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a b s t r a c t

A chemical co-precipitation method was attempted to synthesize nickel hydroxide/carbon composite
material for high-power Ni/MH batteries. The XRD analysis showed that there were a large amount
of defects among the crystal lattice of the Ni(OH)2/C composite, and the SEM investigation revealed
that the as-synthesized spherical particles were composed of hundreds of nanometer crystals with a
unique three-dimensional petal shape. Compared with pure Ni(OH)2, the Ni(OH)2/C composite showed
improved electrochemical properties such as superior cycling stability, higher discharge capacity and
i/MH batteries
ickel hydroxide
arbon black
igh-rate discharge
ositive electrode

higher mean voltage of discharge under high-rate discharge conditions, the discharge capacity and the
mean discharge voltage of the Ni(OH)2/C composite were about 281 mAh g−1 and 0.303 V (vs. Hg/HgO) at
1 C-rate, 273 mAh g−1 and 0.296 V at 5 C-rate, 250 mAh g−1 and 0.292 V at 10 C-rate, respectively. The cyclic
voltammetry (CV) tests showed that the Ni(OH)2/C composite exhibited good electrochemical reversibil-
ity and the formation of �-NiOOH during the charge–discharge processes was prevented. The existence
of carbon in the Ni(OH)2/C composite contributed great effect on the improvement of high-rate discharge
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. Introduction

Nickel/metal hydride (Ni/MH) batteries are considered to be one
f the most promising choices for electric vehicle (EV) and hydride
lectric vehicle (HEV) applications due to high power and low
ost [1]. Active electrode materials for high-power batteries should
ossess high-proton diffusion coefficients and high-electronic con-
uctivity. Nickel hydroxide (�-Ni(OH)2), the active material of the
ositive electrode of Ni/MH battery, is a kind of p-type semicon-
uctor and its poor electronic conductivity handicaps the high-rate
ischargeability of Ni/MH batteries [2,3].

So far, many attempts have been made to improve the elec-
ronic conductivity of Ni(OH)2 [4–8]. The commonly used approach
s to add cobalt additive (CoO, Co(OH)2, etc.) directly to the posi-
ive electrode, which will form a CoOOH conductive film on the
pherical Ni(OH)2 surface. It is believed that the presence of cobalt
estows many beneficial effects such as increased oxygen evolu-

ion overpotential, reduced electric resistance, increased utilization
f the active material and improved electrochemical reversibility
9,10]. However, this physical mixture of Ni(OH)2 and additives
s not effective to reduce the inner resistance of the particles.
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he high-rate dischargeability of the positive electrode cannot be
mproved satisfactorily. An alternative approach is the addition
f cobalt to the lattice of Ni(OH)2 by chemical co-precipitation
11,12]. It was experimentally found that nickel species accumulate
t the hydroxide/electrolyte interface during discharge and these
pecies are insulated, they have high-interface resistance and pre-
ent discharge of the crystallite core [13]. Moreover, there is still
ome controversy whether the electronic conductivity is increased
hrough the addition of cobalt to the inner crystal of Ni(OH)2. Cor-
igan has reported that there was no evidence that any of the
o-precipitated metal ions provided dopant states which increased
he electronic conductivity [14].

Highly conductive carbon black, known for its highly accessible
urface, low resistance and good chemical stability, is considered as
onductive agent in batteries [15–17]. Nevertheless, the main uti-
ization way is still physical mixture of active material and carbon.
here are two disadvantages about the physical mixture process:
1) carbon black has low density and large volume, so its existence
ill decrease the load of Ni(OH)2 active material in the porous
ickel substrate and (2) the utilization efficiency of carbon black
s relatively low because it is difficult to achieve sufficient con-
act between the conductor and active material. In this study, a
ew Ni(OH)2/C composite was synthesized by a co-precipitation
ethod. It is anticipated that carbon black can be mixed homoge-

eously with Ni(OH)2 particles during the co-precipitation process.

http://www.sciencedirect.com/science/journal/03787753
mailto:hhui@zjut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.03.023
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he high-rate dischargeability of the electrode can be modified by
oexisting of carbon black within the Ni(OH)2 particles.

