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A B S T R A C T   

Designing electrode structures with excellent mechanical properties, fast electrochemical kinetics and stability is 
important for the development of flexible wearable electrodes. In this paper, a hollow carbon nanofiber com
posite of Ti3C2Tx MXene and Fe3C nanoparticles is designed. The synergistic effect of Ti3C2Tx MXene and Fe3C 
nanoparticles forms a strong conductive channel with the hollow channel to form a dual conductive channel, 
which plays an important role in the preparation of high-performance lithium-ion batteries. Benefiting from the 
advantages of the above structure, the Fe3C@MXene/hollow multichannel carbon fibers (Fe3C@MXene/HMCFs) 
electrodes at a current density of 0.2 A/g achieve an initial capacity of 1294 mA h g− 1 and a high reversible 
capacity of 831 mA h g− 1 after 200 turns of charge/discharge cycles.   

1. Introduction 

The energy dilemma has been receiving a great deal of attention, and 
green renewable energy sources such as rechargeable batteries, super
capacitors, photocatalysis, and electrocatalysis are very important 
[1–3]. To meet the increasing energy demand, there is a great interest in 
flexible electrode research, including applications in drive devices for 
wearable electronics, energy harvesting devices for power generation, 
and wearable antennas for wireless communication [4–6]. Electrode 
materials play an important role in high-performance energy storage 
devices, and high specific capacity and stable electrochemical properties 
have been the focus of research on electrode materials [7,8]. 
Rechargeable lithium-ion batteries (LIBs) have been receiving attention 
due to their high energy density and long cycle life. However, the 
problems of low conductivity and volume expansion of LIBs have also 
been troubling. In recent years, excellent two-dimensional (2D) 
conductive materials have been widely investigated, and the 

incorporation of conductive 2D materials has been demonstrated 
through several studies to be beneficial for improving electron/ion 
transport and increasing specific capacity. 

In the past few years, extensive research on 2D materials has pro
vided the basis for our understanding of 2D materials. Among the family 
of 2D materials, transition metal carbides (MXene), a novel material 
with a layered structure, have received much attention. Due to its large 
and tunable interlayer space, excellent hydrophilicity, extraordinary 
conductivity, and rich surface chemistry, has led to the use of Ti3C2Tx 
MXene as an electrode material and in other components of batteries. 
However, the relatively low capacity of Ti3C2Tx MXene limits its appli
cation in rechargeable batteries [9–11]. Moreover, Ti3C2Tx MXene is 
susceptible to van der Waals inters tacking, resulting in impaired elec
trochemical properties. However, Ti3C2Tx MXene, with its high elec
trical conductivity, rich surface chemistry and special two-dimensional 
structure, has great potential for application and is a good substrate for 
the preparation of composite electrode materials [12,13]. Therefore, 
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research on high specific capacity has begun to focus on the recombi
nation of Ti3C2Tx MXene with other high-capacity materials. 

One of the areas of progress is the addition of carbon nanofiber 
materials to lithium-ion batteries because of their high aspect ratio, high 
surface area, controllable chemistry, and abundance of composite forms. 
Carbon nanofibers as an anode material for the preparation of lithium- 
ion batteries are often used in conjunction with active materials due 
to their low electrical conductivity [14], and many researchers have 
worked on constructing advanced fiber materials with electrical con
ductivity in the past decades. For example, Sun et al. used Ti3C2 MXene 
as an electrode for lithium-ion batteries and obtained a capacity of 126 
mAh g− 1 [15]. Seo et al. then combined MXene with carbon nanofibers 
to obtain a specific capacity of 334 mAh g− 1 [16]. Subsequently, Guo 
et al. designed to combine MXene with transition metal oxides and 
carbon nanofibers to obtain a specific capacity of 800 mAh g− 1 [7]. Qiu 
et al. finally obtained a specific capacity of 406 mAh g− 1 by combining 
Co-mof with MXene and carbon nanofibers [17]. These materials have 
well-designed structures and enhanced electrochemical properties, and 
their application in lithium-ion batteries can be effectively improved by 
combining MXene with carbon nanofibers. 

