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a  b  s  t  r  a  c  t

In  order  to reduce  the  price  of  nickel  hydroxide  and  extend  the  application  of  nickel  based  alkaline  sec-
ondary  batteries,  Mn  substituted  nickel  hydroxide  (Ni1−xMnx(OH)2, x =  0–0.4)  was  prepared  by  using
a  simple  ball  milling  method  in this  paper.  The  optimal  ball milling  conditions  were  obtained  for
the  preparation  of  Ni0.8Mn0.2(OH)2. The  results  of  X-ray  diffraction,  electrochemical  impedance  spec-
eywords:
ickel hydroxide
n substitution

all milling
lectrochemical property

troscopy  and  charge–discharge  tests  indicated  that  (i)  a  structure  of  �-Ni(OH)2 was  maintained  for
Ni1−xMnx(OH)2;  (ii)  the  surface  electrochemical  activity  of  nickel  hydroxide  could  be effectively  improved
by  Mn  substitution;  (iii)  capacity  of  Ni0.8Mn0.2(OH)2 reached  282  mA  h/g  and  it showed  an  excellent
cycling  durability;  (iv)  compared  to no-substituted  nickel  hydroxide,  Ni0.8Mn0.2(OH)2 showed  a  decrease
both  in  charge–discharge  plateau  and  capacity;  but  with  the  increase  of  discharge  rate,  the  difference  in
discharge  plateau  between  them  was  smaller,  and  capacity  of  the  latter  exceeded  the  former.
. Introduction

Nickel hydroxide has been used as positive material in nickel-
ase alkaline secondary batteries for more than 100 years. Although
ickel-base batteries currently meet a strong competition by Li-

on batteries which have higher specific energy, they still occupy
 unique position within the battery industry [1–3]. In order to
xtend the application of these batteries, it is important to reduce
he price of nickel hydroxide at the same time improving its per-
ormance.

Constituent substitution is an effective way to improve the per-
ormance of nickel hydroxide. Mostly used metallic ions are Al3+,
o3+, Fe3+ and Mn3+. After being substituted by these trivalent ions,
-Ni(OH)2 with a better reversibility is obtained and can be stable in

 strong alkaline solution when the substitution amount (x) exceeds
.2 [4–7]. Compared to no-substituted Ni(OH)2, the price of these
inds of �-Ni(OH)2 can be obviously lowered except Co-substituted
ne.

Spherical nickel hydroxide is widely used in alkaline secondary
atteries now. It is commonly prepared by a chemical precipitation
rocess with aqueous ammonia as a complexing agent. In order to
btain spherical nickel hydroxide with excellent electrochemical

erformance, it is crucial to strictly control the pH of the solution
uring the precipitation course. On the same time, the total prepa-
ation time is over 20 h and large amounts of water are consumed.
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Recently, a ball milling process has been introduced into the
preparation of battery materials, which is a powder processing
technique that allows the production of homogeneous materials
starting from blended powder mixtures. Some work has been car-
ried out to improve the performance of spherical nickel hydroxide
by ball milling [8–10]. The results show that after long time ball
milling, nanocrystalline nickel hydroxide powder can be obtained
and exhibits superior charge–discharge performance in compari-
son with untreated spherical Ni(OH)2.

In this paper, in order to reduce the price of nickel hydroxide,
Mn-substituted nickel hydroxide (Ni1−xMnx(OH)2) was directly
prepared by ball milling. Compared to the chemical precipitation
method, the ball milling process can be finished in several hours
and large amounts of water are saved. On the other hand, different
to the above mentioned �-type nickel hydroxide, �-type one was
obtained here and its electrochemical properties were discussed in
details.

2. Experimental

Ball milling was  performed using a planetary ball mill with a 50 ml-capacity
stainless steel pot and 50 g stainless steel balls. The ball milling process was sepa-
rated into two parts. Firstly, a mixture of NiSO4·6H2O and MnSO4·H2O was  added
into the pot. The revolution speed was 350–550 rpm min−1 and the milling time
(mixing time) was  15 min, so as to keep MnSO4 uniformly dispersing in NiSO4. Then
NaOH was  added into the above spot. Ball milling was operated again with the same

revolution speed. The milling time (reaction time) was 15–60 min  for the following
reaction:

(1  − x)NiSO4 + xMnSO4 + 2NaOH → Ni1−xMnx(OH)2 + Na2SO4 (1)

dx.doi.org/10.1016/j.jallcom.2011.05.096
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Table  1
Weights of reaction materials during ball milling process.

