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A B S T R A C T   

Iron compounds have been extensively used as anode materials of lithium-ion batteries because of their low-cost 
and excellent electrochemical performance. However, iron compounds have a poor cyclic stability as a result of 
their drastic volume change in the charge/discharge processes. Herein, we propose an effective strategy to 
improve the cyclic performance of iron compounds by carbon coating and mixing with manganese oxide. To 
implement this, flexible carbon fibers embedded with Fe/Mn-based nanoparticles are produced by electro-
spinning with subsequent annealing process. By adjusting the annealing temperatures, the phase transformation 
of Fe/Mn-based compounds within carbon fibers is investigated in details. As the annealing temperature in-
creases, Fe/Mn precursors (iron acetylacetonate and manganese acetylacetonate) in the fibers decompose 
gradually and then Fe3O4 and MnO nanoparticles form successively. When the temperature rises to 800 ◦C, the 
formed Fe3O4 is gradually reduced by carbon to produce Fe3C while MnO remains unchanged. The carbon fibers 
loaded with different Fe/Mn-based compounds (Fe3O4, Fe3O4/MnO, Fe3O4/Fe3C/MnO and Fe3C/MnO) are ob-
tained under different annealing temperatures. Among these composites, carbon fibers loaded with Fe3O4/Fe3C/ 
MnO nanoparticles exhibit the best specific capacity (750.23 mAh g− 1 after 250 cycles) and cyclic stability, 
ascribing to the synergistic effect of iron and manganese compounds. Furthermore, it is found that charge 
transfer impedance of the anodes is reduced and Li+ diffusion ability is improved as the annealing temperature 
increases, which is ascribed to the increasing content of Fe3C and the short Li+ diffusion distance resulted from 
the reduced diameter of carbon fibers. The excellent electrochemical performance indicates that the hybrid 
electrospun nanofibers have a great potential application for flexible lithium-ion batteries.   

1. Introduction 

Transition metal compounds have become an important candidate as 
anode materials owing to their distinct advantages such as environ-
mental friendliness, low cost and excellent electrochemical performance 
[1–4]. Among them, iron compounds, i.e. iron oxides [5,6] and iron 
carbide [7], have attracted extensive research attention due to their 
remarkable theoretical specific capacity and outstanding catalytic ac-
tivity. Yet virtually iron compounds are heavily influenced by drastic 
volume change during charge/discharge cycling, which results in severe 
pulverization, leading to inferior cyclic stability [8]. Hence, it is urgent 
to find suitable strategies to enhance their cyclic stability. 

To overcome iron compounds’ volume expansion during the charge/ 
discharge processes in lithium ion battery, diverse carbon materials such 
as graphene, carbon nanotubes and activated carbon have been exten-
sively applied as a volume buffer to increase cycle stability of iron 
compounds [9–11]. For example, a composite composed of yolk-shell 
structured Fe3O4@C and Fe3C, synthesized by Huang et al. [12], 
possessed a specific capacity of 600 mAh g− 1 after 300 cycles at a current 
density of 1000 mA g− 1 under ambient temperature, which was ascribed 
to the protective carbon shell and catalytic Fe3C. Graphene/α-Fe2O3 
nanostructures prepared by Zhang et al. [13], kept a reversible specific 
capacity of 607 mAh g− 1 after 100 cycles at a current density of 100 mA 
g− 1 due to the introduction of graphene which can alleviate the volume 
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change of electrode materials during discharge/charge processes. 
Furthermore, compared to single metal oxide, mixed transition metal 
oxides usually exhibited better electrochemical performance [14–16]. 
Compared with iron compounds, manganese oxides [17] showed better 
cycling stability. Therefore, it is effective to optimize the cyclic stability 
of iron compounds by mixing with manganese oxides. In summary, the 
cycle stability of iron compounds can be enhanced more effectively by 
carbon coating and mixing with manganese oxides. 

