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a b s t r a c t

When a layered double hydroxide (LDH), [Ni4Al(OH)10]NO3 is aged at 60 ◦C in a concentrated KOH solution
(around 7 mol L−1), it transforms into �-Ni(OH)2; when it is cycled electrochemically, it can also transform
into �-Ni(OH)2 but finish much sooner. In the mixture formed during the transformation, the reciprocal
of the mass of the LDH is linearly related to the aging time. The electrochemical characterization of
vailable online 24 August 2010

eywords:
i–Al layered double hydroxide (LDH)
tability

the LDH shows that the transformation impairs its performances, which leads to the decrease of the
maximal number of exchanged electron per nickel atom as the charging/discharging cycling is continued.
Therefore, this study reveals that the structural stability of the material, which is a key to its cycle life,
depends on temperature, electrolyte concentration and electrochemical cycles. It was found that high
temperature cyclic performances of the LDH can be improved by lowering the concentration of electrolyte
igh temperature

are metal oxide
lkaline secondary battery

and/or adding Lu2O3.

. Introduction

Either pure or hybrid electric vehicles require their power sup-
lying batteries to be reliable over a wide range of temperature; and
he batteries certainly include nickel-based ones. As a candidate
or the positive electrode materials for the nickel-based batteries,
i–Al layered double hydroxide (LDH) [1–3], which can be repre-

ented by a general formula, [NixAly(OH)2(x+y)]y+An−
y/n·mH2O [1]

x, y, m and n are numbers determined by the stoichiometric com-
osition of the compound; An− is the interlayer ions), has attracted
any researchers for its stability in alkali solution around room

emperature and advantageous electrochemical performances. For
xamples, no �-Ni(OH)2 was detected after the material had been
ged for 48 days at 22 ◦C [4] or 40 ◦C [1] and after hundreds of
harge/discharge cycles at a rate of 0.2 C [4–6], 1.0 C [7] and even
igher [8]. It can discharge a capacity of more than 300 mAh g−1 and
e suggested as one of the lightweight electrode materials [4,7–10].

However, one thing must be considered for the cycle life of the
i–Al LDH. Generally, a concentrated alkaline electrolyte is used

or alkaline secondary batteries, and the Al3+ ions can be readily
issolved into the alkaline electrolyte in forms of Al(OH)4

− or its

ehydrated form, AlO2

− ions. Therefore, it is possible that Al3+ in
he brucite-type layers may be leached out and enters into the solu-
ion. It is well known that LDHs lose their stability without the
resence of trivalent cations [11,12]. In fact, it has been reported
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E-mail address: lixu.lei@seu.edu.cn (L. Lei).
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that with the absence of the trivalent cations, pure �-Ni(OH)2 of a
LDH structure readily transforms into �-Ni(OH)2 in KOH electrolyte
[13–15]; and there was also a report that Ni–Al LDH film can form
�-Ni(OH)2 with lost of Al3+ during repeating voltammetric scans in
0.1 mol L−1 NaOH [16]. Since �-Ni(OH)2 is a worse electrode mate-
rial than the Ni–Al LDH [1,8], the leaching out of Al3+ may degrade
the electrode and thus influence its electrochemical performances.
We have reported the particle size as well as the discharge capac-
ity of the material shrinks and the material surface along with the
electrode becomes coarser and coarser as the cycle number grows
up [8]. It is possible that such morphological transformations serve
as a prelude to the transformation reaction. Therefore, it is impor-
tant to find when the transformation takes place and how to slow
down the transformation rate.

In our previous studies [8], we observed that the
[Ni4Al(OH)10]OH electrode could be activated faster when
the temperature of the electrolyte was elevated and behaves
better than �-Ni(OH)2 electrode. One of the reasons can be that the
accelerated movement of ions and molecules makes the electrode
be thoroughly wetted faster; we also observed that the discharged
capacity of the LDH electrode decreases much faster than that of
�-Ni(OH)2 at high temperatures. Could this be caused by the lost
of Al3+? This paper reports our researches on the issue.

2. Experimental
2.1. Synthesis of [Ni4Al(OH)10]NO3 and ˇ-Ni(OH)2

The starting LDH was prepared following the details in our pre-
vious paper [8], and it was dried to a constant weight at 90 ◦C

dx.doi.org/10.1016/j.jpowsour.2010.08.041
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lixu.lei@seu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.08.041
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Table 1
Stoichiometric formula and elemental analysis data of the samples.

