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Abstract: Nickel hydroxide doped with multi-wall carbon nanotubes (MCNTs) was synthesized by chemical coprecipitation method. 
The MCNTs doped nickel hydroxide was used as the electrochemical active material in the positive electrodes of rechargeable 
alkaline batteries. The powder X-ray diffraction (XRD) analysis shows that the addition of MCNTs induces more structural defect 
within the crystal lattice of the nickel hydroxide. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
tests demonstrate the better reaction reversibility and lower electrochemical impedance of MCNTs doped nickel hydroxide as 
compared with the pure nickel hydroxide. The charge/discharge tests show that MCNTs addition can improve the specific discharge 
capacity and increase the discharge voltage of the nickel hydroxide electrode. 
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1 Introduction 
 

Nickel hydroxide is widely used as the positive 
electrode material in rechargeable nickel-based batteries, 
which plays an important role in the field of electric 
energy storage devices. Besides the very diverse 
applications including portable electronics, power tools, 
remote power systems, satellites, and personal 
transportations, the nickel-based battery system appears 
to be one of the technologies of choice for the emerging 
electric vehicles (EVs) and hybrid electric vehicles 
(HEVs)[1]. Nickel/metal hydride (Ni/MH) batteries are 
considered to be one of the most promising choices for 
EVs and HEVs applications because of their better 
combination of output power, capacity, life, reliability, 
and cost[2]. In such situations, the high-proton diffusion 
coefficients and high-electronic conductivity are 
undoubtedly the key factors for its use. Nickel hydroxide 
(β-nickel hydroxide), the active material of positive 
electrode of nickel-based batteries, is a kind of p-type 
semiconductor and its poor electronic conductivity 
handicaps the high-rate dischargeability of Ni/MH 
batteries. To improve the electronic conductivity of the 

nickel hydroxide, many attempts have been made in 
recent years, among which the most commonly used 
approach is to add cobalt additive, such as CoO and 
Co(OH)2, directly to the positive electrode so as to form 
a CoOOH conductive film on the surface of nickel 
hydroxide particles[3−5]. It should be noted that this 
physical mixture of nickel hydroxide and additives is not 
effective to reduce the inner resistance of the particles. 

Carbon nanotubes (CNTs) have high electrical 
conductivity, excellent mechanical properties, and 
bending strength[6]. Because of these excellent 
properties, CNTs have attracted much attention as a 
promising material for different energy storage/ 
conversion systems, such as electrode materials for 
supercapacitors[7], hydrogen storage materials for 
Ni/MH batteries and fuel cells[8], and electrode 
materials for lithium batteries[9]. LÜ et al[10] firstly 
attempted to use CNTs as an additive in the nickel 
electrode, and investigated the influence of CNTs on the 
high-rate discharge properties of type-AA Ni/MH 
batteries. They found that the addition of CNTs may 
improve the performance of batteries at the high 
discharge rate. SONG et al[11] added CNTs to spherical 
β-nickel hydroxide powder as active material to prepare  
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the pasted electrodes. They found that the CNTs addition 
can increase the material utilization and specific 
discharge capacity of nickel hydroxide. Nevertheless, in 
the above studies the utilization way is still a physical 
mixture of active material and CNTs. Therefore, the 
utilization efficiency of CNTs is relatively low because it 
is difficult to achieve sufficient contact between the 
conductor and active material. In the present study, we 
synthesized nickel hydroxide/CNTs composites, in which 
the CNTs mixed homogenously with nickel hydroxide, 
by chemical coprecipitation method. The microstructure 
and electrochemical performance of the CNTs doped 
nickel hydroxide were investigated by X-ray 
diffractometry (XRD), cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS), and 
charge/discharge tests. 
 
2 Experimental 
 
2.1 Synthesis and characterization of CNTs doped 

nickel hydroxide 
All of the reagents used except CNTs were of 

analytical purity and used without further purification. 
CNTs used in this study were obtained from Shenzhen 
Nanotech Port Co. Ltd., China (Multi-wall carbon 
nanotubes, purity≥95%, ash≤0.2%, mass fraction). The 
MCNTs were purified by immersing in a concentrated 
nitric acid for 48 h, and then washed with de-ionized 
water, dried to constant mass at 60 ℃ in a vacuum drier. 
The nickel hydroxide/CNTs composite was synthesized 
by chemical coprecipitation method. NaOH aqueous 
solution (2 mol/L) and NiSO4 aqueous solution (1 mol/L) 
were added dropwise into an ethanol solution with 
MCNTs in the given ratio (mass ratio of Ni(OH)2 to 
MCNTs is 100:1) under constant stirring. To improve the 
dispersion of MCNTs, the ethanol solution was treated 
by ultrasonic for 30 min before adding. The precipitation 
reaction was carried out at 60 ℃ and constant stirring 
for 6 h. Then the suspension obtained was kept in the 
mother solution for 10 h and allowed to settle. The 
precipitate was then filtrated, washed with distilled water, 
and dried at 60 ℃ for 24 h. For comparison, pure nickel 
hydroxide was also synthesized by the same chemical 
coprecipitation process without the addition of MCNTs. 
The same reagents as above were used. 