Great progress has been made on the improvement of electro-
chemical properties for iron compounds and their composites, but scarce 
reports can be found on their structural or phase evolution. For the iron 
compounds, Wang et al. [18] explored their phase evolution process in 
carbon fibers (CF) under different annealing temperatures. However, for 
the heterostructured metallic compounds in the CF, i.e., Fe/Mn-based 
compounds, their phase evolution remains unclear. Thus, it is impera-
tive to clarify the phase evolution of Fe/Mn-based compounds in the CF 
under different annealing temperatures, which can further help to 
improve their electrochemical performance. 

In this work, heterogeneous flexible anode materials with Fe/Mn- 
based nanoparticles embedded in carbon fibers are prepared by elec-
trospinning and subsequent annealing processes. Several Fe/Mn-based 
compounds, including Fe3O4, Fe3O4/MnO, Fe3O4/Fe3C/MnO and 
Fe3C/MnO, are produced in the carbon fibers as the annealing temper-
ature increases. The phase transformation processes are investigated in 
details. Beside, through carbon coating and mixing with MnO, the vol-
ume expansion of iron compounds is alleviated during the electro-
chemical cycle process and their cycle stability is improved. 

2. Experimental section 

2.1. Materials 

Polyacrylonitrile (PAN, average Mw. 150,000), Iron acetylacetonate 
[Fe(acac)3, 98 %], Manganese acetylacetonate [Mn(acac)3, 98 %], and 

N, N-Dimethylformamidel (DMF, 99.5 %) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. All chemicals were of analytical grade 
and used as received without further purification. 

2.2. Preparation of Fe/Mn-based fiber membranes 

First, the precursor solution containing DMF, PAN (11 wt.%), Fe 
(acac)3 and Mn(acac)3 (a molar ratio of 2:1) were prepared, and stirred 
at 30 ◦C for 6 h to form a viscous mixture. Then, the fiber membranes 
were obtained by electrospinning under a working voltage of 20 kV with 
a flow rate of 0.36 mL/h. The distance between needle tip and collecting 
roll was set as 16 cm. The speed of the receiver and the diameter of the 
needle were 500–800 rpm and 0.55 mm. The temperature and the hu-
midity were 26 ◦C and 33–36 %. Subsequently, the as-prepared fiber 
membranes were stabilized in drying oven at 230 ◦C for 2 h. Finally, the 
stabilized fiber membranes were annealed with the temperature ranging 
from 400 to 800 ◦C for 2 h with a heating rate of 2 ◦C/min in argon 
atmosphere. The fiber films obtained at different annealing tempera-
tures were labeled as MF-P T (T stands for annealing temperature). For 
example, the fiber membrane annealed at 400 ◦C was labeled as MF-P 
400. For comparison, we prepared Fe or Mn-based fiber membranes 
by preparing precursor solution containing DMF, PAN (11 wt.%), Fe 
(acac)3 or Mn(acac)3, and then following the above electrospinning and 
annealing procedure. The fiber membranes obtained at 700 and 800 ◦C 
were marked as F-P 700, F-P 800, M-P 700 and M-P 800, respectively. 

2.3. Materials characterization 

The crystal structures of as-prepared fiber membranes were investi-
gated using an X-ray diffractometer (XRD, Bruker D8 Advance) with Cu- 
Kα radiation (λ = 1.5406 Å). Their morphologies were studied using a 
field-emission scanning electron microscope (FE-SEM, Sigma 500) at an 
accelerating voltage of 20 kV. Their compositions were determined 
using an energy dispersive X-ray spectrometer (EDS, Oxford INCAx- 

Fig. 1. XRD patterns of (a) MF-P 400 and MF-P 500, (b) MF-P 600, (c) MF-P 700 and (d) MF-P 800.  
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Sight6427). The elemental mapping of MF-P 700 and 800 were carried 
out on EDS (Oxford INCAx-Sight6427). Bright-field (BF) and high- 
resolution transmission electron microscopy (HRTEM) images were 
obtained using a transmission electron microscope (TEM, JEOL JEM 
2100F) at 200 kV. X-ray photoelectron spectra (XPS, Thermo Scientific 
K-Alpha+) were acquired with an Al Kα X-ray source (hv = 1486.6 eV). 
Thermogravimetric analysis (TGA, Germany NETZSCH TG209F3) was 
carried out at temperatures ranging from 30 to 900 ◦C with a heating 
rate of 10 ◦C/min. 

