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bstract

A new synthetic route including a hydrothermal treatment to produce Al-stabilized �-phase nickel hydroxide with an extremely fine grain size
ut with good crystallinity has been evaluated. The particle size and morphology were characterized by transmission electron microscopy (TEM).
he results showed that �-phase nickel hydroxide with nano-sized, well-crystallized particles exhibits not only a high electrochemical capacity of
p to 380–400 mAh g−1, but also an excellent rate-capacity performance and long time stability during electrochemical cycling with up to 100%
vercharge as well as under a long-term float charge. In contrast, the �-phase nickel hydroxide showed a lower specific capacity and poorer cycling

tability under similar overcharge cycling. Except for a lower volumetric energy density than the �-phase, other properties make the Al-stabilized
-phase nickel hydroxide a superior battery material. There is still, however, room to increase the volumetric energy density of the �-phase beyond
hat is possible to reach by the �-phase via further improvement of the tap density and the specific capacity of the �-phase.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Nickel hydroxide is an importantly functional material with
arious applications in advanced nickel batteries [1,2], cata-
ysts [3], electrochromic devices [4], electrolysers [5] and ionic
xchangers [6]. It exists in two polymorphs known as �- and �-
hase. The �-phase nickel hydroxide is widely used as positive
aterials in the current Ni-based alkaline rechargeable batteries

ue to a high volumetric electrochemical capacity. This volu-
etric capacity has also been significantly improved upon by

he development of spherical Ni(OH)2 grades with high tap
ensities. However, the long time stability and reversibility in
n alkaline electrolyte is still a cause of concern, especially
n sealed cells where the swelling of the nickel electrode after

epeated overcharge dries out the already very limited amount
f electrolyte. The dry out of the separator caused by the inter-
alation of water molecules into the nickel electrode is the

∗ Corresponding author. Tel.: +47 90996625; fax: +47 73533410.
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el electrode

ain cause of degrading cell performance in both NiCd and
iMH batteries. In recent years, a stable �-phase nickel hydrox-

de as an active material of positive electrodes has attracted
uch attention [7–24] since it has not only a higher electro-

hemical capacity per weight, but also a negligible change of
lectrode volume when charge–discharge cycling between the
- and �-phase. The small volume change is connected to a

ow absorption of water molecules during cycling that facilitates
ell design and improves the cycling stability. The disadvantage
s, however, a lower volumetric energy density compared with
he �-phase nickel hydroxide. The theoretical bulk density is
.82 g cm−3 for the �-phase and 3.97 g cm−3 for the �-phase,
espectively [25]. The theoretical electrochemical capacity of
he �-phase is almost reached in practical batteries, leaving
oom for only marginal future improvements. For the �- to
-phase conversion, the average oxidation state of nickel in �-
hase nickel oxy-hydroxide was reported to be close to 3.67

26,27]. This corresponds to an electrochemical capacity of
82 mAh g−1, 66% higher than of that in the �(II)-Ni(OH)2
o �(III)-NiOOH couple (which has a theoretical capacity of
89 mAh g−1). If the theoretical capacity of the �-phase could
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has poor crystallinity. The samples 2 and 3 show mixed grain
morphology composed of sheet- and rod-like grains (see Fig. 2c
and e). The high-resolution TEM image (see Fig. 2g) shows that
the rod-like grain has lengths of 50–100 nm and diameters of
W.-K. Hu et al. / Journal of P

e more fully utilized, it would compensate for the lower tap
ensity.

In the present work, we try to improve the specific capac-
ty and long-term stability of the Al-stabilized �-phase nickel
ydroxide by synthesizing nano-sized and well-crystallized par-
icles. A stable �-phase nickel hydroxide with a 10 at.% Al
ubstitute was made through optimising chemical precipitation
eactions with the assistance of hydrothermal treatments to yield
he smallest possible particles having a well-crystallized phase.
erein, we report the synthesis and characterization of this Al-

tabilized �-phase nickel hydroxide and its advantages as nickel
lectrode materials in rechargeable batteries.

