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Abstract: Nickel ferrite and related materials have recently received considerable attention as potential anode in lithium-ion
batteries for their high theoretical specific capacities. To overcome low intrinsic electronic conductivity and large volume expansion
during the Li insertion/extraction process, in this work, nano-NiFe,O, pinning on the surface of the graphite composite was prepared
by a hydrothermal method. As the superior anode material, the as-obtained nano-NiFe,O./graphite composite demonstrates high
capacity and excellent cycle stability. An initial specific discharge capacity of approximate 1478 mAh g™ and a reversible specific
capacity of approximate 1109 mAh g™ after 50 cycles at a current density of 100 mA g™ are reached. When the charging current is
increased to 1000 mA g™, it also delivers a charge capacity of 750 mAh g™. The excellent performances are attributed to the special
structure of NiFe,O4 nanoparticles pinning on the surface of the graphite, especially the enhanced electronic conductivity and area

specific capacitance during the cycling process.
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Lithium-ion batteries have been considered as the most
promising power source for electric vehicles (EVs), hybrid
electric vehicles (HEVs) and mobile electronic devices. Among
different anode materials, graphite is the conventional anode
material for commercial lithium-ion batteries owing its low
price, high conductivity, and high reversibility!™!. However,
commercial graphite has already reached its theoretical limit
(372 mAh g™, which restricts its further application in
high-power systems such as EVs and HEVs™®. Therefore,
much attention has been paid to explore excellent alternative
anode materials with high capacity, excellent cycling stability
and rate capability.

Recently, many transition-metal oxide nanostructures,
including Fe,0,"®, Fe,0,%* and NiO™*, especially spinel
transition-metal oxides ZnFe,0,**”, NiFe,0,*® and
NiC0204[21] have been extensively investigated due to their

Received date: May 25, 2016

higher theoretical reversible capacities (~1000 mAh g™). It is
well known that nanostructured materials can provide short
diffusion pathways for lithium-ions, resulting in high rate
capabilities. Among these oxides, nanostructured NiFe,O, has
been studied as a potential alternative anode because of its high
theoretical capacity, low cost and low environmental impact.
However, the large volume changes of the nickel ferrite anode
during the continuous charge/discharge processes would lead to
a poor capacity retention™®. Particularly, such nanoparticles
are likely to aggregate into larger particles that are pulverized
again after long cycles, ultimately leading to rapid capacity
fading. On the other hand, nanoparticles provide a large surface
area over which a thick SEI layer can be formed easily and
continuously with each charge/discharge cycle, resulting in a
fast decline of reversible capacity.

Currently, a variety of nanostructures have been exploited
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for the purpose of increasing the cycling stability of ferrite
electrodes, such as nanofibers structures™, metal oxide/
carbon  composites’®?!!,  mesoporous  structures®™?!, and
inactive/active composites”’?®. Among them, the nano-
structured material/graphite composites may not only provide
outstanding electron-conducting and ion-pathways, but also
alleviate the mechanical stresses induced by the severe volume
expansion during the cycling process”?. To the best of our
knowledge, the influences of graphite modification on the
characteristics of the NiFe,O, have not been reported yet. In
this study, we reported a one-pot facile method to synthesize
nano-NiFe,0,/graphite composite with outstanding electro-
chemical performance. The experimental results show that the
NiFe,O, nanoparticles are uniformly coated on the surface of
stable graphite, which exhibit outstanding reversible capacity
and cycling performance.

1 Experiment

The nano-NiFe,O, was synthesized by a one-pot hydro-
thermal method. In a typical process, 8.66 g FeCl; 6H,0, 3.81
g NiCl,.6H,0, 10 g NH,Ac, and 5 g citric acid were dissolved
in 150 mL ethylene glycol with stirring for 1 h rapidly.
Subsequently, the obtained precursor solution was transferred
into the autoclave and heated to 200 <T for 24 h to get the
precipitate. Then the resulting power was calcinated in an
alumina crucible under N, atmosphere at 600 <C for 10 h and
the nano-NiFe,0, was obtained (sample 1). If 0.44 g graphite
was added into the previous precipitate, mixing uniformity and
the mixture was calcinated at 600 <€ for 10 h in N,, the
nano-NiFe,0,/graphite composite was synthesized (sample 2).
For comparison, 0.44 g graphite and other reactants were
together dissolved in 150 mL ethylene glycol with stirring for 1
h, and the resulting solution was transferred into the autoclave
and heated to 200 <T for 24 h. Finally, the precipitate was
calcinated at 600 € for 10 h in N, and the nano-
NiFe,O,/graphite composite was also fabricated (sample 3).

