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A B S T R A C T   

Binary transition metal compounds exhibit promising application potential as anode materials in the field of 
lithium-ion batteries (LIBs) due to their high theoretical specific capacity. However, their poor electrical con
ductivity and drastic volume expansion during charge and discharge pocesses limit their high-performance ap
plications. Herein, we have synthesized carbon nanofibers (CNFs) loaded with heterostructured Ni–Fe based 
nanoparticles (NiFe2O4/Fe0.64Ni0.36@CNFs) using electrospinning, and explore their cyclic stability and rate 
performances. By subjecting the electrospun membranes to thermal treatment at different annealing tempera
tures, three distinct phases of Ni–Fe compounds embedded in CNFs, i.e., NiFe2O4 (400 ◦C), NiFe2O4/Fe0.64Ni0.36 
(500 ◦C) and Fe0.64Ni0.36 (800 ◦C), are obtained. When they are used as anode materials, the electrochemical 
properties are investigated. The NiFe2O4/Fe0.64Ni0.36@CNFs anode material exhibits the best cycling and rate 
performances, with a capacity of 431.1 mAh g− 1 achieved after 200 cycles at a current density of 0.2 A g− 1. 
Moreover, its specific capacities are 558.9, 400.1, 272.4, 178.1 and 89.5 mAh g− 1 at current densities of 0.1, 0.2, 
0.5, 1.0 and 2.0 A g− 1, respectively. As the current density returns to 0.1 A g− 1, its specific discharge capacity can 
reach 527.5 mAh g− 1. The excellent cycling and rate performances of NiFe2O4/Fe0.64Ni0.36@CNFs are mainly 
attributed to the following reasons: i) the carbon fibers can effectively alleviate volume expansion and structural 
stress during cycling; ii) Fe0.64Ni0.36 alloy can inhibit the formation of lithium dendrites and effectively reduce 
the nucleation overpotential of metallic lithium, thereby improving the electrochemical stability; iii) the het
erostructure can improve electrochemical properties through the synergistic interaction between NiFe2O4 and 
Fe0.64Ni0.36. The catalytic Fe0.64Ni0.36 not only facilitate the conversion reaction of NiFe2O4, resulting in the high 
capacity, but also increase the conductivity of the material. This work offers a feasible strategy to significantly 
improve the electrochemical performance of binary metal compounds, paving the way for their practical ap
plications in the high-performance LIBs.   

1. Introduction 

Recently, Ni–Fe based metal compounds have drawn extensive 
scientific interest as anode materials in lithium-ion batteries (LIBs) 
owing to their elevated theoretical specific capacity and corrosion 
resistance [1–3] However, their applications are inevitably constrained 
by poor electronic conductivity and severe volume changes during the 
charge and discharge processes [4,5]. Therefore, it becomes imperative 
to overcome these problems using different strategies. 

Many researchers have devoted great efforts to the improvement of 
the electrochemical performance of Ni–Fe based metal compounds. As 
a common strategy, carbon coating has been used to enchance the 
cycling stability of Ni–Fe based nanostructures as anode materials, 
which can alleviate the volume change during the charge/discharge 
process [6,7]. For example, Yang et al. [8] produced NiFe2O4 nano
particles embedded in carbon nanofibers (CNFs) by electrospinning, 
which exhibited excellent cycling stability with a discharge capacity of 
497.1 mAh g− 1 after 100 cycles at 0.1 A g− 1, and indicated that the CNFs 
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can shorten the diffusion path of Li+ ions and restrain the particles 
pulverization/agglomeration during cycling. Liu et al. [9] loaded FeNi 
nanoparticles on CNFs by electrospinning and further demonstrated that 
the carbon fibers significantly improved the cycling and rate perfor
mances of anode materials. However, the introduction of carbon mate
rial results in the reduction of specific capacity for anode due to its 
relatively low theoretical specific capacity (372 mAh g− 1) [10]. To solve 
this problem, researchers have made much endeavor to develop other 
strategies, i.e., constructing heterostructures, to increase the specific 
capacity of Ni–Fe based metal compounds [11,12]. For example, Wang 
et al. [13] prepared NiO/NiFe2O4 heterostructure as an anode for LIBs 
and revealed that the hetero-interfaces facilitated rapid charge trans
port. In this context, designing anodes using heterostructured Ni–Fe 
based nanoparticles embedded in CNFs is expected to achieve excellent 
cycling stability and high specific capacity, which is proven to be a more 
feasible strategy to enhance the electrochemical performance. 

