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a b s t r a c t

Transition metal oxides are extensively investigated as alternative anode materials for lithium ion batter-
ies owing to their high theoretical capacity. In this work, mesoporous nickel oxide nanostructure is syn-
thesized by a simple solution method without high calcination temperature. The sample is characterized
using X-ray diffraction, Fourier Transform Infra Red (FT-IR), Scanning Electron Microscopy, Transmission
Electron Microscopy, Nitrogen adsorption–desorption isotherm and surface pyridine adsorption. Large
surface area, nanosphere particles, mesoporous structure and surface lewis acidic and Brönsted sites
are confirmed. The electrochemical properties of mesoporous nanonickel oxide is investigated including
the cycling performance as anode material for lithium ion batteries. The results show that nanonickel
oxide has a high discharge capacity at 1 C, especially the first 5 cycles, compared to previous studies at
low rates (0.035 and 0.14 C) with the same material. Also, nanonickel oxide shows good efficiency
through charge–discharge cycles. All results and data are correlated and discussed.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs), a fast–developing technology in
electric energy storage, are the dominant power sources for a wide
range of portable electronic devices [1–3]. Great efforts are under-
way to develop new electrode materials and new technologies for
next generation of LIBs. Recently, transition metal oxides (such as
Co3O4, Fe3O4 and NiO) have been extensively investigated as alter-
native anode materials for LIBs [4–8]. NiO has attracted a consider-
able attention due to its high theoretical capacity (718 mA h g�1),
low cost, natural abundance and environmental friendliness.

It is well known that physical and chemical phenomena can be
vastly different in a nanomaterial compared to those observed in
its bulk state. This point is clearly illustrated in the transition metal
oxide (MO) system (M = Fe, Co, Cu, Ni) by considering the applica-
bility of these materials to Li-ion batteries. In this system, the reac-
tion of the MO with lithium results in the formation of the reduced
metal and Lithia (Li2O). It had long been reported that bulk Li2O
was electrochemically inactive and therefore unable to be decom-
posed. However, the manufacturing nanostructured MO precur-
sors, the resultant Li2O is also nanostructured and may be
decomposed [4,9] and can allow the reaction of nanostructured
MOs with lithium to be made completely reversible and meant
that these materials have received significant attention as possible
candidates for use in Li-ion batteries.

In this work, we successfully prepared mesoporous nickel oxide
nanospheres with large surface area. This material showed us a
good initial discharge capacity performance, especially at 1 C rate,
with a comparison to recent reported performances of the same
material.

2. Experimental work

2.1. Synthesis

Aqueous solutions of NiSO4 (Fluke, purity 98%) and urea (Merk, purity 99%)
were mixed together, adjust pH with diluted ammonia solution to equal 8. Then
the above mixture was added into a glass reacting vessel and sealed. The reaction
was carried out with magnetic stirring and the temperature was maintained at
95 �C. After 6 h., the reaction was stopped by cold water. Finally, alight green sed-
iment was formed. The precipitate was washed with distilled water and acetone for
three times, respectively, to remove the possible absorbed ions. After drying at
75 �C for 12 h, the precursor was heated in air at 350 �C for 1 h to obtain NiO
powder with absolute dark color.

2.2. Characterization

X-ray diffraction analysis was performed on a Diano (made by Diano Corpora-
tion, USA.) with Cu-filtered Cu Ka radiation (k = 1.5418 Å) energized at 45 kV, and
10 mA. The sample was measured at room temperature in the range from 2h = 2�
to 80�. The XRD phases present in the sample were identified with the help of ASTM
Powder Data Files.

The infrared spectrum of the sample was recorded in the range of 400–
4000 cm�1 using a Brucker-FTIR. The morphology of sample was examined using
field emission scanning electron microscope (SEM, JEOL) and transmission electron
microscope (TEM, JEOL-2010) operated at an accelerating voltage of 200 kV.
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The surface acidity was determined by pyridine adsorption. The sample was
activated for 1 h at 200 �C, and then exposed to pyridine at room temperature as
follows: 2 drops of pyridine were added to 0.1 g of sample and was left to 116 h,
and then the adsorbed pyridine was determined using infrared spectroscopy.