Samples were characterized by XRD (XRD, PANalytical X’
Pert PRO, Cu Ka, A=0.154 06 nm). The laser Raman
spectroscopy was investigated by an inVia (RENISHAW) laser
Raman microscope. Morphology of samples was recorded by
scanning electron microscopy (SEM, ZEISS ULTRA 55) and
transmission electron microscopy (TEM, JEM-2100HR).

The electrochemical measurements were performed using
coin-type half-cells (CR2530) assembled in an Ar-filled glove
box. The working electrodes were prepared by mixing a slurry
containing 80 wt% active material, 10 wt% Super P, and 10
wt% polyvinylidene fluoride (PVDF) binder. The electrolyte
was 1 mol/L LiPFg in ethylene carbonate (EC), diethyl
carbonate (DEC) and ethylene methyl carbonate (EMC) (1:1:1
by volume, provided by Chei Industries Inc., South Korea). A
celgard 2400 was used as the separator. The charge/discharge
measurements were performed using a LAND Celltest 2001A
system in the voltage range of 0.001~3.0 V (versus Li*/Li). The
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cycle voltammetry (CV) testing was carried out using Solartron
Analytical 1470E system in the same voltage range at a
constant scanning rate of 0.02 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were studied on
an electrochemical workstation (CHI 660B) with amplitude of
5 mV in the frequency range of 1 MHz to 0.01 Hz.

2 Results and Discussion

2.1 Structure analysis

The crystallographic structure and composition of the
samples are determined by XRD. All the reflection peaks in
Fig.la could be indexed as NiFe,O, with spinel structure
(JCPDS No. 044-1485) and display a good crystallinity. The
intensity of the peak belonging to the graphite phases at
approximately 26.5° is rather obvious both in sample 2 and
sample 3. The peaks at 26 of 30.3°, 35.7°, 63.0° can be
assigned to the diffraction planes of (220), (311), (440) for
NiFe,O,, respectively. In addition, no peaks corresponding to
NiO or Fe,O; are observed, which suggests that the chemical
reaction of impurity crystalline phase are minimized by the
hydrothermal method. It can be seen that the peaks of XRD
pattern of sample 2 shown in Fig.1a are the same as those of
sample 3. However, it also can be seen that the peaks of all
samples are narrower especially the reflection of (311) crystal
surface by conducting the calcination under inert gas atmos-
phere at 600 <C. The results indicate that the crystallinity of the
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Fig.1 XRD patterns (a) and Raman spectra (b) of sample 1, sample 2
and sample 3
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samples can be improved and the composition of samples is not
changed seriously in the calcining process.

To further examine the effects of the graphite on the
structure of nano-NiFe,O,, the Raman spectroscopy is
presented in Fig. 1b. The peaks at 320, 480 and 700 cm™ can be
assigned to NiFe,O, nanoparticles, while the other two
distinguishable peaks at 1350 and 1600 cm™ are assigned to
graphite. It can be seen that sample 2 is also consistent with
sample 3, which indicates that the presence of impurities can
be negligible.

2.2 Morphology characterization

The SEM image in Fig.2a shows the pure NiFe,O, nano-

particles (sample 1). It is obvious that the NiFe,0, nanoparticles

are generally close to polyhedron structure with a high dispersion.

It can also be seen that some of the larger nanoparticles have
smaller nanoparticles growing on their surface. These small
nanoparticles are interspersed between the larger ones indicating
that the growth undergoes surface diffusion of nucleated crystals
and coalescence of neighboring particles. Fig.2b shows
morphology of nano-NiFe,O,4/graphite composite (sample 2). For
sample 2, graphite is added after hydrothermal reaction. It is
clear that the NiFe,O, nanoparticles are uniformly dispersed
around the surface of stable graphite, but no pining occurs on it.
However, the addition of graphite does not have obvious effects
on the purity of NiFe,O, nanoparticles (confirmed by XRD).

