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The NiFe2O4/nitrogen doped carbon composite was synthesized via calcination

of NiFe-MOF in a N2 atmosphere. Nitrogen-doped carbon not only improves the

conductivity of the carbon-based material, but also provides pathway, allowing Li+

diffusion rapidly during the charge and discharge processes. The electrochemical data

reveal that NiFe2O4/nitrogen-doped carbon nanocomposite delivers a capacity as high

as 760 mAh·g−1 at 0.2C after 50 cycles, and show good rate performance by remaining

a capacity of 600 mAh·g−1 even at 1C. The excellent electrochemical characteristics

might be contributed to the NiFe2O4 ordered nanorod structure, well-marked porosity,

and as well as the composition of nitrogen-doped carbon.

Keywords: NiFe2O4, anode, lithium-ion batteries, N-doped carbon, nanorod

INTRODUCTION

Due to the concerns of environment protection, green energies have been intensively explored
(Chen et al., 2018; Sun et al., 2018; Zhai et al., 2018). As one of the most popular energy storage
devices, lithium ion batteries (LIBs) have been widely utilized in the portable electronic equipment
from wireless communications to mobile computing due to their several advantages such as
high energy density, low self-discharge, low maintenance, and longevity. Transition metal oxides
(TMOs) have attracted much attention as the anodes for LIBs because of the merits such as low
cost, environment-friendly, natural abundance, and high theoretical capacity compared with the
commercially used graphitic material (Wu et al., 2015; Lian et al., 2016). In addition, the inherent
high oxidation state characteristics of the 3D TMOs could transfer more than one electron per
formula unit during the charge/discharge process as the full reduction of the transition metal
atoms from their ionic to the metallic state, thus it is expected that higher current density would be
obtained for TMOs LIBs.

Currently, more attention has been paid to bi-metallic oxides (Hong et al., 2020), specially spinel
Fe-based binary metal oxides, e.g., NiFe2O4 (Yang H. et al., 2018), ZnFe2O4 (Wang et al., 2017a;
Joshi et al., 2019), and CoFe2O4 (Xiong et al., 2014), and CuFe2O4 (Xing et al., 2013) for the reason
that they could partially reduce the metal oxidation states and consequently re-oxidize to provide
large reversible capacities. Moreover, it is possible to exist a confinement effect between the metal
elements compared with the single-metal oxides (Bai et al., 2014;Wang et al., 2014). Compared with
the Fe2O3, porous NiFe2O4 nanostructures would deliver higher capacities and exhibit a longer
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cycling ability (Wang et al., 2016), which gains a theoretical
capacity of 915 mAh g−1 (Luo et al., 2017). However, NiFe2O4

has a main weakness due to the large volume change during
lithiation/de-lithiation process which results in rapid capacity
loss and poor cycling life (Xiao et al., 2017). In this case, nanobox-
, nanosphere-, and nanofiber-NiFe2O4 composited with carbon
materials have been studied (Luo et al., 2015; Gao et al., 2017).

Many methods have been applied in the synthesis of bi-metal
oxides, designing porous oxides with uniform and controllable
nanostructures is an effective approach to further enhance their
electrochemical properties (Wu et al., 2018; Yang S. et al., 2018),
because the mesoporous nanostructure could effectively release
the volume change during alloying/de-alloying with Li ions.
Metal-organic frameworks (MOFs) are novel hybrid materials
formed based on self-assembling metal ions with organic linkers.
They usually own large specific surface areas and high porosity,
which can be easily transformed into two-dimensional (2D) or
three-dimensional (3D) porous metal oxides after calcination
in air. In present work, taking bi-metallic NiFe-MOFs as the
sacrificial template to fabricate porous NiFe2O4 nanostructure,
which helps to maintain the porous 3D nanostructure of metal
oxide and thus enhances the surface area to accommodate the
volume change during cycling and as well as shortens the Li ions
transport path, resulting in improvement of capacity retentions
and rate performance (Maiti et al., 2018; Wang et al., 2018; Yang
H. et al., 2018).

