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a b s t r a c t

Nickel–aluminum layered double hydroxide/carbon (Ni–Al LDH/C) composites have been fabricated
using a mixed solution of {Al(NO3)3·9H2O and H3BO3} as fluoride scavengers in the liquid phase deposi-
tion (LPD) process. The amount of divalent Ni2+ substituted by trivalent Al3+ within the lattice of �-Ni(OH)2

was controlled by the concentration of Al(NO3)3·9H2O solution. X-ray diffraction studies reveal pure
phase Ni–Al LDH, isostructural and isomorphic to �-Ni(OH)2 with higher interlayer distance. The electro-
chemical properties of the cathode materials containing 0, 8.6, 13.8, 17.8, 21.3 and 23.4 Al% were evaluated
ayered double hydroxide
ickel hydroxide
atteries
ositive electrode
ctive materials
rystallinity

by the means of charge–discharge and cyclic voltammetry measurements. The overall comparison indi-
cates that Ni–Al LDH/C composites have higher electrochemical performance than pure �-Ni(OH)2/C
composite. The cathode with 17.8 Al% exhibits the best performance at 1 C compared to other Al3+ con-
tents; a much lower voltage plateau, well separated from the oxygen evolution at the end of the charging
as well as a single flat and high discharge plateau with a discharge capacity of 376.9 mAh gcomp

−1. Short
term durability test for 80 cycles showed that the electrode containing 13.8 Al% has the highest discharge

l sub
rate at 2 C. The range of A

. Introduction

Layered double hydroxide (LDH) materials are ideally
escribed by hydrotalcite, a natural anionic clay of the
omposition Mg6Al2(OH)16CO3·4H2O with general formula
MII

1−xMIII
x(OH)2]·[An−

x/n·yH2O], An− = OH−, CO3
2−, NO3

−, etc.,
n which the substitution of a certain fraction x of the divalent
ations by trivalent cations gives rise to a net positive charge.
he excess of charge is counterbalanced with anions present
n the interslabs [1,2]. Due to their anion exchange property
nd capacity to intercalate anions, LDH materials have potential
pplications in catalysts [3], anion exchangers [4,5], precursors to
xides [6], magnetics [7,8], and electrodes for alkaline secondary
atteries [9,10]. It has been demonstrated that �-nickel hydrox-

de (�-Ni(OH)2), which is one of the two polymorphs of nickel
ydroxide, structurally and functionally behaves as an anionic
lay, and exchanges the intercalated anions for hydroxyl ions from
he alkaline electrolyte [9]. From this point of view, the use of

-Ni(OH)2 as active materials of the positive electrode is expected

o generate superior electrochemical performance compared to
-Ni(OH)2 [10] which is currently used in commercial nickel
econdary batteries. However, �-Ni(OH)2 is labile and it rapidly

∗ Corresponding author. Tel.: +81 78 803 6186; fax: +81 78 803 6186.
E-mail address: mizuhata@kobe-u.ac.jp (M. Mizuhata).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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stitution 13.8–17.8 Al% provides a good electrochemical response.
© 2010 Elsevier B.V. All rights reserved.

converts to �-Ni(OH)2 during synthesis or in the presence of strong
alkaline media [11]. The unique approach to stabilize �-Ni(OH)2 is
by partial substitution of some fractions of Ni2+ ions with trivalent
metal additives such as Al [12,13], Co [14,15], Fe [16,17], Mn
[18,19], Zn [20,21] and Cr [22] in the lattice of Ni(OH)2. Among
these metal, Al is considered as the best additive due to its good
stability [13,23,24].

