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Nickel hydroxide is widely used as an active material in pasted-type nickel electrodes. Physical proper- 
ties of  several nickel hydroxide powders have been examined by laser diffraction, BET, X-ray diffrac- 
tion, thermal analysis and SEM. Nickel hydroxide powder  with a smaller crystalline size shows better 
charge-discharge cyclic characteristics. The chemical diffusion coefficients of  the proton in the nickel 
hydroxide sample are measured by a current  pulse relaxation method.  Nickel hydroxide with a smaller 
crystalline size shows a higher proton diffusion coefficient, giving excellent cycling behaviour. 

1. Introduction 

Much interest has centred in recent years on the 
development of rechargeable alkaline batteries with 
high energy densities. To improve the cell perfor- 
mance, such as energy density, pasted-type nickel elec- 
trodes have been developed [1, 2]. This type of nickel 
electrode was fabricated by filling the pasted-type of 
nickel hydroxide (Ni(OH)2) as an active material in 
a nickel foam substrate. 

In the present work four kinds of nickel hydroxide 
powder samples with different physical properties, 
such as surface area, crystal form and crystalline 
size, were used as positive electrodes in rechargeable 
alkaline batteries. The electrochemical properties 
including charge-discharge characteristics of the 
four kinds of nickel hydroxide powders have been 
investigated and, moreover, kinetics of proton 
insertion into the network of nickel hydroxide 
have been studied using a current-pulse relaxation 
technique. 

2. Experimental details 

2.1. Preparation of electrode materials 

As a nickel electrode substrate, nickel foam 
(2 x 2cm 2, Sumitomo Electric Industries, Ltd) was 
used. The following four kinds of /3-type nickel 
hydroxide (/3-Ni(OH)2) powders (A-D) were used as 
positive materials. Samples A, B and C were obtained 
from the Nihon Kagaku Sangyo Company and 
sample D was obtained from the Tanaka Chemical 
Corporation. Cobalt metal powder (Soci6t~ G6n~rale 

M6tallurgique de Hoboken) was added to the hydrox- 
ides to increase the utilization of the active materials 
[1, 2]. Hydroxypropyl-methyl-cellulose (HPMC) 
(Shin-Etsu Chemical Co.) and PTFE dispersion 
(Daikin Industries, Ltd) were used as binders. 

2.2. Analysis of nickel hydroxide samples 

The chemical compositions of the nickel hydroxide 
powder samples were obtained using an inductively 
coupled argon plasma emission spectrophotometer 
(model P-5200, Hitachi Ltd). The surface area was 
obtained by the BET adsorption method using a sur- 
face area analyser (model MIC-2205, Micromeritics 
Ltd). 

The particle size distribution of the hydroxide 
powder samples was obtained using SPA (Micro- 
track Ltd). Scanning electron microscope (SEM) 
observation was performed using an S-900 micro- 
scope (Hitachi Ltd). X-ray diffraction measurements 
were performed using a RINT-1100 diffractometer 
(Rigaku Ltd), CuKo~ radiation and a nickel filter at 
40 kV and 20 mA. Thermal analysis was carried out 
with a thermal analyser, model DT-40 (Shimadzu 
Co.). 

2.3. Preparation of nickeI electrode 

10 g of each nickel hydroxide powder (samples A-D)  
and 0.5 g of cobalt powder were mixed in an agate 
mortar. Then 3.0 g of aqueous suspension containing 
2.0 wt % HPMC as a binder was added to the mixed 
powder and mixed again. The mixture obtained was 
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incorporated in the nickel foam electrode using a 
spatula, and dried in air in an oven at 60 °C for 1 h. 
The electrode was then dipped in PTFE dispersion Sample 
(5% solid in water), dried in air in an oven at 60 °C 
for 1 h and pressed at 420 kg cm -2. The geometrical 
surface area of the nickel electrode was 4cm 2 and A 
the weight of nickel hydroxide was about B 
0.14 g cm -2. These nickel electrodes were spot welded c 
with 6 mm nickel ribon as a current collector. D 

2.4. Electrochemical measurements 

Electrochemical measurements of the nickel electrode 
were performed using a glass beaker cell. A nickel 
mesh was used as a counter electrode, and 30wt % 
KOH was used as the electrolyte. Hg/HgO (30 wt % 
KOH) was used as a reference electrode. The elec- 
trolysis cell was placed in an incubator held at a given 
temperature (4- 1 °C). 

