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a b s t r a c t
Nanostructured nickel ferrite doped with cobalt is synthesized by co-precipitation method. The sample is
characterized using X-ray diffraction, Fourier Transform Infra Red and Transmission Electron Microscope. Speciﬁc
surface area and porosity analysis are performed through Brunauer–Emmett–Teller (BET) nitrogen adsorption–
desorption isotherms. The magnetic properties are also studied. Spinel cubic structure with nanoparticles and
porous surface is conﬁrmed. The electrochemical properties of the nanostructured spinel are investigated
including the cycling performance as anode material for lithium ion batteries. The results show that the sample
has a high discharge capacity, especially the ﬁrst ﬁve cycles, at current density of 2.43mA/cm2 compared to recent
performances reported at low current density (0.2 mA/cm2) for pure and composite of nanonickel ferrite. All
results and data are correlated and discussed.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Owing to the high operating voltage, high energy density, low self
discharge rate and long service life, rechargeable lithium-ion batteries
(LIBS) are extremely promising power sources for various electronic
devices [1–5]. However, the performance of rechargeable LIBS strongly
depends on electrode materials, and the hunt for nanostructured high
performance LIBs electrode materials remains the main research
objectives [6–10]. Recently, nanostructured Fe-based ferrites with higher
speciﬁc capacities have been explored as anode material in LIBs.
Unfortunately, the batteries using such materials display low discharge
capacity especially at high current density. As a number of Fe-based
ferrites, NiFe2O4 have displayed a good electrochemical behavior and a
high theoretical capacity (914 mAh/g) [11]. The high discharge capacity
and cycle life at high current density are still the important and basic
goal for these electrodes working in lithium batteries. The metal doping
of such nanonickel ferrites structures is still not used enough to improve
the electrochemical properties of nickel ferrite, especially the high
discharge capacity value and cycle life stability at high current density.
In this work, we try to use Co-doped nanonickel ferrite to retain a high
discharge capacity value with good cycle life at high current density.

deionized water. This mixture was co-precipitated with urea at 90 °C
under constant stirring. The precipitate was ﬁltered and washed several
times with deionized water to get rid of the nitrates; ﬁnally the mixture
was dried in an oven overnight at 120 °C. The precursor was calcined at
600 °C for 4 h.
2.2. Characterization
X-ray diffraction analysis was performed on a Diano (made by Diano
Corporation, U.S.A.). The pattern was run with Cu-ﬁltered CuKα radiation
(λ=1.5418Å) energized at 45 kV, and 10mA. The sample was measured
at room temperature in the range from 2θ = 10 to 80°. The XRD planes
present in the sample were identiﬁed with the help of ASTM Powder
Data Files. The infrared spectra of the sample were recorded in the
range of 350–3850 cm−1 using a Brucker-FTIR. The morphology of
sample was examined using transmission electron microscope (TEM,
JEOL-2010) operated at an accelerating voltage of 200kV. Speciﬁc surface
area and porosity analysis for the sample was performed through
measuring Brunauer–Emmett–Teller (BET) nitrogen adsorption–desorption isotherm with a Micromeritics ASAP2020 apparatus. The magnetic
measurement was carried out at room temperature by a VSM (Vibrating
Sample Magnetometer, BHV-55) technique.

2. Experimental
2.1. Synthesis
Nickel, cobalt and iron nitrate were taken in a 0.5: 0.5:2 mole ratio
(molarity of Fe3+ is doubled that of divalent cations) and dissolved in
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2.3. Electrochemical measurements
To set up the experimental cell, Ni0.5Co0.5Fe2O4 powder (75 wt.%,
21.25 mg/cm2) was mixed with carbon black (10 wt.%), graphite
(10 wt.%) and PVDF (5 wt.%) in the presence of n-methylpyrrolidinone
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
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Fig. 1. XRD pattern of nanoNi0.5Co0.5Fe2O4.
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Fig. 2. FTIR spectrum of nano Ni0.5Co0.5Fe2O4.

