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Abstract: Nanometer Cu singly doped and Cu/Al co-doped nickel hydroxides were synthesized by ultrasonic-assisted precipitation 
method. Their crystal structure, particle size, morphology, tap density and electrochemical performance were investigated. The 
results show that the samples have α-phase structure with narrow particle size distribution. Cu singly doped nano-Ni(OH)2 contains 
irregular particles, while Cu/Al co-doped nano-Ni(OH)2 displays a quasi-spherical shape and has a relatively higher tap density. 
Composite electrodes were prepared by mixing 8% (mass fraction) nanometer samples with commercial micro-size spherical nickel. 
The charge/discharge test and cyclic voltammetry results indicate that the electrochemical performance of Cu/Al co-doped 
nano-Ni(OH)2 is better than that of Cu singly doped nano-Ni(OH)2, the former’s discharge capacity reaches 330 mA·h/g at 0.2C, 12 
mA·h/g and 91 mA·h/g larger than that of Cu singly doped sample and pure spherical nickel electrode, respectively. Moreover, the 
proton diffusion coefficient of Cu/Al co-doped sample is 52.3% larger than that of Cu singly doped sample. 
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1 Introduction 
 

Nickel hydroxide has drawn considerable attention 
due to its application as the active material in the positive 
electrode for nickel-based rechargeable alkaline batteries. 
It has two polymorphs: α-Ni(OH)2 and β-Ni(OH)2 [1]. 
The β-Ni(OH)2 (interlayer separation of about 4.6 Å) 
may transform into γ-NiOOH (interlayer separation of 
7−8 Å) when overcharged, which results in large volume 
expansion and poor electric contact between the active 
material in electrode. Contrast to the β-Ni(OH)2/ 
γ-NiOOH cycle, the volumetric change between 
α-Ni(OH)2 and γ-NiOOH cycle is greatly reduced 
because of their similar lattice parameters [2]. However, 
the α-Ni(OH)2 is a metastable phase and easily changes 
to β-Ni(OH)2 in strong alkaline solution [3]. To 
synthesize stabilized α-Ni(OH)2, partial substitution of 
Ni ions in the nickel hydroxide lattice with Al [4], Y [5], 
Zn [6] or Co [7] ions has been extensively employed. 

Among these additives, Al is most used due to its 
good stability and low cost. It was reported that Cu 
shows a good effect on improving the utilization of 
active material and increasing the specific discharge 

capacity [8,9]. Besides, studies [10,11] have shown that 
composite doping may generate synergy effect, making 
the structure of α-Ni(OH)2 more stable than singly 
doping. So, the electrochemical performance of the 
electrodes can be improved effectively. In the present 
study, ultrasonic-assisted precipitation method was 
employed to synthesize Cu singly doped and Cu/Al 
co-doped α-Ni(OH)2. The morphology, particle size, tap 
density, crystal structure and electrochemical 
performance were measured, and the test results were 
discussed. 
 
2 Experimental 
 
2.1 Preparation and characterization of nickel 

hydroxide 
The nano-Ni(OH)2 samples were prepared by an 

ultrasonic-assisted precipitation method at 50 °C. A 
mixed aqueous solution containing NiCl2·6H2O, 
CuCl2·2H2O, Al2(SO4)3·18H2O (the molar ratio of Ni to 
Cu to Al is 1:0.10:0.08) with Twain 80 as surfactant, and 
a proper amount of NaOH aqueous solution with 
anhydrous sodium carbonate and ammonia as buffer 
solution were dropped into a mother liquid under stirring. 
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The pH value was kept at 9.00±0.10 by pH meter. The 
agitation lasted 5 h after dropping was finished and the 
ultrasonic dispersing condition was employed in all 
above processes. Then the suspension was aged for 12 h 
at 50 °C, washed three times with deionized water and 
twice with anhydrous ethanol to eliminate impurities and 
then dried to constant mass at 80 °C (sample B). For 
comparison, the Cu singly doped nano-Ni(OH)2 (sample 
A, the molar ratio of Ni to Cu is 1:0.10) was prepared by 
the same method. 

The crystal structure of the samples was determined 
on a D/Max-ⅢA X-ray diffractometer, with a Cu Kα 
radiation source (λ=1.54 Å, 36.0 kV, 20 mA). TEM was 
operated on a Philips Tecnai 10 Transmission Electron 
Microscope to study the morphology of the samples. 
Particle size distribution (PSD) was measured using a 
Nanotrac 150 particle size analyzer. 
 