Charging was initially carried out at a rate of 
7.0mAcro -2 for 6h. Then discharging was carried 
out at the same rate down to 0.1 V vs. Hg/HgO at 
20°C, followed by a recharge at a rate of 
7.0mAcro -2 for 6h. The theoretical capacity of 
nickel hydroxide is 289 mA h (g-active material) -1 by 
assuming the electrode reaction as 

Ni(OH)2 + OH- ~ NiOOH 4- H20 + e- (1) 

The composition of the working electrode was chan- 
ged by coulometric titration. To reach equilibrium 
after coulometric titration required 20 to 50 h at a con- 
stant temperature in order to obtain uniform H + ion 
distribution throughout the working electrode. Equi- 
librium was considered to have been reached when 
the open-circuit voltage was stabilized to less than 
0.1mVh -1 at a constant temperature. The proton 
diffusion coefficients, /}, in the hydroxides were 
measured using the current pulse relaxation (CPR) 
technique described by Basu and Worrell [3], Kuma- 
gai et al. [4] and Dickens et al. [5] using the formula 
for the time-dependence of the transient voltage 
(AE), i.e, 

A E  = IVmr(dE/dn)/FA(TrDt) 1/2 (2) 

where I is a current pulse (300 mA), Vm is the molar 
volume (22.61 cm 3, which was obtained by assuming 
the sample as/3-nickel hydroxide), r is the duration 
of the pulse (8 s), (dE/dn) is the slope of open circuit 
voltage (o.c.v.), A is the apparent geometric area 
(which is assumed to be true in the present work). In 
Expression 2 n = 0 ~ 1 is used by assuming the 
following electrode reaction: 

Ni(OH)2 4- OH- ~ NiOOH + H20 + e- (3) 

o r  

HnNiOOH ~ NiOOH + n H  + + ne- (4) A 

A current pulse generator (model HC-113, Hokuto B 
Denko Ltd) was used. The resulting potential-time c 

D 
transients were recorded using an oscilloscope for 

Table 1. Physical properties of nickel hydroxide samples 

Chemical composition Mean BET surface 
diameter/#m area/m 2 g-1 

Ni/% Co/% Cd/% 

61.7 0.16 < 0.01 15 19 
61.8 0.13 < 0.01 14 38 
61.9 0.19 < 0.01 14 38 
61.5 0.56 < 0.01 17 25 

a short duration and a voltage recorder over long 
durations. 

3. Results and discussion 

3.1. Physical properties of nickel hydroxide samples 

The chemical compositions and physical properties 
for nickel hydroxide samples are presented in Table 
1. The nickel and cadmium contents are nearly the 
same in these samples, but the cobalt contents in sam- 
ples A, B and C are slightly less than in sample D. The 
mean diameter of these samples is 14 ~ 17#m, and 
BET surface areas are 19 ~ 38 m 2 g-1. 

The SEM photographs of the nickel hydroxide sam- 
ples are shown in Fig. 1. At low magnification, the 
samples appear spherical, while at a higher magnifica- 
tion they are found to consist of many tiny crystals. 
Sample A consists mainly of coarse crystals, while 
sample B contains fine crystals. Samples C and D 
are made up of stacks of thin plate-like crystals. 

The XRD patterns of the samples are given in Fig. 
2. The full width of half maximum intensity (FWHM) 
of the respective samples in (0 0 1) and (1 0 1) lines are 
displayed in Table 2. From Fig. 2 and Table 2 the dif- 
fraction peak intensity and FWHM are different in 
each sample. The FWHM for sample A is the smal- 
lest, while that for sample C is the largest, showing 
that the crystalline size of the hydroxide powder in 
sample A is the largest, while that for sample C is 
the smallest [6]. 