In this work, Ni–Fe based nanoparticles embedded in CNFs are 
prepared through electrospinning and subsequent annealing processes. 
Three distinct Ni–Fe based nanostructures embedded in CNFs are ob
tained at different annealing temperatures, i.e., NiFe2O4@CNFs 
(400 ◦C), Fe0.64Ni0.36/NiFe2O4@CNFs (500 ◦C), and Fe0.64Ni0.36@CNFs 
(800 ◦C), and their electrochemical performances are explored. All the 
anode materials show an excellent cycling performance due to the 
mitigation effect of CNFs on volume expansion. Furthermore, among the 
three anode materials, NiFe2O4/Fe0.64Ni0.36@CNFs exhibits the best 
electrochemical performance due to the synergistic interaction of 
NiFe2O4/Fe0.64Ni0.36. 

2. Experimental 

2.1. Materials 

The carbon source in the samples is provided by the polyacrylonitrile 
(PAN, average Mw 150,000), while Fe and Ni sources are obtained from 
iron acetylacetonate [Fe(acac)3, 98 %] and nickel acetylacetonate [Ni 
(acac)2, 95 %]. The solvent is N, N-dimethylformamide (DMF, 99.5 %) 
supplied by Sinopharm Chemical Reagent Co., Ltd. All the chemicals 
have not undergone further purification. 

2.2. Synthesis of Ni–Fe based nanoparticles embedded in CNFs 

First, a viscous solution was prepared by dissolving PAN(11 wt%), 
DMF, Fe(acac)3 and Ni(acac)2 (a molar ratio of 2:1). Subsequently, the 
solution was spun into a fiber membrane by electrospinning under 
specific conditions: the relative humidity is 33 %–36 %; the temperature 
is 25 ◦C. The injection rate and applied voltage were set as 0.36 mL/h 
and 20 kV, the roll speed was 500–600 rpm, and the distance between 
the receiver surface and needle (a internal diameter of 0.55 mm) was 16 
cm. The fiber membranes were produced after electrospinning for 8 h, 
then dried at room temperature for 2 h to remove residual solvents. 
Afterwards, pre-oxidation treatment was conducted on the fiber mem
brane for 2 h at 230 ◦C in air. Finally, an annealing process was carried 
out at different temperatures (400 ◦C, 500 ◦C and 800 ◦C) with a heating 
rate of 2 ◦C/min in an argon atmosphere to form Ni–Fe based nano
particles embedded in CNFs. We labeled the resulting membranes as NF- 
P 400, NF-P 500 NF-P 800 and P-800, respectively. 

2.3. Materials characterization 

The morphology of the resultant membranes was examined using 
field-emission scanning electron microscopy (FE-SEM, Sigma 500) 
operated at 20 kV and transmission electron microscope (TEM JEOL 
JEM 2100F) operated at 200 kV. The elemental mapping of the nano
fibers was tested by energy dispersive X-ray spectrometer (EDS, Oxford 
INCAx-Sight6427). The phase composition of the fiber membranes was 
analyzed using an X-ray diffractometer (XRD, Bruker D8 Advance) with 

Cu-Kα radiation (λ = 1.5406 Å). Thermogravimetric analysis (TGA, 
Germany NETZSCH TG209F3) was carried out to investigate the phase 
transformation process. The elemental composition was tested by X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+). 