Sample Stoichiometric formula Elemental analysis

Observed Calculated

[Ni4Al(OH)10]NO3 [Ni3.9Al(OH)9.8]NO3·2H2O Ni 44.0; Al 5.15; N 2.71; C 0.03; H 2.84 Ni 43.9; Al 5.18; N 2.69; C 0; H 2.67
1 day Ni4.2Al(OH)10.4(NO3)0.2(CO3)0.4·3H2O Ni 44.8; Al 4.86; N 0.51; C 1.08; H 2.94 Ni 45.6; Al 4.99; N 0.52; C 0.89; H 3.06
32 days Ni4.7Al(OH)11.4(NO3)0.04(CO3)0.48·3H2O Ni 46.7; Al 4.58; N 0.09; C 0.89; H 2.70 Ni 47.4; Al 4.64; N 0.10; C 0.99; H 3.01
105 days Ni6.1Al(OH)14.2(CO3)0.5·4H2O Ni 48.2; Al 3.62; N 0; C 0.79; H 2.57 Ni 49.1; Al 3.70; N 0; C 0.80; H 3.07
215 days* Ni6.6Al(OH)15.2(CO3)0.5·2H2O Ni 52.9; Al 3.69; N 0; C 0.72; H 2.42 Ni 52.4; Al 3.65; N 0; C 0.81; H 2.62
215 days Ni8.3Al(OH)18.6(CO3)0.5·H2O Ni 55.9; Al 3.18; N 0; C 0.51; H 2.27 Ni 55.5; Al 3.07; N 0; C 0.68; H 2.36
�-Ni(OH)2 Ni(OH)1.96(CO3)0.02 N 0; C 0.27; H 2.20 N 0; C 0.26; H 2.12
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he sample with a star (*) was that aged at 60 ◦C for 105 days and continued to be a

efore use. �-Ni(OH)2 was also prepared as a reference by the same
ethod with no addition of Al(NO3)3.

.2. Studies on the stability of [Ni4Al(OH)10]NO3 in an alkali
olution

0.5000 g of [Ni4Al(OH)10]NO3 was added into a 16 mL KOH
olution (7 mol L−1) in a 20 mL autoclave lined with Teflon. The
utoclave was then placed into an oven maintained at 60 ◦C for
, 4, 32, 105 or 215 days, and then the suspension was filtered
ith a 30 mL sintered glass funnel that was thoroughly washed

nd dried at 90 ◦C to a constant weight previously. The solid was
ashed with water and acetone several times, and then dried

ogether with the funnel at 90 ◦C to a constant weight, from which
he weight of the solid was determined by subtracting the weight
f the funnel. The solid was then sampled for elemental analy-
es and electrochemical measurements, and it will be called as
ged sample hereafter to distinguish it from the original sam-
le.

.3. Electrochemical characterization

50 mg of [Ni4Al(OH)10]NO3 or the aged samples was thor-
ughly ground with 40 mg of natural flake graphite powder,
everal drops of 60 wt% polytetrafluoroethylene (PTFE) suspen-

ion to make a paste, and then inserted into a round sheet
15 mm in diameter) of nickel foam (Changsha, China, 1.6 mm
hick, 425 g m−2). The prepared electrode was dried at 90 ◦C for
4 h, pressed at 10 MPa for 1 min. The thickness of the disk
as 0.5 mm in the end. We also employed 200 mg of metal

able 2
iffraction data and calculated particle sizes in given directions for the samples.

Sample LDH

Lattice
parameters/Å

Crystalline
size
calcu-
lated
by the
diffrac-
tion
of/nm

a c (0 0 3) (1

[Ni4Al(OH)10]NO3 3.06 23.74 21.9 28
1 day 3.05 23.59 21.4 27
32 days 3.04 23.24 19.4 20
105 days 3.04 23.25 23.6 20
215 days* 3.04 23.10 23.4 9
215 days 3.04 23.04 24.3 7
�-Ni(OH)2 – – – –

ote: The sample with a star (*) was that aged at 60 ◦C for 105 days and continued to be a
t 10 ◦C for another 110 days.

nickel powder (200-mesh) in place of graphite for another cycling
capacity test of the electrode. In the subsequent studies in this
paper, we added 10 mg of rare earth metal oxides to investigate
the effects on the high temperature performance of the elec-
trode.

All electrochemical tests were done in a three-compartment
electrolysis cell that contains a working electrode, a nickel plate
counter electrode, and Hg/HgO reference electrode. Cyclic voltam-
metry (CV) diagrams were measured after 1 and 3 charge/discharge
cycles using a CHI660b (Shanghai, China) electrochemical work-
station at a scan rate of 0.1 mV s−1 from 0.15 V to 0.65 V. After
immersed in 7 mol L−1 KOH at 60 ◦C for 1 h, the electrode was then
cycled at a charge/discharge current density of 800 mA g−1 (charged
for 30 min and discharged until the potential is 0 V vs. Hg/HgO).
In this paper, current densities and discharge capacities per gram
were all calculated according to the weight of the prepared mate-
rials.