Surface area and porosity of the sample was determined by measuring
Brunauer–Emmett–Teller (BET) nitrogen adsorption–desorption isotherm using
volumetric method with a Micromeritics ASAP2020 apparatus.

2.3. Electrochemical measurements

For setting up the experimental cell, NiO powder (75 wt.%) was mixed with car-
bon black (10 wt.%), graphite (10 wt.%) and PVDF (5 wt.%) in presence of n-meth-
ylpyrrolidinone to make the mixture homogeneous and then the mixture was left
on a hot plate for 3 h. to evaporate the homogeneity material. After that, a certain
weight of the powder was coated onto a cupper foil and some drops of n-meth-
ylpyrrolidinone were added again and then the powder was dried under vacuum
for 30 min at 120 �C. In a glove box under argon atmosphere, the cell was con-
structed as coin-type cells. A porous polypropylene film was used for separating
the cathode and a lithium metal anode, and a mixture of 1M LiPF6-ethylene carbon-
ate/dimethyl carbonate (1:1, v/v, Merck) was used as the electrolyte. The cells were
galvanostatically charged and discharged using EG&G Electrochemical analyzer
(Model-6310) in the scan rate of 1 mV s�1 to perform charge–discharge processes
for the assembled battery. The charge–discharge processes were performed at a
voltage between 0 and 3 V and a rate of 1 C.

3. Results and discussions

X-ray diffraction pattern of investigated NiO is shown in Fig. 1.
The observed indexed peaks are fully matched with the corre-
sponding pure cubic NiO (JCPDS 47-1049) [10]. The peaks observed
in the pattern at 2h = 37.1�, 43.3� and 62.8� are assigned to the
(111), (200), and (220) crystal planes, respectively. Moreover,
no peaks for any impurities such as a-Ni (OH)2, b-Ni (OH)2, or other
phases were observed in the pattern. It is well known that, the dif-
fraction peaks are broader and have weaker intensity when the
size of particle is decreased to the extent. The average crystallite
size of the prepared NiO sample was calculated by Scherrer’s
Formula [11]

dXRD ¼ kk=bcosh ð1Þ

where k is a shape factor which is taken to be 0.9, k is the wave-
length of X-ray (0.1789 nm), b is the full width at half maximum
(FWHM) and h is the diffraction angle. The obtained crystallite size
is found to equal 3 nm.

FT-IR spectrum of nanoNiO is shown in the 4000–400 cm�1 re-
gion, Fig. 2. The figure showed a peak appearing at �422–
616 cm�1. It was assigned to the Ni–O stretching of the octahedral
NiO groups in the face center cubic [12]. The peaks observed at
3340 and 1645 cm�1 are assigned to the existence of water [13].
Also, the peak observed at 2385 cm�1 is assigned to CO2 in air [13].

Fig. 3a shows the typical SEM image of nanoNiO. It shows
agglomerated nanoparticles with spherical shapes. Usually, spher-
ical shapes are formed because the nucleation rate per unit area is
isotopic at the interface between the NiO nanoparticles, which the

driving forces for Ostwald ripening. This produces a minimization
in the surface free energy by the reduction of total surface area/vol-
ume, results in the equivalent growth rate along different
directions of the nucleation because the sphere has the smallest
surface area per unit volume of any shape.

Fig. 3b shows the TEM image of porous nanoNiO. It can be seen
that the nanoparticles have different diameters with average value
around 5 nm.
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Fig. 1. XRD pattern of nanoNiO.
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Fig. 2. FT-IR spectrum of nanoNiO.

 Grain diameter

A

B

Fig. 3. (a,b) SEM and TEM images of nanoNiO, respectively.
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The textural properties of nanoNiO sample were further inves-
tigated by nitrogen adsorption–desorption isotherm as shown in
Fig. 4. The specific surface area was calculated using BET method
and found equals 230 m2/g. Also, the total pore volume and aver-
age pore radius were 0.248 ml/g and 10 nm, respectively.

