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a b s t r a c t

New applications such as hybrid electric vehicles and power backup require rechargeable batteries to
combine high energy density with high charge and discharge rate capability. In this study, the core–shell
Ni(OH)2@CoOOH composite is constructed via a simple cation-exchange route at moderate conditions. X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) with
eywords:
ation-exchange
ore–shell
atteries

energy dispersive X-ray (EDX), and inductively coupled plasma (ICP) are used to characterize the resulting
Ni(OH)2@CoOOH composites. The Ni(OH)2@CoOOH electrode exhibits high power, higher capacity and
longer life cycle when it is chosen as an positive electrode material for rechargeable alkaline MH-Ni
battery. The enhanced electrochemical performance is attributed to the seamless combination of the
CoOOH shell and the Ni(OH)2 core, avoiding the contact resistance between them at a large current

our m
ith di
ickel hydroxide
obalt oxide hydroxide

density. It is believed that
of core–shell materials w

. Introduction

Nickel hydroxide particles with controlled structures have long
een of great interest due to its significant applications in advanced
ickel-based batteries [1–3], catalysts [4–6], magnetics [7,8] and

onic exchangers [9–11]. Recently, great efforts have been focused
n enhancing the high power performance of it for suitable use
n hybrid electric vehicles (HEVs) and electric vehicles (EVs) to
vercome the shortage of energy sources and the pollution of our
nvironment that have become more and more important [12,13].
t follows that increasing the power capabilities of this material is
ssential and important for raising the power performance of such
atteries. However, the poor electric conductivity of Ni(OH)2 (a p-
ype semiconductor) is the main factor that blocks the performance
f it at high-rate charge and discharge [14].

Core–shell macro/nano-structures exhibit unusual catalytic,
lectronic, magnetic and electrochemical properties owing to its
pecial structure [15–18]. This structure has been successfully
ntroduced into electrochemistry system to tuning the electro-

hemical properties. However, only examples of surface-modified
ickel hydroxide currently exist to improve the conductivity char-
cteristics of this electrode [19–22] although significant advances
ave been made in developing synthetic methods to prepare
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ethodology provides a simple and environment friendly route to a variety
fferent composition and novel function.

© 2010 Elsevier B.V. All rights reserved.

nickel hydroxide particles. In addition, the regularly used coating
methods including precipitation [23] and plating [19] are either dif-
ficult to be controlled or complicated and environment unfriendly.
More importantly, the coating layer cannot adhere to the sur-
face of spherical Ni(OH)2 closely enough that the conductivity and
cycle life of the electrode cannot be guaranteed. Therefore, it is
imperative to develop alternative effective routes for the purpose
of overcoming the drawbacks of the above mentioned surface-
modified spherical Ni(OH)2 itself and the preparation method.

Cation-exchange provides a facile method to make a chem-
ical transformation from one solid to another via insertion and
exchange of central metal atoms [24]. This method attracts intense
interest recently. A range of nanocrystals of varying composition,
size and shape have been achieved successfully by this effective
and powerful method [24–29]. Herein, we explore to modify the
surface of spherical Ni(OH)2 via the exchange of nickel ions by
cobalt ones to give rise to a core–shell Ni(OH)2@CoOOH to improve
its electrochemical properties. To the best of our knowledge, no
work on cation-exchange route for modifying commercial spher-
ical Ni(OH)2 resulting core–shell structured Ni(OH)2@CoOOH has
been reported.

2. Experiment
2.1. Materials

All chemicals except commercial �-type spherical Ni(OH)2 pow-
der (named as A0) used in our experiments were all of analytical

dx.doi.org/10.1016/j.jpowsour.2010.07.026
http://www.sciencedirect.com/science/journal/03787753
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Table 1
EDX and ICP results of starting commercial spherical Ni(OH)2(A0) and cation-
exchange induced core–shell Ni(OH)2@CoOOH product (A1), respectively.

Sample EDS (at.) ICP (wt.%) ICP (at.)

Ni/Co Ni Co Ni/Co
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of cation-exchange induced A1 (the inset of Fig. 1f) is obviously

T
P

A0 38.2 58.72 1.41 41.8
A1 13.22 56.50 3.32 17.1

rade, purchased from Shanghai Chemicals Co. Ltd. (China), and
sed without further purification. The water used for solution
reparation is deionized water (resistivity ≥18 M�, water purifi-
ation system). The commercial �-type spherical nickel hydroxide
owder was purchased from Kelong Co. Ltd. (China) used as pre-
ursor.