2.4. Electrochemical measurements 

The annealed fibers membranes (thickness about 200 μm, mass of 
composite about 2.0 mg) were used as the anode electrode material for 
LIBs and their lithium storage capacity were investigated. The assembly 
process for CR2025-type coin cells is carried out in a glove box filled 
with high-purity argon under the condition that both moisture and ox-
ygen concentrations are less than 0.1 ppm. A mixture of 1 M LiPF6 so-
lution and ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl 
carbonate (DEC) (1:1:1 vol ratio) was used as electrolyte and lithium foil 

Fig. 2. FE-SEM images of MF-P 400 (a and b), MF-P 500 (c and d), MF-P 600 (e and f), MF-P 700 (g and h) and MF-P 800 (i and j).  
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was used as counter electrode. The rate performance and cycling sta-
bility were tested using a LAND CT2001 battery test system with a 
voltage range of 0.01–3.00 V. The cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS) tests were carried out on a 
Metrohm Autolab electrochemical workstation (PGSTAT 302 N). At a 
scan rate of 0.3 mV s− 1, the CV curves with the potential range of 
0.01–3.00 V were acquired. At the disturbance amplitude of 5 mV, the 
EIS spectra were gained with the frequency range of 100 kHz–0.01 Hz. 

3. Results and discussion 

To explore the crystal structure of different phases produced in the 
CF under different annealing temperatures, systematic XRD analysis was 
carried out. Fig. 1 shows the XRD patterns of the MF-P samples. As 
displayed in Fig. 1a, diffraction peaks of MF-P 500 and MF-P 400 have 
similar peak positions. The diffusive broad peak at 26◦ corresponds to 
amorphous carbon. The three peaks appeared at 35.4◦, 43.1◦ and 62.5◦

belong to the (311), (400) and (440) crystal planes of Fe3O4 (JCPDS no.: 
65–3107, a = 8.396 Å) [19], suggesting that Fe3O4 nanocrystals are 
produced as annealing temperature rises to 400 ◦C. The diffraction peaks 
of cubic phase MnO (JCPDS no.: 07–0230, a = 4.445 Å) [20] emerge in 
the XRD pattern of MF-P 600, as shown in Fig. 1b. The peak at 35.0◦ is 
caused by the overlapped diffraction of the (311) plane of Fe3O4 and the 
(111) plane of MnO [20], while the diffraction peak observed at 40.5◦

belongs to the (200) crystal plane of MnO, indicating that MnO is formed 
at 600 ◦C. The mass ratio of Fe3O4 and MnO in MF-P 600 is determined 
to be 8:3 from quantitative analysis of its XRD pattern. Compared with 
MF-P 600, the XRD pattern of MF-P 700 shows the new diffraction peaks 
at 37.6◦, 42.9◦, 43.7◦, 44.6◦, 45.0◦, 45.9◦, 48.6◦ and 49.1◦, corre-
sponding to (121), (211), (102), (220), (031), (112), (131) and (221) 
crystal plane of the orthorhombic Fe3C (JCPDS no.: 35–0772, a =
5.0910 Å, b = 6.7434 Å, c = 4.5260 Å, α = β = γ = 90◦) [21], respec-
tively. Thus, Fe3O4, Fe3C and MnO co-exist in MF-P 700. The mass ratio 
of Fe3O4, MnO and Fe3C in MF-P 700 is determined to be 0.5:1:3 from 

Fig. 3. Diameter distributions of (a) MF-P 400, (b) MF-P 500, (c) MF-P 600, (d) MF-P 700 and (e) MF-P 800. (f) Average diameters as a function of temperature for 
MF-P fibers. 

F. Xie et al.                                                                                                                                                                                                                                       



Electrochimica Acta 470 (2023) 143288

5

quantitative analysis of its XRD pattern. Only the peaks of MnO and Fe3C 
are found in XRD pattern of MF-P 800, meaning that Fe3O4 formed at 
low annealing temperatures is reduced into Fe3C by carbon and MnO 

remains unchanged at 800 ◦C. The mass ratio of MnO and Fe3C in MF-P 
800 is determined to be 1:2 from quantitative analysis of its XRD 
pattern. 