certain weight of the powder was coated onto cupper foil and some
drops of n-methylpyrrolidinone were added again and then the powder
was dried under vacuum for 30min at 120°C. In a glove box under argon
atmosphere, the cell was constructed as coin-type cells. A porous
polypropylene ﬁlm was used for separating the cathode and a lithium
metal anode, and a mixture of 1 M LiPF6-ethylene carbonate/dimethyl
carbonate (1:1, v/v, Merck) was used as the electrolyte. The cell was
galvanostatically charged and discharged using EG&G Electrochemical
analyzer (Model-6310) in the scan rate of 1 mV/s to perform charge–
discharge processes for the assembled battery. The charge–discharge
processes were performed at a voltage between 0.1 and 3 V and a
current density of 2.43 mA/cm2, the current density was calculated by
dividing the applied current of 1 C by the surface area of the used coated
Cu-foil.

is the Scherrer constant, λ is the X-ray wavelength, β is the full-width
at half of peak and θ is the corresponding Bragg angle. The calculated
average crystallite size was found to equal to 76 nm.
FTIR bands of solid are generally assigned to clarify vibration of ions
of tetrahedral and octahedral complexes of spinel structures [14]. Fig. 2
shows the FTIR spectrum of the powder. Three sharp characteristic

3. Results and discussion
Fig. 1 shows the room-temperature XRD pattern of as-prepared
Ni0.5Co0.5Fe2O4. The presence of lattice planes, (220), (311), (222),
(400), (422), (511) and (440), which indexed to nickel ferrite [12]
conﬁrms the formation of spinel cubic structure (JCPDS ﬁle No. 862267, Fd-3 m). No peaks of impurities can be observed, conﬁrming the
purity of sample. The particle size was calculated using Scherrer's
formula, D = 0.89 λ / β cos θ [13], where D is the crystallite size, 0.89

Fig. 3. TEM of nanoNi0.5Co0.5Fe2O4.
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Fig. 4. N2 adsorption/desorption isotherm curve of nanoNi0.5Co0.5Fe2O4 and Barrett–Joyner–Halenda (BJH) pore size distribution plot (inset).

absorption bands can be clearly seen. The bands at 3438 and 1647cm−1
are assigned to the OH vibrations of the adsorbed H2O [14]. The
absorption band at 590 cm−1 corresponds to stretching vibration of
tetrahedral groups Fe–O [14]. Also, this absorption band is a
characteristic of inverse spinel ferrites [15,16].
Fig. 3 shows TEM image of Ni0.5Co0.5Fe2O4. The image showed
aggregated nanosphere particles with porous structure produced by

the assembly of small particles among the agglomerated. The
aggregation of these particles is caused by the intrinsic magnetic
characteristic of NiFe2O4.
Usually, spherical shapes are formed because the nucleation rate per
unit area is isotopic at the interface between the Ni–Co ferrite magnetic
nanoparticles, which is the driving force for Ostwald ripening. This
produces a minimization in the surface free energy by reduction of

M (emu/g)

Ni0.5Co0.5Fe2O4

NiFe2O4

H (Oe)
Fig. 5. Magnetic hysteresis loops of nanoNiFe2O4 and Ni0.5Co0.5Fe2O4 samples.
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Table 1
Comparison of the electrochemical properties of nanoNi0.5Co0.5Fe2O4.
Sample

Particle size (nm)

Current density (mA/cm2, C)

Potential range (V)

Initial capacity (mAh/g)

Capacity retention (mAh/g)

References

Ni0.5Co0.5Fe2O4
NiFe2O4
NiFe2O4
NiFe2O4/C

76 nm
21–125 nm
5–15 nm
50–100 nm

2.43
0.2
0.2
1/8 C

0.1–3
0–3
0–3
0.01–3

1100
1400
1314
1250

720 after ﬁve cycles
830 after ﬁve cycles
709 after three cycles
810 after ﬁve cycles