2.4. Measurement of electrochemical properties 

The flexible membranes were directly utilized as binder-free working 
electrode. Simultaneously, we determined the weight of each electrode 
as the mass of the active substance. A mixed solution consisting of 1 M 
LiPF6 and ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl 
carbonate (DMC) (1:1:1 in volume) was employed as the electrolyte, and 
lithium foil served as a counter electrode. The CR2025 button battery 
was assembled in a high-purity argon-filled glove box, maintaining 
moisture and oxygen levels below 0.1 ppm. The cycling and rate per
formances were investigated using the LAND testing system (voltage 
range: 0.01 V to 3.00 V). Cyclic voltammetry (CV) analysis was con
ducted using a Metrohm Autolab electrochemical workstation. Electro
chemical impedance spectroscopy (EIS) measurements were performed 
on a Metrohm Autolab electrochemical workstation under open circuit 
voltage conditions (frequency range from 100 kHz to 0.01 Hz, inter
ference amplitude of 5 mV). 

3. Results and discussion 

3.1. Morphology and microstructure of fiber membranes 

To explore the morphologies of fiber membranes obtained at 
different temperatures, NF-P 400, NF-P 500 and NF-P 800 are charac
terized by SEM. The SEM images in Fig. 1a, d and g indicate that the 
fibers have uniform diameters, smooth surface without beads. In addi
tion, as the annealing temperature increases, the diameter of the fibers 
gradually decreases, because more gas is produced and released from the 
fibers. To get further insight about the morphology and phase trans
formations, TEM examinations are conducted on the same membranes. 
The bright-field TEM image of NF-P 400 (Fig. 1b) reveals the presence of 
many small nanoparticles loaded onto the submicron carbon fibers. In 
Fig. 1c, the lattice plane spacings in the crystalline region of these 
nanoparticles are measured to be 2.9 Å and 2.5 Å, which correspond to 
the (220) and (331) crystal planes of cubic NiFe2O4, respectively. 
Furthermore, the measured angle between the crystal planes is found to 
be 66◦, consistent with the theoretical values for cubic NiFe2O4. In 
Fig. 1f, the measured lattice spacings of region I are 2.9 Å and 2.1 Å, 
corresponding to the (022) and (400) crystal planes of NiFe2O4, 
respectively. In addition, the measured angle between these two crystal 
planes is 90◦, which is expected for a cubic lattice. Moreover, in region 
II, the measured lattice spacing is 2.0 Å, consistent with the (111) crystal 
plane of Fe0.64Ni0.36. From the above analysis, it can be concluded that 
the NF-P 500 consists of NiFe2O4 and Fe0.64Ni0.36 with a hetero-interface 
between the two phases. The interplanar spacing in Fig. 1i is measured 
to be 1.8 Å, corresponding to the {200} crystal planes of Fe0.64Ni0.36. 

The elemental distributions of NF-P 400, NF-P 500, and NF-P 800 
were examined through EDS elemental mappings, as depicted in Fig. 2. 
To explore its composition more detailly, the atomic ratios of various 
elements (C, O, Fe and Ni) and the contents of different components (C, 
NiFe2O4 and Fe0.64Ni0.36) were presented in Tables S1 and S2, respec
tively, consistenting with the data we previously tested. To further 
investigate the phase transformation of Ni–Fe based compounds within 
carbon fibers, TGA measurements of NF-P and pure PAN (P) fibers were 
conducted in Fig. S1. Firstly, the temperature increases processes is 
divided into two parts, including the temperature from 30 ◦C up to 
230 ◦C in air atmosphere and the temperature from 230 ◦C up to 850 ◦C 
in Ar atmosphere with a heating rate of 10 ◦C/min. The formation of 
NiFe2O4 could be observed from 352 to 485 ◦C. With the temperature 
increasing, the temperature-dependent transformation from NiFe2O4 to 
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Fe0.64Ni0.36 was observed at 485 up to 762 ◦C. When the temperature 
reaches up to 762 ◦C until 850 ◦C, the curve of NF-P membrane is par
allel to that of PAN (P), which means the transformation is already 
completed at 762 ◦C. So, it is reasonable to deduce that the trans
formation from NiFe2O4 to Fe0.64Ni0.36 is completed at 800 ◦C. 
Furthermore, Raman spectroscopy analysis in our previous work [14] 
showed that the graphitization degree of the samples increased with an 
increase in annealing temperature and NF-P-800 exhibited the highest 
degree of graphitization. 