2.2 Preparation of nickel electrode and electro- 

chemical measurement 
The positive electrode was a mixture of sample A or 

B (8%), commercial micro-size β spherical nickel (86%, 
obtained from Changsha Mining and Metallurgy Institute, 
China), nickel powder (3%) which was filled into a foam 
nickel sheet (2.5 cm×2.5 cm) using CMC (2%), and 
PTFE (1%) solution as binder. The electrode was dried at 
80 °C for 20 min, and then mechanically pressed to a 
thickness of about 0.5 mm. The prepared positive 
electrodes were named as electrode Ae and Be. The 
negative electrode was hydrogen storage alloy. A mixture 
of 6 mol/L KOH and 15 g/L LiOH was used as the 
electrolyte. For comparison, the pure spherical nickel 
electrode was prepared by the same method and denoted 
as electrode Ce. 

Cyclic voltammetry (CV) measurement of the 
electrodes was performed on an electrochemistry 
workstation (CHI 760D) with a counter electrode (nickel 
foam) and an Hg/HgO reference electrode. The test 
potential ranged from −0.2 to 0.7 V and the test scanning 
rate ranged from 0.02 to 0.10 V/s. 

Charge/discharge measurement was done with the 
simulated batteries by using a Neware BTS−51800 
battery testing instrument at room temperature. The 
simulated batteries were assembled with the prepared 
positive electrode, negative electrode and polypropylene 
as the separator. The electrodes were charged at 0.2C for 
6 h, rested for 10 min, and then discharged at 0.2C to 1.0 
V. In order to decrease the error, five electrodes were 
examined in the same situation. 
 
3 Results and discussion 
 
3.1 Morphology, particle size and tap density of 

prepared samples 
Figure 1 shows the TEM morphology of the 

prepared samples. It is seen that sample A contains 
irregular particles, the primary particles are 40−80 nm, 
and the secondary particles range from 80 to 140 nm. 
Sample B shows quasi-spherical structure with a smooth 
surface, and the diameter of primary particles is 60−80 
nm. The particle size distribution (PSD) of the samples is 
shown in Fig. 2 and the corresponding average particle  

 

  
Fig. 1 TEM images of samples: (a, b) Cu singly doped sample 
A; (c) Cu/Al co-doped sample B 
 

 

Fig. 2 Particle size distribution of samples 
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sizes are presented in Table 1. Although the primary 
particles of sample A are smaller than those of sample B, 
the larger secondary particles of sample A make its 
average particle size is higher than that of sample B. 
 
Table 1 Tap density and average particle size of samples 

Sample Tap density/(g·cm−3) Average particle size/nm
A 1.62 103.9 
B 1.69 95.8 

 
Figures 1 and 2 also present that both samples have 

uniform particles with narrow particle size distribution. 
The uniform particles may be related to the application 
of ultrasonic and dispersant (Twain 80) in the preparation 
[12−14]. Due to the addition of Twain 80 in solution, 
every particle is almost in a same microenvironment 
under high frequency vibration of ultrasonic, and thus the 
particle sizes are uniform. Therefore, the synergy of 
ultrasonic and dispersant play a good role in obtaining 
well dispersed suspensions and controlling the particle 
size. 

The tap density of nickel hydroxide is an important 
parameter indexing the material properties, which is 
associated with the performance of the positive 
electrodes [15]. The tap density of the samples which 
was tested by shock method is presented in Table 1. It 
can be seen that the average particle size of sample B is 
smaller than that of sample A, but contrary to the tap 
density. This is mainly caused by the fact that Cu/Al 
co-doped Ni(OH)2 is quasi-spherical, but irregular shape 
for Cu singly doped sample. When samples A and B are 
mixed with micro-size spherical nickel, sample B can 
more fully fill the gap in commercial micro-size 
spherical nickel, which is conductive to promoting the 
active material utilization. So, sample B is expected to 
get much better electrochemical performance. 
 
3.2 Crystal structure 

X-ray diffraction patterns of the samples are given 
in Fig. 3. Both samples display diffraction peaks at    
the angles 11°, 23°, 34°, 38°, 60°, which are in 
accordance with those of the α-Ni(OH)2 (JCPDS 38—
0715). The asymmetrically broad diffraction peaks at 
34°−38° are the characteristic of the turbostratic disorder 
in α-Ni(OH)2 [16]. 

It is also seen that all the peaks of sample B shift to 
the right as compared with those of sample A. This result 
can be attributed to the similar radius of Cu2+ and Ni2+, 
and the Cu2+ intercalation does not have significant effect 
on the crystal structure. Partial substitution of nickel ions 
with Al and Cu will result in a lattice deformation due to 
the smaller radius of Al3+, and the interlamellar spacing 
accordingly reduces. According to the Bragg equation, 

2dsinθ=nλ, when the d value decreases, the value of θ 
will increase to keep nλ invariable, thus the diffraction 
peaks of sample B move to the right. The interplanar 
spacings (calculated from the Bragg equation) of two 
samples at (003), (006) and (110) planes are listed in 
Table 2. It is seen that sample B has a smaller interplanar 
spacing than sample A. In addition, the intensities of the 
peaks (003), (006) for sample B are higher than those of 
sample A, which indicates an increase in crystallinity 
upon Cu/Al co-doped sample. 
 