Fig. 4. EDS spectra acquired from (a) MF-P 500, (b) MF-P 600, (c) MF-P 700, (d) MF-P 800.  

Fig. 5. FE-SEM images of (a) MF-P 700, (b) F-P 700, (c) M-P 700. (d) FE-SEM images of MF-P 700 and its elemental mapping images related to C, O, Fe and Mn.  
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Fig. 2 displays typical low and high magnification FE-SEM images of 
MF-P fiber membranes. From the low-magnification FE-SEM images 
(Fig. 2a, c, e, g and i) of MF-P 400, MF-P 500, MF-P 600, MF-P 700 and 
MF-P 800, it can be seen that fibers are well dispersed and have rela-
tively uniform diameters. The enlarged SEM images of MF-P 400, MF-P 
500, MF-P 600, MF-P 700 and MF-P 800 are presented in Fig. 2b, d, f, h 
and j, respectively. In MF-P 400, the fibers have a quite smooth surface 
caused by the poor crystallization of Fe3O4 at 400 ◦C. In MF-P 500, many 
spherical nanoparticles are observed in the fibers and the number of 
nanoparticles increases greatly in MF-P 600. This is attributed to the 
further crystallization of nanoparticles and their diffusion from inside to 
the surface of fibers. For the MF-P 700, the diameter of the spherical 
particles becomes larger and some cuboidal particles appear on the 
surface of fibers. Compared to MF-P 700, MF-P 800 has more cuboidal 
particles and some pores are found on the surface which may be due to 
the falling-off of the formed nanoparticles. As shown in Fig. 2, the fiber 

diameter decreases as the annealing temperature increases. The statis-
tical analysis in Fig. 3 illustrated the reduction of average diameter more 
clearly, which is ascribed to the release of more gases at higher 
annealing temperatures [22,23]. 

To analyze the composition of elements of the sample, EDS spectra 
were performed. Fig. 4(a–d) show the EDS spectra of MF-P 500, MF-P 
600, MF-P 700 and MF-P 800, respectively, in which the tables display 
the mass ratio of the elements in the samples. The peaks not marked in 
the spectra are caused by gold plating. The quantification results of EDS 
spectra are consistent with those of XRD patterns. To distinguish the 
spherical and cuboidal nanoparticles on the fiber surface, the mor-
phologies of the carbon fibers loaded with iron compounds (F-P 700 and 
F-P 800) and manganese compounds (M-P 700 and M-P 800) were 
investigated, which are presented in Figs. 5 and 6. Both cuboidal par-
ticles (marked by red rectangle) and spherical particles (marked by blue 
circles) can be found in MF-P 700 and MF-P 800. However, only 

Fig. 6. FE-SEM images of (a) MF-P 800, (b) F-P 800, (c) M-P 800. (d) FE-SEM images of MF-P 800 and its elemental mapping images related to C, O, Fe and Mn.  

Fig. 7. Typical BF TEM (a) and HRTEM (b) images of MF-P 500.  
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spherical nanoparticles exist in F-P 700 and F-P 800 while cuboidal 
particles are found in M-P 700 and M-P 800. Thus, it is deduced that the 
spherical particles are iron compounds, while the cuboidal particles are 
made up of manganese compounds. The elemental mapping examina-
tion was performed to further verify the composition of the cuboidal 
nanoparticles. Figs. 5d and 6d show the elements distribution of the 
cuboidal nanoparticles in MF-P 700 and MF-P 800, respectively. It can 
be seen that these particles (enveloped by white rectangles) are made up 
of O and Mn elements. Based on XRD analysis and elemental mapping 
results, the cuboidal particles are determined to be MnO. 