.2. Sample preparation

The core–shell Ni(OH)2@CoOOH (A1) was prepared as follows:
rstly, 2.25 mmol Co(NO3)2·6H2O was dissolved in 50 mL deionized
ater, and then, the commercial �-type spherical Ni(OH)2 powder

10 mmol) was launched into the solution followed by dropwise
dding a 30% H2O2 solution (8 mL) at 90 ◦C. After the mixed solu-
ion was continuously stirred for 2 h, it was cooled naturally to room
emperature and was centrifugated. The solid product was subse-
uently washed for several times with deionized water and ethanol,
nd then dried in air at 65 ◦C for 12 h. By operating the whole pro-
ess, ca. 1 g solid powder of sample A1 was obtained at a time. The
etal compositions of as-synthesized A1 and the starting material

0 were listed in Table 1.
When the reaction conditions of the aforementioned procedure,

uch as nickel source, reaction temperature or ratio of reactants,
ere changed, a series of products could be obtained. The specific

onditions were listed in Table 2. The corresponding samples were
amed and also listed in Table 2.

.3. Physical characterization

The lattice structures of the reactant and resulted spherical
ore–shell Ni(OH)2@CoOOH particles were examined by taking
owder X-ray diffraction (XRD) patterns for the dried samples with
XRD-6000 (Cu K� radiation, Shimadzu, Japan). Scanning elec-

ron micrographs (SEM) of the spherical particles were acquired
sing a JSM-6390/LV (JEOL, Japan) scanning electron microscope.
he elemental composition of as-synthesized Ni(OH)2@CoOOH
as obtained from energy dispersive X-ray analysis (EDX) and
nductively coupled plasma (ICP) measurements (Thermo., USA),
espectively. The oxidation states of Ni and Co cations in the prod-
ct phase were determined from X-ray photoelectron spectroscopy
XPS) (XSAM800, Kratos Ltd., UK).

able 2
reparation conditions and relative element content for different samples.

Sample Cobalt source Molar ratio of reaction solution (Ni/Co) 30% H

A0 – – –
B Sulphates 9:2 8
C Chlorides 9:2 8
D Ethanoates 9:2 8
A1 Nitrates 9:2 8
A2 Nitrates 9:2 8
A3 Nitrates 9:2 8
A4 Nitrates 9: 0.5 2
A5 Nitrates 9:1 4
A6 Nitrates 9:3 12
ources 196 (2011) 488–494 489

2.4. Electrochemical characterization

Galvanostatic charge–discharge of sample A1 was measured as
follows: powder of sample A1 was mixed with graphite powder and
PTFE suspension (60% suspension) in weight ratios of 87:10:3 with
a mixed solvent of water and organic one. The thoroughly mixed
paste was sandwiched into two nickel foams. They were pressed
at pressure of 120 kg cm−2 at room temperature and dried at 70 ◦C
for several hours. Galvanostatic charge–discharge tests were con-
ducted with a battery performance-testing instrument (Land Test
Equipment, CT2001A), with two pieces of negative electrodes made
from commercial AB5 hydrogen storage alloys as counter electrodes
on either side of the working electrode, and a 6 M KOH solution as
the electrolyte. All capacities are normalized to the nickel content of
the active materials (estimated by ICP). All the tests were conducted
at 25 ± 2 ◦C.

In addition, a 6 Ah prismatic power battery was assembled
employed the positive electrode which consists of powder of
sample A1 and PTFE suspension (60% suspension) in weight
ratios of 98:2. The negative electrode made from commercial AB5
hydrogen storage alloys. The electrolyte is 6 M KOH solution. Gal-
vanostatic charge–discharge tests were conducted with a battery
performance-testing instrument (Arbin BT-2000). The cell resis-
tance was measured by the dc-pulse method. All the tests were
conducted at 25 ± 2 ◦C.

3. Results and discussions

Cation-exchange treatment of commercial spherical Ni(OH)2
(A0) by cobalt ions in the presence of H2O2 was used to modify the
surface of nickel hydroxide particles (Scheme 1). After the cation-
exchange treatment, the beige-colored product (A1) indicating the
formation of CoOOH could be obtained as shown in their photos
in the inserts of Fig. 1a and d, different from the light green color
of A0. Here, the H2O2 behaves as the oxidant to form CoOOH. The
exchange of Ni2+ by Co2+ proceeds difficultly in the surface layer
of nickel hydroxide particles because of the nature of these two
kinds of cations that ion radii of Co2+ (74 pm) is much similar with
that of Ni2+ (72 pm) as well as their similar Ksp values [29]. For-
tunately, the obtained Co(OH)2 is prone to be oxidized to CoOOH
in aqueous solution at the presence of oxidants which benefits the
cation-exchange process.