Transition metal carbides have low price, excellent chemical prop
erties and good electrocatalytic properties. It may be a promising elec
trode candidate for LIBs in rechargeable energy storage systems. For 
example, Zhang et al. obtained a high specific capacity of 858 mA h g− 1 

by designing Fe3C-FeN heterostructures combined with N-doped carbon 
frameworks [18], and Jin et al. embedded Fe3C in ordered micro mes
oporous carbon spheres as a cathode material for lithium-sulfur batteries 
[19]. Some research groups, such as Zhou’s, have proposed transition 
metal nanoparticles can activate the reversible conversion of some solid 
electrolyte interface (SEI) film components, which further favors the 
reversible capacity [20–22]. However, when Fe3C is used as an electrode 
material, the repeated embedding and withdrawal of Li+ during the 
charging and discharging process can cause a large volume expansion of 
the material, a decrease in the active chemicals, and the problem of 
decreasing reversible capacity. In order to overcome this problem, many 
studies have used various methods to prepare Fe3C composites, 
including electrostatic spinning, polymerization-pyrolysis, and sol–gel 
processes. In the present work, the method of introducing Fe3C nano
particles in electrostatic spinning was used. The Fe3C nanoparticles were 
embedded into the interior of the nanofibers, which triggered the 
confinement effect of the fibers and ensured their structural integrity 
during the charge/discharge process [23,24]. Polyacrylonitrile (PAN) 
carbon precursor improves the conductivity of the electrode material 
due to its high carbon yield and ease of spinning, while polyacrylonitrile 
used in the carbon nanofibers prepared by electrostatic spinning can 
provide a large amount of N source after the stepwise annealing process. 
The rapid ion/electron transfer was severely hindered because the ad
hesive blocked the Li+ diffusion channel [25]. Therefore, the develop
ment of stand-alone electrodes has emerged as a promising strategy that 
can be directly free of any additives and collectors and provide fast ion 
diffusion and electron transfer pathways throughout the electrode 
substrate. 

Herein, we report a simple preparation of composite Fe3C@MXene/ 
HMCFs hollow carbon nanofibers by coaxial electrostatic spinning and 
stepwise annealing. Its unique structural design offers multiple advan
tages when used as anode for lithium-ion batteries: the confinement 
effect of carbon nanofibers during the synthesis of Ti3C2Tx MXene and 
Fe3C nanoparticles can effectively alleviate the buildup of Ti3C2Tx 
MXene and the agglomeration of Fe3C nanoparticles [26]; synergistic 
effect of Ti3C2Tx MXene and Fe3C nanoparticles can promote the con
ductivity and enhance the reaction kinetics; the hollow carbon nano
fibers as the matrix are interlaced with each other to form a three- 
dimensional electron conduction network, which has a large specific 
surface area and internal hollow structure to provide a large number of 
active sites for the chemical reaction in the charge/discharge cycle, 
which establishes a good conductive channel for the rapid diffusion of 

Li+ and the transport of electrons/ions, and at the same time, effectively 
alleviates the problem of volume expansion, which has a greater impact 
on the electrochemical performance of lithium-ion batteries [27,28]. 
Therefore, the composite electrode Fe3C@MXene/HMCFs has higher 
electrochemical performance, and the average specific capacity is as 
high as 1100 mA h g− 1 after 200 cycles at a current density of 0.2 A/g, 
which is 1.5 times higher than that of Fe3C/HMCFs electrode, 1.9 times 
higher than that of MXene/HMCFs electrode, and 2.4 times higher than 
that of HMCFs electrode. 

2. Experimental 

As shown in Fig. 1, Fe3C@MXene/HMCFs have been synthesized 
through an electrospinning technique followed by stepwise thermal 
annealing processes. N, N-dimethyformamide, polyacrylonitrile, poly
methyl methacrylate, ferric chloride anhydrous, and Ti3C2 MXene flakes 
are the raw materials for the preparation of hollow Fe3C@MXene/ 
HMCFs. Ti3C2 MXene flakes and N, N-dimethylformamide were ultra
sonically dispersed in ice water, then ferric chloride anhydrous was 
added to continue good dispersion, and polyacrylonitrile was added at 
the end of dispersion and stirred well to form solution a. Poly (methyl 
methacrylate) was added to N, N-dimethylformamide and a homoge
neous inner layer solution was obtained under continuous stir to form 
solution b. Subsequently, separate syringes were filled with the inner 
and outer layer solution for coaxial spinning. The flow rate of core and 
shell solutions were 0.22 and 0.5 mL h− 1, respectively. The distance 
between the spinneret and the receiving roller was 13 cm, and the 
voltage was 27 kV. Finally, the as-collected nanofibers were first 
dewatered at a temperature of 60 ℃ in the air for 6 h and the fibers were 
heat-treated at 250 ◦C for 125 min (2 ◦C min− 1) under air and carbon
ized at 700 ℃ for 70 min (10 ◦C min− 1) under N2. The anhydrous ferric 
trichloride reacts with water in N, N-dimethylformamide solution to 
form iron hydroxide, which finally becomes iron carbide during 
carbonization to obtain Fe3C@MXene/HMCFs. The Fe3C/HMCFs, 
HMCFs and MXene/HMCFs were also obtained using a similar method. 