2.4. Materials characterization

Analyses of metals were done with a J-A1100 ICP spectrometer;
those of C, H, N were performed on a vario EL III elemental ana-
lyzer. FT-IR spectra were measured on a Nicolet 5700 in KBr disks.
Powder X-ray diffractograms were recorded on a Rigaku D/MAX

2200 diffractometer using Cu K� radiation (� = 1.54056 Å). Scan-
ning electron microscopy (SEM) was performed on a LEO1530VP
scanning electron microscope. Transmission electron microscopy
(TEM) was performed on a JEM2000EX transmission electron
microscope.

�-Ni(OH)2

Lattice
parameters/Å

Crystalline
size
calcu-
lated
by the
diffrac-
tion
of/nm

1 0) a c (0 0 1) (1 1 0)

.5 – – – –

.6 3.09 4.56 7.1 18.4

.5 3.09 4.60 11.2 21.1

.0 3.09 4.60 11.7 20.9

.6 3.09 4.60 12.5 24.4

.9 3.09 4.60 13.0 24.4
3.12 4.61 21.6 23.9

ged at 10 ◦C for another 110 days.
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Fig. 1. XRD patterns of [Ni4Al(OH)10]NO3 (a) original and aged at 60 ◦C in 7 mol L−1

KOH solution for (b) 1 day; (c) 4 days; (d) 32 days; (e) 105 days; (f) 105 days and then
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laced at 10 C for another 110 days, (g) 215 days. That of �-Ni(OH)2 is also shown
n (h) for comparison. The star (*) shows that the (0 0 1) diffraction of �-Ni(OH)2

0.46 nm) appears after the LDH was aged for 1 day. The inset is the enlarged parts
f curves of a and b.

. Results and discussion

.1. Transformation reaction of [Ni4Al(OH)10]NO3 in alkali
olution at 60 ◦C

All the XRD patterns of the [Ni4Al(OH)10]NO3 samples are shown
n Fig. 1, and their elemental analyses are shown in Table 1. It can be
een that the original [Ni4Al(OH)10]NO3 has a stoichiometric for-
ula of [Ni3.9Al(OH)9.8]NO3·2H2O, which is slightly departed from

he ideal composition, and its XRD pattern is similar to those pre-
iously reported by us [8–10]. After being treated in alkali solution
or 1 day, the (0 0 3) reflection of the XRD pattern shifts to a higher
� value (Fig. 1a and b). It should be reminded that CO3

2− always
xists in KOH, and CO3

2− is more competitive than OH−, NO3
− [17],

herefore, some of the compounds contain CO3
2−. As the aging time

xtends, �-Ni(OH)2 appears and grows.
The LDH phase in all the samples can be indexed on a rhom-

ohedral cell of space group R3̄M, the c parameter changes from
3.74 Å to 23.04 Å as the aging time extends (Table 2), which may
e attributed to the anion exchange. It has been reported that the
asal spacing corresponding to c value depends on the composi-

ions of Ni2+ and Al3+ ions and the maximum occurs when the molar
atio of Ni to Al is about 4:1 [4,18]. The loss of Al3+ is unambigu-
us from Table 1, in which the molar ratio of Ni to Al changes from
.9:1 of the original to 8.3:1 after 215 days. The a parameter also

ig. 2. FT-IR spectra between (a) 400 and 4000 cm−1; (b) 1000 and 1600 cm−1 of the origin
rces 196 (2011) 1569–1577 1571

decreases a little from 3.06 Å to 3.04 Å as the aluminum content
decreases, which may be attributed to the loss of Al3+ ions. It was
also observed that concentration of Al3+ lowered as a Ni–Al LDH
film electrode was potentially cycled in 0.1 mol L−1 NaOH [16].

In Fig. 1, it can be seen that �-Ni(OH)2 appeared after the original
sample was treated for 1 day, and it grew and exceeded the LDH in
105 days assuming that the intensity of the corresponding signals
are equally representative of the amount of each compound in the
mixture. The diffractions belong to �-Ni(OH)2 can be indexed on
a hexagonal cell with space group of P3̄M1. The c and a values are
consistent with the literature values [19–23] and the synthesized
reference, �-Ni(OH)2 in this paper (Table 2). Compared with the
report which employed Ni–Al LDH with Cl− as interlayer anion [16],
this work does not show any other new phases.

According to the Scherer equation, the crystalline size for LDH
estimated by the (0 0 3) reflection grows a little (about 3.0 nm),
but that estimated by the (1 1 0) reflection reduces greatly (about
20 nm); for �-Ni(OH)2 the crystalline sizes estimated by both (0 0 1)
and (1 1 0) reflections increase (Table 2). This means that the LDH
becomes smaller but thicker, and the �-Ni(OH)2 becomes bigger
and bigger.