Figure 3 shows the DTA curves of the samples. In 
each sample a clear endothermic peak was observed 
around 300°C, due to the decomposition of the 
hydroxide accompanying dehydration. The decompo- 
sition temperatures for samples C and D are clearly 
lower than for samples A and B. This is consistent 

Table 2. The FWHM values in (001 ) and (101 ) diffraction lines of 
nickel hydroxide samples 

Sample ( 20 / deg ) 

(001) (101) 

0.529 0.432 
0.708 0.554 
1.095 1.153 
0.712 0.879 
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Fig. 1. SEM photograph of the samples. 

with the result from XRD measurement (Table 2), 
that is, samples A and B, having larger crystalline 
size, show a higher decomposition temperature. 
Such a relationship between the decomposition 
temperature and the crystallite size of the nickel 
hydroxide sample were also observed by Fernandez 
Rodriguez et al. [7]. 

3.2. Electrochemical characteristics of the nickel 
hydroxide electrode 

Initial charge and discharge curves of several nickel 
electrodes consisting of nickel hydroxide samples are 
shown in Fig. 4. It is found that the charging poten- 
tial in sample A is higher than that of sample B, while 
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Fig. 2. X R D  patterns o f  the samples showing 
the Miller indices of/3-Ni(OH)2 samples. 

samples C and D have lower values than sample B. As 
seen from the discharge curves, the discharge poten- 
tials and discharge capacities of samples C and D 
are clearly higher than those of samples A and B. 
Thus, samples C and D with a smaller crystalline 
size, have better charge-discharge behaviour. 

The open-circuit potentials were measured at the 
second discharge. The closed-circuit potentials and 
quasiequilibrium open-circuit potentials of sample C 

are presented in Fig. 5. When the current was inter- 
rupted after discharge to various capacities, the poten- 
tials of the nickel electrode recovered gradually 
toward an equilibrium state. This is caused by slow 
diffusion of protons from the surface of the electrode 
toward the bulk. The values of dE/dn in Expression 2 
were obtained from the linear relationships between 
the o.c.v, and discharge capacity in the range from 
50-200 mA h (g-Ni(OH)2) -I. 

\ 
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Fig. 3. D T A  curves of  the samples. 
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The diffusion of protons in nickel oxide was quanti- 
tatively investigated using the CPR techniques. A 
typical potential response during the passage and 
interruption of a constant current, I, for the sample 
C is shown as a function of time in Fig. 6(a), 
and the transient voltage (AE) observed after the 
passage of current pulse is plotted against l/x/t 
(Fig. 6(b)). In the initial period (0-40 s), the variation 

was not linear. This may be attributed to an 'electro- 
lyte effect' caused by penetration of electrolyte 
into the porous electrode [4]. However, the AE/t 
relationship was found to be linear for the rest of 
the period (40-400 s). The slope of the linear region 
was used to calculate the chemical diffusion coef- 
ficient of the proton, D, in the nickel oxide using 
Expression 2. 
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Fig. 5. Closed-circuit and open-circuit poten- 
tials as a function of  discharge capacity of  sam- 
ple C at 20 °C. Key: (O) open-circuit potential; 
(©) closed-circuit potential; ( . . . .  ) potential 
recovery after discharge. Discharge current 
density 7.0 m A c m  -2. 
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Fig. 6. (a) Typical potential response 
for sample C in current-pulse relaxa- 
tion technique. Eeq, equilibrium 
potential before the passage of cur- 
rent pulse. (b) typical plot of 
observed voltage (AE) against 1/x/t 
for sample C. Amplitude of current 
pulse, 300 mA; temperature, 20 °C. 