With Cu-Kα radiation (λ = 1.5406 Å), XRD is employed to identify 
the structure of the NF-P membranes obtained at different annealing 
temperatures, as displayed in Fig. 3. The diffraction peaks become 
gradually sharp with increasing annealing temperatures, because 
elevating temperature can improve the crystallinity of the product. This 
is corroborated by TEM images from which it can be seen that the 
nanoparticles are much larger in NF-P 800 (Fig. 1h) than those in NF-P 
400 and NF-P 500 (Fig. 1b and e). The XRD pattern of NF-P 400 (Fig. 3a) 
indicates that a diffusive broad peak at ~26◦ stands for the diffraction 
peak from amorphous carbon, and the peaks at 30.3◦, 35.7◦ and 62.9◦

correspond to the crystal planes of (220), (331) and (440) of cubic 
NiFe2O4 (JCPDS no.: 10-0325, a = 8.339 Å), respectively [15], which 
indicates that NiFe2O4 nanocrystals start to form in submicron carbon 
fibers at 400 ◦C. Fig. 3b is the XRD pattern of NF-P 500, in which the 
peak at 43.6◦ is caused by the overlapped diffraction from both (111) 
plane of cubic Fe0.64Ni0.36 (JCPDS no.: 47-1405, a = 3.5922 Å) and 
(400) plane of cubic NiFe2O4 [16]. The diffraction peak at 50.8◦ cor
responds to the (200) crystal plane of the cubic Fe0.64Ni0.36, suggesting 
that some NiFe2O4 has been reduced to Fe0.64Ni0.36 by carbon in the 

CNFs at 500 ◦C. Quantitative analysis of the XRD pattern for NF-P 500 
shows that the mass ratio of NiFe2O4 to Fe0.64Ni0.36 in NF-P 500 is 
approximately 1:3.5. Meanwhile, in the XRD pattern of NF-P 800 
(Fig. 3c), three diffraction peaks at 43.6◦, 50.8◦ and 74.7◦ correspond to 
the (111), (200) and (220) crystal planes of the cubic Fe0.64Ni0.36, which 
indicates that NiFe2O4 has been completely reduced into Fe0.64Ni0.36 by 
carbon in the CNFs at 800 ◦C. From the above analysis, the NiFe2O4 is 
produced in the submicron carbon fibers at 400 ◦C. At 500 ◦C, metallic 
oxide NiFe2O4 and intermetallic compound Fe0.64Ni0.36 co-exist in CNFs, 
and the intermetallic compound Fe0.64Ni0.36 forms in the CNFs at 800 ◦C, 
which indicates that the phase transformation process has been 
completed at 800 ◦C. Therefore, the phase and composition of the 
product can be adjusted by changing the annealing temperature. 

To gain further insight into the valence states of Ni and Fe in NiFe2O4 
and Fe0.64Ni0.36 embedded in the CNFs, we characterize NF-P 400 and 
NF-P 800 using XPS. Fig. 3d and g show the full XPS spectrum of NF-P 
400 and NF-P 800, respectively. Fig. 3e and f present the spectra of Ni 
2p and Fe 2p in NF-P 400, where two peaks at 873 eV and 855 eV are 
attributed to Ni 2p1/2 and Ni 2p3/2 of Ni2+. Additionally, two peaks are 
observed at 724 eV and 710 eV, corresponding to Fe 2p1/2 and Fe 2p3/2 
of Fe3+, respectively [17]. Based on the above analysis, the valence 
states of Ni and Fe elements present in NF-P 400 are determined to be 
Ni2+ and Fe3+, respectively. Specifically, the peaks observed in the Ni 2p 
spectra (Fig. 3h) of NF-P 800 indicate that the binding energy values are 
871 eV and 853 eV, corresponding to Ni 2p1/2 and Ni 2p3/2 of Ni0, 
respectively. The XPS spectrum of Fe 2p in NF-P 800 (Fig. 3i) displays 
two peaks, which can be ascribed to the Fe 2p1/2 (721 eV) and Fe 2p3/2 
(707 eV) of Fe0 [18,19]. Based on the aforementioned analysis, it can be 

Fig. 1. SEM and TEM images of NF-P 400 (a, b and c), NF-P 500 (d, e and f) and NF-P 800 (g, h and i).  
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concluded that the valence states of Ni and Fe elements in NF-P 800 are 
Ni0 and Fe0, confirming the complete reduction of the NiFe2O4. 