A wide variety of methods of preparation of LDHs including
coprecipitation, ion exchange, rehydration using structural mem-
ory effect, hydrothermal, secondary intercalation, intercalation
involving dissolution and re-coprecipitation procedures is known
in the literature [25]. However, the method of choice depends on
the purpose for which the LDH is to be used. For battery appli-
cations, although some common methods of fabrication of LDHs
such as coprecipitation [26], hydrothermal [27] or electrochemi-
cal reactions [13] have been employed, none of these techniques
has satisfactorily reached a viable step for practical applications
in battery technology. Therefore, the ease of scaling up any new
synthetic procedure is still appealing for industrial prospects. In
this scope, we have developed a novel technique of synthesis of
Ni–Al LDH for battery application, the so-called liquid phase depo-
sition (LPD) method. The basic concepts of the LPD process have

been described elsewhere [28–32] and the main reactions can be
expressed as follows:

MFx
(x−2n)− + nH2O = MOn + xF− + 2nH+ (1)

dx.doi.org/10.1016/j.jpowsour.2010.05.068
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mizuhata@kobe-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.05.068
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Table 1
Active materials specifications.

Sample no. Al content in solution (molar ratio) Al3+ content in sample (molar ratio) LDH content in sample (wt%) Active material weight (mg)

1 0 0 61.6 5.00
2 2.4% 8.6% 67.6 5.01
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3 4.7% 13.8%
4 9.0% 17.8%
5 16.0% 21.3%
6 20.0% 23.4%

3BO3 + 4HF = BF4
− + H3O+ + 2H2O (2)

l + 6HF = H3AlF6 + (3/2)H2 (3)

his technique offers the possibility to control the amount of Al
nd the composition. The conventional LPD procedure involves the
ombination of the hydrolysis of the ligand exchange reaction (Eq.
1)) with either H3BO3 (Eq. (2)) or Al (Eq. (3)) as F− scavenger.
n the past works, we have described the synthesis of �-Ni(OH)2
hin films [33] and �-Ni(OH)2/C composite [34] using boric acid
s fluoride scavenger in the LPD process. In the prospect to make
-Ni(OH)2/carbon composite a candidate for the active materials
f the positive electrode of nickel secondary batteries, we have
xtended the work to its stabilization using a mixed solution on
oric acid and Al(NO3)3·9H2O to produce high purity and well
rystallized Ni–Al LDH/C composite [35,36]. Carbon particles are
sed as substrate for deposition in the LPD process. However its
hoice as a conductive agent has been proven to be beneficial in the
erms of enhancing the electronic conductivity of electrochemical
evices, including batteries due to its highly accessible surface area,
ood electrical conductivity, chemical stability and mechanical
trength [37–41]. The fabricated composites were characterized by
igh resolution transmission electron microscope (HRTEM), X-ray
iffractions (XRD), diffuse reflectance Fourier Transform infrared
pectroscopy (DRITFS), inductively coupled plasma-atomic emis-
ion spectroscopy (ICP-AES). The performance and short term cycle
ife of the cathode materials containing 0, 8.6, 13.8, 17.8, 21.3 and
3.4 Al% were evaluated by the means of charge–discharge mea-
urements at 1 and 2 C rates, respectively. Cyclic voltammetry was
pplied at a scan rate of 1 mV s−1 to evaluate the reversibility of the
lectrodes.

. Experimental

.1. Materials

The Ni parent solution was prepared as follows: 120 g of
i(NO3)2·6H2O (Nacalai Tesque Inc.) was dissolved into 800 mL of

on exchange water (IEW) and, while keeping under stirring, ca.
0 mL of 33 vol% of aqueous NH3 (Nacalai Tesque Inc.) was drop-
ise added until pH reached 7.5. The collected precipitate was
ashed with IEW and dried at ambient temperature. It was then
ispersed and agitated into 750 mL of 0.66 mol L−1 NH4F (Nacalai
esque Inc.) for 48 h at ambient temperature. The dispersion was
ltered and the filtrate was adjusted with 0.66 mol L−1 NH4F to
ake 30 mmol L−1 Ni parent solution. The fluoride scavenger start-

ng solutions consisted of 0.5 mol L−1 H3BO3 and 0.05 mol L−1

l(NO3)3·9H2O (Nacalai Tesque Inc.). The initial Al/Ni ratios in solu-
ion as well as the Al3+ content in the composite are summarized
n Table 1.