Fig. 2 shows the IR spectra of the samples. There is a band at
1365 cm−1 attributed to the vibration of CO3

2− [24] in the sam-
ples aged for 32 days and 215 days (Fig. 2b), therefore, CO3

2−

intercalates into the interlayer space of LDH by an anion-exchange
process. As it is known, carbonate formed by the base absorbing
CO2 from ambient air cannot be excluded fully in LDH chemistry.
It is very interesting that the intensity and area of the two bands at
1365 cm−1 and 1380 cm−1 (from both the vibrations of CO3

2− and
NO3

2−) decrease as the aging time goes. Also, a sharp peak cen-
tered at 3640 cm−1 due to non-hydrogen bonded hydroxyl groups
in �-Ni(OH)2 [25,26] appears for the sample aged for 32 days and
intensifies for the sample aged for 215 days, and the intense broad
absorption band in the range of 3400 cm−1 and 3600 cm−1 cor-
responding to the stretching vibrations of the hydroxyl groups of
interlayer and absorbing water molecules [2] becomes smaller and
smaller, indicating the loss of water molecules (Fig. 2a). There-
fore, both the anions are excluded from the materials as the aging
process goes, and the transformation of LDH into �-Ni(OH)2 as indi-
cated by the XRD patterns occurs. This is also supported by the
elemental analyses in Table 1.

The mass of the [Ni4Al(OH)10]NO3 was measured after being
soaked in 7 mol L−1 KOH at 60 ◦C for certain days, and the results
are shown in Table 3. It can be seen that the mass decreases
continuously. Suppose that the leaching reaction of Al3+ causes

[Ni4Al(OH)10]NO3 to decompose, and only �-Ni(OH)2 remains in
the solid:

[Ni3.9Al(OH)9.8]NO3·2H2O + 2OH−

[Ni4Al(OH)10]NO3 and the samples aged for 1 day; 32 days; 215 days and �-Ni(OH)2.
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Table 3
Mass and concentration data in the aged samples.

Sample mobsd/g mLDH/g m�/g xLDH/% ((1/mLDH) − (1/m0))/g−1

1 day 0.4722 0.4090 0.0632 100 0.4451
32 days 0.4459 0.3229 0.1230 86.6 1.0972
105 days 0.4108 0.2080 0.2028 72.4 2.8088
215 days 0.3896 0.1385 0.2510 50.6 5.2180

Note: mobsd is the residual mass of the rest solid mixture after aged; mLDH and m� are
the calculated values according to Eq. (1) and m0 is the original mass i.e. 0.5000 g.
xLDH is the mass percentage of the [Ni4Al(OH)10]NO3 LDH in the active material.

F
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f
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s
o

3

s

ig. 3. A plot of ((1/mLDH) − (1/m0)) against t (the aging time). mLDH refers to the
esidual mass of LDH in the aged sample and m0 is the mass before the aging, which
s 0.5000 g.

= 3.9�-Ni(OH)2 + Al(OH)4
− + NO3

− + 2H2O (1)

Then the total mass can be decomposed into two parts accord-
ng to the molar ratio of Ni to Al. For example, if the Ni/Al ratio is
ound to be 4.2:1, there are 0.3 mole of �-Ni(OH)2 and 1 mole of
Ni3.9Al(OH)9.8]NO3·2H2O. By this way, we get the values in Table 3.

plot of ((1/mLDH) − (1/m0)) against t (the aging time) shows a
traight line (Fig. 3), which means the transformation reaction
beys a second-order reaction law [27].
.2. Morphological changes

Fig. 4 shows SEM images of the [Ni4Al(OH)10]NO3 LDH and the
amples aged in alkali solution and Fig. 5 shows their TEM images.

Fig. 4. SEM images of (a) the [Ni4Al(OH)10]NO3 LDH and the s
rces 196 (2011) 1569–1577

Similar to other reports [28–30], the [Ni4Al(OH)10]NO3 LDH con-
tains piles of well-developed disks with round vertexes as shown
by both SEM and TEM (Figs. 4 and 5a). However, all the aged sam-
ples are composed of regular hexagonal disks with diameters from
40 nm to 800 nm (Figs. 4b–d and 5b). The thickness of the disks in
all samples varies from 15 to 100 nm (Figs. 4 and 5). The size of
the disks changes unlike what the Scherer equation predicts, but it
can be seen there are both very small and very big disks, and the
Scherer equation calculates the average.