3.2. Electrochemical performances of fiber membranes 

NF-P 400, NF-P 500 and NF-P 800 are investigated as anode mate
rials for LIBs to examine their electrochemical performances. Fig. 4a 
shows the CV curves of the third cycle for NF-P 400, NF-P 500, and NF-P 
800 electrodes at a scan rate of 0.1 mV s− 1 (voltage range 0.01–3.00 V). 
During cathodic process, the peak at 0.80 V corresponds to the reduction 
of Ni2+ and Fe3+ to Ni0 and Fe0 [20]. The conversion reaction [5] of the 
NiFe2O4 involves the insertion of Li+, and the equation for the electro
chemical reaction is displayed as follows [21]. 

NiFe2O4 + 8Li+ + 8e− →Ni+ 2Fe+ 4Li2O (1) 

During anodic process, the peak at 1.25 V corresponds to the 
oxidation of Fe0 and Ni0 into Fe3+ and Ni2+. The electrochemical re
actions are shown in Equ. (2) and (3) as follows [22]. 

Ni+Li2O→NiO+ 2Li+ + 2e− (2)  

2Fe+ 3Li2O→Fe2O3 + 6Li+ + 6e− (3) 

Fig. 4b shows the initial charge-discharge curves of NF-P 400, NF-P 
500, and NF-P 800 electrodes at a current density of 0.2 A g− 1. The 
initial specific discharge capacities of NF-P 400, NF-P 500, and NF-P 800 
electrodes are 826, 806, and 543 mAh g− 1, respectively. It can be seen 
that the initial specific discharge capacity of the electrodes decreases as 
the annealing temperature increases. This is attributed to the fact that 

NiFe2O4 possesses a high theoretical specific capacity (915 mAh g− 1) 
[23] and more NiFe2O4 converts into Fe0.64Ni0.36 as the annealing 
temperature increases. Fig. 4c demonstrates the rate performance of NF- 
P 400, NF-P 500 and NF-P 800 electrodes. For the NF-P 500 electrodes, 
the average specific discharge capacities are 558.9, 400.1, 272.4, 178.1 
and 89.5 mAh g− 1 at current densities of 0.1, 0.2, 0.5, 1.0 and 2.0 A g− 1, 
respectively. When the current density returns to 0.1 A g− 1, the specific 
discharge capacity of NF-P 500 electrode reaches 527.5 mAh g− 1, 
indicating that NF-P 500 electrode has an excellent rate performance. 
Fig. 4d shows the cycling performance of the NF-P 400, NF-P 500, and 
NF-P 800 electrodes at a current density of 0.2 A g− 1. After 200 cycles, 
the specific discharge capacities of NF-P 400, NF-P 500 and NF-P 800 
electrodes are 237.5, 431.1 and 268.5 mAh g− 1, with corresponding 
capacity retention rate of 28.8 %, 53.5 % and 49.4 %, respectively. 
Among these three materials, the mass percentage of C for NF-P 500 is 
63.4 %, which is the main reason causes the low capacity. Meanwhile, 
the content of NiFe2O4 for NF-P 500 (8.1 wt%) is less than NF-P 400 
(32.7 wt%), but its specific capacity is higher than that of NF-P 400 after 
200 cycles at 0.2 A g− 1 and the NF-P 500 shows the best capacity 
retention rate. Table 1 summarizes the capacities of the three anode 
materials, showing that the NF-P 800 has a better cycling stability than 
NF-P 400. In this context, the excellent cycling and rate performances of 
NF-P 500 are mainly attributed to the following reasons: i) the carbon 
fibers can effectively alleviate volume expansion and structural stress 
during cycling process; ii) Fe0.64Ni0.36 alloy can inhibit the generation of 
lithium dendrites and effectively reduce the nucleation overpotential of 
metallic lithium, thereby improving its electrochemical stability [9]; iii) 
the heterostructure can improve electrochemical properties through a 