Oxidized carbon black (specific surface area: 58 m2 g−1) was
sed as substrate for the deposition. The oxidative pretreatment

as carried out according to the same procedure as described in
ef. [34]. In typical procedure, 2.0 g of carbon black was first loaded

n a bottomed flask set under refrigerant. Then 15.986 g of KMnO4
as dissolved into 200 mL IEW by hot stirring for a few minutes, and

oaded into a 500 mL mesh cylinder. Next, 132 mL of 4 mol L−1 HNO3
69.0 5.00
75.0 5.12
69.8 5.24
66.6 5.31

solution was added on the KMnO4 solution. The amount of the mix-
ture was adjusted with IEW to make 400 mL solution which was
poured on carbon black contained in the bottomed flask. The sys-
tem was mixed by stirring at 70 ◦C for 4 h under refrigerant, filtrated
and washed with hot IEW three times. The filtrate was shaken again
in 400 mL of 2 mol L−1 HCl for 17 h at ambient temperature, washed
with hot IEW twice, and dried at 110 ◦C for 8 h.

2.2. Composites preparation and characterization

Ni–Al LDH/C composite was prepared as follows: 20 mg oxi-
dized carbon was loaded in a plastic bottle. Therein 40 mL of
Ni parent solution containing [Ni2+] of 30 mmol L−1 and [NH4F]
of 0.66 mol L−1, 20 mL of 0.5 mol L−1 H3BO3 and 0.6–12 mL of
0.05 mol L−1 Al(NO3)3·9H2O, respectively, adjusted with IEW in
100 mL volumetric mesh flask were poured on. The final concentra-
tions of Ni2+ and H3BO3 in the reaction solution were 12 mmol L−1

and 0.1 mol L−1, respectively, while those of Al(NO3)3·9H2O varied
from 0.3 to 3 mmol L−1. The mixture was shaken ultrasonically until
carbon particles are completely dispersed in the reaction solution,
and dived into water bath to allow reaction at 50 ◦C for 48 h. The
sample was collected by suction filtration, washed repeatedly with
hot IEW and dried at 50 ◦C for 3 h. For comparison purpose, pure
�-Ni(OH)2/C composite was synthesized by the same procedure
without addition of Al solution.

The concentrations of Ni and Al contained in the composite or
parent solution were determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES, HORIBA Ltd., ULTIMA
2000). For the composite, 5 mg was ultrasonically dispersed into
50 mL of diluted HNO3 solution (0.26 mol L−1), and stored in the
oven at 50 ◦C for 48 h to allow dissolution of Ni and Al. The disper-
sion was then filtrated to remove carbon, and the filtrate was used
for the measurements as sample.

The nature of anionic species contained in the composites
was investigated by diffuse reflectance Fourier Transform infrared
spectroscopy (DRIFTS) using FT-IR 615 type Spectrophotometer
(JASCO), coupled with a diffuse reflectance attachment DR-600B
(JASCO). The crystalline structures of the composites were char-
acterized using X-ray diffractometer (Rigaku RINT-TTR/S2). The
surface morphologies were observed by field emission scanning
electron microscope (JEOL JEM-6335F) and high resolution trans-
mission electron microscopy (HRTEM, JEOL2010).

2.3. Electrochemical measurements

The positive electrode was fabricated as follows. 5 mg of com-
posite was mixed with 20 mg of 2 g cm−3 polyvinyl alcohol (PVA)
as binder to make a paste. The mixture was loaded into 1 cm × 1 cm
nickel mesh, dried under vacuum at 80 ◦C for 1 h and, then pressed
under a pressure of 20 MPa for 1 min using a programmed digi-
tal press (Sinto Digital Press, Japan). A 1.5 cm × 1.5 cm nickel mesh

was used as counter electrode whereas Ag/AgCl into saturated
KCl served as reference electrode. 6 mol L−1 KOH solution was
employed as an electrolyte. Galvanostatic charge–discharge and
cyclic voltammetry were operated on Voltalab (Radiometer Ana-
lytical S.A., PGZ402, France). Each cell was immersed into 6 mol L−1
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after KOH immersion. Furthermore, the KOH treated sample shows
narrow, sharp and more symmetrical peaks. These information
demonstrate that structural modifications have occurred during
the KOH treatment, leading to a more ordered structure [10].
ig. 1. XRD patterns of the as-prepared Ni–Al LDH/C composites at various Al con-
ents.