The morphology of as-obtained nano-NiFe,O4/graphite
composite (sample 3) is shown in Fig.2c. Because graphite is
added before the hydrothermal reaction, NiFe,O, nanoparticles
are adhered firmly to the uneven surface of flake graphite,

forming a thin layer, which is completely different from sample 2.

The citric acid may serve as an adhesion agent between graphite
and NiFe,O,. Giving an insight into Fig.2c, sample 3 shows
smaller particle size dispersion and larger surface area obviously
than sample 2, which is not only be favorable for the Li* and
electron transportation but also decreases the volume expansion
during the charge/discharge process. So the special structure

Fig.2 SEM morphologies of sample 1 (a), sample 2 (b), and
sample 3(c,d)
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Fig.3 TEM (a) and HRTEM (b) images of sample 3

of NiFe,O, pinning on the surface of the graphite provides
excellent electrical contact and constructs an expressway for
ionic and electronic transport®?. Moreover, the flake graphite
also provides stable core for the pure NiFe,O, nanoparticles to
accommodate the mechanical strain induced by volume
expansion during charge/discharge process.

Fig.3a and 3b show the TEM image and HRTEM image of
sample 3. It can be seen that the synthesized NiFe,O, products
are cubic nanoparticles with a size of about 300 nm. These
NiFe,O, nanoparticles are homogeneously pined on the surface
of stable graphite in the nano-NiFe,O,/graphite composite. The
clear lattice fringes with interplanar distances of 0.48, 0.25 nm
and 0.21 nm are corresponded to the (111), (311) and (400) plan
of NiFe,O, cubic structure, respectively, implying the crystalline
nature of NiFe,O,.

3 Electrochemical Properties

Fig. 4 shows the cycle voltammetry (CV) profiles of all
samples in the voltage range of 0.01~3.0 V at a scan rate of
0.02 mV/s. In Fig.4a, the cathodic peaks below 0.2 V and the
anodic peaks ranging from 0.15 to 0.45 V are associated with
the intercalation/deintercalation of Li* with the graphite during
the discharge/charge process™®. Other peaks in Fig.4a are
consistent with the traditional characteristics of NiFe,O, CVs.
In the first discharge cycle, two small peaks located at 0.7 V for
sample 1 and 0.75 V for sample 2 can be ascribed to the
formation of stable intermediate Li,NiFe,O, (Eqg.1). The
following cathodic peaks associated with the reduction reaction
of NiFe,O, by Li are located at 0.5 V for sample 1 and sample
2 and 0.4V for sample 3 (Eq.2). According to Fig.4a,it is
obvious that the intermediate Li,NiFe,O, is not formed during
the first discharge of sample 3 and the cathodic peak slightly
shifts to 0.4 V. The positively shift should correspond to the
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Fig.4 CV curves of sample 1, sample 2 and sample 3 at 1st cycle (a)

and 10th cycle (b)

formation of intermediate Li,NiFe,O, and the polarization of
the electrode materials. In order to investigate the further
electrochemical reaction, the CV curves at the 10th cycle are
shown in Fig.4b. It is clear that the redox peaks corresponding
to the Ni/Ni** and Fe/Fe** redox couples are located at
0.75/1.75 V for sample 1 and 0.85/1.7 V for sample 2 and
sample 3 (Eqg.3). Remarkably, the area integrated within the

CV curve of sample 3 is much larger than that of other samples,

indicating that the nano-NiFe,O,/ graphite electrode (sample 3)
has higher electrochemical reaction activity. It should be
attributed to the special composite structure of graphite and
polyhedral NiFe,O,.