The central metal compositions of A0 and A1 were analyzed by
ICP-OES and EDX shown in Table 1. The molar ratio of Ni/Co (i.e.
38.2) of A1 coming from EDX result (the inset of Fig. 1c) is quite
close to ICP result (41.8) because of the well-proportioned distri-
bution of cobalt ions in it. Whereas the EDX result (Ni/Co = 13.22)
smaller than ICP result (Ni/Co = 17.1) of it. This means that the con-
tent of cobalt in the surface layer of the spherical particles, which
is in the depth extension of EDX, is much higher than the average
content of the whole particle bodies in accordance with the color

2O2 (mL) Temperature (◦C) Reaction time (h) ICP (wt.%) (Co)

– – 1.41
90 2 3.56
90 2 3.27
90 2 1.99
90 2 3.32
70 2 2.76
50 2 2.14
90 2 1.99
90 2 2.61
90 2 4.16
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Scheme 1. Synthetic scheme and propo

hange of the two kinds of material. This indicates that exchange of
ickel with cobalt mainly occurs in the surface layer of the spher-

cal particles suggesting a core–shell structure of A1. Thanks to
he characteristics of cation-exchange method, there isn’t ordinary

nterface between the shell and the Ni(OH)2 core but very likely to
e a transitional phase which was attributed to the partial cation
xchange. The structure is like that of watermelon. Therefore, the
ombination between the shell and the Ni(OH)2 core should be
xclusively firm.

ig. 1. Typical SEM images of starting spherical nickel hydroxide A0 (a–c) and cation-exch
re the photos A0 and A1; The insets of (c and f) are their EDX spectrum.
ructure of core–shell Ni(OH)2@CoOOH.

The SEM images of initial commercial substance A0 (Fig. 1a) and
cation-exchange induced product A1 (Fig. 1d) at low resolution
indicate that the size distributions of these two kinds of parti-
cle do not exhibit obvious difference, approximately in the range

of 10–25 �m. Their SEM images of single particles (Fig. 1b and
e) show that these two kinds of particle have extremely similar
smooth and compact surfaces implying that the cation-exchange
treatment does not affect the surface feature of particles. Further-
more, high resolution images of them (Fig. 1c and f) display the

ange induced core–shell Ni(OH)2@CoOOH product A1 (d–f); the insets of (a and d)
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capacity of 6.1 Ah. The amount of the added CoO is equal to that of
ig. 2. XRD patterns of starting spherical nickel hydroxide A0 and cation-exchange
nduced core–shell Ni(OH)2@CoOOH product A1.

urface morphology of them, from which it can be seen that both
re constructed by crossed shuttles. All these results manifest the
ffectiveness of cation-exchange process in preserving the shape
nd morphology of the precursor owing to the cation-exchange
eaction taking place in situ.

XRD patterns of A0 and A1 were displayed in Fig. 2 showing
closely similar diffraction peaks. This is reasonable because the

oo thin layer of CoOOH was produced in the surface layer of the
pherical particles of A0 so that XRD cannot give clear information
bout it. The XRD pattern of A0 corresponds to the well-crystalline
-Ni(OH)2 phase (JCPDS no. 14-0117) displaying a hexagonal lat-

ice (a = 3.12 Å and c = 4.62 Å) [30]. The peaks at d = 4.64, 2.70, 2.33,
.76, 1.56, 1.48, 1.35 and 1.30 Å correspond to (0 0 1), (1 0 0), (1 0 1),
1 0 2), (1 1 0), (1 1 1), (1 0 3) and (2 0 1) reflections, respectively.

To further study the surface chemical states, Co2p and Ni2p
ore level spectra of the as-synthesized A1 sample were recorded
s shown in Fig. 3. The Co2p3/2 signal shows a well-resolved
eak at 780.3 eV of BE assigned to the Co(III) species(i.e. CoOOH)
hich fits well with the beige color of A1. And the absence of any

dditional shake-up contributes to the higher binding energy of
he main 2p3/2 line, indicative of the absence of Co(II) oxidation
tate. The characteristic peak (binding energy) of Ni2p locates at
55.60 eV, corresponding to the Ni(II) oxidation state [14,31]. It is
ndoubted that the shell of A1should be CoOOH as the result of
ation-exchange treatment.