Mass ratio of balls to
reaction materials

NiSO4·6H2O/g MnSO4·H2O/g NaOH/g

4:1 8.01 1.29 (x = 0.2) 3.20
4.74 0 (x = 0) 1.51
4.38 0.31 (x = 0.1) 1.56

8:1  4.01 0.64 (x = 0.2) 1.60
3.61 0.99 (x = 0.3) 1.65
3.18 1.37 (x = 0.4) 1.70
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12:1 2.67 0.43 (x = 0.2) 1.07

here x (=0–0.4) was  the substitution atomic portion of Mn for nickel in nickel
ydroxide. The adding weights of NiSO4·6H2O, MnSO4·H2O and NaOH were shown

n  Table 1.
The obtained powder was  transferred into distilled water and aged at 70 ◦C for

 h, and then was washed repeatedly with distilled water until there was  no BaSO4

recipitation in the filtrate with the addition of a BaCl2 solution, finally dried at
0–120 ◦C for use. The powder X-ray diffraction (XRD) was  used to analyze the phase
tructure of the ball milled nickel hydroxide.

The electrochemical properties of the ball milled nickel hydroxide electrodes
ere investigated in a sandwich-like simulated nickel metal-hydride (Ni-MH) bat-

ery containing a 7 mol l−1 KOH solution at 25 ◦C. A hydrogen absorbing alloy (a
ommercial MmNi3.55Co0.75Al0.2Mn0.5 alloy, where Mm is misch metal) electrode
ith a large capacity was used as the counter electrode. The pasted positive Ni(OH)2

lectrodes were made by filling a nickel foam substrate with a mixture of 2 wt.% poly-
etrafluoroethylene (PTFE) binder, 5 wt.% CoO and 93 wt.% ball milled Ni(OH)2. The
asted electrodes were then dried at 65 ◦C and pressed to a thickness of 0.65 mm.

The simulated batteries were charged initially at a 0.1 C rate for 15 h and dis-
harged at a 0.2 C rate to a cut-off voltage 1.0 V. Here C corresponds to the current
eeded to discharge the total capacity of the Ni(OH)2 electrodes in 1 h. Afterward,

 cycling test was  performed on the batteries by charging at a 0.2 C rate for 7 h and
ischarging at the same rate to a cut-off voltage 1.0 V for stabilizing their capacity.
he batteries were then charged at a 0.2 C rate for 7 h and discharged separately at a

 C (or 3 C) rate to a cut-off voltage 1.0 V (or 0.9 V) for high-power performance tests.
lectrochemical impedance spectroscopy (EIS) tests were performed on the Ni(OH)2

lectrodes by using a Solartron Electrochemical Interface model SI1287. Cycle life
ests  of the Ni(OH)2 electrodes were performed as follows: the simulated batteries
ere charged at a 1 C rate for 1.2 h, rested for 10 min, then discharged at the same

ate  to a cut-off voltage 1.0 V.

. Results and discussion

Nickel hydroxide with different Mn  substitution amounts
x = 0–0.4) were prepared at revolution speed 450 rpm min−1, mass

atio of balls to reaction materials 8:1, milling time for reaction
5 min  and drying temperature 80 ◦C. Fig. 1 shows XRD patterns of
all milled nickel hydroxide. Compared to nickel hydroxide with-
ut Mn  substitution, a structure of �-Ni(OH)2 is maintained for all

ig. 1. XRD patterns of ball milled nickel hydroxide with different Mn substituted
mount.
Fig. 2. Typical charge–discharge curves of the simulated Ni-MH batteries at a 0.2 C
rate with different Mn substituted amount.

Mn-substituted nickel hydroxide, which is different to �-type Mn-
substituted nickel hydroxide prepared by chemical precipitation
[5–7]. The diffraction peaks near 20.1◦, 34.4◦ and 39.9◦ correspond
to {0 0 1}, {1 0 0} and {1 0 1} crystal planes, respectively. But the
diffraction peaks shift right and their intensity decreases markedly
with the increase of substitution amount, which indicates increas-
ing stacking faults and interstratifications in the crystal lattice of
nickel hydroxide with the substitution of Mn  for nickel [11,12].