NiFe,O, + xLi" + xe* — Li,NiFe,0, )
NiFe,0, + 8Li" + 8" — Ni + 2Fe + 4Li,0 2)
Ni + 2Fe + 4Li,0 S NiO + Fe,0; + 8Li" + 8¢’ (3)

The discharge/charge curves of the pure NiFe,O, (sample 1)
and NiFe,0,/graphite composites (sample 2 and sample 3) are
shown in Fig.5 at a current density of 100 mA g™. The first
discharge curves of the samples exhibit excellent initial
discharge specific capacities of 1554 mAh g™ (Fig.5a), 1417
mAh g™ (Fig.5b) and 1478 mAh g™ (Fig.5c), which are much
larger than the theoretical value of NiFe,O, (~1000 mAh g™).
The extra reversible capacities can be attributed to the
decomposition of organic electrolytes and the amorphization of
the NiFe,O, nanoparticles. Similar phenomena have been
observed for other transition metal oxides™*?". The first
discharge curve of sample 2 (Fig.5b) shows a smooth voltage
decrease to 0.95 V firstly, and then a short plateau-like step at
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Fig.5 Charge/discharge curves of sample 1 (a), sample 2 (b) and
sample 3 (c)

about 0.85 V, followed by a second drop ending at 0.8 V.
According to the previous research, it can be attributed to
reaction of NiFe,0, + xLi* + x¢* — Li,NiFe,0,. Although the
short plateau-like step of the first discharge curve of sample 1
is not obvious, it also performs a similar preceding
intercalation process as sample 2 (Eqg.1). Fig.5c shows the
discharge and charge curves of sample 3. Compared with Fig.
5a and 5b, the voltage plateau at 0.8 V of sample 3 can be
attributed to the reactions of Ni**—~Ni and Fe**—Fe. And the
short plateau-like step is not observed during the first discharge
process, which is consistent with the CV test.

The initial total capacities of samples are generally
consistent with the additive contributions by mass fraction
from NiFe,O, and carbon matrix. The specific discharge and
charge capacities of sample 2 in the initial cycle exhibit 1417
and 1075 mAh g, respectively, making a coulombic efficiency
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of 76%. For pure NiFe,0,, the first capacities are 1554 and
1092 mAh g*, respectively, making a lower coulombic
efficiency of 70.3%. It is clear that the initial coulombic
efficiency has been improved significantly with the addition of
graphite. However, the charge capacities of sample 2 in the 5th,
10th, 20th and 50th cycles are 943, 830, 639 and 465 mAh g™,
respectively, indicating that the discharge and charge capacities
severely fade after the first cycle. As expected, the first
coulombic efficiency of sample 3 is as high as 75.5% with the
capacities of 1478 and 1116 mAh g™. In Fig.5a and 5c, it can
also be seen that the reversible discharge capacities slightly
increases from the 2nd cycle and reaches 981 mAh g™ for the
pure NiFe,0, and 1109 mAh g™ for the nano-NiFe,O,/graphite
composite electrode after 50 cycles, which could be ascribed to
the gradual activation of the graphite in the composite.
Meanwhile, the decomposition of organic electrolytes and the
amorphization of the NiFe,O, nanoparticles after the
charge/discharge process can also increase the capacities of
nano-NiFe,O4/graphite composite. The results above demon-
strate that the graphite could effectively improve the
reversibility of the electrochemical reaction and initial
coulombic efficiency, especially, mitigate the polarization of
the electrode materials. Besides, the enhanced electrochemical
performance of sample 3 can also be ascribed to the special
structure of nano- NiFe,O, pinning on the graphite, which not
only decreases the volume expansion but also maintains the
stable structure of the electrode during the cycling.

Fig. 6 illustrates the cycle performance of sample 1 and
sample 3 at a current density of 100 mA g™ for 50 cycles. It is
obvious that the novel nano-NiFe,O,/graphite composite
(sample 3) electrode is a compromise between the capacity and
the cycle stability. Moreover, sample 3 exhibits much larger
reversible capacity and better cyclability than sample 1 after
6th cycle. After 50 cycles, the capacity of sample 3 still keeps
at 1109 mAh g™, which is 75% more than capacity of the first
cycle. For comparison, the pure NiFe,O, sample only keeps a
capacity of 981 mAh g™ after 50 cycles, about 63% capacity of
the first cycle. This result indicates that the pining structures of
NiFe,O, nanoparticles and graphite significantly contribute to
the cyclic stability. Remarkably, the cycling performance is
largely enhanced in the nano-NiFe,O,/graphite composite
electrode and is much better than that of other NiFe,0,-based
nanostructures, such as SnO,/ NiFe,O, nanocomposites (710
mAh g™ after 50 cycles)™ NiFe,0, nanoparticles (880
mAh g™ after 30 cycles)™ NiFe,0,-graphene nanocomposite
(812 mAh g™ after 50 cycles)™ and NiFe,O, nanofibers (900
mAh g™ after 50 cycles)®. Thus, the unique NiFe,O,/graphite
composite electrode exhibits good cycling stability with high
specific capacitance.