Fig. 2. HAADF-STEM images and EDS elemental mappings of (a) NF-P 400, (b) NF-P 500 and (c) NF-P 800.  
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Fig. 3. XRD patterns of (a) NF-P 800, (b) NF-P 500 and (c) NF-P 400. Full XPS spectra of (d) NF-P 400 and (g) NF-P 800. XPS spectra of Ni 2p (e) and Fe 2p (f) for NF-P 400. XPS spectra of Ni 2p (h) and Fe 2p (i) and for 
NF-P 800. 
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synergistic interaction between NiFe2O4 and Fe0.64Ni0.36. The catalytic 
Fe0.64Ni0.36 not only facilitate the conversion reaction of NiFe2O4, 
resulting in the high capacity, but also increase the conductivity of the 
material [24,25]. 

To further elucidate the excellent electrochemical performance of 
heterostructured NiFe2O4/Fe0.64Ni0.36 electrode, a series of CV tests on 
pure-phase (NiFe2O4 and Fe0.64Ni0.36) electrodes are performed. From 
Fig. 5a, it can be seen that the CV curves of NiFe2O4 electrode have 
similar profiles at different scan rates, indicating that similar electro
chemical reactions take place during cycling. The relationship between 

the current (i) and scan rate (v) are studied by the power-law equation 
[26]. 

i = avb (4) 

Where a and b are constants, and the value of b is determined by the 
slope of log(i) against log(v) [27]. Typically, when b value is 0.5 and 1.0, 
the lithium storage is mainly governed by diffusion-controlled and 
pseudocapacitive process, respectively [28,29]. For the NiFe2O4 elec
trode, Fig. 5b shows the b values are close to 0.5 for both cathodic peak 
(0.59) and anodic peak (0.74), indicating that the lithium storage 
behavior is dominated by diffusion-controlled process. Furthermore, the 
contribution rates of diffusion-controlled and pseudocapacitive pro
cesses at different scan rates can be further quantified by Eq. (5) [27]: 

i = k1v+ k2v1/2 (5) 

Where k1v and k2v1/2 represent the contributions of diffusion- 
controlled and pseudocapacitive, respectively. For NiFe2O4, the pseu
docapacitive proportion at 0.5 mV s− 1 is described in Fig. 5c, showing a 
low contribution rate (blue region) of 4 % to the total capacity. In 
Fig. 5d, the contribution rates of diffusion-controlled process are 98 %, 
97 %, 96 %, 94 % and 93 % at the scan rates of 0.1, 0.3, 0.5, 0.8 and 1.0 
mV s− 1, respectively. In this context, the lithium storage behavior of 

Fig. 4. (a) CV of the third cycle at a scan rate of 0.1 mV s− 1. (b) Initial voltage versus capacity curves at a current density of 0.2 A g− 1 for NF-P 400, NF-P 500 and NF- 
P 800. (c) Rate performance at different current densities. (d) Cycling performance at a current density 0.2 A g− 1. 

Table 1 
Summary of specific capacities for different anode materials.  

Anode materials Initial 
discharge 
capacity 
(mAh g− 1) 

Capacity after 200 
cycles at 0.2 A g− 1 

(mAh g− 1) 

Capacity 
retention rate 

NiFe2O4@CNFs  826  237.5 28.5 % 
NiFe2O4/ 

Fe0.64Ni0.36@CNFs  
806  431.1 53.5 % 

Fe0.64Ni0.36@CNFs  543  268.5 49.4 %  
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NiFe2O4 is mainly governed by diffusion-controlled process at the scan 
rate of 0.1–1.0 mV s− 1. As mentioned herebefore, the lithium storage 
mechanism of NiFe2O4 electrode is intercalation-conversion reaction, 
which is affected by the diffusion rate of Li+ [30]. For the NF-P 800 
electrode, Fig. 5e shows that the CV curves also display similar profiles 
at scan rates of from 0.1 to 1.0 mV s− 1. Meanwhile, Fig. 5f manifests the 
b values of cathodic peak (0.86) and anodic peak (0.94) are close to 1.0, 
which means that the lithium-ion storage behavior is dominated by a 
pseudocapactive process. Furthermore, it can be seen from Fig. 5g that 
78 % of lithium storage is calulated as pseudocapactance (blue region) at 
the scan rate of 0.3 mV s− 1. Finally, Fig. 5h shows that the contribution 
rates of diffusion-controlled and pseudocapacitive processes for NF-P 