Charge–discharge cycle performance of electrode A1 and A0 in

00 cycles at the discharge rate of 2C after the same activation
rogram is shown in Fig. 4. Electrode A1 presents not only high
ischarge capacity as high as 300 mAh g−1 but also outstanding
ycling durability in 500 cycles. In the case of electrode A0, the dis-

ig. 3. Co2p and Ni2p core level spectra of the cation-exchange induced core–shell
i(OH)2@CoOOH product A1.
Fig. 4. Variations of the capacity of A0 and A1 vs. cycle numbers of the cells.

charge capacity is ca. 250–270 mAh g−1 in the first hundred cycles
though maintaining good cycling durability as that of electrode A1.
Obviously, electrode A1 is easily to be activated as compared to
electrode A0. Fig. 5 shows the charge–discharge curves of A1 and
A0 electrodes at the 500th cycle. The discharge curve of electrode A1
displays a higher discharging potential, a longer plateau and a lower
charging potential than those of the A0 electrode indicating the bet-
ter conductivity and higher material utility of A1. Furthermore, the
highest discharge capacity of electrode A1 reaches 310 mAh g−1 at
the discharge rate of 2C, which is much higher than that of elec-
trode A0 (284 mAh g−1). That is also higher than the theoretical
capacity of �-phase nickel hydroxide (289 mAh g−1) illustrating
the number of exchangeable electron per nickel atom (NEE) is
more than one. This could be explained by the structure of A1 in
which a transitional phase of Ni-Co hydroxide between CoOOH
layer and the core of Ni(OH)2 (Scheme 1, the yellow part of the
resulting Ni(OH)2@CoOOH) is thought as �-phase nickel hydroxide
[32–34].

For investigating high-rate discharge performance of as-
synthesized core–shell Ni(OH)2@CoOOH, a prismatic power battery
(B1) was assembled with real capacity of 5.7 Ah without any
additive for increasing the conductivity of positive electrode. For
compare, another prismatic power battery (B0) using A0 as pos-
itive material with CoO as additive was assembled, which has a
the CoOOH in the surface layer of A1. Fig. 6 displays the discharge
efficiency (�) of these two batteries at different discharge rates. The

Fig. 5. Galvanostatic charge–discharge curves of A0 and A1.
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ig. 6. Discharge efficiencies of 6 Ah prismatic type MH-Ni batteries at different
ischarge rates. The positive active materials are A1 and A0, respectively.

ischarge efficiency here is defined as follows:

n = Cn

Cn + C ′
n

× 100% (1)

here �n is the discharge efficiency of battery at the discharge rate
f nC; Cn is the available discharge capacity at the rate of nC; C ′

n
epresents the available residual capacity obtained at 1C after nC
ate discharge. When the discharge rate ≤15C, B1 does not show
erits as compared to B0 in discharge efficiencies. However, the

ischarge efficiency of B0 falls sharply as the discharge rate >15C
nd it just keeps 1.86% at the rate of 30C. Surprisingly, that of B1 also
aintains 74.19% when the discharge rate reaches 30C. At the same

ime, B1 behaves higher discharge potential than that of B0 at same
ischarge rates as shown in Fig. 7. Moreover, the resistance of B1 is

ower than that of B0 by 1.4 m�, about 40% of that of B1. It is believed
hat the excellent power properties of B1 should benefit from the
hell of CoOOH in the surface layer of spherical nickel hydroxide
articles which enhanced intensely the conductivity of the mate-
ials, on the other hand, the firm combination between shell of
oOOH and the core of Ni(OH)2 can avoid the contact resistance
etween the shell of CoOOH and the core of Ni(OH)2.

To extend this work further, reaction conditions such as
ickel source, reaction temperature, and ratio of reactants were

hanged. First, samples A1, B, C, and D were obtained when
obalt nitrate, cobalt sulphate, cobalt chloride, and cobalt ethanoate
ere used as reactants, respectively, to synthesize the core–shell
i(OH)2@CoOOH. The colors of cation-exchanged induced samples
1, B, C, and D are all different from the light green color of the

ig. 7. Discharge curves of 6 Ah prismatic type MH-Ni batteries at different discharge cu
ddition of CoO; (b) the positive is composed of cation-exchange induced core–shell Ni(O
ources 196 (2011) 488–494

starting material A0, implying that the exchange cobalt with nickel
is located at the surface of Ni (OH)2 particles. However, the colors
of samples A1, B, and C are clearly deeper than that of sample D
(Fig. 8a). In addition, ICP results reveal little difference in the cobalt
content of samples A1, B, and C, while that of sample D is obviously
lower than the others (Table 2). Thus, the deeper color of the sam-
ple suggests a higher cobalt content. The probable reason for the
lower cobalt content in sample D is that cobalt ethanoate has little
dissociation constant, meaning there is a lower concentration of
cobalt ion.