 
Fig. 3 XRD patterns of samples 
 
Table 2 Interplanar spacing of two samples 

Sample d(003)/nm d(006)/nm d(110)/nm 

A 0.7930 0.4250 0.1550 

B 0.7826 0.3961 0.1529 

 
3.3 Charging−discharging performance of electrodes 

Figure 4 shows the typical charge−discharge curves 
of the electrodes Ae (Cu doped α-Ni(OH)2 electrode), Be 
(Cu/Al co-doped α-Ni(OH)2 electrode) and Ce (pure 
spherical nickel electrode) at a charge−discharge rate of 
0.2C. The specific discharge capacity of electrode Be 
reaches 330 mA·h/g, which is 12 mA·h/g higher than that 
of electrode Ae (318 mA·h/g) and 91 mA·h/g higher than 
that of electrode Ce (239 mA·h/g). Compared with 
electrode Ae, electrode Be not only displays higher 
discharge capacity, but also shows a lower charge 
potential platform and a higher discharge potential 
platform. The higher specific capacity of electrode Be 
may be caused by the fact that introducing Al into the 
nickel hydroxide lattice may cause excess positive 
charge, so more anions and water molecules can be 
intercalated to the interlayer of nickel hydroxide in order 
to keep charge neutrality, resulting in an increase of 
defects. These defects is beneficial for protons 
intercalation and deintercalation in the slab of Cu/Al 
co-doped α-Ni(OH)2 [17], and more defects can also help 
the electrolyte to get into the interior of Ni(OH)2 to 
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increase the conductivity. So electrode Be has a higher 
specific capacity than electrode Ae. 

The cyclic performance of the electrodes Ae and Be 
at 0.2C rate is shown in Fig. 5. Cycle life is a significant 
index for all the second batteries. MH-Ni batteries may 
suffer from capacity loss during cycle as a result of 
deterioration of nickel hydroxide [18]. It is seen from the 
figure that the electrode Be shows a higher specific 
capacity and better cycling stability than the electrode Ae 
during the cycle. To quantitatively characterize the cyclic 
stability of the nickel electrodes, the deterioration rate Rd 

is used. The Rd values of electrodes Ae and Be are 9.10% 
and 6.07%, respectively, after 40 cycles. This indicates 
that Cu/Al co-doped nano-Ni(OH)2 has much better 
cyclic stability and higher discharge capacity than Cu 
singly doped nano-Ni(OH)2. 

 

 
Fig. 4 Charge−discharge curves of electrodes at 0.2C rate 
 

 

Fig. 5 Cyclic performance of electrodes at 0.2C discharge rate 
 
3.4 Cyclic voltammetric behavior 

The typical CV curves of electrodes Ae and Be at 
various scanning rates are presented in Fig. 6. For both 
electrodes, as the scanning rate increases, the anodic and 
cathodic peak potentials shift to more positive and more 
negative direction, respectively. Figure 7 gives the CV 
curves of the electrodes Ae and Be at the scanning rate of 
0.06 V/s and the cyclic voltammetric parameters are 

listed tabulated in Table 3. The potential difference 
(ΔφO,R) between the anodic (φO) and cathodic (φR) 
position was used to index the reversibility of the 
electrode reaction. The smaller the ΔφO,R is, the more 
reversible the redox reaction is [19]. It is noticed that 
electrode Be has a smaller ΔφO,R than electrode Ae, 
indicating that the addition of Al can improve the 
reversibility of the electrode reaction. Meanwhile, more 
active ingredients can be utilized during charge− 
discharge process. 
 

 

Fig. 6 Cyclic voltammograms of two electrodes at various 
scanning rates: (a) Cu singly doped nano-Ni(OH)2; (b) Cu/Al 
co-doped nano-Ni(OH)2 
 

 
Fig. 7 Cyclic voltammograms of two electrodes at scanning 
rate of 0.06 V/s 
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Table 3 Results of cyclic voltammetry measurements 

Electrode φO/V φR/V φOER/V ΔφO,R/V (φOER−φO)/V

Ae 0.525 0.290 0.589 0.235 0.064 

Be 0.533 0.306 0.595 0.227 0.062 

 
It is also seen from Table 3 that the difference 

(φOER−φO) between φOER and φO was almost the same, 
which is in accordance with the charge–discharge results 
shown in Fig. 4 (charge curve has two platforms, 
oxidation reaction the electrode occurs in the easier stage 
of charging, but oxygen evolution reaction in the later 
stage of charging). The difference (φOER−φO) shows the 
difficulty degree of electrodes for oxygen evolution. The 
large value indicates that higher charging efficiency is 
expected [20]. The result demonstrates that there is no 
obvious difference between the electrodes Ae and Be, 
indicating that the addition of Al does not have 
significant effect on improving the charge efficiency and 
restraining the oxygen evolution reaction. 