Fig. 5, Vads against t (thickness in angstrom) plot, reveals the
mesoporosity character, as indicated by upward deviation from
the initial straight line which passes through the origin. This means
a formation of adsorbed multilayer at some pressures argumented
by capillary condensation in wide pores of the sample.

In order to further investigate the nature of NiO surface, FT-IR
spectrum of adsorbed pyridine was performed on nanoNiO at
25 �C to investigate the surface sites, Fig. 6. The spectrum displays
two main bands. Strong broad bands appearing at 1635 cm�1 and
1465 cm�1 are indicative for the formation of Brönsted pyridine
species (Bpy) and Lewis pyridine (Lpy) ones, respectively [14].

In order to investigate the lithium storage capacities of porous
NiO nanospheres, galvanostatic charge/discharge cycling at a cur-
rent density of 1 C was determined, Fig. 7. The figure showed that
the first charge and discharge capacities of nanoNiO have high val-
ues of 782.9 mA h g�1 and 1070.3 mA h g�1 at 1 C, respectively. The
capacity retention through the first five cycles is good as the value
of capacity for charge and discharge is 580 mA h g�1 and 600
mA h g�1 for the fifth cycle, respectively. This sample with its tex-
tural properties has a good performance through the first 5 cycles
compared to the previous reported performances of NiO nano-
spheres [15], NiO hollow microspheres [16] and NiO nanotube
[17] that showed a good discharge capacity, but at low current
rates (0.035–0.14 C), Table 1. A comparison of the electrochemical
properties of mesoporous NiO nanospheres with recent studies is
shown in Table 1. This means that several factors such as surface
area, particle size and structure stability are competing with each
other, which may affect the Li-ion storage performance [18–20].
Also, In the previous reports, Zhu et al. summarized that the opti-
mal grain size, crystallinity and morphology codetermined the
property of anode material [19]. Yan et al. also reached a similar
conclusion and further pointed out that well – crystalline material
could maintain the nanocrystallite size and activate the decompo-
sition of Li2O, thus increasing the discharge capacity [18]. Also, as
we all know, the diffusion length for lithium ion and electron is
especially important for cycling [15]. The small particle size can re-
duce the mean Li diffusion pathways and increase the contact sur-
face area between the anode and the electrolyte [21]. These effects
can promote faster ionic transport and contribute to faster charge–
discharge processes in secondary lithium batteries [22]. Also, it is
well known that a large surface area is important for the improve-
ment of reaction performance, in terms of the introduction of lith-
ium ions through the nickel oxide surface. The capacity and affinity
will be greatly enhanced when the surface area is high, since the

diffusion lengths of the lithium ions are greatly shortened [23].
Therefore, the materials with the smaller size and highest surface
area would exhibit the highest discharge capacity [24].

Moreover, the porous structure with large surface to volume ra-
tio and short diffusion length for lithium intercalation can lead to
superior cycling and rate performance of electrode materials
[25,26]. For our investigated sample, the mesoporous structure
confirmed by TEM and Vads–t plot provides a space for the volume
expansion during lithiation. Moreover, theses grains enlarge and
adhere together to form a compact layer, which have a high stabil-
ity and preserve the integrity of the structure.

The porous structure can not only benefit the diffusion of solid
state Li-ion [27–31], but also accommodate volume changes of
charge/discharge process to maintain the structure integrity
[32,33].

This improved cycling at 1 C rate compared to recent perfor-
mance at low rates can be attributed to the large surface area
(230 m2 g�1), the small particle size (3 nm), and the mesoporous
structure [34].