Next, when the reaction temperature was set at 90, 70, and 50 ◦C,
respectively, samples A1, A2, and A3 were obtained. As shown in
Fig. 8b, cobalt content increases from A3 to A1, which is consistent
with the ICP results (Table 2).

Lastly, when the Ni/Co ratios of reactants were set at 9:0.5, 9:1,
9:2, and 9:3, the obtained samples A4, A5, A1, and A6 had increasing
content in sequence, respectively (Table 2). This result matches well
with the photographs presented (Fig. 8c).

From the aforementioned understanding of the cation-exchange
reaction, the mechanism of this process was considered to include
three steps, as shown in Eqs. (2)–(4). As a result, the overall reaction
could be summarized as Eq. (5). The reaction process was displayed
in Scheme 1, in which the overall one was connected by solid arrow
and the detailed process was linked by dotted arrow. In the reac-
tion process, steps 3 and 4 are fast because of the nature of Co(OH)2
and Co(OH)3. Hence, step 2 is the rate-determining step, that is to
say, the cation-exchange process determines the thickness of the
shell. When the concentration of cobalt ion in solution was raised,
the reaction deepens and the shell can become thicker. This specu-
lation was supported by the aforementioned results. Moreover, the
increase of reaction temperature could also accelerate the reaction
according to Eq. (2). This was also confirmed by the result of the
experiments. In addition, step 2 can lead to the products Co(OH)2
and Ni1−xCox(OH)2. The product Co(OH)2 could transfer to CoOOH
on the surface of sample particles. However, product Ni1−xCox(OH)2
inside just keeps its structure because the produced CoOOH blocks
further cation-exchange process such that Ni1−xCox(OH)2 cannot
change into Co(OH)2. This can be a reasonable explanation for the
existence of the transition region within the structure of �-Ni(OH)2.

Co2+ + Ni(OH)2→
�

Ni 2+ + Co(OH)2 (2)

2Co(OH)2 + H2O2 → 2Co(OH)3 (3)

�

Co(OH)3→
�

CoOOH + H2O (4)

2Co2+ + 2Ni(OH)2 + H2O2→
�

2Ni2+ + 2CoOOH + H2O (5)

rrents: (a) the positive is composed of starting spherical nickel hydroxide with the
H)2@CoOOH and no any CoO was added for raising the conductivity.
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Fig. 8. (a) The photos of cation-exchange induced core–shell Ni(OH)2@CoOOH samples A1, B, C, D prepared with cobalt nitrate, cobalt sulphate, cobalt chloride, and cobalt
e ; (b) t
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thanoate as nickel sources, respectively, and starting spherical nickel hydroxide A0

3 synthesized at 90, 70, and 50 ◦C, respectively; (c) The photos of cation-exchange
f Ni/Co in solutions are 9:3, 9:2, 9:1, and 9:0.5, respectively.

. Conclusions

In conclusion, we have explored a new route to prepare
ore–shell Ni(OH)2@CoOOH on a large scale and the reaction
echanism of the process was investigated thoroughly. The pre-

ared core–shell structured Ni(OH)2@CoOOH exhibits unusual firm
ombination between the shell CoOOH and the core of Ni(OH)2.
he conductivity of starting Ni(OH)2 is improved highly by the
odification of CoOOH in the surface of Ni(OH)2. Furthermore,

he as-synthesized Ni(OH)2@CoOOH performs not only higher
tilization but also outstanding cycling durability by remaining
7.7% of the highest discharge capacity after 500 cycling as pos-

tive material. Moreover, the power performance of material is
mproved markedly, especially when discharge rate reaches 30C

hich meets the demanding of HEVs or EVs perfectly, implying
reat potential in industrial application. In addition, this research
pen a wide way to improve the main properties of chemi-
al, physical and energy materials by modifying their surface
hrough cation-exchange route without change their original struc-
ure.
cknowledgement
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