This work
[12]
[18]
[11]

Table 2
Values of lattice parameter a and X-ray density for nano NiFe2O4 and Ni0.5Co0.5Fe2O4 samples.
Sample

a (Å)

density (g/cm3)

NiFe2O4
Ni0.5Co0.5Fe2O4

8.334
8.366

5.4
5.3

Table 3
Values of saturated magnetization (Ms, emu) and coercivity (Hc, Oe) for nano NiFe2O4 and
Ni0.5Co0.5Fe2O4 samples.
Sample

Ms (emu)

Hc (Oe)

NiFe2O4
Ni0.5Co0.5Fe2O4

29.7
48.8

325
340

total surface area/volume, which 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.
The textural properties of nanoNi0.5Co0.5Fe2O4 were further investigated by nitrogen sorption and desorption isotherms and corresponding pore size distribution (inset) is shown in Fig. 4. It can be seen
that the speciﬁc surface area is calculated using BET method and is
determined to be 25 m2/g. The pore size distribution reveals a mean
pore radius of 9.37 Å. Also, the pore volume was determined to be
0.182 cc/g.
The magnetic properties of nanoNi0.5Co0.5Fe2O4 were also characterized and compared to a pure nickel ferrite (NiFe2O4) sample
prepared with the same method (Fig. 5) to show the effect of Ni
substitution by cobalt during the conversion reaction in the electrochemical characterization. Fig. 5 showed that Co-doping enhanced
both values of saturated magnetization (Ms) and coercivity (Hc)
compared to the undoped sample. The values of Ms and Hc are listed
in Table 3.

The enhancement of magnetic parameters can be attributed to the
high magnetic moment of cobalt compared to nickel. This enhancement
may play a role in enhancing the electrical contact and keep integrity
during the conversion reaction of the electrochemical cell as will be
seen later.
Fig. 6 shows typical charge–discharge curve at 2.43 mA/cm2 current
density. The initial discharge curve shows a clear potential plateau at
around 0.6 V. This plateau corresponds to the following proposed
reaction [17]:
þ

−

Ni0:5 Co0:5 Fe2 O4 þ 8Li þ 8e →0:5Ni þ 0:5Co þ 2Fe þ 4Li2 O:

The slopping part at the end of the discharge curve (between 0.6 and
0 V) corresponds to the formation of the solid electrolyte interface.
Also, there is a one slop around 1.6 V in each charge curve which
corresponds to the following charge reaction:
þ

−

0:5Ni þ 0:5Co þ 2Fe þ 4Li2 O→Ni0:5 Co0:5 Fe2 O4 þ 8Li þ 8e :

ð2Þ

It is observed from literature [12] that the value of NiFe2O4 cathodic
reaction voltage is shifted due to cobalt doping or/and particle size from
0.4 to 0.6 V.
In order to investigate the lithium storage capacities of porous
Ni0.5Co0.5Fe2O4 nanospheres, galvanostatic charge/discharge cycling
at a current density of 2.43 mA/cm2 was determined (Fig. 7). The
ﬁgure showed that the ﬁrst charge and discharge capacities of
nanoNi0.5Co0.5Fe2O4 have high values of 820 mAh/g and 1100 mAh/g,
respectively. The capacity retention through the ﬁrst ﬁve cycles is
good as the value of capacity for charge and discharge is 700 mAh/g
and 718 mAh/g for the ﬁfth cycle, respectively. This sample has a
good performance through the ﬁrst ﬁve cycles compared to the
previous reported performances of pure and composite of nickel ferrite
such as NiFe2O4 nanospheres [12], NiFe2O4 nanoquadrate [18] and
nanoNiFe2O4/C [11] that showed a good discharge capacity at low
current density (0.2 mA/cm2, 0.2 mA/cm2 and 1/8 C, respectively),