OH in an open circuit potential for 3 days prior to measure-
ents to allow anion exchange procedure. It was then activated

y charging and discharging at 5 C for 50 cycles. For the perfor-
ance test, the cell was charged at 1 C for 1.2 h and discharge to
mV for 1 h. Cyclic voltammetry measurements were conducted
t a scan rate of 1 mV s−1 versus Ag/AgCl after the performance
est. All the electrochemical measurements were carried out at an
mbient temperature.

. Results and discussion

.1. Analysis of the composite

The physical specifications of the as-prepared samples are sum-
arized in Table 1. It can be noticed that the Al ratio contained in

he composites is higher than the one in the reaction solution.

.1.1. XRD studies
XRD patterns of the as-prepared Ni–Al LDH/C composites at

arious Al contents are shown in Fig. 1. All the Al-doped samples
xhibit the same diffraction characteristics of Ni–Al LDH [10,13,42],
sostructural to �-Ni(OH)2·0.75H2O (JCPDS card # 38-715). No
eaks due to �-Ni(OH)2 was detected. The peak intensities increase
ith increasing Al content. This aspect appears with more accuracy

or the (0 0 6) reflection plane which coincides at the beginning (0
l%) with the graphite peak around 2� = 25◦, and then increased
nd shifted toward shorter 2� values, indicating an increase in the
nterlayer distance. The variation of the (0 0 3) interlayer distance
d0 0 3) and its peak relative intensity as a function of Al content is
lotted in Fig. 2. (d0 0 3) significantly increases with increasing Al3+
ontent up to 17.8% above of which further Ni substitution does not
fficiently affect the structure of �-Ni(OH)2 lattice. The (0 0 3) peak
elative intensity can be used to assess the degree of crystallinity of
he composite, the higher the intensity, the better the crystallinity
10]. The sample with 0 Al% exhibits the highest peak intensity.
Fig. 2. Variation of (0 0 3) interlayer distance and relative intensity as a function of
Al content.

The peak intensity of the LDH samples also increases with increas-
ing Al3+ content up to 17.8%, then it decreases with higher Al3+

content. In sum, LDH samples displayed a poor crystallinity for the
lower and higher Al3+ contents, while a better crystallinity could
be achieved for the sample 17.8 Al%. This result suggests that the
crystallinity of the composite does not depend on the Al3+ content
in the LPD process.

Typical XRD patterns of the 17.8 Al% composite as-prepared
and after 90 days of immersion in 6 mol L−1 KOH are depicted
in Fig. 3. The sample after 90 days showed similar features as
the as-prepared one. No peaks due to �-Ni(OH)2 was observed.
This indicates both an excellent stability and a high purity. The
as-prepared samples display broad bands in XRD patterns, which
confirms a poorly ordered structure. The asymmetric nature of
the (1 0 1) plane is an evidence of the formation of turbostatic
phase usually observed in �-Ni(OH)2 [43]. The peak intensities of
the as-prepared samples are higher than those of the immersed
ones, indicating that LDH with good crystallinity could be achieved
under current synthetic conditions. The interlayer distance calcu-
lated from the (0 0 3) reflection plane increased from 7.67 to 7.78 Å
Fig. 3. XRD patterns of the 17.8 Al% composites: (a) as-prepared, (b) after 90 days
of immersion in 6 mol L−1 KOH at ambient temperature.
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ig. 4. Diffuse reflectance FT-IR spectra of the Ni–Al LDH/C composites: (a) 17.8 Al%
s-prepared; (b) 17.8 Al% after 90 days of immersion in 6 mol L−1 KOH; (c) oxidized
arbon