. Experimental

.1. Synthesis of Ni(OH)2/C composite

Highly conductive carbon black used in this study was obtained
rom Shenzhen Yongkang Technology Company of China. The spe-
ific surface area is about 1100 m2 g−1 and the particle size is about
0–40 nm. The resistivity is about 0.2–0.6 � cm. The Ni(OH)2/C
omposite were fabricated by a co-precipitation method. NaOH
queous solution (4 mol L−1), NH3 aqueous solution (2 mol L−1)
nd a mixed aqueous solution of NiSO4, CoSO4 and ZnSO4 (molar
atio of Ni:Co:Zn is 100:1.5:3) were added into an ethanol solu-
ion with carbon black (CB) in the given ratio (weight ratio of
i(OH)2:CB is 100:1). The concentration of NiSO4 aqueous solution
as 2.0 mol L−1. In order to improve the dispersion of carbon black,

he ethanol solution was treated by ultrasonic for 30 min before
ddition. The precipitation reaction was carried out at 55 ◦C with
omogeneous stirring at pH value 10.5 for 18 h. The precipitate was
hen washed with distilled water, filtered and dried at 80 ◦C for 24 h.
or comparison, pure Ni(OH)2 was also synthesized by the same
o-precipitation process without the addition of carbon black. The
ame reagents as above were used.

The as-prepared powders were characterized by X-ray diffrac-
ion (XRD, Philips PC-APD X-ray diffractometer with Cu K�
adiation) and scanning electron microscope (SEM, HITACHI S-4700
I). The carbon content of Ni(OH)2/C sample was measured by Vario
L III elemental analyzers.

.2. Preparation of positive electrode and electrochemical tests

The as-synthesized Ni(OH)2/C composite or pure Ni(OH)2 as
ctive material was mixed with 4 wt.% CoO and a milling proce-
ure was needed to ensure the uniformity of the mixture. Followed
y an addition of proper amount of binders (PTFE and CMC) and
istilled water, a homogeneous slurry with adequate rheological
roperties was made. The slurry was filled into a foam nickel sub-
trate (1.5-mm thick) and dried at 75 ◦C for 2 h. Afterwards, the
ositive electrode was rolled to a thickness of 0.72 mm.

The as-fabricated positive electrode, together with a nickel mesh
ounter electrode and an Hg/HgO reference electrode was tested in
three-compartment system. The electrolyte was 6 mol L−1 KOH

olution. The galvanostatic charge–discharge tests were conducted
ith a BS-9390 battery program-control test system at room tem-
erature (25 ± 1 ◦C). For activation, the electrodes were charged at
.1 C-rate for 15 h and discharged at 0.2 C-rate to a limited voltage of
.1 V (vs. Hg/HgO), and then charged for 7.5 h and discharged to 0.1 V
t 0.2 C-rate for four times. In the subsequent charge–discharge
ycling tests, the electrodes were charged at 1 C-rate for 1.2 h
nd discharged at 1, 5, 10 C-rate. The corresponding cut-off volt-
ges were set as 0.1, 0, 0 V (vs. Hg/HgO). Cyclic voltammetric (CV)
easurements were performed after activation using a CHI660B

lectrochemical workshop with a scanning rate of 0.1 mV s−1.

. Results and discussion

.1. Microstructure and morphology
The XRD patterns of the as-prepared Ni(OH)2 samples are shown
n Fig. 1. It can be seen that the diffraction peaks of both samples
re indexed as the hexagonal phase of typical �-Ni(OH)2 (JCPDS
4-0117). The diffraction peaks of the Ni(OH)2/C composite are

i
(
N
t
i

ig. 1. XRD patterns of the Ni(OH)2 powders: (a) Ni(OH)2/C composite and (b) pure
i(OH)2.

oticeably broadened as compared to those of pure Ni(OH)2, indi-
ating the poor crystallinity or smaller crystalline size of Ni(OH)2/C
aterial. The (0 0 1) diffraction line is the most intense in pattern

b), while the (1 0 1) diffraction line is the most intense in pattern
a), indicating that the crystal of Ni(OH)2/C grows mainly in the
irection perpendicular to the (1 0 1) plane to form sheet structure.

The reasons for broadening of the (0 0 1) reflection are due
o small particle size, increased disorderliness on account of the
xistence of stack faults, and the presence of other polymorphic
odifications as interstratified phases [18,19], those are identified

o be crystal defects. Therefore, the abnormal width of (0 0 1) and
1 0 1) reflections are caused by the existence of defects in the mate-
ial. A large amount of structural defects are distributed among the
olume of the crystal lattice of the as-prepared Ni(OH)2/C compos-
te. It has been reported that Ni(OH)2 particles with more crystal
efects possess higher proton diffusion coefficients and have better
lectrochemical performance [20,21].