2.1. Material characterization 

Samples were scanned using X-ray diffractometer (XRD, Rigaku D/ 
texultra 250) in the 2-Theta Angle range of 5◦-80◦, and the crystal 
structure and phase purity were analyzed using A Cu-Ka (λ = 1.5418 Å) 
radiation source. A Raman microprobe (Renishaw instrument) 532 nm 
Raman laser source broker and a 50x objective lens of India Raman 
microprobe lens were used for the Raman. The chemical composition 
and functional groups on the surface of composite materials were 
analyzed using X-ray photoelectron spectroscopy (XPS, K-ALPHA 0.5 eV, 

Fig. 1. Schematic diagram of the multi-step preparation process of Fe3C@M
Xene/HMCFs nanocomposite. 
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Thermo Scientific, USA). The morphology and structure of composite 
material samples were tested using field emission scanning electron 
microscopy (FESEM, S-4800, Hitachi, Japan) and transmission electron 
microscopy (TEM, Tecnai G2 F20, FEI, USA). Elemental analysis was 
performed using an energy dispersive X-ray spectrometer (Bruker- 
QUANTAX). 

2.2. Electrochemical measurements 

The prepared Fe3C/HMCFs, MXene/HMCFs and Fe3C@MXene/ 
HMCFs were cut into small discs with diameters ca 16 mm and used as 
cathode directly without any additives. Standard 2032 type coin cells 
were assembled in an Ar-filled glove box. The electrolyte consisted of 1 
M LiPF6 in a solvent of DOL/DME (1:1, V/V). Electrochemical perfor
mances (galvanostatic charge–discharge, cycle stability and rate ca
pacity) were tested by LANDIAN (CT3001A). The cyclic voltammetry 
(CV) with a voltage window of 0.01~3.0 V and electrochemical 
impedance spectroscopy (EIS) was measured by an electrochemical 
workstation CH (CHI660E). 

3. Results and discussion 

Fig. 2a shows SEM images of Ti3AlC2 with some slight flake textures 
(~≤10 µm) in field emission scanning electron microscopy (SEM), and 
Fig. 2b-c show photographs of ultrathin Ti3C2 flakes obtained by etching 

of Ti3AlC2 using hydrochloric acid and hydrofluoric acid. Fig. 2d shows 
Fe3C/HMCFs with carbon nanofibers of 400 nm in diameter and rela
tively fine and straight carbon nanofiber morphology. Fig. 2g shows the 
SEM image of Fe3C@MXene/HMCFs with curved carbon nanofibers, 
indicating the successful incorporation of MXene nanosheets. The 
incorporation of MXene nanosheets can effectively increase the flexi
bility of carbon nanofibers (Fig. S3). Fig. 2h shows the morphology of 
the carbon nanofibers formed bent and Fe3C nanoparticles successfully 
embedded as compared to Fig. 2e. The synergistic effect of Fe3C nano
particles with MXene promotes electron/ion transport. The hollow pore 
sizes of the HMCFs in Fig. 2f and Fe3C@MXene/HMCFs in Fig. 2i are 
compared with a pore sizes of about 247 nm. In order to prepare hollow 
carbon nanofibers with larger pore size to provide more active sites 
during the charging and discharging of Li-ion batteries as well as to 
alleviate the volume expansion, we adjusted the size of hollow pore size 
by adjusting the ratio of PMMA in the core solution several times. As 
shown in Fig. S4a, when the ratio of PMMA:DMF in the core solution is 
0.3:1, the hollow pore size is only 60 nm; when the ratio of PMMA:DMF 
is 0.45:1, the hollow pore size is about 250 nm, and the hollow shell is 
porous (Fig. S4b); when the ratio of PMMA:DMF is 0.5:1, the hollow 
shell surface appears irregularly with a large hole of 500 nm in length 
(Fig. S4c); when the ratio of PMMA:DMF is 0.55:1, and cracks appear on 
the hollow shell surface currently (Fig. S4d). We chose the best PMMA: 
DMF ratio of 0.4:1, as shown in Fig. 2f, which can keep the pore size at a 
maximum of 247 nm and still maintain the complete outer carbon 

Fig. 2. (a) SEM image of Ti3AlC2; (b-c) SEM images of Ti3C2 nanosheets; (d) SEM image of Fe3C/HMCFs; (e) SEM image of MXene/HMCFs; (f) SEM image of HMCFs; 
(g-i) SEM images of Fe3C@MXene/HMCFs. 
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nanofiber structure, providing a complete three-dimensional conductive 
network for the LIBs during charging and discharging. The experimental 
results demonstrate that the ratio of PMMA:DMF in the core solution 
plays a decisive role in the size of the hollow pore size of hollow carbon 
nanofibers. 