Fig. 5 also shows variations of the selected-area electron
diffraction (SAED) patterns obtained from TEM samples. The
[Ni4Al(OH)10]NO3 LDH at the beginning shows two diffraction rings
of the hexagonal packed structure and the spots on the rings show
obvious sixfold symmetry, which is similar to the reported SAED
results [31] but after indexed on a hexagonal cell, a and c can be
calculated as 3.04 ± 0.02 Å and 24.5 ± 1.0 Å by the basal spacing
(shown in Fig. 5, d0 1 2 = 2.60 Å, d1 1 0 = 1.53 Å; the constant of the
TEM was 35.8 mm Å), which are very close to the results listed in
Table 2. As the LDH transforms into �-Ni(OH)2, the diffraction rings
evolves into spots. The spots in the SAED pattern appear more and
more clearly as the aging time goes, and after the sample has been
aged for 215 days, the rings disappear completely. Therefore, the
crystallinity of the product becomes better and better. The diffrac-
tion spots can be indexed on a hexagonal cell. The spots with d
values, 2.70 Å and 1.56 Å correspond to the diffraction of (0 1 0)
and (1 1 0) crystal planes of �-Ni(OH)2, and the calculated a is
3.12 ± 0.02 Å. In addition, it is also found that the surface of disks
becomes coarser and coarser, and some bright spots and irregular
lines appear later on the disks as the aging time goes (Fig. 5c and
d). This is similar to our previous results for the electrode material
after many charge/discharge cycles [8].

These morphological changes may indicate that left Al3+ ions
cause some strain in the lattice. Because Ni(OH)2 has limited sol-
ubility in water, it is reasonable to suggest that �-Ni(OH)2 grows
up directly from the remains of [Ni4Al(OH)10]NO3. Therefore, there
are both �-Ni(OH)2 and LDH in the aged samples (Fig. 5).

3.3. Phase transformation at a lower temperature

Now that the phase transformation is definite to take place at
60 ◦C, we are eager to know the details of the transformation at

a lower temperature. We take a autoclave out after it had been
kept in an oven maintained at 60 ◦C for 105 days and place it at a
surroundings temperature of 10 ◦C for another 110 days. Elemental
analysis of the sample (Table 1) shows that the calculated atom
ratio of Ni to Al is 6.6, which is between 6.1 for the sample aged

ample aged for (b) 1 day; (c) 32 days and (d) 215 days.
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F day; (c) 32 days and (d) 215 days. The corresponding SAED patterns were obtained from
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Fig. 6. XRD patterns of the [Ni4Al(OH)10]NO3 electrode: (a) freshly prepared; (b)
been soaked in 7 mol L−1 KOH solution at 60 ◦C for 1 h; been charged and discharged
ig. 5. TEM images of (a) the [Ni4Al(OH)10]NO3 LDH and the sample aged for (b) 1
he hexagonal disks randomly selected in the samples.

or 105 days and 8.3 for the sample aged for 215 days at 60 ◦C. The
RD pattern also indicates the intensity of �-Ni(OH)2 reflections

ntensified and that of LDH reflections reduced (Fig. 1). Therefore,
e conclude that the transformation from LDH phase to �-Ni(OH)2

an take place but becomes more slowly at a temperature as low
s 10 ◦C. This is likely in conflict with many results which reported
he LDH material is quite stable because no �-Ni(OH)2 was detected
fter it was aged for a long time at room temperatures such as at
2 ◦C [4] or 40 ◦C [1]. We believe that there are two possibilities that

ead to the results. One is that the reaction is very slow at lower
emperatures, therefore, more time should be needed to have such
bservations; the other is, there is no highly crystallized �-Ni(OH)2,
hich is desperately required by XRD detections.

.4. Phase transformation during the charge–discharge cycles at
ifferent temperatures

In order to observe the transformation of the active material
uring the charge–discharge cycles, after the electrode had been
harged and discharged for 1, 2, 3, 5, 12, 26 and 130 cycles at
0 ◦C respectively, it was washed with water for several times,
ried at 60 ◦C under vacuum condition and then detected by XRD.
ig. 6 shows XRD patterns of the [Ni4Al(OH)10]NO3 obtained from
he electrode after the 1st, 2nd, 3rd, 5th, 12th, 26th and 130th
harge/discharging cycles at 60 ◦C respectively, in comparison with
he freshly prepared electrode and the electrode after soaked in
lkali solution for 1 h at the same temperature. The LDH material in
he freshly prepared electrode has a d value of 7.90 Å and a calcu-
ated particle size of 21.5 nm in (0 0 3) crystallite direction (Table 4).
herefore, there is no change in structure during the preparation

f the electrode (please refer to Table 2). After the electrode was
oaked in the alkali solution, the d value and size of the active mate-
ial decrease, which are 7.74 Å and 19.1 nm, respectively. Later, both
f them decrease as the cycle number grows up, which are 7.54 Å
nd 9.86 nm respectively after 12 cycles. It is only 26 cycles that
for (c) 1, (d) 2, (e) 3, (f) 5, (g) 12, (h) 26 and (i) 130 cycles, in comparison with that of
(j) as-prepared �-Ni(OH)2. The peak at about 18◦ with a star (*) is from PTFE, which
is used as binder in the electrode. Peaks indicated with g(0 0 2), g(0 0 4), Ni(1 1 1)
and Ni(2 0 0) are from graphite and nickel foam, respectively.