The relationship between oxidation peak current Ip  
and square root of scanning rate υ1/2 is present in Fig. 8. 
Generally, in semi-infinite diffusion conditions, the 
relationship between Ip and v1/2 is linear at 25 °C. From 
Fig. 8, the electrode reaction of both electrodes is 
controlled by semi-infinite diffusion conditions, which 
agrees with the reaction mechanism of nickel hydroxide 
electrode. 

According to Randle−Sevick equation [21]: 
 

02/12/35
p )()1069.2( CDvSnI ×××××=           (1) 

 
where n is the electron number of reaction (the value is 
about 1 for nickel hydroxide); S is the real surface area of 
the electrode; D is the diffusion coefficient; and C0 is the 
initial concentration of the active material. For nickel 
hydroxide electrode, the C0 value is equal to the proton 
concentration (H+) in solid state because the electrode  
 

 
Fig. 8 Relationship between anodic peak current and square 
root of scanning rate for electrodes 

reaction is Ni(OH)2 NiOOH+H+, and C0 can be 
expressed as C0=ρ/M, where ρ is the theoretical density 
of nickel hydroxide, 2.82 g/cm3; M is the mole mass of 
nickel hydroxide, 92.7 g/mol. 

The diffusion coefficients D of both electrodes can 
be calculated from the slope of the fitted line in Fig. 8 
and Eq. (1). The proton diffusion coefficient of electrode 
Be is 1.31×10−10 cm2/s, which is larger than that of 
electrode Ae (0.86×10−10 cm2/s), indicating that the 
substitution of Al can accelerate the proton diffusion rate 
in nickel hydroxide. It can be attributed to the fact that 
sample B is quasi-spherical with good liquidity and more 
defects in it can provide more channels for protons 
diffusion in redox process. 
 
4 Conclusions 
 

1) Cu singly doped (sample A) and Cu/Al co-doped 
nanometer α-Ni(OH)2 (sample B) were prepared by 
ultrasonic-assisted precipitation method. The primary 
particle size of sample A is 40−80 nm with irregular 
shape, the secondary particle size is 80−140 nm. The 
primary particle size of sample B is 60−80 nm with 
quasi-spherical structure. And sample B shows a little 
higher tap density than sample A. 

2) Cu/Al co-doped α-Ni(OH)2 has a higher 
discharge capacity, better cyclic stability, higher 
electrochemical reaction reversibility and larger proton 
diffusion coefficient than Cu singly doped α-Ni(OH)2. 
The electrode with 8% sample B displays a capacity of 
330 mA·h/g at 0.2C, which is 12 and 91 mA·h/g larger 
than that of electrode with 8% sample A and pure 
spherical nickel electrode, respectively. 

3) The addition of Al can improve the electrode 
reaction reversibility and accelerate the proton diffusion 
in nickel hydroxide (the proton diffusion coefficient of 
Cu/Al co-doped α-Ni(OH)2 is 52.3% larger than that of 
Cu singly doped sample), but has no significant effect on 
improving the charging efficiency and inhibiting oxygen 
evolution reaction. 
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Cu 单掺杂和 Cu/Al 复合掺杂纳米氢氧化镍的 
结构和电化学性能 
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摘  要：采用超声波辅助沉淀法制备 Cu 单掺杂和 Cu/Al 复合掺杂的纳米 Ni(OH)2样品，测试样品的晶相结构、

粒径、形貌、振实密度及电化学性能。结果表明，样品均具有 α 相结构且其平均粒度的分布范围窄，Cu 单掺杂

的纳米 Ni(OH)2呈现不规则形态，而 Cu/Al 复合掺杂的纳米 Ni(OH)2呈准球状且具有更大的振实密度。将纳米样

品以 8%的比例掺入到商业用微米级球形镍中制成混合电极。充放电和循环伏安测试结果表明，Cu/Al 复合掺杂纳

米 Ni(OH)2的电化学性能优于 Cu 单掺杂的纳米 Ni(OH)2的，前者的放电比容量最高达到 330 mA·h/g (0.2C)，比

Cu 单掺杂样品的高 12 mA·h/g，比纯球镍电极的高 91 mA·h/g。此外，Cu/Al 复合掺杂纳米样品的质子扩散系数比

Cu 单掺杂样品的高 52.3%。 

关键词：纳米 Ni(OH)2；超声波辅助沉淀法；掺杂；电化学性能 
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