By using transmission electron microscopy (TEM), we can further 
investigate the nanostructure and chemical composition in Fe3C@M
Xene/HMCFs composite. As shown in Fig. 3a, the distribution of Fe3C 
nanoscale particles with an average diameter of 30 nm being dispersed 
and bent MXene nanosheets can be clearly seen in Fe3C@MXene/HMCFs 
with hollow pore sizes up to 247 nm as shown in Fig. 3b. At the same 
time, in order to better study the MXene/HMCFs composites, we 
investigated the nanostructure and chemical composition of MXene/ 
HMCFs by transmission electron microscopy (Fig. S2). The HMCFs 
appear a hollow multi-channel structure, and the thickness of the shell is 
about 160 nm which can offer space to relieve the volume changes 
during the charge and discharge process and provide many active sites. 
Again, the corresponding SAED plots show the diffraction rings of (221) 
and (110) in Fig. 3c. Fig. 3d shows the lattice interval with a special 
separation distance of 0.26 nm, which corresponds to the (110) crys
tallographic flat surface of Ti3C2. This is powerful evidence of the suc
cessful introduction of Ti3C2. Fig. 3f shows the lattice interval with a 
spacing of 1.83 nm, which corresponds to the (221) crystallographic flat 
surface of Fe3C and a lattice spacing of 0.337 nm, corresponding to the 
002-crystal plane of C, demonstrating the successful introduction of 
Fe3C and C once again. Fig. 3g shows that the elements (Fe, Ti, C, N and 
O) in the Fe3C@MXene/HMCFs composites are uniformly distributed, 
indicating that MXene and Fe3C have been successfully added into 
HMCFs. 

XRD, Raman scattering, and XPS are conducted to analyze the 
structure and composition. Fig. 4a shows the X-ray diffraction (XRD) 
patterns of pure Fe3C@MXene/HMCFs, Fe3C/HMCFs and MXene/ 
HMCFs composites. The Fe3C diffraction peaks in the samples of 
Fe3C@MXene/HMCFs materials are consistent with the standard XRD 
data of Fe3C (PDF 35–0772), and the diffraction peak at 2θ = 25.6 
corresponds to the (002) plane of graphite carbon (PDF 41–1487). As 
shown in Fig. S1a, the prepared Ti3C2Tx MXene was subjected to XRD 
test and exhibited characteristic peaks at 6.8, 13.5, 20, 27, 34.1, 40.7, 
and 60.9, which verified the successful preparation of Ti3C2Tx MXene. 
Meanwhile, EDS tests were performed on MXene/HMCFs (Fig. S1b). The 
Raman spectra of Fe3C@MXene/HMCFs, Fe3C/HMCFs and MXene/ 
HMCFs are shown in Fig. 4b. The characteristic peaks located at 216 and 
277 cm− 1 represent Fe3C, further confirming the presence of Fe3C [7]. 
MXene/HMCFs exhibit three peaks belonging to the C-Ti-O vibrations 
(202.2, 415.7 and 606.7 cm− 1) of MXenes and there is no evidence of 
TiO2 (150 cm− 1). Another two broad peaks at around 1,320 and 1,590 
cm− 1 are assigned to D band from sp3 type disordered carbon and G 
band from sp2 type graphitic carbon [29–31]. 

The elemental chemical state of the Fe3C@MXene/HMCFs was 
characterized by X-ray photoelectron spectroscopy (XPS) technique 
confirming the existence of Fe, Ti, C, N, O elements within the nano
composite. As shown in Fig. 4c, the Fe 2p spectrum has characteristic 
peaks at 710.04 eV and 711.12 eV, corresponding to Fe3+ 2p3/2 and Fe2+

2p3/2, respectively. The characteristic peaks at 724 eV and 726.07 eV 
correspond to Fe2+ 2p1/2 and Fe3+ 2p1/2, respectively [32–34]. As 
shown in Fig. 4d, the high-resolution Ti 2p XPS spectrum of Fe3C@M
Xene/HMCFs can be deconvolved into second doublets corresponding to 
Ti 2p3/2 and Ti 2p1/2. The first doublet at 458.2 and 463.75 eV, the 