EXPERIMENTAL SECTION

Synthesis of NiFe-MOF Precursor
In general, 0.54 g FeCl3·6H2O, 0.145 g Ni(NO3)2·6H2O, and
0.45 g 2-aminoterephthalic acid were dissolved in 27ml N,N-
dimethylformamide (DMF) under magnetic stirring. After
10min, the solid powders were completely resolved, the solution
became deep red. Then 3mL 0.4M NaOH was added into
the solution, after 10min stirring, the mixture solution was
transferred into a 50 mL-size autoclave for another 12 h reaction
at 100 ◦C. After that, the resulted suspension was centrifugated
and washed with alcohol and DMF for three times, the obtained
gel was then dried at 50◦C for overnight to gain the NiFe-MOF
precursor. Figure S1 shows that FTIR spectrum of the as received
NiFe-MOFs. The 3,350 and 3,450 cm−1 bands are according to
the symmetric and asymmetric stretching vibrations of amino-
group, and the IR peak at 1,660 cm−1 is assigned to the vibration
of C = O band. These results indicate that the target compound
has been successfully synthesized.

Preparation of Mesoporous
NiFe2O4/Nitrogen-Doped Carbon
Nanocomposite
The thermal gravimetric analysis (TGA) curve of the as prepared
NiFe-MOF is shown in Figure S2. The loss of the adsorbed
water displays from 50 to 100◦C, and then the weight almost
keeps constant until 330◦C. About 45% mass loss appears from
333 to 480◦C, which is attributed to the decomposition of
organic framework (Zhou et al., 2014). When the temperature

is further increased up to 500◦C, the carbon component in
the composite will be oxidized into CO2 and finally leave
metal oxides. Based on the TGA data, the as-received NiFe-
MOF was loaded in an Al2O3 crucible placed in a quart tube
furnace. After the NiFe-MOF was calcinated at 500◦C for 2 h
in N2 atmosphere, the solid NiFe2O4/nitrogen-doped carbon
(NiFe2O4/N-C) nanocomposite was therefore produced.

Characterization of the Materials
X-ray diffraction (XRD) were measured from 5◦∼80◦ with a
speed of 10◦/min based on an X’pert PRO instrument using Cu
Kα radiation (λ = 0.15418 nm). Scanning electron microscopy
(SEM) images were obtained from Hitachi S-4,800. The special
surface area was calculated using the Brunauer-Emmett-Teller
(BET) method according to the adsorption data in the partial
pressure (P/PO) range 0.10–1.0. The total pore volume was
determined from the amount of nitrogen adsorbed at P/PO =

0.99. FTIR, X-ray photoelectron spectroscopy (XPS) detected
with PHI 5,000 VBIII using Al kα monochromatic source.

Electrochemical Measurements
Electrochemical performances of the nanocomposite were
measured on CR2016 coin-type cells assembled in an Ar-filled
glove box. The working electrode was mixed NiFe2O4/N-C
powders with Super P and LA binder at a weight ratio of 7:2:1.
The mixture slurry was uniformly coated on a Cu foil and
then dried at 100◦C in vacuum for 24 h to remove the water.
The counter electrode was simply used metallic lithium foil, the
separator was Celgard 2,325 porous film, and the electrolyte was
1.0M LiPF6 solution dissolved in a mixed solvent of ethylene
carbonate and diethyl carbonate (1:1 by volume). The cell
capacity and life cycling tests were carried out with Newware
BT-5 cell tester (Newware, Shenzhen) at room temperature with
potential range from 0.005 to 3.0V (vs. Li/Li+). 1 C is equal to
1,000mA g−1 in this work.

