The relationship between the microstructure and
he electrochemical performance of the Al-substituted ˛/ˇ-nickel
ydroxide was also discussed. The results reported in this work
ould be useful for the design and synthesis of nickel hydroxide
aterials with superior performance.
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