Charge
Potential vs. (Li/Li+)/V

ð1Þ

Discharge

Capacity (mAh/g)(-)
Fig. 6. Galvanostatic lithium insertion/extraction curve of Ni0.5Co0.5Fe2O4 electrode between 0.1 and 3 V at a current density of 2.43 mA/cm2.
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Fig. 7. Charge–discharge capacity against cycle number for nanoNi0.5Co0.5Fe2O4 sample at a current density of 2.43 mA/cm2.

respectively, Table 1. A comparison of the electrochemical properties of
nanoNi0.5Co0.5Fe2O4 with the recent studies is shown in Table 1. Several
factors such as surface area, particle size, and structure stability are
competing with each other, which may affect the Li-ion storage
performance [19–21]. Also, in the previous reports, Zhu et al.
summarized that the optimal grain size, crystallinity and morphology
codetermined the property of anode material [20]. Yan et al. also
reached a similar conclusion and further pointed out that wellcrystalline material could maintain the nanocrystallite size and activate
the decomposition of Li2O, thus increasing the discharge capacity [19].
Also, as we all know, the diffusion length for lithium ion and electron
is especially important for cycling [22]. The small particle size can
reduce the mean Li diffusion pathways and increase the contact surface
area between the anode and the electrolyte [23]. These effects can
promote faster ionic transport and contribute to faster charge–
discharge processes in secondary lithium batteries [24]. Also, it is well
known that a large surface area is important for the improvement of
reaction performance, in terms of the introduction of lithium 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 [25]. Therefore, the
materials with small particle size and high surface area would exhibit
the highest discharge capacity [26].
Moreover, the porous structure with large surface to volume ratio
and short diffusion length for lithium intercalation can lead to superior
cycling and rate performance of electrode materials [27,28]. For our

investigated sample, the pore structure conﬁrmed by TEM provides a
space for volume expansion during lithiation. Moreover, these grains
enlarge and adhere together to form a compact layer, which have high
stability and preserve the integrity of the structure.
Also, the porous structure can not only beneﬁt the diffusion of solid
state Li-ion [21,29–32], but also accommodate volume changes of
charge/discharge process to maintain the structure integrity [33,34].
In addition to what was mentioned above, the doping process using
cobalt can cause an expansion of the lattice crystal conﬁrmed by
increasing the values of lattice parameter a and X-ray density for
doped ferrite compared to the pure one (Table 2). This expansion could
provide more lattice space for lithium intercalation/deintercalation and
enhance the diffusion of lithium ion, and further improves the reversible
capacities and cycling performance of Ni0.5Co0.5Fe2O4 [35].
At the same time, the efﬁciency behavior of nanoNi0.5Co0.5Fe2O4
through charge–discharge processes conﬁrmed that the sample has a
good efﬁciency (Fig. 8). It shows that the efﬁciency of the ﬁrst and last
cycles was 74.5% and 97%, respectively. The extradischarge capacities
are mainly due to the decomposition of non-aqueous electrolyte during
the discharge process [36].
4. Conclusions
Ni–Co spinel ferrite was prepared using co-precipitation method.
The sample was characterized using different techniques like X-ray
diffraction, FTIR, TEM and nitrogen adsorption/desorption isotherms.
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Fig. 8. Cycle number dependence of efﬁciency for nanoNi0.5Co0.5Fe2O4 sample.

35

Author's personal copy
252

E.M. Masoud / Solid State Ionics 253 (2013) 247–252

Characterization techniques showed that Ni0.5Co0.5Fe2O4 has pure
spinel cubic structure with particle size equal to 76 nm and nanosphere
shape with porous structure. Electrochemical tests at current density of
2.43 mA/cm2 showed that the sample has a good discharge capacity,
especially for the ﬁrst ﬁve cycles, compared to recent previous studies.
The sample delivered initial discharge and charge capacities of 1100
and 820 mAhg−1, respectively. The improved electrochemical behavior
at 2.43 mA/cm2 compared to recent studies at low current density can be
attributed to the doping effect, nanoparticle size, and porous structure.
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