Fig. 2 illustrates the morphology of the Ni(OH)2 samples. As
hown in Fig. 2, the synthesized Ni(OH)2/C and Ni(OH)2 particles
re spherical with sizes of about 10 �m in diameter. Moreover,
he spherical particles are composed of hundreds of nanometer
rystals with a unique three-dimensional petal shape owing large
urface area and inner space. As compared with pure Ni(OH)2, the
icrostructure of the Ni(OH)2/C composite becomes looser. It may

acilitate electrolyte soaking into particles, the insertion and de-
nsertion of proton during the charge–discharge process and hence

ay improve the electrochemical performance of Ni(OH)2 material.
he carbon content in the Ni(OH)2/C composite is about 1.21 wt.%.

.2. Cycle stability under high-rate discharge conditions

To evaluate the effect of carbon introduced by the co-
recipitation process on the electrochemical performance of the
i(OH)2/C composite, the discharge capacities of the Ni(OH)2/C

amples with different carbon content were measured at 1 C-
ate after activation. Fig. 3 shows the charge–discharge curves
f the Ni(OH)2/C samples with different carbon content. It is
ound that the optimum carbon content of Ni(OH)2/C compos-
te is about 1.21 wt.% to obtain the highest discharge capacity

287.3 mAh g−1), which is close to the theoretical capacity of
i(OH)2 (Qtheory = 289 mAh g−1). The high-rate dischargeability of

he Ni(OH)2/C composite with the content of about 1.21 wt.% was
nvestigated in detail hereafter.
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Fig. 2. SEM micrographs of the Ni(OH)2 samples: (a and b) Ni(OH)2/C composite
and (c and d) pure Ni(OH)2.
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ig. 3. Charge–discharge curves of the Ni(OH)2/C samples with different carbon
ontent at 1 C-rate after activation.

Fig. 4 shows the cycling stability of two electrodes under dif-
erent discharge rate conditions. During these cycle processes, the
lectrode with the Ni(OH)2/C composite all shows higher specific
apacity and better cycling stability than the electrode with pure
i(OH)2. The capacity fading of the Ni(OH)2/C composite at 5 and
0 C discharge rates is restricted to a very lower level, even after
ong-term cycling, while that of pure Ni(OH)2 diminishes quickly.
t indicates that the existence of carbon in the Ni(OH)2/C compos-
te enhances the cycling stability and extends the lifespan of the
ositive electrode at high-discharge rates.

Table 1 shows the comparison of discharge specific capacities
f two electrodes. The discharge specific capacities are the aver-
ge data of 100 charge–discharge cycles. The electrode with the
i(OH)2/C composite delivers a discharge capacity of 281 mAh g−1,
hile the electrode with pure Ni(OH)2 delivers a discharge capacity

f 247 mAh g−1 at 1 C-rate. At 5 C-rate, the discharge capacity of the
i(OH)2/C composite is 273 mAh g−1, much higher than that of pure
i(OH)2. And at 10 C-rate, the discharge capacity of the Ni(OH)2/C
omposite still remains as high as 250 mAh g−1, but that of pure
i(OH)2 decreases a lot, only about 66 mAh g−1.

Fig. 5 presents the cyclic voltammograms of two electrodes
btained after 100 charge–discharge cycles at 5 C-rate. The mea-
urement was made at 100% discharge of depth (DOD). Near the
eduction peak belonging to the �-Ni(OH)2/�-NiOOH, another
eduction peak occurs in the electrode with pure Ni(OH)2, as shown
n Fig. 4(b). According to the former research [4,22], the new-
ccurred peak belongs to the �-Ni(OH)2 reduced from �-NiOOH.
or the electrode with the Ni(OH)2/C composite, no typical peak
ontributed by �-NiOOH is found in Fig. 4(a). Prolonged overcharge
f �-Ni(OH)2 in KOH and the ageing of �-NiOOH favor the formation
f �-NiOOH, which leads to the pulverization of the electrode and
ecay of the capacity. Just as previously discussed, the Ni(OH)2/C

omposite has more crystal defects, which can provide higher pro-
on diffusion coefficient and ionic conductivity. On the other hand,
he carbon black distributed in the Ni(OH)2/C material reduces
nner resistance of Ni(OH)2 particles due to its highly accessible

able 1
he discharge specific capacities of two electrodes for 100 charge–discharge cycles

ischarge rate (C) Ni(OH)2/C (mAh g−1) Ni(OH)2 (mAh g−1)

1 281 247
5 273 123

10 250 66
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Fig. 5. Cyclic voltammograms with scan rate of 0.1 mV s−1: (a) Ni(OH)2/C composite,
after 100 cycles at 100% DOD and (b) pure Ni(OH)2, after 100 cycles at 100% DOD.