The crystal structure of the prepared powders was 
characterized by X-ray diffraction (XRD) analysis using 
X’ Pert Pro diffractometer, with a Cu Kα radiation source 
(λ=0.145 81 nm, V=40.0 kV, I=100 mA). 
 
2.2 Preparation of nickel electrode and electro- 

chemical tests 
The prepared nickel hydroxide/MCNTs composite 

or pure nickel hydroxide as active material was mixed 

with 10% (mass fraction) nickel powder. Proper amount 
of binder (6% PTFE, mass fraction) and distilled water 
were then added into the mixture to obtain a 
homogeneous slurry with adequate rheological properties. 
The slurry was filled into a foam nickel sheet (1 cm × 1.5 
cm) and then dried at 80 ℃ for 1 h. Subsequently, the 
pasted electrodes were pressed at 8 MPa for 3 min to 
assure good electrical contact between the foam nickel 
and active material. 

Charge/discharge studies were conducted in a test 
cell, including the prepared nickel electrodes as cathode 
and a hydrogen-storage alloy electrode as the anode. 
Polypropylene was used as the separator between the 
cathode and anode. The electrolyte was 6 mol/L KOH + 
18 g/L LiOH solution. Charge/discharge measurements 
were conducted using a Land CT2001 C battery 
performance-testing instrument at room temperature. The 
charge was done at 0.2C for 6 h with a charge limiting 
voltage of 1.5 V. The discharge was done at 0.2C and the 
cut-off voltage was chosen to be 1.0 V. Cyclic 
voltammetry (CV) and electrochemical impedance spectra 
(EIS) measurements were performed on auto-lab 
electrochemistry workstation in a three-electrode system 
with a Hg/HgO as reference electrode and a hydrogen- 
storage alloy counter electrode. The electrolyte was 6 
mol/L KOH + 18 g/L LiOH solution. In CV 
measurement, the scan potential ranged from 0.1 to 0.7 V 
and the scanning rate was 1 mV/s. In EIS measurement, 
the impedance spectra were recorded at 5 mV amplitude 
of perturbation with a sweep frequency range from 10 
kHz to 10 mHz. All the measurements were done at room 
temperature. 
 
3 Results and discussion 
 
3.1 Microstructure of prepared nickel hydroxide 

Fig.1 shows the XRD patterns of the prepared 
nickel hydroxide samples. It can be seen that the 
diffraction peaks of both samples are indexed as the 
hexagonal phase of typical β-nickel hydroxide 
(JCPDS-14-0117). Compared with the pure nickel 
hydroxide, the diffraction peaks of the MCNTs doped 
nickel hydroxide are noticeably broadened. This 
broadening of the diffraction peaks can be attributed to 
the increased crystal defects because of the existence of 
stack faults and the presence of other polymorphic 
modification as interstratified phases[12−13]. It has been 
reported that the crystalline state of nickel hydroxide has 
a significant influence on its electrochemical 
performance[14−16]. These structural defects and 
disorder within the crystal lattice of the MCNTs doped 
nickel hydroxide are inferred to improve the 
electrochemical performance, which can be further 
proved by the following CV, EIS, and charge/discharge 
tests. 
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Fig.1 XRD patterns of pure nickel hydroxide (a) and MCNTs 
doped nickel hydroxide (b) 
 
3.2 CV and EIS measurements of nickel electrodes 

The CV curves of nickel electrodes are shown in 
Fig.2. For both electrodes, one anodic nickel hydroxide 
oxidation peak, appearing at 450−500 mV, is recorded 
before oxygen evolution. Similarly, one cathodic 
oxyhydroxide reduction peak at 250−290 mV is observed 
on the reverse sweep. Generally, the potential difference 
(∆E) between the anodic and cathodic peak potentials 
can be used to characterize the reversibility of the redox 
reaction[17]. In comparison with that of the pure nickel 
hydroxide electrode, the anodic peak potential of 
MCNTs doped nickel hydroxide electrode is obviously 
shifted to a more negative value, while the cathodic 
potential is shifted to a more positive value. The ∆E 
values for the MCNTs doped nickel hydroxide electrode 
and pure nickel hydroxide electrode are 163 mV and 234 
mV, respectively, suggesting that the MCNTs doped 
nickel hydroxide has better reversibility of the electrode 
reaction. 
 