. Experimental

.1. Preparation and characterization of nano-crystalline
-phase nickel hydroxide

A stable and very fine particle size fraction of Al-stabilized
-phase nickel hydroxide was synthesized by slowly dropping
solution containing Ni(NO3)2·6H2O and Al(NO3)3·9H2O in
[Ni2+]/[Al3+] ratio of 9:1 into a 0.5N LiOH solution under
agnetic stirring at 35 ◦C. The pH value of the solution after the

eaction was in the range of 7.0–7.5. The suspension obtained
as kept in the mother solution for 2 h at 35 ◦C to allow it

o settle. Subsequently, it underwent a hydrothermal treatment.
he suspension was divided into three parts and sealed in three
eflon autoclaves separately. The three autoclaves were treated
t 165 ◦C for 50, 100 and 150 h, respectively. Afterwards, the
utoclaves were cooled down to room temperatures. The blue
recipitates obtained were washed with distilled water, filtered
nd dried at 65 ◦C. All samples were analyzed by powder X-
ay diffraction (XRD) using Cu K�1 (λ = 1.5406 Å) radiation to
dentify the precipitated phases. Silicon was added as internal
tandard. The microscopic studies were performed with a FEI
ecnai 20 transmission electron microscopy (TEM).

.2. Preparation and properties of nickel electrodes

�-Type nickel hydroxide electrodes were prepared by mixing
he Al-stabilized �-phase nickel hydroxide (65.6 wt.%) with Ni
owder (Inco 210) (26.7 wt.%), cobalt oxide powder (7.7 wt.%)
nd carboxymethyl cellulose (CMC) as a binder on a nickel foam
ubstrate with a geometrical size of 2.0 cm × 2.0 cm. In order
o prevent dropping of active materials from electrodes, two
ieces of Ni foam substrates were pressed around the electrode
sing a pressure of 700–800 kg cm−2. The electrode proper-
ies were measured in a half-cell with a 6.0 M KOH solution
t 22 ◦C. An AB5-type metal hydride (MH) electrode with a
apacity in excess of the nickel hydroxide electrode was used
s a counter-electrode. A Hg/HgO (6.0 M KOH) electrode was
sed as reference. The nickel hydroxide electrode was charged
t a rate of 0.2 C for 6 h and discharged at a 0.2 C rate to a cut-off

otential of 0.1 V. To examine the influence of overcharge on the
tructure and performances of the �-phase nickel hydroxide, two
ycling models with 20% and 100% overcharge and long-term
oat charge were investigated. The cycling tests were done at
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charging rate of 1.0 C and discharging at the same rate to an
nd potential of 0.1 V. All potential mentioned in this section are
ith respect to the reference electrode. After repeatedly electro-

hemical cycles and long-term float charge, the electrodes were
emoved from the test systems, rinsed with distilled water and
ried, after which the active materials were analyzed by XRD.

. Results and discussion

.1. Structure and surface morphology

Fig. 1 presents XRD patterns of the four �-phase nickel
ydroxide samples prepared in this project as described in Sec-
ion 2. Samples 2–4 were subject to a hydrothermal treatment at
65 ◦C for 50, 100 and 150 h, respectively, in order to improve
rystallinity. All diffraction peaks of the samples 1, 2 and 3 can
e indexed as �-phase nickel hydroxide with a rhombohedral
3 structure. In the case of sample 4, however, an extra weak
iffraction peak at 2θ = 19.16◦ was observed though its intensity
s weak. The peak was attributed to the (0 0 1) plane of �-phase
ickel hydroxide. This implies that a small amount of �-phase
ickel hydroxide could be formed after a prolonged hydrother-
al treatment.
For the untreated sample 1, the broad diffraction peaks for

he (0 0 3) and (0 0 6) planes indicate that the �-phase nickel
ydroxide has poor crystallinity. The diffraction peaks of sam-
les 2–4 became sharp, indicating that the sample crystallinity
as improved after the hydrothermal treatments. The grain sizes

nd morphology of the �-phase nickel hydroxide samples were
haracterized by TEM. Fig. 2 shows the TEM micrographs of
he samples 1–3, along with the selected-area electron diffrac-
ion (SAED) patterns. As seen in Fig. 2a, the as-prepared sample

shows no regular grain morphology. The presence of diffuse
ings in the SAED pattern (see Fig. 2b) indicates that the sample
ig. 1. XRD patterns of the �-phase nickel hydroxide powders using Cu K�1