RESULTS AND DISCUSSION

Figure 1A displays SEM images of the as prepared NiFe-MOF.
Homogeneous nanorod-like MOF structure is observed with
length of 500 nm and width of 100 nm. After calcination at
500◦C in N2 atmosphere, because the NiFe-MOF is decomposed,
SEM image of the resultant metal oxides and carbon matrix
is thus indicated in Figure 1B. One may see that even after
decomposition of the organic framework into carbon-based
material, the nanostructure still largely maintains MOF original
one, except for the slightly shortening in the length and shrinkage
in the width. This result implies that the target composite
nanostructure could be designed from its parent MOFs matrix.

Figure 2 shows XRD pattern of the NiFe-MOF derived
composite. There is a weak and broad band existing between
20∼30◦, which corresponds to carbon matrix similar to the
previous study (Shao et al., 2017). Moreover, the XRD pattern
reveals a set of reflections which could be indexed to the well-
known spinel structure of ferrite with the space group of Fd-
3m. The peaks at 2θ = 18.35◦, 30.16◦, 35.49◦, 37.14◦, 43.16◦,
53.50◦, 57.05◦, and 62.65◦ could be accurately assigned to the
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FIGURE 1 | The SEM images of (A) NiFe-MOF precursor and (B) NiFe2O4/N-doped carbon nanocomposite.

FIGURE 2 | The XRD pattern of NiFe2O4/N-C (middle), and JCPDS of Ni3Fe

(up) and NiFe2O4 (bottom).

diffractions of NiFe2O4 (111), (220), (311), (222), (400), (422),
(511), and (440) phases, respectively, according to JCPDS 01-
087-2336. The strong intensity and narrow peak width imply the
good crystallinity of NiFe2O4 nanostructure. The spinel NiFe2O4

owns an anti-spinel crystalline structure, in which Ni2+ and
half of Fe3+ cations locate at the octahedral positions, while the
other half Fe3+ ions occupy the tetrahedral sites (Liu X. et al.,
2017). It is interesting to find that besides the diffractions for
NiFe2O4, a week peak exists at 2θ = 44.31◦, which is resigned
to Ni3Fe based on JCPDS 01-088-1715. The formation of Ni3Fe
could be attributed to the further reaction of NiFe2O4 with the
carbonmatrix at 500◦C inN2 ambience as indicated in Figure S2.
The presence of the metallic phase may enhance the electronic
conductivity of the composite.

The porous characteristic of the prepared NiFe2O4/N-C
composite was detected using the N2 adsorption-desorption

isotherm at 77K. As shown in Figure 3A, there is an adsorption
saturation platform and a hysteresis loop. According to the
classification of the international union of pure and applied
chemistry (IUPAC), the N2 adsorption-desorption isotherm
should belongs to type IV, which is the main characteristics of
mesoporous materials. According to the BETmethod, the surface
area of NiFe2O4/N-C composite is calculated to be 146.2 m2/g.
The corresponding pore-size distribution was then computed by
Barrett-Joyner-Halenda (BJH) method from the isotherm depicts
as indicated in Figure 3B. The pore size distribution is centered
at 3.2 nm with a long tail until 15 nm. This identifies that the
pore-size distribution is really in the range of mesopores. The
higher specific surface area will increase the contact area of
the electrode with electrolyte, and mesoporous nanostructure
could shorten the lithium ions transport path. Both of these
characteristics would enhance the electrochemical properties of
the electrode.