800 electrode at scan rates from 0.1 to 1.0 mV s− 1, indicating that the 
lithium storage behavior of Fe0.64Ni0.36 electrode is mainly governed by 
a pseudocapacitive process. The storage mechanism of lithium ions is 
changed from intercalation for NiFe2O4 to surface reaction for 
Fe0.64Ni0.36, which can be attributed to the increase of the Fe0.64Ni0.36 
content and the diameter reduction of the CNFs with increasing 
annealing temperature, leading to better cycling performance [9,29]. 
For NiFe2O4, the lithium storage behavior is mainly governed by 
diffusion-controlled process, which is conducive to the specific capacity 
of anodes; for Fe0.64Ni0.36, the lithium storage behavior is dominated by 
a pseudocapacitance process, which is beneficial to the cycling perfor
mance of anodes. This can prove that the high specific capacity, excel
lent cycling stability and rate performances of NiFe2O4/Fe0.64Ni0.36 
results from the synergistic interaction between different components in 
the heterostructure. 

EIS spectra are performed to further investigate the electrochemical 
reaction kinetics of NF-P 400, NF-P 500 and NF-P 800 electrodes 
(Fig. 6a). It can be seen that all the spectra consist of a semicircle in the 
high-frequency region and an inclined line in the low-frequency region. 
Moreover, these EIS spectra can be fitted with equivalent circuit 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Fig. 5. CV curves of NF-P 400 (a) and NF-P 800 (e); Values of b (slope) for NF-P 400 (b) and NF-P 800 (f); Contribution rate of capacitance at 0.5 mV s− 1 for NF-P 400 
(c) and NF-P 800 (g); Diffusion-controlled (green region) and pseudocapacitance (blue region) contribution at various scan rates for NF-P 400 (d) and NF-P 800 (h). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. (a) EIS spectra of NF-P membrane electrodes. (b) Equivalent circuit diagrams. (c) Graph of Zre plotted against ω-0.5.  

Table 2 
The σ and DLi of different anode materials.  

Anode materials σ (Ω s-0.5) DLi (cm2 s− 1) 

NiFe2O4@CNFs 1641.2 2.6 × 10− 27 

NiFe2O4/Fe0.64Ni0.36@CNFs 257.6 8.7 × 10− 26 

Fe0.64Ni0.36@CNFs 56.1 1.1 × 10− 23  
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diagrams in Fig. 6b, where Rs, Rct, W and CPE represent electrolyte 
resistance, charge transfer resistance, Warburg impedance and double- 
layer capacitance, respectively [30,31]. In addition, the semicircle di
ameters of the NF-P 400, NF-P 500 and NF-P 800 electrodes gradually 
decrease in the high frequency region, indicating that the as-prepared 
electrodes obtained at higher annealing temperatures have lower 
charge transfer impedance. Meanwhile, the inclined line in the low- 
frequency region is associated with lithium-ion diffusion in the elec
trode. The diffusion coefficient of lithium ion (DLi) can be calculated by 
Eqs. (6) and (7) [32,33]. 