Fig. 2 shows the charge–discharge curves of the simulated Ni-
MH batteries with ball milled Ni1−xMnx(OH)2 (x = 0–0.4) electrodes.
Compared to nickel hydroxide without Mn  substitution, both dis-
charge plateau and capacity of the batteries with Mn  substitution
decreases gradually with the increase of the substitution amount.
The charge voltage in the early charging stage also shows an obvi-
ous decrease for Mn  substituted batteries. When the substitution
amount (x) exceeds 0.3, a charge plateau appears near 1.2 V, which
may  be related to the oxidation of Mn  ions. These results indicate
that the introduction of Mn  into the crystal lattice of nickel hydrox-
ide causes a polarization decrease during charge–discharge of the
batteries.

Being considered price and the electrochemical properties of
nickel hydroxide, the substitution amount x = 0.2 is chosen for
further research and ball milling process conditions were dis-
cussed in details. Firstly, Ni0.8Mn0.2(OH)2 was prepared at different
revolution speeds with mass ratio of balls to reaction materi-
als 8:1, milling time for reaction 15 min and drying temperature
80 ◦C. Fig. 3 shows the discharge curves of these simulated bat-
teries. The solid phase reaction (1) could not be completely
operated both at the lower and higher revolution speeds, since
there is not enough energy for the reaction at lower revolution
speed and the reaction materials could adhere on the surface
of the steel balls at higher one. Thus, 400 rpm min−1 is the best
revolution speed and the simulated battery shows the largest
capacity.

Secondly, the effect of mass ratio of balls to reaction materials
was  studied. Ni0.8Mn0.2(OH)2 was prepared at different mass ratios
with revolution speed 400 rpm min−1, milling time for reaction
15 min  and drying temperature 80 ◦C. Fig. 4 shows the discharge
curves of these simulated batteries. Similar to the effects of rev-
olution speed, there is no enough energy for the reaction at

lower mass ratio and the reaction materials could adhere on
the surface of the steel balls at higher one, therefore, 8:1 is
the best mass ratio and the simulated battery shows the largest
capacity.
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Fig. 3. Typical discharge curves of the simulated Ni-MH batteries at a 0.2 C rate with
Ni0.8Mn0.2(OH)2 prepared at different revolution speeds.
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tions are compared with no-substituted nickel hydroxide. Fig. 8
ig. 4. Typical discharge curves of the simulated Ni-MH batteries at a 0.2 C rate with
i0.8Mn0.2(OH)2 prepared at different mass ratios of balls to reaction materials.
Next, different milling time for reaction was investigated.
ig. 5 shows XRD patterns of ball milled nickel hydroxide pre-
ared by different milling time for reaction with revolution speed
00 rpm min−1, mass ratio 8:1 and drying temperature 80 ◦C. As

ig. 5. XRD patterns of ball milled Ni0.8Mn0.2(OH)2 prepared by different ball milling
ime  for reaction.
Fig. 6. Typical discharge curves of the simulated Ni-MH batteries at a 0.2 C rate with
Ni0.8Mn0.2(OH)2 prepared by different ball milling time for reaction.

shown in Fig. 5, for Ni0.8Mn0.2(OH)2 prepared by milling time
15 min, the intensity of the diffraction peaks is the strongest and
the half peak breadth of {0 0 1}, {1 0 0} and {1 0 1} crystal planes is
the narrowest, which indicates it has the better crystallinity. Fig. 6
shows the discharge curves of these simulated batteries. Obviously,
15 min  is the best milling time and the simulated battery shows the
largest capacity, which is consistent with its best crystallinity.

Finally, the effects of drying temperature on the properties of
ball milled Ni0.8Mn0.2(OH)2 were studied. Compared to revolution
speed, mass ratio and milling time, the effects of drying temper-
ature are not so notable and the difference among capacity of the
batteries is small. The results of Fig. 7 show that 100 ◦C is the best
drying temperature. As the crystal water in nickel hydroxide may
play an important role to improve its capacity performance [13], too
high drying temperature (>100 ◦C) results in a capacity decrease.