LDH can no longer be detected and a series of broadened peaks
from �-Ni(OH)2 as well as the peaks attributed to additives such
as PTFE, graphite and the substrate nickel are left. After the 130th
cycle, which takes only 4 days, the peaks of �-Ni(OH)2 are clearly
observed. Obviously, under the condition of electrochemical cycles,
the transformation of LDH into �-Ni(OH)2 at 60 ◦C proceeds more
quickly, and due to the transformation, the discharge capacity of

the active material drops significantly (Table 4).

Another similar investigation was carried out at 20 ◦C. An
elemental analysis of the electrode material removed from the elec-
trode after 277 cycles, which takes 9 days, shows that the calculated
molar ratio of Ni to Al turns out to be 4.6. Since the active mate-
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ig. 7. (a) CV curves of the prepared electrodes at a scan rate of 0.1 mV s−1; (b, d) th
mploying graphite and nickel powder as the conductive agent, respectively. The so
nd the dot lines indicate those for 3 cycles. All the measurements were taken at 60
ial may be contaminated by the substrate Ni foam, this result may
e not very significant, it can only be concluded that the trans-
ormation proceeds much slower under such circumstances. No
-Ni(OH)2 phase in the sample can be detected by XRD, which could

able 4
he d values, calculated particle sizes of LDH and �-Ni(OH)2 in the cycled electrodes with

Sample LDH �

d value/Å Crystalline size/nm d

Freshly prepared 7.90 21.5 –
Soaked for 1 h 7.74 19.1 –

Cycled for
1 7.73 14.6
2 7.67 12.7 –
3 7.63 12.2 –
5 7.62 9.86 –
12 7.54 8.03 –
26 – – 4.
130 – – 4.

otes: The crystalline sizes are calculated by the Scherer equation according to the (0 0 3)
rode capacity and (c, e) the number of exchanged electrons (NEE) vs. cycle number
es indicate the CV curves after the electrode was charged and discharged for 1 cycle
be expected because the LDH material can keep its layered structure
even though the ratio of Ni to Al is as high as 9.0 (10 mol%) [4,11],
and also the �-Ni(OH)2 formed is only in very small amount. And
for the electrode cycled at high current densities, the conclusion

their corresponding discharge capacities.

-Ni(OH)2 Discharge capacity/mAh g−1

value/Å Crystalline size/nm

– –
– –

227.2
– 286.1
– 305.4
– 296.3
– 257.6

61 3.1 179.1
62 4.0 165.0

diffraction for LDH and the (0 0 1) diffraction for �-Ni(OH)2.
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Fig. 9. (a) Capacity of the [Ni4Al(OH)10]NO3 electrode vs. cycle number, (b) its
M. Hu et al. / Journal of Pow

hould be about the same because the measurement lasted only 9
ays for about 300 cycles in our previous paper [8], which is also
uch shorter than 2 months spent by the stability testing of this

aper [4,11].

.5. Effect of the transformation on the electrochemical behaviors

Table 4 shows that the discharge capacity which is
27.2 mAh g−1 at the 1st cycle, and the maximum 305.4 mAh g−1 at
he 3rd cycle, decreases to 165 mAh g−1 at the 130th cycle with the
ransformation of the LDH to �-Ni(OH)2. This rapid decreasing in
he electrode capacity reminds us that such a transformation could
lay a key role in the electrochemical behaviors of the electrode,
hus requires detailed inspection on the electrochemical behaviors
f the materials.

Fig. 7a shows CV curves of [Ni4Al(OH)10]NO3 and the aged active
aterials on the electrodes at a scan rate of 0.1 mV s−1 at 60 ◦C. For

he [Ni4Al(OH)10]NO3 electrode, the pair of redox peaks is much
ore symmetrical than the others, indicating a good electrochem-

cal reversibility. However, as the LDH had been aged for days, the
airs of peaks become more and more asymmetric: the peaks are
istorted and even split into several peaks. In contrast, �-Ni(OH)2
as the most asymmetric peak pair in which the oxidation peak
ven dissolves into the curve of the oxygen evolution. Therefore, the
bove electrochemical responses may be attributed to the transfor-
ation of the LDH.
Fig. 7b–e shows the cycling performances of the active mate-

ial using two different conducting agents, i.e. graphite or metallic
ickel powder, respectively. When only nickel powder (200 mg)
as employed as the conducting agent instead, similar results can

e obtained although the electrode has a little worse electrochem-
cal performance than the corresponding electrode using natural
ake graphite (40 mg) as the conducting agent. Take the graphite
lectrode as an example, the capacity of the [Ni4Al(OH)10]NO3 LDH
lectrode reaches its maximum of 305.4 mAh g−1 at the 3rd cycle,
hen drops to gradually and stabilizes at 179.1 mAh g−1 after the
6th cycle. The number of exchanged electrons (NEE) per nickel
tom can be larger than 1.5. However, when the material is aged,
he capacity of the material decreases greatly as the time lasts. For

xample, the capacity of the material aged for 215 days at the 1st
ycle is 145.1 mAh g−1, the maximum is 184.9 mAh g−1, and the NEE
s lower than 0.8. The capacity for �-Ni(OH)2 increases the most
lowly and cannot reach its maximum even after 130 cycles; the
EE never exceeds 1.0.