The temperature dependence o f / )  in each sample is 
shown in Fig. 7. The / )  values of the samples C and 
D are higher than that of the sample B, while that for 
sample A is lower than that for sample B. The value of 
/) cannot be extracted more accurately from the cur- 
rent pulse experiment because of the difficulty of 
estimating the effective surface area of the powder 
pressed electrode. In fact, t h e / )  value in sample C 
obtained by using BET surface area (38 m 2 g-l, Table 
1) instead of geometric surface area was 2.22x 
10-1Scm2s -1 at 20°C, which is significantly lower 
than that from geometric surface area (4cm 2) 
(1.18 x 10 -1° cm 2 s-l). However, as the charge and 
discharge processes do not seem to change the surface 
condition, the relative values of b in Fig. 7 may reflect 
actual variations with temperature and the kinds of 
samples A ~ D. 

From the slope of the lines in Fig. 7, the enthalpy 
(AH) and Do values for proton diffusion were 
obtained using the following equation: 

/ } = D  0exp - ~  (5) 

The values obtained are presented in Table 3. The AH 
values are similar in each sample, but the Do values of 
samples C and D are higher than that of sample B, 
while that in sample A is lower than that for sample B. 

MacArthur has measured the proton diffusion 
coefficient in nickel hydroxide by the potential 
step technique [8]. He has reported a value of 
/) = 3.1 x 10-1°cmas -1, Do = 1.3 x 10-Scm2s -1, 
A H =  0.095eV (9.2 x kJmo1-1) at 25 N 70°C. 
These values are close to those for sample B (Table 
3). Zhang et  al. have measured the proton diffusion 
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Fig. 7. Temperature dependence of  proton dif- 
fusion coefficient for samples A - D .  

coefficient in nickel hydroxide by cyclic voltam- 
metric and chronoamperometic measurements and 
have reported /} values of (5.0-t-0.6)x 10 -12 to 
(10 + 3) x 10 -12 cm 2 s -1 [9]. These values are consid- 
erably smaller than the present values (Fig. 7). The 
positive electrodes used by MacArthur [8] and Zhang 
et  al. [9] were prepared by impregnation, but the 
present electrodes are pasted. Such a difference in pre- 
paration of the electrodes appears to result in different 
effective electrode areas, hence leading to considerable 
difference in the/5 values. 

/3-Ni(OH)2 has been characterized by X-ray dif- 
fraction [10] and EXAFS measurements [11]. The 
hydroxide has a brucite-type structure with a hexa- 
gonal unit cell having a=0 .313nm,  e=0.461nm.  
The crystal structure consists of stacked layers, each 
layer having a hexagonal arrangement of nickel atoms 
with octahedra of oxygen atoms. The stacking along 
the c-axis is weakly bound with van der Waals' forces. 

Figure 8 shows a SEM photograph of sample C 
after two charge-discharge cycles (Fig. 4). This pic- 
ture shows that the sample C consists of hexagonal 
plates, and the crystal form is maintained after 
repeated hydrogen insertion and deinsertion into 
and from the hexagonal structure. 

Table 3. The AH and D O values for proton diffusion in nickel hydrox- 
ide samples 

Sample A H / e V  Do/cm 2 s -1 

A 0.0808 6.17 x 10 -1° 
B 0.140 1.21 x 10 -8 
C 0.197 2.78 × 10 -7 
D 0.167 1.82 x 10 -7 

The electrode reaction accompanying proton 
diffusion in the hexagonal layers occurs as follows: 
Ni(OH)2 ~ NiOOH + H + + e-. The proton inter- 
calation reaction occurs reversibly, while maintaining 
the hexagonal structure of nickel hydroxide. The 
hydroxide samples C and D, with a smaller crystal- 
line size, showed a higher proton diffusion coefficient 
than samples A and B. This would diminish the 
concentration polarization of protons during 
discharge and recharge, leading to better charge- 
discharge behaviour, as observed in Figs 4 and 5. 
Thus, nickel hydroxide with a small crystalline size 
is suitable as an active material as a positive electrode 
in rechargeable alkaline batteries. 

Fig. 8. SEM photograph of  the sample C after charge-discharge 
cycles. 
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