To further investigate the phase evolution process at different 
annealing temperatures, extensive TEM characterizations were carried 
out. Fig. 7a shows BF TEM image of MF-P 500. There are few nano-
particles embed in the fiber’s surface, which is consist with our SEM 
result. Fig. 7b displays the HRTEM image of MF-P 500. The interplanar 
spacing is measured to be 2.10 Å and the angle between the two planes is 
90◦, corresponding to the {400} planes of Fe3O4, which demonstrates 
that the Fe3O4 nanocrystals were produced at 500 ◦C. From the enlarged 
TEM image of MF-P 600 shown in Fig. 8b, two different particles can be 
observed, which are named as particle I and II, respectively. The HRTEM 
images in Fig. 8c and d are obtained from the rectangular regions in 
particle I and II, respectively. In particle I, the interplanar spacings are 
2.53 Å and 2.10 Å by carefully measured, corresponding to the (311) 
and (400) crystal planes of Fe3O4, respectively. The angle is determined 
to be 73◦, consistent with the theoretical value of Fe3O4. In particle II, 
the lattice spacing in the HRTEM image is measured to be 2.22 Å, in 

accordance with the (200) crystal plane of MnO. Therefore, both Fe3O4 
and MnO exist in the carbon fibers of MF-P 600. Fig. 9a and b are the BF 
TEM and HRTEM images of MF-P 700, respectively. The enlarged 
HRTEM images indicate that the particles labeled by the red, yellow, and 
green lines in Fig. 9b correspond to MnO, Fe3C and Fe3O4, respectively. 
Fig. 9c shows the enlarged HRTEM images of particle I in Fig. 9b, which 
is determined to be MnO according to the measured interplanar spac-
ings. Fig. 9d and e demonstrate the enlarged HRTEM images of particle 
II and III in Fig. 9b, respectively. All of them are determined to be Fe3C 
by measuring the interplanar spacings and the angle between two 
planes. Fig. 9f is the enlarged images of particle IV in Fig. 9b. It can be 
confirmed as Fe3O4 by measuring its planar spacing. HRTEM examina-
tion of MF-P 700 demonstrates that when the annealing temperature 
reaches 700 ◦C, part of Fe3O4 is reduced into Fe3C while MnO remains 
unchanged, which is in good agreement with the XRD results. From the 
HRTEM image of MF-P 800 in Fig. 10b, only MnO and Fe3C nano-
particles, enclosed by the red and yellow lines, are observed, indicating 
that the Fe3O4 is completely reduced by carbon at 800 ◦C. 

To further explore the decomposition temperature of Mn(acac)3/Fe 
(acac)3/PAN fibers (MF-P), thermogravimetric analysis (TGA) was 
conducted. First, the temperature increases from 30 ◦C up to 230 ◦C with 
a heating rate of 10 ◦C/min in air atmosphere. After kept in air for 2 h, 
the temperature is continually increased to 900 ◦C with a heating rate of 
10 ◦C/min in Ar atmosphere. Fig. 11 is the TGA curves obtained from 
pure PAN fibers (P) and PAN fibers loaded with Mn(acac)3/Fe(acac)3. It 
can be clearly seen that the weight of both samples changes slowly in the 

Fig. 8. Typical BF TEM (a) and HRTEM (b) images of MF-P 600. HRTEM image of the area surrounded by the green square(c) and the area surrounded by the red 
square(d) in (b). 
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temperature range from 30 ◦C to 160 ◦C, corresponding to the volatili-
zation of moisture and solvent in the sample. The decomposition of Mn 
(acac)3/Fe(acac)3 is presented by the sharp decline of MF-P in the 
temperature range of 160 ◦C (A)–230 ◦C. The TGA curve of MF-P is 
parallel to that of P in the temperature range from B to C, indicating that 

formation of Fe3O4 occurs in the temperature range of 360–598 ◦C. The 
weight of MF-P decreases drastically in the temperature range of 
598–710 ◦C (C-D), which corresponds to the formation of MnO and 
transformation from Fe3O4 to Fe3C, confirmed by the XRD and TEM 
analyses. 

Fig. 9. Typical BF TEM (a) and HRTEM (b) images of MF-P 700. HRTEM image of the area surrounded by the square I(c), II(d), III(e) and IV(f) in (b).  