ig. 8. Plots of the maximal NEE against xLDH with (a) graphite; (b) nickel powder
s the conducting agent. xLDH is the mass percentage of the [Ni4Al(OH)10]NO3 LDH
n the active material. The data dots are linearly fitted.
enlarged part from 1 to 20 cycles; (c) CV curves in different concentrated KOH solu-
tion. The solid lines were obtained after the electrode was charged and discharged
for 1 cycle and the dot lines for 3 cycles. All the curves were measured at 60 ◦C and
all the electrodes employed natural flake graphite (40 mg) as the conducting agent.

Fig. 8 shows the plots of the maximal number of exchanged elec-
trons (NEE) against the mass percentage of the [Ni4Al(OH)10]NO3
LDH in the active material (xLDH, data listed in Table 3). The NEE
increases linearly with the portion of the LDH for both the conduct-
ing agents, therefore the transformation from LDH to �-Ni(OH)2
results in the degradation of the electrode. It is well known that
�-Ni(OH)2 is a worse active material [14,32,33] than the LDH.

Fig. 7 also shows that all the discharge capacities of the electrode
materials stabilize in 20 cycles. At that time, the transformation
reaction almost ends according to the XRD patterns (Fig. 6), since
no diffractions from LDH can be detected.

Therefore, it can be concluded that the LDH destabilizes at higher
temperature, and it needs to be stabilized if we want to make use
of it. In the following contexts we tried to change the electrolyte
concentration and add some rare earth oxides in order to improve
the performance of the electrode.
3.6. Effect of the electrolyte concentration

According to Eq. (1) and the electrode reaction, OH− is a reac-
tant that can influence the compositions of active materials in the
electrodes; it is also a reactant of the electrode reaction and the
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Table 5
Summary of the characteristics potentials of the electrodes at 60 ◦C.

Electrode After 1 cycle After 3 cycles

Epa/mV Epc/mV �Ep/mV Erev/mV EOE/mV EOE − Epc/mV Epa/mV Epc/mV �Ep/mV Erev/mV EOE/mV EOE − Epc/mV

5 mol L−1 KOH 317 570 253 444 592 22 313 588 275 450 616 28
7 mol L−1 KOH 279 542 263 410 563 20 272 557 285 414 583 26
9 mol L−1 KOH 264 516 252 390 543 27 270 518 248 394 555 37

7 mol L−1 KOH, with
Lu2O3 305 537 232 421 560 23 288 542 254 415 571 29
Er2O3 306 519 213 412 543 24 292 536 244 414 566 30
Y2O3 299 520 221 410 542 22 280 545 265 412 579 34

N een Ep
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La2O3 277 540 263 408 563 23

ote: Epa and Epc is the oxidative and reductive potential; �Ep is the difference betw
s the difference of the oxidative and oxygen revolution potential.

upporting electrolyte. Fig. 9a and b shows the charge/discharge
ehaviors of the [Ni4Al(OH)10]NO3 electrode in KOH solution of
ifferent concentrations at 60 ◦C. As shown, the electrode can be
ore easily activated in a higher concentrated alkali solution. For

xample, in 9, 7 and 5 mol L−1 KOH solutions the first capacities of
he electrodes are 189.3, 176.2, 146.7 mAh g−1, respectively; their

aximal capacities, 312.2, 306.7 and 298.9 mAh g−1 correspond to
he cycle number is 3, 4 and 5, respectively. This is understand-
ble because the electrode processes is diffusion-controlled [8],
nd higher concentration of electrolyte can promote the diffusion
rocess from the electrolyte to the body of the electrode.

Fig. 9a also shows that the capacity of each electrode gener-
lly decreases as the cycle number increases, but it decreases more
lowly in less-concentrated solutions. This may indicate that the
ransformation of the active material slows down as the concentra-
ion of alkali solution goes down. However, after some 80 cycles,
he performance of the electrode becomes much worse in 4, 5 and
mol L−1 KOH than in 7 and 9 mol L−1 KOH (Fig. 9b). The reason for

his phenomenon is not clear, but one reason may be the faster
rosion of nickel foam at higher concentration of KOH at 60 ◦C,
owever, but it is not enough to elucidate the whole change.