.1.2. Infrared studies
Infrared spectra of the as-prepared and immersed samples are

hown in Fig. 4. For comparison purpose, the spectrum of the oxi-
ized carbon is also depicted. The spectrum of the as-prepared
amples (Fig. 4a) displays the following features: (i) in the region
f higher wavenumber (3600–3000 cm−1), the band at 3568 cm−1

s attributed to the free hydroxyl groups while the broad band
t 3430–3270 cm−1 represents the molecular vibration modes of
ydrogen-bonded hydroxyl groups and water molecules; (ii) the
road vibrations in the 1550–1100 cm−1are due to intercalated
nions ions; and (iii) the 800–530 cm−1 region contains adsorbed
pecies as well as M–O–OH bending vibrations [43–46]. The band
ith maximum peak at 1417 cm−1 is assigned to nitrates ions

ound to Ni metal in C2v symmetry while the one at 1361 cm−1

elongs to free nitrates ions (D3h symmetry) in the interlayer
allery. The possible presence of anions such as tetrafluoroborates
BF4

−) and/or tetrafluoroaluminates (AlF4
−) adsorbed on the exter-

al surface of the crystallinities cannot be neglected because they
re involved in the reaction mechanism of the deposition in the
PD process. Some of their characteristic frequencies, BF4

− (A1
77 cm−1; T2, 533 cm−1) and AlF4

− (A1 622 cm−1; T2, 760 cm−1)
47] may be overlapped or shadowed at 800–530 cm−1 while some
ther may take place at even lower wavenumber region beyond the
easured range [48]. In the later case, it is very difficult to find pre-

ise assignment of these species because they are combined either
o the lattice or to anions NO3

− or OH− [49]. With this consider-
tion, the band at 626 cm−1 could be attributed to the A1 mode
f AlF4

−. After 90 days, the free hydroxyl absorption at 3568 cm−1

emained unchanged while the broad band centered at 3400 cm−1
n the as-prepared spectrum vanished. The broad absorption in the
550–1100 cm−1 also disappeared, leaving small bands at 1509 and
361 cm−1. The band at 1509 cm−1 belongs to unknown species
erived from the oxidative pretreatment of carbon while the free
itrate band at 1361 cm−1 remained unperturbed. The intensity of
Fig. 5. High resolution TEM images of the as-prepared Ni–Al LDH/C composite con-
taining 17.8 Al% at different magnitudes: (a) 500 nm; (b) 50 nm.

the band at 1361 cm−1 considerably decreased, indicating a deple-
tion of the amount of free nitrates ions. In the lower wavenumber
region, the very strong absorption with maximum peak at 626 cm−1

disappeared, giving rise to a broad band with a maximum peak at
842 cm−1 assigned to �2 mode of the free NO3

− [50]. It is assumed
that this absorption contains bending mode of M–O–H along with
unknown species belonging to the oxidized carbon surface. These
results suggest that extra anions exist in the gallery space of the
as-prepared samples, and such an excess has been exchanged with
OH− ions upon immersion in KOH, leading to a more ordered struc-

ture [10]. The presence of extra anions is expected to obstruct the
proton diffusion during electrochemical processes.

Fig. 5 illustrates the HRTEM image of the as-prepared Ni–Al
LDH/C composite. Features in Fig. 5a appear as aggregates of thin
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ig. 6. Charge–discharge curves at 1 C rate of the electrodes with various Al contents.

rumpled sheet without definite shape, usually observed for turbo-
tatic materials [43,44]. The presence of carbon can be confirmed in
ig. 5b. The corresponding SEM image (see supporting information)
ndicates the same surface morphology as for samples prepared
sing different fluoride scavengers [34].