Fig. 3. (a-b) TEM plots of Fe3C@MXene/HMCFs; (c) SAED pattern of relevant region; (d-f) HRTEM plots of Fe3C/HMCFs; (g) EDS elemental mappings of 
Fe3C@MXene/HMCFs. 
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second doublet at 458.23 and 464.23 eV, and refer to Ti2+, and Ti-O, 
respectively, which is almost identical to those of pure MXene 
[35–38]. As illustrated in Fig. 4e, the high resolution C 1 s XPS spectrum, 
reveals the presence of C-Ti (283.6 eV), C-C (284.4 eV), C-Fe (284.77 
eV), C-O-C (285.89 eV) and C = N/C = O (288.10 eV) in Fe3C@MXene/ 
HMCFs [7]. The doping of nitrogen into carbon nanofibers during PAN 
pyrolysis increases the electron concentration and decreases the Fermi 
level of carbon nanofibers, thus improving the electrical conductivity. 
Fig. 4f shows three peaks at 398.4 eV, 399.8 eV, and 401.5 eV corre
sponding to pyridinic-N, pyrrolic-N, and graphitic-N, respectively. The 
result confirmed that N atoms with different binding bonds were doped 
into the carbonaceous framework. Moreover, pyridinic and pyrrolic N 
are lithophilic atoms, which enhance chemisorption and effectively trap 
Li+ into the pore channel. Meanwhile, graphitic N improved the charge 
conductivity of Fe3C@MXene/HMCFs, which is beneficial for reducing 
the resistance and promoting the rate performance [39]. 

To better expound the catalytic mechanism, we measured the CV of 
Fe3C@MXene/HMCFs. Fig. 5a shows the initial three successive CV 
curves of the Fe3C@MXene/HMCFs in the voltage range of 0.01–3 V at a 
scan rate of 0.1 mV s− 1. During the first cathode scan, a weaker reduc
tion peak at about 1.3 V could be found, which can be attributed to the 
formation of LixFe3C [40]. Besides, the reduction peak at 0.43 V is due to 
the lithiation process of carbon and the generation of solid electrolyte 
interface (SEI) films, there is a reduction peak at 1 V which disappeared 
in the next scans. It corresponds to the insertion of lithium ions and the 
formation of SEI films. The anodic peak at 1.1 V represents the gradual 
oxidation of Fe to LixFe3C and Fe3+ [41,42]. Starting from the second 
cycle, the reduction peak moves to 0.8 V. The transformation from Fe to 
Fe3+ or Fe2+ resulted in a 0.8 V peak. For the first charge scan course, the 
0.2 V peak is regarded as the escape of Li+ from carbon and the anodic 
peak located at 1.1 V is designated as the extraction of Li+ from the SEI 
film. The transformation from Fe to Fe3+ or Fe2+ resulted in a 0.8 V 
change of peak [43–45]. Starting from the second bight, there is no 
obvious change in the area covered by the cycling curve, which can be 

proved by the fact that the SEI layer formed in the first cycle and the 
novel microstructure of the nanocomposites can be efficaciously main
tained [46]. The CV curves were also tested for Fe3C/HMCFs and 
MXene/HMCFs over a voltage range of 0.01–3 V (Fig. S6). It also illus
trates the structural stability of Fe3C@MXene/HMCFs nanocomposites: 

Fe3C + xLi+ + xe− ↔ LixFe3C (1)  

Fe3C+ xLi+ + xe− ↔ 3Fe+LixC (2) 

The electrochemical reaction of Fe3C with Li+ includes multiple 
steps. During the discharging process, Fe3C reacts with Li+ to form Lix

Fe3C and then LixFe3C is reduced into Fe and LiXC. During the charging 
process, Fe reacts with LiXC while it is oxidized gradually to Fe3C. The 
specific reactions are shown in Eq. (1) and the overall reaction is shown 
in Eq. (2). Fig. 5b shows the CV curves of the Fe3C@MXene/HMCFs 
electrode at different scanning rates from 0.1 mV s− 1 to 10 mV s− 1. As 
the scanning rate increases, the peak currents are continuously growing. 
The first galvanostatic charge/discharge curves of Fe3C@MXene/ 
HMCFs, Fe3C/HMCFs, and MXene/ HMCFs at 0.2 A g− 1 are compared 
(Fig. 5c). The initial discharge capacity (mAh g− 1) of Fe3C@MXene/ 
HMCFs, Fe3C/HMCFs, and MXene/HMCFs are 1294, 965.7, and 746.3. 

Fig. 5d shows the EIS analysis of the different electrodes. The 
different scales of electrode materials of the Nyquist plots all make up a 
semicircle in the high-frequency region and a sloping line in the low- 
frequency region. The semicircle in the high-frequency region is coun
terpart to the migration resistance, which formed the passage of Li+

through the SEI layer process and the charge transfer resistance at the 
electrolyte/electrode interface. The diagonal line in the low-frequency 
region corresponds to the spread process of Li [47–51]. The charge- 
transfer resistance (Rct) values of Fe3C@MXene/HMCFs, Fe3C/HMCFs, 
and MXene/HMCFs electrodes are 19.1, 50.5, and 59.7 Ω, Fe3C@M
Xene/HMCFs exhibit the highest ion conductivity. In the high-frequency 
region, the semicircular diameter of Fe3C@MXene/HMCFs is smaller 
than that of Fe3C/HMCFs. The synergistic interaction between MXene 