 
Fig.2 Cyclic voltammograms of pure nickel hydroxide and 
MCNTs doped nickel hydroxide with scanning rate of 1 mV/s−1 

Fig.3 presents the electrochemical impedance 
spectra (EIS) of the pure nickel hydroxide electrode and 
MCNTs doped nickel hydroxide electrode at the steady 
state after being activated by cyclic voltammetric test. 
The impedance spectra of these two electrodes display a 
depressed semicircle from the charge transfer resistance 
in the high-frequency region, and a slope related to the 
Warburg impedance appearing in the low-frequency 
region[18−19]. It is observed from Fig.3 that the pure 
nickel hydroxide electrode exhibits a much larger 
capacitive semicircle than the MCNTs doped nickel 
hydroxide electrode. This implies that the addition of 
MCNTs can dramatically decrease the charge transfer 
resistance and the electrochemical reaction within the 
MCNTs doped nickel hydroxide proceeds more easily 
than that within the pure nickel hydroxide. 
 

 
Fig.3 Electrochemical impedance spectra of pure nickel 
hydroxide electrode and MCNTs doped nickel hydroxide 
electrode 
 

Just as previously discussed, the MCNTs doped 
nickel hydroxide possesses more structural defects, 
which can provide higher proton diffusion coefficients 
and ionic conductivity. On the other hand, the MCNTs 
distributed in nickel hydroxide reduce the inner 
resistance of nickel hydroxide particles due to its high 
accessible surface and good electrical conductivity. All 
these factors facilitate the intercalation/de-intercalation 
of protons or the rapid movement of both electrons and 
protons in the electrode. Accordingly, the smaller 
electrochemical reaction impedance and better reaction 
reversibility can be obtained for MCNTs doped nickel 
hydroxide electrode. 
 
3.3 Charge/discharge test of nickel electrode 

Charge/discharge tests of the simulated batteries 
with pure nickel hydroxide electrode and MCNTs doped 
nickel hydroxide electrode were carried out at 0.2C with 
a charging limiting voltage of 1.5 V and a discharge 
cut-off voltage of 1.0 V. Fig.4 shows the typical 
discharge curves of the two nickel electrodes. It can be 
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seen from Fig.4 that the specific discharge capacity of 
the MCNTs doped nickel hydroxide electrode (267 
mA·h/g) is larger than that of the pure nickel hydroxide 
electrode (237 mA·h/g). Moreover, the discharge plateau 
of the MCNTs doped nickel hydroxide electrode is also 
higher than that of the pure nickel hydroxide electrode, 
which indicates that the MCNTs doped nickel hydroxide 
has smaller polarization during the discharge process. 
 

 
Fig.4 Discharge curves of pure nickel hydroxide and MCNTs 
doped nickel hydroxide at 0.2C rate 
 

According to the discharge kinetics proposed by 
ZIMMERMAN and EFFA[20], the kinetics of nickel 
electrode is controlled by solid-state proton diffusion 
under the normal high rate discharge conditions. As the 
nickel electrode is discharged, the conductivity of the 
active material decreases until eventually mixed kinetics 
of both proton diffusion and charge transfer is observed. 
Further discharge results in the formation of a 
semiconductor layer at the metal-active material 
interface that is depleted in charge carriers and has a 
relatively high electronic resistance. A conducting 
network with stable electrochemical properties is 
important for providing enough current collectors in the 
positive electrode, which can decrease the charge transfer 
resistance. Due to the excellent electronic conductivity, 
high accessible surface area, and unique mechanical 
properties, the addition of MCNTs increases the ionic 
and electronic conductivity within nickel hydroxide, 
resulting in a larger discharge capacity and higher 
utilization of nickel hydroxide active material. 
 
4 Conclusions 
 

1) The addition of MCNTs in nickel hydroxide may 
result in more structural defects within the crystal lattice 
of nickel hydroxide. 

2) The MCNTs doped nickel hydroxide has better 
reaction reversibility and lower electron transfer 
resistance as compared with that of pure nickel 

hydroxide. 
3) The discharge capacity and discharge voltage of 

the MCNTs doped nickel hydroxide are higher than those 
of the pure nickel hydroxide. 
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