Thus, the optimal ball milling conditions for Ni0.8Mn0.2(OH)2
are obtained as follows: revolution speed 400 rpm min−1, mass
ratio of balls to reaction materials 8:1, milling time for reaction
15 min  and drying temperature 100 ◦C. Then, the electrochemical
properties of Ni0.8Mn0.2(OH)2 prepared under the optimal condi-
shows impedance plots of the Ni(OH)2 electrodes discharged to
100% depth of discharge (DOD) in the KOH electrolyte. Clearly, the

Fig. 7. Typical discharge curves of the simulated Ni-MH batteries at a 0.2 C rate with
Ni0.8Mn0.2(OH)2 prepared at different drying temperature.
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Fig. 8. Impedance plots of Ni(OH)2 electrodes (area = 1 cm2, loading = 150 mg cm−2,
discharged to 100% depth of discharge) in 7 mol  l−1 KOH electrolyte at a frequency
range from 105 to 10−2 Hz: (a) no-substitution and (b) Ni0.8Mn0.2(OH)2.
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Fig. 9. Proposed equivalent circuit for Ni(OH)2 electrode.

lots exhibit two arcs in the whole frequency range. It is known
hat the semicircle at high frequency regions corresponds to the
harge transfer resistance (Rct) in parallel connection with the dou-
le layer capacitance (Cdl) and the line at low frequency regions
orresponds to the Warburg impedance (Zw) of proton diffusion
14]. A proposed equivalent circuit for the frequency response of
he Ni(OH)2 electrode is given in Fig. 9, where Rs corresponds to
he solution resistance. The results of a curve fitting according to
he equivalent circuit show a decrease in Rct and increase in Cdl
Table 2). Thus, compared to no-substituted nickel hydroxide, the
urface electrochemical activity of Mn-substituted one is effective
mproved.

Fig. 10 shows the discharge curves of the simulated batteries at
ifferent discharge rates. The results indicate that with the increase
f discharge rate, the difference in discharge plateau between the
n-substituted battery and no-substituted one becomes smaller,

nd capacity of the former exceeds the latter at higher discharge
ates (>1 C). As Mn-substituted nickel hydroxide shows a better sur-
ace electrochemical activity according to the results of Fig. 8, the
igh-power performance of the simulated battery is improved. The
apacity of the Ni(OH)2 electrodes during 300 cycles at a 1 C rate is
howed in Fig. 11.  Compared to the no-substituted electrode, the
n-substituted one shows a similar cycling durability. Their capac-
ty after 300 cycles decreases by 4.3% for the latter and 2.8% for the
ormer.

able 2
mpedance parameters of pasted Ni(OH)2 electrodes in 7 mol  l−1 KOH electrolyte.

Electrode type Rct/� Cdl/F

No-substituted Ni(OH)2 electrode 0.265 0.596
Ni0.8Mn0.2(OH)2 electrode 0.218 0.729
Fig. 10. Typical discharge curves of the simulated Ni-MH batteries at different
discharge rates with ball milled nickel hydroxide (a) no-substitution and (b)
Ni0.8Mn0.2(OH)2.

According to the following reaction

Ni0.8Mn0.2(OH)2 + OH− → Ni0.8Mn0.2OOH + H2O + e (2)

The theoretical capacity of Ni0.8Mn0.2(OH)2 is 291 mA  h/g, which

is closed to the theoretical capacity of Ni(OH)2 (289 mA h/g). The
0.2 C capacity of Ni0.8Mn0.2(OH)2 prepared by ball milling in this
paper reaches 282 mA h/g and it shows an excellent cycling durabil-
ity, thus it is suitable for nickel based alkaline secondary batteries.
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ig. 11. Capacity of pasted Ni(OH)2 electrodes during 300 cycles at a 1 C rate: (a)
o-substitution and (b) Ni0.8Mn0.2(OH)2.

. Conclusion

A simple ball milling process is used to prepare Mn-substituted
ickel hydroxide with low price. XRD analyses show that ball milled
n-substituted Ni(OH)2 has a structure of �-Ni(OH)2. The substitu-

ion amount x = 0.2 is chosen for detailed research and the optimal
all milling conditions are obtained as follows: revolution speeds

00 rpm min−1, mass ratio of balls to reaction materials 8:1, milling
ime for reaction 15 min  and drying temperature 100 ◦C.

Compared to no-substituted nickel hydroxide, Ni0.8Mn0.2(OH)2
hows a decrease both in charge–discharge plateau and capacity at

[

[

[

pounds 509 (2011) 8246– 8250

a  0.2 C rate. But with the increase of the discharge rate, the differ-
ence in discharge plateau between them is smaller, and the capacity
of the latter exceeds the former, since the surface electrochemi-
cal activity of nickel hydroxide can be effective improved by Mn
substitution as shown in EIS tests.
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