Fig. 4. (a) XRD patterns of Fe3C@MXene/HMCFs, Fe3C/HMCFs, MXene/HMCFs and HMCFs; (b) Raman spectra of the Fe3C@MXene/HMCFs, Fe3C/HMCFs, MXene/ 
HMCFs and HMCFs; high resolution XPS spectra of (c) Fe 2p, (d) Ti 2p, (e) C 1 s and (f) N 1 s of Fe3C@MXene/HMCFs. 
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nanosheets and Fe3C nanoparticles formed strong conductive channels 
in hollow carbon nanofibers, which effectively increased the electrical 
conductivity that is the reason why the semicircular diameter of 
Fe3C@MXene/HMCFs in the high-frequency region is smaller than that 
of Fe3C/HMCFs and MXene/HMCFs. There is no significant discrepancy 
in the slope of the low-frequency region, proving an analogous diffusion 
process of Li+ in the three types of electrode materials [52,53]. In order 
to assess Li+ diffusion at the electrode/electrolyte interface, the diffu
sion coefficients of lithium ions (DLi) are determined using Eqs. (3)–(5): 

ω = 2πf (3)  

ZẤ = Rs +Rct + σ × ω− 0.5 (4)  

DLi = 0.5R2T2/A2n4F4C2σ2 (5)  

where R is the gas constant (8.314 J mol− 1 K− 1), σ is the Warburg co
efficient, T is the Kelvin temperature (293.15 K), A is the contact area of 

the electrode (2.01 cm2), n is the electron number per molecule during 
the oxidation, F is the Faraday constant (96,485C mol− 1) and C is the 
molar concentration of Li+ [7,21,54]. The values of σ are derived from 
the linear relationship between Z′ (the real parts of impedance) and ω 
(angular frequency), and the corresponding values of DLi are subse
quently calculated from Eq. (4). The Warburg coefficients of Fe3C@M
Xene/HMCFs, Fe3C/ HMCFs, and MXene/HMCFs are 4.19, 9.68, and 
11.05, as shown in Fig. 5e. Fig. 5f shows the diffusion coefficients of the 
lithium ions (DLi) of the Fe3C@MXene/HMCFs, Fe3C/HMCFs, and 
MXene/HMCFs are 2.40 × 10-10, 4.49 × 10-11, and 3.44 × 10-11 cm2 s− 1. 
The results indicate the significant positive effects of Ti3C2 MXene on 
improving electron and ion transport. Fig. 5g shows the galvanostatic 
charge/discharge bights of Fe3C@MXene/HMCFs at different current 
densities from 0.2 to 5 A g− 1. With the growing of current density, the 
curves always show better coincidence, which proves that the electrode 
does not have a great polarization phenomenon [55]. The reason was 
the introduction of MXene accelerates the ionic reaction kinetics, which 

Fig. 5. (a) Cyclic voltammograms of Fe3C@MXene/HMCFs electrodes at 0.1 mV s− 1 scan rate; (b) Cyclic voltammograms of Fe3C@MXene/HMCFs electrodes at 
different scan rates from 0.1 mV s− 1 to 10 mV s− 1; (c) Comparison of Fe3C@MXene/HMCFs, Fe3C/HMCFs and MXene/HMCFs at 0.2 A/g for the first constant-current 
charge/discharge curves; (d) Nyquist plots of Fe3C@MXene/HMCFs, Fe3C/HMCFs and MXene/HMCFs electrodes; (e) Warburg coefficients of Fe3C@MXene/HMCFs, 
Fe3C/HMCFs and MXene/HMCFs electrodes; (f) Li+ transport coefficients of Fe3C@MXene/HMCFs, Fe3C/HMCFs, and MXene/HMCFs electrodes; (g) galvanostatic 
charge/discharge curves of Fe3C@MXene/HMCFs at different current densities; (h) Cycling performance of Fe3C@MXene/HMCFs, Fe3C/HMCFs and MXene/HMCFs 
at a high current density of 0.2 A/g. 
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is in accord with the results obtained by electrochemical impedance 
spectroscopy [56,57]. The Fe3C@MXene/HMCFs anode has an initial 
capacity of 1294 mAh g− 1 at a current density of 0.2 A g− 1 and maintains 
a reversible capacity of 831 mAh g− 1 after 200 turns of charge/discharge 
cycling (Fig. 5h). In comparison, the Fe3C/HMCFs, MXene/HMCFs and 
HMCFs anode delivers a lower initial reversible capacity of 965 mAh 
g− 1, 746 mAh g− 1 and 701 mAh g− 1 at the same current density. The 
enhanced Li+ storage capability for the composite electrode can be 
attributed to the coherent synergistic effect of Fe3C and MXene as well as 
the doping of N atoms [58,59]. Comparison of electrochemical perfor
mance on different samples in the reported literature works was shown 
in Table S1, Fe3C@MXene/HMCFs possessed higher specific capacity. 
To verify the stability of the negative electrode structure, the battery was 
disassembled after the cycling performance test, and the morphology 
and internal structure of the fibers were observed by scanning electron 
microscopy. As can be seen from Fig. S5, the solid Fe3C@MXene/HMCFs 
still maintain the three-dimensional crosslinked network morphology 
after charge/discharge cycling and there is no obvious fracture, but the 
carbon nanofibers have shown obvious volume expansion (Fig. S5a-b). 
In contrast, under the same charge/discharge cycling conditions, the 
hollow Fe3C@MXene/HMCFs carbon nanofibers showed a clearer 3D 