Fig. 6. Typical charge–discharge profiles of two electrodes at the 50th cycle with
5 C-rate.

Table 2
The mean discharge voltages of two electrodes for 100 charge–discharge cycles
ig. 4. Cycling stability of two electrodes under different discharge rate conditions.

urface and good electrical conductivity. All these factors help to
iminish the polarization and amend the overcharge. So the for-
ation of �-NiOOH is restrained. Therefore, the electrode with the
i(OH)2/C composite will exhibit a stable discharge capacity and
n extended lifespan.

Fig. 6 shows the typical charge–discharge profiles of two
lectrodes at the 50th cycle with 5 C-rate. The electrode with
he Ni(OH)2/C composite presents much lower charge voltage
lateau and higher discharge voltage plateau than the elec-

rode with pure Ni(OH)2, which indicates that the Ni(OH)2/C
omposite has smaller polarization during the charge–discharge
rocesses.

Electrode types 1 C-rate (V) 5 C-rate (V) 10 C-rate (V)

Ni(OH)2/C 0.303 0.296 0.292
Ni(OH)2 0.266 0.231 0.227
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con, Solid State Sci. 3 (2001) 65–80.
ig. 7. Variation of mean discharge voltages of two electrodes with cycle number at
ifferent discharge rates.

.3. Discharge potential analysis

The mean voltage of discharge is an important factor for Ni/MH
echargeable batteries. Higher mean voltage of discharge suggests
ore energy that the electrode can store and release. Table 2

hows the mean discharge voltages of two electrodes for 100
harge–discharge cycles at different discharge rates. It can be seen

hat the electrode with the Ni(OH)2/C composite has much higher
ischarge voltage than the electrode with pure Ni(OH)2. The mean
ischarge voltages of the Ni(OH)2/C composite electrode are about
.303 V (vs. Hg/HgO) at 1 C-rate, 0.296 V at 5 C-rate and 0.292 V

[
[
[
[

Sources 184 (2008) 646–651

t 10 C-rate, while the mean discharge voltages of pure Ni(OH)2
lectrode are just about 0.266 V at 1 C-rate, 0.231 V at 5 C-rate and
.227 V at 10 C-rate. Fig. 7 shows the variation of the mean volt-
ge of two electrodes with cycle number at different discharge
ates. Obviously, the Ni(OH)2/C composite has higher mean volt-
ge discharge than pure �-Ni(OH)2, especially at high-discharge
ate.

The load voltage of chemical power sources is attributed to
otal polarization, and the high-total polarization would lead
o low load voltage. From the discussion above, the Ni(OH)2/C
omposite not only prevents the formation of �-NiOOH during
igh-rate charge–discharge cycling processes, but also helps to
educe the ohmic polarization and charge-transfer polarization.
herefore, the mean discharge voltage is optimized by the addition
f carbon black, which is beneficial to electrochemical reversible
eaction and the high-rate discharge performance of Ni(OH)2 elec-
rode.

. Conclusion

The Ni(OH)2/C composite has been synthesized by a sim-
le co-precipitation method. In comparison with pure Ni(OH)2,
he as-synthesized Ni(OH)2/C material has more crystal defects,
nd shows improved high-rate discharge performance, including
uperior cycling stability, higher discharge capacity and higher
ischarge potential. The discharge capacity and mean discharge
oltage of the Ni(OH)2/C composite are about 281 mAh g−1 and
.303 V (vs. Hg/HgO) at 1 C-rate, 273 mAh g−1 and 0.296 V at 5 C-
ate, 250 mAh g−1 and 0.292 V at 10 C-rate. The cyclic voltammetry
ests reveal that the Ni(OH)2/C composite exhibits good elec-
rochemical reversibility and the formation of �-NiOOH during
harge–discharge processes is prevented. The existence of car-
on in the Ni(OH)2/C composite contributes great effect on the

mprovement of high-rate discharge performance. Therefore, it
s a promising positive material for high-power Ni/MH batter-
es.
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