In addition to what mentioned above, the lewis and Brönsted
acidic sites confirmed by pyridine adsorption may also participate
in improving the interaction of Li ion with nanonickel oxide
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Fig. 4. Adsorption–desorption isotherm of nanoNiO.
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Fig. 5. V–t plot for nanoNiO.
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Fig. 6. FT-IR spectrum of adsorbed pyridine on nanoNiO.
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Fig. 7. Charge–discharge capacity against cycle number for nanoNiO sample at 1 C
rate.
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surface. This can be discussed as the nanoparticles of NiO gets in
contact with their neighbors, to finely form a continuous interpen-
etrating structure. The positive space charge layer of the individual
particles caused by those sites overlap to form a continuous net-
work of favorable diffusion pathways with short length resulting
in an improvement of Li interaction with NiO surface through the
discharge reaction and as a result showing a good discharge
capacity.

At the same time, the efficiency behavior of nanoNiO through
charge–discharge processes confirmed that nanoNiO sample has
a good efficiency, Fig. 8. It shows that efficiency of the first cycle
was 73% and then increased to show almost stable values till the
last cycle that showed a value of 98%. The extra capacities are
mainly due to the decomposition of non-aqueous electrolyte dur-
ing the discharge process [35].

Fig. 9 shows the charge–discharge curves for all cycles. It gener-
ally shows that charge–discharge curves present similar behaviors.
The initial discharge curve shows a clear potential plateau at
around 0.6 V followed by a sloping curve, which corresponds to
the following reaction [15]:

NiOþ 2Li! Niþ Li2O ð2Þ

The slopping part at the end of the discharge curve (between 0.6
and 0 V) is corresponding to the formation of a solid electrolyte
interface layer [36,37]. The slop in the other discharge curves is a
round 1.4 V.

Also, there are two slops a round 1.6 and 2.3 V in each charge
curve which corresponding to the dissolution of the organic solid
electrolyte interface layer [35,38] and the charge reaction Ni + Li2-

O ? Ni + 2LiO [15], respectively.
Fig. 10a,b shows the charge–discharge voltage and current ver-

sus time for NiO/Li cell. The figures reflected the regular and stable
behavior for each voltage and current with time for all charge–dis-
charge cycles.

4. Conclusions

Pure NiO was prepared using a solution method without high
calcination temperature. The sample was characterized using dif-
ferent techniques like X-ray diffraction, FT-IR, SEM, TEM, nitrogen
adsorption–desorption and surface pyridine adsorption. Character-
ization techniques showed that NiO has pure cubic structure with
small particle size (3 nm), nanosphere shape, large surface area
(230 m2 g�1) with mesoporous structure and lewis acidic and
Brönsited sites. Electrochemical tests at rate of 1 C showed that
this sample has a good discharge capacity especially for the first
5 cycles compared to previous recent studies. The sample delivered

Table 1
Comparison of the electrochemical properties of mesoporous nanoNiO.

Sample Particle size (nm) Current
density (C)

Potential
range (V)

Initial capacity
(mA h g�1)

Capacity retention
(mA h g�1)

References

NiO nanosphere 3 nm 1 0–3 1070.3 600 after 5 cycles This work
NiO nanosphere 5–10 nm 0.14 0–3 1220 900 after 5 cycles [15]
NiO nanotube Wall thickness = 20–30 nm 0.035 0.025–3 600 305 after 5 cycles [17]
NiO hollow microsphere 200 nm 0.14 0–3 700 690 after 5 cycles [16]
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Fig. 8. Cycle number dependence of efficiency for nanoNiO sample.
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Fig. 9. Galvanostatic lithium insertion/extraction curves of NiO electrode between
0 and 3 V at a current density of 1 C.

Fig. 10. Time dependence of (A) potential and (B) current for nanoNiO sample.
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initial discharge and charge capacities of 1070.3 and 782.9
mA h g�1, respectively. Also, it showed a good efficiency and regu-
lar and stable behavior for each potential and current with time
through cycles of charge and discharge. This improved electro-
chemical behavior at 1 C compared to the previous recent studies
at low current rates can be attributed to the large surface area with
mesoporous structure and lewis acidic and Brönsited sites.
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