The surface chemical composition and the oxidation states
of the elements in NiFe2O4/N-C are analyzed using XPS and
the corresponding spectra are shown in Figure 4. The survey
spectrum (Figure 4A) indicates that the composite is composed
of Ni, Fe, O, C, and N elements, and no any other elemental
signals are detected. This result is consistent with our synthesis
process, and further proves that the co-existence of Ni and
Fe metals and the present of N. The Fe 2p XPS core line
(Figure 4B) reveal two peaks whose binding energies are at 711.2
and 724.3 eV, respectively, due to the Fe 2p3/2 and Fe 2p1/2 with
spin-orbital splitting energy of 13 eV. For the transition metallic
elements, 2p3/2 emission is generally more intensive than 2p1/2
one, as it is due to that 2p3/2 spin has a degeneracy of four states,
while 2p1/2 has only two. According to the binding energies,
and the splitting energy between 2p3/2 and 2p1/2 emissions, the
Fe ions are in Fe (III) state (Chen et al., 2019). In addition,
the presence of satellite peak at 719.1 eV with binding energy
about 8 eV higher than the 2p3/2 emission suggests that only
Fe (III) ions exists in the NiFe2O4 compound. Similarly, the
Ni 2p3/2 and Ni 2p1/2 lines (Figure 4C) locate at 855.4 and
874.3 eV, while the corresponding shake-up satellite peaks for
Ni 2p3/2 and Ni 2p1/2 signals appear at 860.6 and 880.0 eV,
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FIGURE 3 | (A) The N2-sorption isotherms and (B) pore-size distribution of NiFe2O4/N-C.

FIGURE 4 | XPS spectra of NiFe2O4/N-C composite. (A) Survey spectrum, (B) Fe 2p core level, (C) Ni 2p state, and (D) N 1s line.
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respectively. These results imply that the Ni ions in NiFe2O4

are in +2 oxidation state (Zhao et al., 2018). The elemental
ratio between Fe and Ni are calculated based on the intensity
of Fe 2p and Ni 2p lines, which is around 2.02. The XPS data
companied with XRD results indicate that the target NiFe2O4

has been successfully synthesized. The high-resolution N 1s
XPS spectrum shown in Figure 4D could be deconvoluted into
three components with binding energies at 398.3, 400.5 and
401.2 eV assigned to pyridinic N (C-N-H), pyrrolic N (C=N-
C), and graphitic N [N- (C)3] species, respectively (Yan et al.,
2018). The appearance of graphitic-N implies that N atoms are
successfully doped into the carbon crystalline structure. The N-
doping will further increase the electronic conductivity, promote
the capacity, and enhance the Li ions transport properties on/in
carbon matrix, because the presence of N ions would alter the
electronic structure of carbon matrix (Sun et al., 2016; Li et al.,
2017).

The cyclic voltammetric (CV) curves of the NiFe2O4/N-C
electrode for the initial four cycles are shown in Figure 5A.

An intensive irreversible reduction peak at 0.35V and a should

peak at 0.12V in the first cycle could be found and assigned
to the reductions of Ni2+ to Ni and Fe3+ to Fe in NiFe2O4,
the intercalation of Li ions into N-doped carbon matrix,
and the formation of solid electrolyte interface (SEI) layers
and Li oxides (Cherian et al., 2013; Ding et al., 2013). The
chemical reaction formula of NiFe2O4 with Li is indicated as
Equation (1), eight electrons should be transferred for one
NiFe2O4 unit,

NiFe2O4 + 8Li↔Ni+ 2Fe+ 4Li2O (1)

A significant intensity decreasing is observed in the subsequent
cycles and its cathodic potential shifts to the positive direction
from 0.35 to 0.72V. This is because that less SEI films will
form in the second cycle compared with the first cycle. A small
cathodic peak at 1.23V is observed in first cycle and then moves
to 1.25V in following cycles. In the first anodic process, the
multi-step oxidations of Ni and Fe to NiO and Fe2O3 result
in the appearance of a broad oxidation peak at 1.67V and a
should peak at 1.81V as well as the partial decomposition of

FIGURE 5 | (A) CV curve and (B) charge-discharge profiles of the NiFe2O4/N-C electrode. The scan rate is 0.2 mV/s, and potential range is 0.005–3.0 V.