.2. Electrochemical properties

It is noteworthy to mention that the capacity in this study is
xpressed in milliampere-hour per gram (mAh gcomp

−1) of compos-
te rather than per gram of Ni because it is very difficult to determine

ith exactitude the amount of Ni contained in the composite due
o loss during the processing.

.2.1. Performance test
Fig. 6 shows the 15th charge–discharge curves at 1 C of the elec-

rodes containing 0, 8.6, 13.8, 17.8, 21.3 and 23.4 Al%. The electrode
ontaining 0 Al% presents a poor performance compared to all the
DH samples. This poor performance is probably caused by the
tructural transformation from �- to �-Ni(OH)2 occurred during
he conditionings and activation period. The discharge capacity of
80 mAh gcomp

−1 which is so close to the theoretical capacity of �-
i(OH)2 (289 mAh g−1) confirms this assumption. As it can be seen

n Fig. 6, all the LDH samples exhibit similar trends on the charging:
he electrode with 17.8 Al% shows a low and large voltage plateau,
ell separated from the oxygen evolution reaction at the end of

he charging. On the discharging process, electrodes containing
.6–17.8 Al% shows the same features: a single and flat discharge
lateau lying between 270 and 190 mV vs Ag/AgCl. Among them,
he electrode with 17.8 Al% presents the highest discharge voltage
lateau whilst the one with the lowest Al content (8.6 Al%) gives
he lowest discharge voltage plateau. However, the electrodes con-
aining 21.3 and 23.4 Al% show two discharge plateaus, indicating
he existence of two redox reactions.

The variation of the discharge capacity as a function of the Al
ontent is plotted in Fig. 7. The discharge capacity increases with
ncreasing Al content up to 17.8% and decreases. A discharge capac-
ty of 376.9 mAh gcomp

−1 could be achieved at 1 C for the electrode
ith 17.8 Al%, which corresponds to a number of exchanged elec-

ron of 1.3 per atom of Ni contained in a gram of composite. The
ncreased number of exchanged electron can be attributed to the
igh phase purity and good stability of the active materials, since
nly the �/� redox couples are involved in the charge–discharge

rocess. In such a system it is known that on discharging from
-NiOOH to �-Ni(OH)2, it is possible to exchange up to 1.6 elec-
rons. This is because the nickel atoms in �-NiOOH have an average
xidation state of 3.6 due to some nickel atoms found in a +4 oxi-
ation state [51]. Since the LDHs stabilize the �-nickel hydroxide
Fig. 7. Variation of the discharge capacities at 1 C as a function of Al content.

phase, cycling between the �-Ni(OH)2 and the �-NiOOH can occur
and more electrons can be exchanged [52]. The highest discharge
capacity obtained in this work is very close to that of 20.4% Al-
substituted �-Ni(OH)2 hollow spheres [53]. The feature in Fig. 7
has similar tendency as the one observed in Fig. 2 for the rela-
tive intensity of the (0 0 3) reflection plane, suggesting a correlation
between the performance and the crystallinity [10]. Therefore, the
higher performance of the electrode containing 17.8 Al% could be
attributed to the better crystallinity which basically depends on
the carbon content. This aspect is under investigations and it will
be discussed in a different work. Another hypothesis supporting the
good performance of the electrode with 17.8 Al% could be a better
balance between intercalated anions and water molecules within
the interlayer space of �-Ni(OH)2 lattice, which might be favorable
to the proton diffusion during charge–discharge processes [24,26].
The optimal Al content of 17.8% found in this work is so close to
those obtained within the range 18.3–20.4 Al% by different methods
[26,53–56].