F. Xie et al.                                                                                                                                                                                                                                       



Electrochimica Acta 470 (2023) 143288

9

Fig. 12 shows the XPS spectra obtained from MF-P 500–800. Fig. 12b 
and e display typical spectra of Fe3O4 with two peaks located at 710 eV 
and 724 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively. [24, 
25] The Fe 2p3/2 spectrum consists of two single peaks corresponding to 
Fe2+ (710 eV) and Fe3+ (712 eV), respectively. The Fe 2p1/2 spectrum 
shows characteristic of Fe2+ (723 eV) and Fe3+ (726 eV). [26] The Fe 2p 
peak positions and splittings vary for different samples due to different 
valences of Fe. [27] When the temperature reaches 700 ◦C, apart from 
typical spectra of Fe3O4, two peaks are also found at 707 eV and 722 eV, 
corresponding to 2p3/2 and 2p1/2 of Fe3C. [28] This further confirms that 
Fe3O4 and Fe3C co-exist at 700 ◦C. In Fig. 12k, two peaks are found at 
707 eV and 722 eV, corresponding to 2p3/2 and 2p1/2 of Fe3C. The other 
four peaks located at 710, 712, 723 and 726 eV result from surface 
oxidation. [29] The peaks at 716, 720, 728 and 733 eV are satellite peaks 
of Fe 2p. Fig. 12c, f, i and l show typical spectra of MnO with appearance 
of two peaks at 653 and 642 eV, corresponding to Mn 2p1/2 and Mn 
2p3/2, respectively. [30] 

Based on the XRD and HRTEM results, we propose a phase evolution 
mechanism of the iron and manganese compounds in carbon fibers, as 
shown in Fig. 13. While the annealing temperature reaches 500 ◦C, only 
Fe3O4 nanoparticles are produced in carbon fibers. As the temperature 
rises to 600 ◦C, MnO nanoparticles begin to form. With further 
increasing temperature, Fe3O4 is gradually reduced by carbon and 
transforms into Fe3C, and this process continues until the annealing 
temperature reaches 800 ◦C. However, MnO remains unchanged in the 
reductive carbon environment during the whole annealing process, 
which is ascribed to the low valence state of manganese. Therefore, both 
Fe3C and MnO are found in MF-P 800. 

The electrochemical performances of MF-P samples as anode mate-
rials are systematically investigated. Fig. 14a–d display the initial five 
CV curves obtained at a specific scanning rate of 0.3 mV s− 1 of MF-P 500, 
MF-P 600, MF-P 700 and MF-P 800 electrodes, respectively. For the MF- 
P 500 electrode, only a reduction peak is observed at 0.25 V in the first 
cathodic scan, which is attributed to the irreversible formation process 

Fig. 10. Typical BF TEM (a) and HRTEM (b) images of MF-P 800.  

Fig. 11. TGA curves of Mn(acac)3/Fe(acac)3-PAN fibers (MF-P) and PAN fibers (P).  
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of solid electrolyte interface (SEI) film on the electrode surface. No 
obvious redox peaks are found in the following cycles due to the low 
crystallinity of active materials in MF-P 500. Fig. 14b shows the CV 
curves of MF-P 600, which is similar to the typical CV curve of Fe3O4 
with sharp reduction peaks at ~ 0.5 V and weak oxidation peaks at ~ 
1.2 V, corresponding to the insertion and extraction of lithium ions in 
Fe3O4, respectively. However, the peak at 0.41 V in the first cathodic 
scanning here is slightly lower than the reported potentials (0.5 V) for 
Fe3O4 [31] but close to that of FeO (0.39 V) [32]. In addition, the initial 
reduction potentials of both MF-P 700 (0.34 V) and MF-P 800 (0.31 V) 
are higher than the reported potentials (0.1 V) for MnO [33]. The shifts 

of the first cathodic peaks may be attributed to the oxidation of 
Mn-based compound by Fe-based compounds. The subtle reduction 
peaks in the first scanning process of MF-P 800 electrodes at 0.69 V and 
1.51 V correspond to the insertion process of lithium ion into Fe3C [34]. 
The weak anodic peaks of MF-P 700 and MF-P 800 at about 1.29 V are 
mainly associated with the delithiation process of MnO and Fe3C. In the 
subsequent cycle, both reduction and oxidation peaks in Fig. 14b–d shift 
towards high voltage, which are ascribed to the polarization of the 
active materials and the formation of irreversible SEI film during the 
electrochemical cycle [35]. All the aforementioned electrochemical re-
actions belong to conversion reactions because the no alloy forms during 