adiation (λ = 1.5406 Å) with Si internal standard. Sample 1 is as-prepared state.
amples 2–4 have been subjected to a hydrothermal treatment at 165 ◦C for 50,
00 and 150 h, respectively.
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ig. 2. (a) TEM image of the as-prepared sample 1; (b) electron diffraction patt
attern of sample 2; (e) TEM image of sample 3; (f) electron diffraction pattern

pproximate 10 nm. The presence of clear poly-diffraction rings
n the SAED patterns (see Fig. 2d and f) show that the crys-
allinity of samples 2 and 3 was considerably improved after
he hydrothermal treatments. These results are in good agree-

ent with XRD data. Hydrothermal treatments have also earlier
een shown to be very effective in improving the crystallinity
f ultra-fine and special shape materials [28–31]. The ultra-fine
lectrode materials also showed superior physical and chemical
roperties in the electrochemical energy storage and conversion
32].

.2. Stability of α-phase nickel hydroxide
The �-phase nickel hydroxide has usually poor stability in
strong basic medium and transforms readily to the �-phase

fter a few electrochemical charge–discharge cycles [33–36].

c
a
t
d

the as-prepared sample 1; (c) TEM image of sample 2; (d) electron diffraction
mple 3; (g) high-resolution TEM image of sample 3.

owever, stability of �-phase nickel hydroxide can be achieved
fter a 20 at.% substitution of nickel by other metal ions
7–9,12,13,15,24,37–40], in particular with trivalent ions such as
l3+ [10,17–19]. But, substitution in the �-phase nickel hydrox-

de should be as low as possible in order to retain a high capacity
nd energy density. Hence, a stable �-phase nickel hydroxide
aving a Al content of only 10 at.% was investigated in this
tudy. In order to probe the stability of the �-phase sample, one
art of sample (∼140 mg) was immersed in a 6 M KOH aqueous
olution (∼12 mL) for more than 2 months at room temperature
ith interval stirring. The other part of sample was used as elec-

rode materials for repeatedly electrochemical charge–discharge

ycling. Fig. 3 shows the XRD pattern of the �-phase sample
fter being left in the 6 M KOH for 65 days. As can be seen,
he product still retains the �-phase structure and no �-phase
iffraction peak was detected in the pattern. After repeatedly
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Fig. 3. XRD pattern of the �-phase nickel hydroxide (sample 2) using Cu K�1
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adiation (λ = 1.5406 Å) with Si internal standard. The sample was left in 6 M
OH for 65 days at room temperature.

lectrochemical charge–discharging for 500 cycles, the elec-
rode material still keeps the �-phase (as shown in Fig. 9). These
esults indicate that the Al-substituted �-phase nickel hydrox-
de with only 10 at.% Al has enough stability in strong basic

edium to be used as electrode materials.
The thermogravimetric (TG) analyses of the �- and �-phase

ickel hydroxide with a heating rate of 2.0 ◦C min−1 in Ar atmo-
phere are shown in Fig. 4. The results show that the �-phase
ample loses weight in two steps. The first stage with a weight
oss of ∼10% (room temperature to 100 ◦C) is due to the loss
f intercalated species in the interlayer region. The intercalated
pecies are mainly the water molecules and small amounts of
nions (NO3

− in this study). The second weight loss at tem-
erature of ∼250 ◦C is ascribed to the decomposition of the
ickel hydroxide into oxide. By comparison, the �-phase sam-
le exhibits only one weight loss step (∼250 ◦C) correspond-

ng to the decomposition reaction of Ni(OH)2 = NiO + H2O.
he experimental weight loss is ∼17.5%, close to the theo-

etical value of 18%. The TG measurements show that the
-phase nickel hydroxide has more adsorbed/intercalated water

ig. 4. TG curves of: (a) �-phase nickel hydroxide (sample 3) and (b) commer-
ial �-phase nickel hydroxide with a heating rate of 2 ◦C min−1 in Ar.
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ig. 5. Discharge curves of the four �-phase nickel hydroxide electrodes at a
ate of 0.2 C. Sample 1 is as-prepared state. Samples 2–4 have been subjected
o a hydrothermal treatment at 165 ◦C for 50, 100 and 150 h, respectively.

olecules. The larger interlayer spacing in the �-phase with the
axis of ∼7.9 Å permits intercalation of water molecules and

nions, compared with the compact layered �-phase structure
ith a c parameter of 4.6 Å that does not allow intercalation
f any specie in its interlayer region [41]. The intercalated
ater in the �-phase nickel hydroxide may play an important

ole to improve the rate-capacity performance of electrodes, as
escribed in the following section.