FIGURE 6 | (A) Cycling and (B) rate performances of NiFe2O4/N-C electrode (1C = 1,000mA g−1).
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SEI films. In the subsequent cycles, the anodic peaks shift to
around 1.75 and 2.00V, which indicates that the electrochemical
reversibility of the electrode gradually formed (Xia et al., 2012;
Liu J. et al., 2017) and the reduction in polarization. The
remarkably similar CV curves could be observed after the
third cycle, suggesting the stable reversible reaction and good
capacity retention.

Consistent with the CV data, similar current peaks can be
identified in the voltage profiles for NiFe2O4/N-C electrode
at the density of 0.1 C as shown in Figure 5B. It possesses a
short flat following with a long flat. The initial discharges/charge
capacities of the electrode are 1,193 and 773 mAh g−1 with
the corresponding Coulombic efficiency of 64.8%. At the second
cycle, the discharge/charge capacities are 771 and 749 mAh g−1,
whose Coulombic efficiency increases to 97.1%. After the second
cycle, the potential-capacity profile is highly overlaid, indicating
the good electrochemical reversibility.

Figure 6A shows the cycling performance of the electrode
at 0.1 and 0.5 C (1C = 1,000mA g−1) current densities. Both
capacities decrease at the second cycle due to the irreversible
formation of SEI layers in the first cycle. At 0.1 C, agreeing with
the CV curves, the capacity at following cycles keeps constant.
For 0.5 C, there is slight increase in capacity from 10 to 25 cycles,
and then it maintains constantly. The capacity increasing may
attribute to the activation of the NiFe2O4 embedded inside the
carbon matrix. The capacities remain 760 and 610 mAh g−1

after 50 cycles at 0.1 and 0.5 C current densities, respectively.
As shown in Figure 6B, the rate performance of the electrode
appears a ladder-like reduction with increasing of the current
density. At each current density, the specific capacity almost
remains constant. It delivers a charge capacity of 815.2, 722.3,
602.3 mAh g−1 at 0.1 C, 0.2 C, and 0.5 C. When the current
density increased to 1C and even 2C, the NiFe2O4/N-C electrode
still delivers charge capacities of 442.2 and 311.3 mAh g−1.
When the rate decreases from 2 to 0.1 C, the capacity increases
quickly to 830.3 mAh g−1. Such a rate performance is superior
than most of the single-metal oxide (Fe2O3 and NiO) (Feng
et al., 2016; Pang et al., 2016; Wang et al., 2017b) and also
is greater than other NiFe2O4 nanostructured electrodes e.g.,
NiFe2O4/CNTs and NiFe2O4 nanoparticles/MWCNTs (Mujahid
et al., 2019; Zou et al., 2020). The main reasons for the excellent
electrochemical properties include: (1) mesopores nanostructure
provides various path way for lithium ion transportation and as a
buffer to accommodate the volume change of electrode during
charge/discharge process; (2) 3D nanorod framework shortens
the migration path and enhances the Li ions diffusion coefficient
and prevents aggregation of the CoFe2O4 nanoparticles, making
them well-dispersed and effectively-utilized during repeated
cycling (Weng et al., 2020); (3) the N-doping could enhance the

electronic conductivity of carbon matrix, which would further
enhance the electron and lithium ions transport inside the carbon
matrix (Jia et al., 2020).

CONCLUSIONS

The NiFe2O4/N-doped carbon composite electrode exhibited
good electrochemical characteristics, such as cycling stability
showing reversible capacity of 760 mAh g−1 at 0.1 C upon 50
cycles, and excellent rate capability (442.2 mAh g−1 at 1 C).
The main reasons for the excellent electrochemical properties
are contributed to the mesoporous 3D nanostructure and N-
doping in the carbon matrix. The MOFs-derived 3D carbon
matrix nanostructure would effectively embed the NiFe2O4

nanocrystals inside the carbon matrix avoiding their aggregation.
The mesoporous 3D structure could release the volume change
during charge/discharge cycling maintaining the structure
integrality. The good cycle performance confirms the advantages
of bi-metallic oxides over single-metal ones as anode materials.
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