Fig. 12. Full-scan XPS spectra (a, d, g, j) of MF-P 500, MF-P 600, MF-P 700 and MF-P 800; High-resolution spectra of Fe 2p (b, e, h, k) and Mn 2p (c, f, i, l).  
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the charge and discharge process. For Fe3O4 and MnO components, the 
electrochemical reactions only involve the formation and decomposition 
of Li2O, as well as the reduction and oxidation of metal nanoparticles, 
which is typical for conversion reactions. [36] For Fe3C component, 
although cubic iron is produced during cycling process, it does not alloy 
with Li because of their relatively high electronegativity difference 
(0.85) and unmatched valence state (+3 vs. +1) according to the 
Hume-Rothery rules. [34] Fig. 14e–h illustrate the initial five dis-
charge/charge profiles of MF-P 500, MF-P 600, MF-P 700 and MF-P 800 
electrodes at a fixed current density of 0.2 A g− 1. The evident discharge 
potential plateaus of the four samples agree well with their cathodic 
peaks in the corresponding CV curves. The initial discharge capacities of 
MF-P 500, MF-P 600, MF-P 700 and MF-P 800 electrodes are 695.9, 
728.7, 1196.3 and 449.1 mAh g− 1, respectively. MF-P 700 electrode 
exhibits the highest capacity, as a result of the synergistic effect of 
Fe3O4, MnO and Fe3C. 

To further investigate the electrochemical performance of MF-P 
samples, the rate performance and cycling stability were examined. As 
displayed in Fig. 15a, the rate performance of four electrodes is tested 
under different current densities. MF-P 700 electrode presents the 
optimal rate performance with the average specific discharge capacity of 
719.25 mAh g− 1, 638.95 mAh g− 1, 575.45 mAh g− 1, 486.17 mAh g− 1 

and 361.4 mAh g− 1 at current densities of 0.1, 0.2, 0.5, 1 and 2 A g− 1, 
respectively. The specific capacity (762.59 mAh g− 1) is higher than its 
initial value (719.25 mAh g− 1) as the current density returns to 0.1 A 
g− 1, indicating that the electrode materials can be effectively activated 
by higher current density during charge/discharge cycle [37]. The 
theoretical specific capacity of each anode and the C-rates under 
different current densities are displayed in Table 1. Fig. 15b displays the 
electrochemical cycling performance of MF-P electrodes under a fixed 
current density of 0.2 A g− 1. After 250 cycles, the specific discharge 
capacities of MF-P 500, MF-P 600, MF-P 700 and MF-P 800 electrodes 
are 510.1 mAh g− 1, 542.5 mAh g− 1, 750.23 mAh g− 1 and 223.2 mAh 

g− 1, respectively. For all the electrodes, the specific capacity gradually 
increases with increasing cycle number because the active substances 
are gradually activated with increasing cycle time. This phenomenon is 
common in half cell tests when the metal oxides are used as anode 
material [38–40]. By comparison, the MF-P 700 electrode exhibits the 
best cyclic stability. The improved rate and cycling performances of 
MF-P 700 electrode are attributed to the following three reasons: Firstly, 
the mixture of Fe3O4 and MnO in carbon fibers has higher theoretical 
specific capacity, which is conducive to storing more lithium ions. 
Secondly, the appearance of MnO improves the cyclic stability of iron 
compounds. Thirdly, the formation of SEI film has been partially sup-
pressed due to the outstanding catalytic activity of Fe3C, leading to the 
increase of specific capacity [41,42]. The mass, thickness and areal 
current of each anode, together with the components and their contri-
bution to specific capacity of each anode were displayed in Table 2. 