The origin of the second discharge voltage plateau has been
investigated by several authors. Sac-Epée et al. [57] have demon-
strated that the second voltage plateau is directly linked to the
amount of �-phase present in the nickel oxyhydroxide electrode
(NOE) prior to its discharge. The authors also stated that the occa-
sional appearance of this phase in the electrode results from a poor
active material/current collector interface related to the electrode-
forming technology, or to secondary reactions that can lead to a
physical disconnection of the active material upon cycling. Elec-
trochemical impedance spectroscopy study of the second plateau
by Bardé et al. [58] has shown that the impedance becomes more
capacitive at the second plateau, implying that proton diffusion
is restricted. In our case; the appearance of two discharge volt-
age plateau for these electrodes with high Al3+ content is mainly
attributed to slower proton diffusion in these materials compared
to others. It is well known that the interlayer distance of �-Ni(OH)2
is much more higher than that of �-Ni(OH)2, which makes the
diffusion of H+ much easier. When the Al content increases, the
intercalated anions (such as NO3

− and CO3
2−) obstruct the H+

transport in the interslab, leading to a decrease of the diffusion coef-
ficient of proton [56]. The combination of a low charge plateau on
charging with the high discharge plateau on discharging, suggests

the sample with 17.8 Al% has smaller polarization during charge
and discharge [59].
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ig. 8. Cycle performance of Ni–Al LDH/C electrodes with various Al contents.

.2.2. Durability test
A short term cyclic performance of the electrodes has been

nvestigated by charging and discharging at 2 C for 80 cycles. The
volution of the discharge capacity as a function of the cycle num-
er is shown in Fig. 8. All the electrodes evolve in two steps. The
rst step consists of an increase of the discharge capacity up to
he maximum, which corresponds to the activation time. The sec-
nd step starts from the maximum value until the end of the cycle,
hich determines the discharge rate of the electrode. The varia-

ion of the discharge capacity at 2 C of the 80th cycle (75th for 0 Al%
ample) as a function of the Al content is illustrated in Fig. 9. The
ischarge capacity of the electrode with 17.8 Al% at the beginning is
he highest (360 mAh gcomp

−1). It rapidly increases and reaches its
aximum at the 8th cycle, then starts fading from the 20th cycle.
similar cycle performance was obtained for 20 Al% by Morishita

t al. [55]. The discharge capacity of the electrode with 13.8 Al%
tarts at 360 mAh gcomp

−1, reaches its maximum at the 50th cycle
nd ends up with a constant value of 376.7 mAh gcomp

−1. Such a
igh discharge capacity obtained at 2 C suggests that LPD-prepared
i–Al LDH/C can be used as high rate discharge electrode materials

57]. The electrodes with 21.3 and 23.4 Al% also display a simi-
ar behavior without any constant step; their discharge capacities
each the maximum at the 18th and 10th cycles for 21.3 and 23.4
l%, respectively, and start fading soon after. Finally, the sample

ith the lowest Al content shows the longest activation time (70th

ycle). Accordingly, it appears that in the range from 13.8 to 17.8
l% results in a good performance at both 1 and 2 C rates. This con-
titutes the optimal range of Ni2+ substitution by Al3+ in the LPD

ig. 9. Evolution of the discharge capacity at 2 C rate of the 80th cycle (75th cycle
or 0 Al%) as a function of Al3+ content.
Fig. 10. Charge–discharge curves at 2 C rate of Ni–Al LDH/C electrodes containing
13.8 and 17.8 Al%.

process. In the following study we focus on the range 13.8–17.8
Al%.

Fig. 10 shows the charge–discharge curves of the 80th cycle of
the electrodes containing 13.8 and 17.8 Al% at 2 C. All the electrodes
exhibit a similar tendency on the charging; a slightly slower and
higher oxygen evolution reaction for the electrode with 13.8 Al%
than that of 17.8 Al%. On the discharge, the electrode with 17.8
Al% maintains a better electrochemical response with a single flat
discharge voltage plateau, which is in good agreement with the
discharge behavior at 1 C rate. These information corroborate the
optimal range of 13.8–17.8 Al% for the LPD-prepared active mate-
rials, which is somewhat higher than the results obtained by Hu
and Noréus [24] for 10 Al% prepared by chemical precipitation.
Although Zhao et al. obtained a high discharge capacity at 0.1 C for
their sample containing 13.2 Al%, that sample was labile and eas-
ily converted to �-Ni(OH)2 in 6 mol L−1 KOH at 45 ◦C [53]. In most
of cases, electrodes made with active materials containing 10–15
Al% display poor performance because they are instable in strong
alkali. Therefore, the interval 18.3–20.4 Al% appears to be the suit-
able range of Ni substitution when the materials are prepared with
different methods [26,53–56]. This finding implies that the control
of the Al3+ content depends on the preparation method.