.3. Electrode properties

Fig. 5 shows the discharge curves of the four sample elec-
rodes. As can be seen, the sample 1 had the electrochemical
apacity of 320 mAh g−1. The other three samples had capaci-
ies in the range of 380–400 mAh g−1. The higher capacity of the
amples 2–4 was attributed to their good crystallinity, as indi-
ated in Fig. 1. However, a prolonged hydrothermal treatment
id not further increase the electrochemical capacity. Instead the
isk of forming the �-phase nickel hydroxide increased, as shown
y the appearance of the (0 0 1) �-phase reflection in Fig. 1, for
he longest hydrothermal treatment. A well-crystallized single
-phase nickel hydroxide with a higher capacity can thus be
btained using a relatively short treatment period of 50–100 h at
65 ◦C.

Fig. 6 shows the relationship between the discharge capacity
nd discharge rates from 0.2 to 20 C at 22 ◦C. The rate-capacity
erformance of commercial �-phase nickel hydroxides is also
resented for comparison. The �-type nickel hydroxide can sus-
ain very high discharge rates, being able to maintain 67% and
1% of the nominal capacity at the discharge rates of 10 and
0 C, respectively. This is significantly better than the �-type
ickel electrodes, as seen in Fig. 6. The superior rate capabil-
ty of the �-phase nickel hydroxide is probably related to its
arger interlayer spacing about 7.9 Å, allowing for a better pro-

on mobility compared with the �-phase nickel hydroxide having
n interlayer distance of 4.6 Å.

The proton is intercalated in the nickel oxy-hydroxide dur-
ng discharge as electrons are consumed by the electrochemical
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Fig. 6. Available discharge capacity using discharge current from 0.2 to 20 C at
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Fig. 7. Discharge capacity vs. cycle number at a charge–discharge rate of 1.0 C.
Curves A and B are the �-phase nickel hydroxide electrodes under 20% and
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ple has excellent phase-structural stability when being subject
to a long-term float charging.
2 ◦C. Curves A and B are the �-phase nickel hydroxide electrodes (sample 3)
efore cycling and after 500 cycles, respectively. Curve C is the �-phase nickel
ydroxide electrode.

eaction of Nin+OOH + H+ + (n − 2)e− = Ni(OH)2 (3 < n < 4).
ater and OH− play an important role in the proton trans-

ort [42]. When the discharge rate increases, a faster proton
onsumption (intercalation) reaction is needed. With the larger
nterlayer distance leading to a higher mobility of the inter-
alated water molecules, the replenishment of protons at the
eaction interface is supposed to work faster than in the �-phase
ickel hydroxide. It results in a better rate-capacity perfor-
ance with low polarization in the �-phase nickel hydroxide

t high discharge rates. A slightly higher discharge potential
n the �-phase nickel hydroxide is also probably related to the
arger interlayer distance that facilitates the mass transport dur-
ng the charge–discharge processes. Other researchers [17] also
bserved the lower internal resistance of �-phase nickel elec-
rodes compared with the �-phase nickel electrodes.

.4. Influence of overcharge on cycling stability and
tructure

The evolution of the discharge capacity as a function of the
ycle number using an overcharge of 20% and 100% is shown in
ig. 7. The �-phase samples exhibited good lifespan and stability
ven after several hundred cycles. The dependence of discharge
apacity on the cycle number of �-phase samples is also shown
n Fig. 7. As can be seen, the electrochemical capacity of the
-phase nickel hydroxide faded with cycling. This is related

o the �-phase nickel hydroxide being partly converted to the
-phase structure as the electrodes are repeatedly overcharged.
ig. 8 reveals the XRD patterns of the �-phase nickel hydroxide
efore and after the overcharge cycling. Diffraction peaks from
he �-phase nickel hydroxide was detected after 200 cycles with
00% overcharge. A significant increase of electrode volume and
echanical deformation were also observed concomitantly with
he formation of the �-phase structure. The swelling of electrode
olume causes it to crack with a loss of contact between active
aterials and current collectors [43], leading to the observed

apacity loss.
F
c

00% overcharge, respectively. Curves C and D are the �-phase nickel hydroxide
lectrode with 20% and 100% overcharge, respectively.