Fig. 9c shows the CV curves for the electrode in the KOH solu-
ions of different concentration and Table 5 lists their characteristic
otentials. The electrode in 9 mol L−1 KOH has a smaller difference
etween the oxidative and reductive potential, �Ep and a larger
ifference between the oxygen evolution and the oxidation poten-
ial, EOE − Epc than the other two in KOH at lower concentrations. In
ddition, the average potential which can be taken as an estimate of

he reversible potential [34] are found to move toward the negative
irection from 444 mV to 390 mV as the concentration of the alkali
olution increases from 5 mol L−1 to 9 mol L−1 KOH. This means that
OH solution of higher concentration could produce less oxygen
uring charging, therefore leads to better electrode performance,

ig. 10. (a) Capacity vs. cycle number; (b) CV curves at 60 ◦C after the electrode was ad
lectrode was charged and discharged for 1 cycle and the dot lines for 3 cycles. All the c
40 mg) as the conducting agent.
272 557 285 414 585 28

c and Epa; Erev is the average potential; EOE for oxygen revolution potential; EOE − Epc

while the electrode in less-concentrated alkali solutions has to suf-
fer more impacts from oxygen evolution. The oxygen evolution will
certainly loose the electric contact among the active material par-
ticles, thus worsen the performance of the electrodes. This could
be another reason why the electrochemical performance improves
after 80 cycles as the concentration of KOH increases (Fig. 9a and
b).

3.7. Effects of rare earth oxide additives

It has been found that rare metal oxides are particularly effec-
tive to raise the high temperature charge acceptance of nickel
electrodes [35–39], therefore, we would like to see if they works
with our electrode material. Fig. 10a shows curves of the discharge
capacities versus cycle number when some rare earth oxides were
added to the electrode. The trend of curves is similar to each other,
but addition of Lu2O3, Er2O3, Y2O3 and La2O3 make less and less
positive effect on the performance of [Ni4Al(OH)10]NO3 electrode.
Generally, lanthanide oxides will turn out to be hydroxides in
water, [40] and the hydroxides should cover the surface of the elec-
trode material and may inhibit the dissolution of Al3+. The solubility
product, Ksp at 25 ◦C for Lu(OH)3, Er(OH)3, Y(OH)3 and La(OH)3 are
2.5 × 10−24, 1.3 × 10−23, 8.1 × 10−23 and 1.0 × 10−19, respectively
[41]. As the Ksp is getting bigger, the solubility of the hydroxides
is getting bigger. Combined with sequence of positive effect on
cyclic performance of lanthanide oxide additives, it may lead to
a conclusion that the lanthanide hydroxide with smaller solubility

leads to higher cyclic performance of [Ni4Al(OH)10]NO3 electrode.
This is just on the contrary of another system in which the uti-
lization of Ni(OH)2 active material with the addition of Ca(OH)2,
Mg(OH)2, Cd(OH)2, Co(OH)2 and Zn(OH)2 decreases according to
the decreasing sequence of their solubility product [42].

ded some rare earth oxides, respectively. The solid lines were obtained after the
urves were measured at 60 ◦C and the electrodes employed natural flake graphite
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Fig. 10b shows the CV curves of the electrode with lanthanide
xide additives, and Table 5 also lists the characteristics potentials.
ompared with the electrode without lanthanide oxide additives

n the same concentration of electrolyte, their potential gaps, �Ep

ecrease greatly (20–50 mV s) except La2O3 being used as the addi-
ive, indicating that Lu, Er and Y oxides (hydroxides) make the
lectrode reaction more reversible; but the gaps, EOE − Epc have
nly a little changes (2–4 mV s). This means that the reversibility
f the redox reaction plays a more important role in the electrode
erformance.

. Conclusions

When layered double hydroxide [Ni4Al(OH)10]NO3 meets OH−

ons in the alkali electrolyte, two reactions will occur: (1) anion
xchange of OH− for NO3

−; (2) loses some Al3+ and convert to
-Ni(OH)2, because Al(OH)4

− is soluble in concentrated alkali solu-
ion. The second process can be observed both in the aging and
he charge–discharge processes by the elemental analysis and XRD;
nd the reaction obeys a second-order reaction law.

The transformation from LDH to �-Ni(OH)2 leads to a degra-
ation of the electrodes, because the well-crystallized �-Ni(OH)2
as a poor electrochemical activity. It is observed that the maximal
umber of exchanged electrons (NEE) of the electrodes increases
s the amount of �-Ni(OH)2 decreases in the composition of the
lectrode, using either nickel powder or graphite as the conducting
gent.

The concentration of the electrolyte solution and the addition of
are metal oxides may affect the electrode performance. The results
re: (1) the electrode in a less-concentrated solution degrades the
lectrode less slowly, but it has a better electrochemical perfor-
ance in a more concentrated solution; (2) addition of Lu2O3,

r2O3 or Y2O3 to the electrode can slow down the degradation
f electrode, but addition of La2O3 almost has no effects on the
erformance of electrode.
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