To study the electrochemical reaction kinetics of MF-P electrodes, 
EIS tests were performed. As shown in Fig. 15c, all four EIS spectrum 
consist of two parts: a semicircle and an inclined line in the regions of 
high frequency and low frequency, respectively. The illustration in 
Fig. 15c is the corresponding circuit diagram of the electrode. The fitting 
parameters used in the equivalent circuit are summarized in Table 3. 
The electrolyte impedance, charge transfer impedance, Warburg 
impedance and double-layer capacitance are denoted as Rs, Rct, W and 
CPE, respectively [43]. With the increase of annealing temperature, the 
semicircle diameter decreases gradually, demonstrating that MF-P 
samples obtained at higher annealing temperature exhibit the lower 
charge transfer impedance. The Rcts of MF-P 500, MF-P 600, MF-P 700 
and MF-P 800 electrodes are 474 Ω, 205 Ω, 200 Ω and 147 Ω, respec-
tively, demonstrating that the charge transfer impedance of the obtained 
electrode can be reduced by increasing the temperature during anneal-
ing procedure [44]. The inclined line in low frequency region is related 
to the Li+ diffusion of the electrode [45] and the diffusion coefficient of 
lithium ions (DLi) can be calculated by the following equations [46]. 

Fig. 13. Phase evolution process during annealing process.  
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DLi =
R2T2

2A2n4F4C2σ2
(1)  

Z′ = Rs + Rct+σω− 0.5 (2)  

where the constant values of Faraday is 96,485 C mol− 1, denoted as F. 
The gas constant R is 8.314 J K− 1 mol− 1. The electrode area A is 1.54 ×
10− 4 m2. T is 298.15 K. n is the number of the electrons of single 
molecule participating in the electron transfer reaction, and C represents 

the Li+ concentration of the electrode. The σ values (slope of the line) of 
MF-P 500, MF-P 600, MF-P 700 and MF-P 800 are 1270.9, 426.1, 154.9 
and 39.1 Ω s− 0.5, respectively. The DLi of MF-P 500, MF-P 600, MF-P 700 
and MF-P 800 electrodes are 4.5 × 10− 27, 3.9 × 10− 26, 2.9 × 10− 25 and 
4.7 × 10− 24 cm2s− 1, respectively, demonstrating that the electrode ob-
tained at higher annealing temperature has higher Li+ diffusion coeffi-
cient. This is attributed the fact that the diameter of the carbon fiber 
gradually decreases with the increase of annealing temperature, leading 
to the shortening of Li+ diffusion distance [47]. In a word, the charge 

Fig. 14. CV curves of MF-P 500 (a), MF-P 600 (b), MF-P 700 (c), and MF-P 800 (d) obtained at 0.3 mV s− 1. Initial voltage versus capacity curves of MF-P 500 (e), MF- 
P 600 (f), MF-P 700 (g), and MF-P 800 (h) electrodes at a current density of 0.2 A g− 1. 
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transfer impedance of MF-P samples can be effectively decreased by 
increasing the annealing temperature thus possessing higher Li+ diffu-
sion ability. 

4. Conclusions and perspectives 

In conclusion, the heterogeneous flexible anode materials with 
different Fe/Mn-based nanoparticles embedded in carbon fibers were 
fabricated by electrospinning technique under various annealing tem-
peratures. Different composites, Fe3O4/CF, Fe3O4/MnO/CF, Fe3O4/ 
Fe3C/MnO/CF and Fe3C/MnO/CF, are obtained at 500, 600, 700 and 
800 ◦C, respectively. Among four electrodes, Fe3O4/Fe3C/MnO/CF ex-
hibits excellent specific capacity (750.23 mAh g− 1 after 250 cycles), 
which results from the higher specific capacity of the mixed oxides 
(MnO and Fe3O4) as well as the catalytic activation and good conduc-
tivity of Fe3C. In addition, the excellent cycling stability of Fe3O4/Fe3C/ 
MnO/CF during charge/discharge process is attributed to the carbon 
coating and mixing with manganese oxides. Our work will help deepen 
the understanding of the phase transition of Fe/Mn-based compounds in 
carbon fibers and the relationship between phase constituent and 
lithium-storage performance. 
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