crosslinked network morphology without obvious volume expansion, 
and the internal hollow structure remained intact (Fig. S5c-d). It in
dicates that the carbon nanofibers with hollow structures can provide 
many active sites during charge–discharge cycling, which effectively 
alleviates the volume expansion problem. Due to the formation of a 
stable SEI film on the fiber surface, this SEI film can limit the irreversible 
depletion of lithium ions induced by each regeneration of the SEI film, 
which leads to a long-term cycle life. In addition, the three-dimensional 
interconnection structure of the fibers also remains unchanged, indi
cating that the electrode structure is not disrupted during repeated 
intercalation reactions. 

To gain insight into the performance of the composites from the 
electronic and atomic scales, DFT calculations are carried out to explore 
the electronic structure of the composites and the adsorption energy of 
the composites for Li+. Fig. 6a shows the crystal structures of Fe3C/ 
MXene and Fe3C. The adsorption energies (Ea) of Fe3C-MXene and Fe3C 
composites for lithium ions are − 1.71 and − 0.93 eV, which indicates 
that the Fe3C@MXene/HMCFs composite shows a stronger Li+ adsorp
tion capability than the Fe3C/HMCFs, but also has a faster ion/electron 
transfer rate and more stable structure [60]. We conducted density 
functional theory (DFT) calculations to obtain the projected density of 

Fig. 6. (a) DFT simulation of the lithium adsorption configuration; (b) Projection density of states for charged samples of Fe3C@MXene/HMCFs; (c) Projection 
density of states for charged samples of Fe3C/HMCFs. 
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states (DOS) for pristine samples of Fe3C@MXene/HMCFs and Fe3C/ 
HMCFs. As shown in Fig. 6b-c, the electronic states are continuous near 
the Fermi energy level, indicating their metallic nature [61]. The DOS of 
Fe3C/HMCFs near the Fermi energy level is smaller than that of 
Fe3C@MXene/HMCFs, suggesting that their interfacial effects can 
further enhance the electron/ion conductivity, which is consistent with 
the test results of EIS [62]. It is also because of the enhanced electronic 
synergy of Fe3C@MXene/HMCFs compared to Fe3C/HMCFs. The 
enhanced magnetic moment of Fe3C@MXene/HMCFs compared to 
Fe3C/HMCFs indicates that the addition of 2D MXene leads to enhanced 
interaction between C and Fe, resulting in enhanced binding energy, 
which is consistent with the above calculations on the adsorption energy 
of lithium ions. 

Based on the electrochemical properties mentioned above, 
Fe3C@MXene/HMCFs exhibit the highest discharge specific capacity, 
optimum rate performance and cycle stability. The excellent electro
chemical performance of Fe3C@MXene/HMCFs anodes can be attrib
uted to the following facts: (i) The hollow carbon nanofiber structure 
provides a large number of active sites, which effectively mitigates the 
volume expansion [63]; (ii) The synergistic effect of Fe3C and MXene 
forms a strong conductive channel, which effectively enhances the 
electrical conductivity of Fe3C@MXene/HMCFs [64]; (iii) DFT calcula
tion shows that MXene coating can effectively enhance the lithium ion 
adsorption ability of composite electrode materials [10]; (iiii) The N- 
doped carbon nanofibers derived from PAN provide a second fast elec
tron transport path for the electrode reaction [14]. 