The same result can also be seen from the rate capability of
sample 1 and sample 3 (Fig.7). Sample 3 exhibits better rate
capability between the two samples. When the charging current
is increased from 50 to 1000 mA g, it delivers charge
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capacities of 1080, 1030, 940, 860 and 750 mAh g™*'. However,
when the current rises up to 1000 mA g™, the specific capacity
of sample 1 is almost the same as that of sample 3 (730
mAh g). Obviously, the rate capability improvement of
sample 3 can be ascribed to that the graphite dramatically
enhances the electronic conductivity of the NiFe,O4/graphite
electrode and restrains the aggregation of nanoparticles.

To further study the influences of the graphite on the
nano-NiFe,O, electrode, EIS was conducted to indentify the
relationship between the electrochemical performance and
electrode kinetics. Fig.8 performs the Nyquist plots after the
2nd charge step. The impedance spectra of sample 1 and
sample 3 are similar in the form with a semicircle at the
high-to-medium frequency and a linear part at the lower
frequency. In this case, the semicircle corresponds to the
Faradic reactions and its diameter represents the interfacial
charge-transfer impendence. Accordingly, the charge-transfer
impendence of sample 3 is smaller than that of sample 1. In
addition, the Warburg impedance in the low frequency refers to
the electrolyte diffusion process. The slops of the straight
line of two samples at the low frequency are almost the same,
indicating that the two electrodes have the similar equal value
of the electrolyte diffusion impedance. Apparently, the



1174

100

—a— Sample 1
—a— Sample 3 P a0 .

80

-Z"IQ

2'Q

Fig.8 EIS plots of sample 1 and sample 3 (the inset shows the high
frequency region)

excellent electrochemical performance of sample 3 is also
attributed to the enhanced ion diffusion and low charge-
transfer resistance.

The results all of above demonstrate that several factors are
mainly responsible for the high specific capacitance and
excellent cycling stability of the nano- NiFe,O,/graphite
composite. Firstly, the well-distributed polyhedral NiFe,O,
nanoparticles enable easier electrolyte penetration into various
regions of the material, increasing the utilization of the active
materials and resulting in the good stability of electrode.
Secondly, the graphite can increase the conductivity of
electrode, ensure the fast charge- transportation and enhance
the Li* diffusion rate during the discharge/charge process.
Moreover, the graphite may also increase the surface area of
nano-NiFe,O,/graphite composites, leading to a higher area
specific capacitance. On the other hand, the graphite can also
provide extra space for buffering the volume expansion, which
would help to alleviate the structure damage and maintain the
structural integrity of the electrode during the cycling process.
Finally, the pinning structure between NiFe,O, and graphite is
beneficial for improving the initial efficiency and the cycling
stability, suggesting the promising application of NiFe,O,/
graphite composites in power LIBs.

4 Conclusions

1) The nano-NiFe,O,/graphite electrode synthesised by the
one-pot hydrothermal method exhibits a high discharge
capacity of 1478 mAh g™ with superior cycling stability to the
pure nano-NiFe,O, electrode.

2) When the current density is increased from 50 to 1000
mA g*, the nano-NiFe,O,/graphite electrode delivers
capacities of 1080 (50 mA g™), 1030 (100 mA g™), 940 (300
mA g), 860 (500 mA g™) and 750 mAh g (1000 mA g¢™).

3) The outstanding electrochemical performance of nano-
NiFe,O4/graphite electrode is mainly attributed to the
combination of polyhedral NiFe,O, as well as graphite, which
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provides the increased electronic conductivity, faster ion
transfer and better strain accommodation.
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