DLi =
R2T2

2A2n4F4C2σ2
(6)  

Z′ = Rs +Rct + σω− 0.5 (7) 

The parameters in the two equations are as follows: F (Faraday 
constant) = 96,485C mol− 1, R (gas constant) = 8.314 J k− 1 mol− 1, A 
(electrode area) = 1.54 × 10− 4 m2, T = 298.15 K, n is the number of 
transferred electrons during conversion of per single molecule (i.e., 
NiFe2O4, n = 8) and C is the concentration of lithium ions. Fig. 6c show 
the graph of Zre plotted against ω-0.5. The σ value of the NF-P 400, NF-P 
500 and NF-P 800 electrodes is 1641.2, 257.6 and 56.1 Ω s-0.5, respec
tively. The DLi of NF-P 400, NF-P 500 and NF-P 800 electrodes is 
calculated to be 2.6 × 10− 27, 8.7 × 10− 26 and 1.1 × 10− 23 cm2 s− 1, 
respectively (Table 2). In addition, the impedance spectrum and Zre vs 
ω-0.5 curve of pure CNF was shown in Fig. S3, where P 800 represents 
pure CNF. It can be seen that the DLi gradually increases with the in
crease of annealing temperature, which is related to the diffusion path of 
lithium ions and the pseudocapacitive behavior [34]. On the one hand, 
with the increase of annealing temperature, the diameter of fibers de
creases gradually, resulting in the short diffusion path for lithium ions. 
On the other hand, the content of Fe0.64Ni0.36 increases significantly in 
the fibers with the increase of annealing temperature, which can inhibit 
the generation of lithium dendrites and effectively reduce the nucleation 
overpotential of metallic lithium [35]. It can be deduced for the anode 
materials that the higher annealing temperature, the lower charge- 
transfer impedance and better lithium-ion diffusion ability. Table 3 
summarizes the electrochemical performance of NiFe2O4 composite 
anodes for LIBs in the previous literature. 

4. Conclusions 

Ni–Fe based nanoparticles emdedded in CNFs are prepared by 
electrospinning followed by subsequent annealing, and used as anode 
materials for LIBs. Three distinct Ni–Fe based nanoparticles are ob
tained, including NiFe2O4 (400 ◦C), heterostructured NiFe2O4/ 
Fe0.64Ni0.36 (500 ◦C) and Fe0.64Ni0.36 (800 ◦C). When used as anode 
materials, NF-P 500 exhibits a specific discharge capacity of 431.1 mAh 

g− 1 after 200 cycles at a current density of 0.2 A g− 1, higher than that of 
NiFe2O4@CNFs (237.5 mAh g− 1) and Fe0.64Ni0.36@CNFs (268.5 mAh 
g− 1) electrodes. As the annealing temperature increases, the diameter of 
the CNFs gradually shrinks, which is beneficial to the cycling stability of 
LIBs due to the shortened diffusion path for Li ions. The increasing 
content of Fe0.64Ni0.36 in the fiber membranes can improve the contri
bution rates of pseudocapacitive process. Moreover, the synergistic ef
fect of heterostructured NiFe2O4/Fe0.64Ni0.36 can further improve the 
electrochemical performance. The catalytic Fe0.64Ni0.36 not only facili
tate the conversion reaction of NiFe2O4, resulting in the high capacity, 
but also increase the conductivity of the material. This work provides a 
feasible strategy to prepare heterostructured bimetallic compounds 
embedded in CNFs as anode materials, paving the road for the devel
opment of high-performance LIBs. 
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Table 3 
Electrochemical performance comparison of NiFe2O4 composite anodes for LIBs.  

Anode materials Cycling performance Rate capability Ref. 

Current density (A g− 1) Cycle number Capacity 
(mAh g− 1) 

Current density (A g− 1) Capacity 
(mAh g− 1) 

Spherical NiFe2O4/graphene  0.1  50  407  0.3  489 [36]  
0.6  353 

NiFe2O4 composite  0.1  100  223  0.2  < 200 [37]  
0.5  < 200 

NiFe2O4 prepared with Na2CO3  0.1  100  438.6  0.4  401.7 [38]  
1.0  351.8 

NiFe2O4@CNFs  1.0  60  411  0.2  670 [39]  
0.5  542 

NiFe2O4/C nanofibers  0.1  100  497  0.5  304 [8]  
1.0  228 

NiFe2O4/Fe0.64Ni0.36@CNFs  0.2  200  431.1  0.1  558.5 This work  
1.0  272.4  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2023.110412. 
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