4. Conclusions 

In conclusion, we successfully designed and synthesized a 
Fe3C@MXene/HMCFs composite carbon nanofiber with an internal 
hollow structure by electrostatic spinning and stepwise annealing pro
cess. The hollow structure and the synergistic effect of Fe3C and MXene 
together construct 3D strong conductive channels, which effectively 
alleviate the problem of volume expansion, and the double electron 
channels composed of MXene and N-doped hollow carbon nanofibers 
[14,65,66], which greatly improve the electrical and ionic conductivity 
and maintain the structural stability of the composite nanostructure 
during the lithium battery cycle [67,68]. Fe3C@MXene/HMCFs film has 
good electrical conductivity and superior mechanical properties as the 
negative electrode of LIBs, which enhances the energy density of LIBs 
battery and shows excellent performance and excellent cycling stability, 
exhibiting a high initial capacity of 1294 mA h g− 1 at a current density of 
0.2 A g− 1, and a capacity of 831 mA h g− 1 after 200 cycles. The superior 
electrochemical properties of these flexible composite carbon nanofibers 
suggest that this unique composite material has promising applications 
in high-performance lithium-ion batteries. 
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1. Materials 

Polyacrylonitrile (PAN, Mw=250,000) was purchased from macklin; polymethyl 

methacrylate was purchased from China Plastics; Ti3AlC2 (99.9%) was purchased from 

Sunene Technology; anhydrous ferric chloride (FeCl3, 99.9%) was purchased from 

aladin; N, N-dimethylformamide (DMF, 99.5%) was purchased from aladin. All 

reagents were analytical grade reagents, and no further purification was required for 

use. 

2. Preparation of Ti3C2Tx MXene 

1 g of lithium fluoride was added to 30 ml, 9 mol/L hydrochloric acid at a 

temperature below 40 °C. After stirring for 5 min, 5 ml of 40% hydrofluoric acid was 

added and stirred for 15 min. After that, Ti3AlC2 was added in several times within one 

and a half hours. The mixture was kept below 40 °C and stirred for 12 hours to allow 

the hydrofluoric acid to etch Al accurately from Ti3AlC2. The solution was centrifuged 

at 5000 rpm until it became a suspension, after pH≧6. The Ti3C2Tx MXene solution 

was transferred to the bottle and sonicated in low temperature for one hour and then 

sonicated by argon gas for one hour. For the product to be applied in the electrostatic 

spinning of this experiment, the product was centrifuged with dimethylformamide 

(DMF) at 10,000 rpm for 1.2 h at 30 °C. Repeating this operation twice, a solution of 

Ti3C2Tx MXene will be obtained. 



 

Fig. S1. (a) XRD patterns of MXene and Ti3AlC2; (b) EDS elemental of HMCFs; (c) 

XPS survey spectra of Fe3C@MXene/HMCFs; (d) High-resolution XPS spectra of O1s. 
  



 

Fig. S2. (a-b) TEM plots of MXene/HMCFs; (c) HRTEM plot of Exploration of 

MXene/HMCFs; (d) EDS elemental mappings of MXene/HMCFs. 
  



 
Fig. S3. (a-d) Digital photographs of the flexible Fe3C@MXene/HMCFs films. 
  



 
Fig. S4. (a-d) SEM images of HMCFs with PMMA:DMF ratios of 0.3, 0.45, 0.5, 0.55:1, 
respectivel. 
 
 



 
Fig. S5. (a-b) SEM images of solid Fe3C@MXene/HMCFs after cycling; (c-d) SEM 
images of internal hollow Fe3C@MXene/HMCFs after cycling. 
  



Table S1 Comparison of electrochemical performance on different samples in the 
reported literature works 
 

Anode materials Current 
density 
(A g-1) 

Cycle 
number 

Specific 
Capacity 
(mAh g-1) 

Reference 

Fe3C@MXene/HMCFs 0.2 200 1100 This work 
Fe3C@CNCs/EG 0.06 75 1226.2 1 

CSGC@Fe3C 0.1 100 423 2 
Graphitic carbon encapsulated  5 200 302 3 

Fe3C/APCM 0.1 200 605 4 
Fe3C@N-CNPC 0.1 570 256 5 
Si@Fe3C/N-C 0.5 200 1300 6 

Fe/Fe3C/C nanofibers 1 1200 663 7 
C/Fe3C composite 0.1 120 750 8 

Fe3C/SC 0.1 150 584 9 
Ti3C2 

Co9S8@MXene/CNFs 
2.6 
1 

100 
750 

126 
406 

10 
11 

Ti3C2 MXene/Carbon Nanofibers 0.4 100 334 12 
MnOx-MXene/CNFs 2 2000 1098 13 

Fe3O4@MXene/CNFs 2 500 800 14 
Ti3C2@Ti2SnC/CNFs 0.4 300 320 15 

 
 
  



 

Fig. S6. (a) Cyclic voltammograms of MXene/HMCFs electrodes at 0.1 mV s-1 scan 

rate; (b) Cyclic voltammograms of Fe3C /HMCFs electrodes at different scan rates from 

0.1 mV s-1 to 10mV s-1. 
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