In contrast, under the same overcharge conditions the �-phase
ickel hydroxide showed a better stability in the �-/�-phase con-
ersion. Fig. 9 shows the XRD pattern of the �-phase samples
fter 300 charge–discharge cycles with 20% overcharge and sub-
equent 200 charge–discharge cycles with 100% overcharge.
he sample still retains the �-phase structure and no �-phase
iffraction peak was detected, indicating excellent reversibility
n the �-/�-phase transformation.

Rechargeable alkaline batteries are also good candidates for
ack-up power. The batteries used in such applications, how-
ver, must be able to withstand long-term float charging. Thus,
he effect of float charge on the structural stability of the �-phase
ickel hydroxide was examined. Fig. 10 shows the XRD pattern
f the �-phase nickel hydroxide electrode after undergoing a
oat charge for 1 month at a rate of 0.2 C. No extra peaks in the
iffraction pattern are observed, indicating that the �-phase sam-
ig. 8. XRD patterns of the �-phase nickel hydroxide electrodes: (a) before
ycling and (b) after 200 cycles at 1.0 C rates with 100% overcharge.
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Fig. 9. XRD patterns of the �-phase nickel hydroxide (sample 3) after 300 cycles
with 20% overcharge and subsequent 200 cycles with 100% overcharge at 1.0 C
rates.
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ig. 10. XRD pattern of the �-phase nickel hydroxide (sample 3) after float
harge at 0.2 C and 22 ◦C for 1 month.

. Conclusions

The better stability of the �-phase nickel hydroxide over the
-phase nickel hydroxide makes it a promising candidate as
attery materials in the rechargeable alkaline Ni-based batteries
nd Ni–H2 batteries. The main and important advantages of the
- to �-nickel hydroxide phase transformation compared to the
-phase are thus a higher specific capacity, due to the higher
umber of exchanged electrons, about 1.38 per nickel atom in
his case. It has also better rate-capacity performance and better
epeating cycle stability, especially under long-term overcharge
ycling and float charge. The disadvantage of the �-phase nickel
ydroxide is its lower tap density due to a large interlayer spac-
ng, leading to the lower volumetric energy densities. In this
ork, the tap density of the �-phase nickel hydroxide is about
.2 g cm−3, which is less than half of the theoretical bulk den-
ity of 2.83 g cm−3. Therefore, it is still possible to improve the
ap density by for example developing a spherical high-density
-phase nickel hydroxide, similar to what was done for the �-
hase nickel hydroxide several years ago [44]. In addition, there

s also some room for increasing the specific capacity from the
resent 380 towards the theoretical value of 482 mAh g−1. The
-phase nickel hydroxide for current battery use has a tap density
f 2.1–2.2 g cm−3 and a practical capacity is close to the theo-

[
[

[

ources 160 (2006) 704–710 709

etical limit at 289 mAh g−1. This gives a volumetric capacity
f 620–640 mAh cm−3. The �-phase nickel hydroxide reported
ere reached about 75% of this. With only a modest improve-
ent of the tap density and specific capacity, it is clear that the
-phase nickel hydroxide will have high potential applications

n the future rechargeable alkaline NiFe, NiZn, NiCd, NiMH
nd Ni–H2 batteries.

The nano-sized and well-crystallized �-phase nickel hydrox-
des used in this work were synthesised by a chemical co-
recipitation with a subsequent hydrothermal process. TEM
bservations show that the �-phase nickel hydroxide particles
ave mixed grain morphology of sheet- and rod-like shapes
fter the hydrothermal treatments. XRD and SAED examina-
ions verified that the crystallinity of the �-phase structure was
mproved by a hydrothermal treatment for 50–100 h at 165 ◦C.
he hydrothermal treated samples reached a higher electrochem-

cal capacity of up to 380–400 mAh g−1, about 30% higher than
he theoretical capacity of current �-phase nickel electrodes.
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