3.2.3. Cyclic voltammetry
Cyclic voltammograms of the electrodes containing 13.8

and 17.8 Al% measured at a scanning rate of 1 mV s−1 after

charge–discharge at 1 C are shown in Fig. 11. It can be seen that all
the voltammetric curves present similar trends; a unique couple of
anodic (oxidation) and cathodic (reduction) peaks is observed for
each electrode. The anodic peaks slightly increase towards a more

Fig. 11. Cyclic voltammograms of Ni–Al LDH/C electrodes containing 13.8 and 17.8
Al% measured at a scan rate of 1 mV s−1 after charge–discharge at 1 C rate.
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Table 2
Cyclic voltammetry numerical data of the electrodes obtained after
charge–discharge measurements at 1 C rate.

Samples Ea (mV) Ec (mV) �Ea,c (mV)
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[

[

[
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[
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[
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[
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[
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13.8 Al% 446.3 111.8 334.5
17.8 Al% 358.3 111.8 346.5

a, anodic potential; Ec cathodic potential; �Ea,c = Ea − Ec.

ositive potential with increasing Al3+ content from 13.8 to 17.8
l%, which is in good agreement with the charge–discharge behav-

or at 1 C. The CV numerical values are summarized in Table 2. �Ea,c,
efined as the potential difference between the anodic and cathodic
eaks, is used as a measure of the reversibility of the electrochem-

cal redox reaction: the higher the reversibility, the smaller �Ea,c

s [60]. However, in all the cases, �Ea,c is higher than the theoreti-
al value of 158 mV, which means that none of these electrodes is
eversible [61]. These voltammograms have similar trends as those
eported by Hu and Lei [62].

The overall performance of the LPD-prepared Ni–Al LDH/C com-
osite active materials presented in this work is very encouraging,
onsidering that this is the first time to apply such a new synthetic
oute to LDH materials. It is well known that the electrochemistry
f layered double hydroxides depends on various parameters such
s the effects of intercalated species, the degree of crystallinity,
rystal morphology, defects and additives which have influence
n the electrochemical properties [63]. Furthermore, the network-
oping metal cations can enhance the electronic conductivity of
he material, whereas introduction of interlayer anions can mod-
late its anionic conductivity [64]. All of these parameters are yet
o be understood. A better handling of the electrochemical prop-
rties requires the improvement of the preparation technique in
rder to reduce some complexities. This is the goal behind this
ork whose primary objective is to make Ni–Al LDH/C composite

ffective active materials for Ni-MH batteries.

. Conclusion

Ni–Al LDH/C composites have been successfully fabricated by
he LPD method using a mixed solution of {Al(NO3)3·9H2O and
3BO3} as F− scavenger. The as-prepared samples exhibited both
ood chemical and electrochemical stability. The cathode con-
aining 17.8 Al% displayed the highest performance at 1 C with a
ischarge capacity of 376.9 mAh gcomp

−1 corresponding to a num-
er of exchanged electron of 1.3. This high performance is mainly
ttributed to the good crystallinity. On the other hand, the elec-
rode with 13.8 Al% showed a better cycle performance at 2 C,
uggesting that LPD-prepared Ni–Al LDH/C can be used as high
ate discharge electrode materials. The Al content 13.8–17.8 Al%
onstitutes the optimal range of Ni2+ substitution by Al3+ in the
PD process. With further investigations, Ni–Al LDH/C composite
s projected as potential candidate for the positive electrode active

aterials of rechargeable nickel based batteries.
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