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A B S T R A C T

Iron/titanium-based oxide compounds have garnered significant attention for their promising applications in 
lithium-ion batteries. To implement this, a large-scale fabrication technique such as electrospinning has become 
pivotal for the preparation of one-dimensional iron/titanium-based oxide nanocomposites. However, there exists 
a notable gap in understanding the influence of annealing conditions on the structure, morphology and elec-
trochemical properties of resultant products. In this work, iron-titanium-based oxide nanofibers are produced via 
electrospinning followed by subsequent annealing, and the influence of annealing atmospheres on the products is 
systematically investigated. When annealed at 600 ◦C in an argon atmosphere, the product is carbon nanofibers 
loaded with FeTiO3 and Fe3O4 nanoparticles (FeTiO3/Fe3O4/CNFs), while annealing in air the product is carbon 
nanofibers embedded with Fe2TiO5 nanoparticles (Fe2TiO5/CNFs). Electrochemical tests demonstrate that 
FeTiO3/Fe3O4/CNFs maintain a capacity of 395.6 mAh g-1 after 100 cycles at a current density of 0.2 A g-1, which 
is higher than that of Fe2TiO5/CNFs (174 mAh g-1) and Fe3O4/CNFs (314 mAh g-1). Moreover, FeTiO3/Fe3O4/ 
CNFs present a remarkable rate capability, possessing a capacity of 212.1 mAh g-1 at 2.0 A g-1. This excellent 
performance is attributed to the synergistic effect between FeTiO3 and Fe3O4 and buffering effect of the carbon 
fibers. These findings highlight the significant application potential of iron/titanium oxides in the field of 
electrochemical energy storage.

1. Introduction

Iron/titanium (Fe/Ti) oxides have emerged as highly promising 
anode materials for lithium-ion batteries (LIBs), owing to their relatively 
high theoretical specific capacity, i.e., FeTiO3 (530 mAh g-1) and 
Fe2TiO5 (810 mAh g-1) [1,2]. These oxides hold great potential for 
advancing the performance of LIBs, which are crucial for a wide range of 
applications including portable electronics, electric vehicles, and energy 
storage systems. However, despite of their attractive properties, Fe/Ti 
oxides often suffer from notable issues such as capacity fading, volume 
expansion, and pulverization during charge-discharge cycles, which 
negatively affect their cycling stability and limit their practical appli-
cations [3,4]. Addressing these challenges is essential for improving the 
performance of Fe/Ti-based LIBs.

To enhance the cycling stability of Fe/Ti oxides, researchers have 
tried various strategies, such as fabrication of one-dimensional (1D) 

nanostructures [5] and incorporation of carbon materials [6,7], partic-
ularly carbon fibers. For instance, Lian et al. [8] reported that Fe2TiO5 
nanochains maintained a full retention of their initial specific capacity 
after 1000 cycles at a current density of 1.0 A g-1, thereby confirming a 
significant enhancement in cycling stability offered by the unique chain 
morphology. In addition, Xia et al. [9] reported a high discharge ca-
pacity of 494.5 mAh g-1 for TiO2-Fe2TiO3@carbon nanocomposites after 
150 cycles at a current density of 0.1 A g-1. These results underscore the 
synergistic effect of combining one-dimensional nanostructures with 
carbon coating strategies in the Fe/Ti-based oxide composites. The 
aligned morphology facilitates charge transfer kinetics while the carbon 
layer enhances structural integrity during prolonged cycling, collec-
tively contributing to improved electrochemical durability.

Electrospinning followed by subsequent annealing offers a promising 
method for fabricating 1D carbon-coated metal oxide composites. This 
method involves two crucial stages: spinning and annealing. During the 
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spinning process, a solution is electrospun into a fibrous membrane. 
Subsequently, the metal salts in the fibers are calcined into metal oxides 
during the annealing process. Numerous studies have focused on the 
effects of the spinning solution composition and electrospinning process 
parameters on the final products [10–13]. However, the influence of 
different annealing conditions on the morphology, structure, and elec-
trochemical properties of the resultant products remains unexplored. 
Hence, it is necessary to carry out a comprehensive investigation on the 
effect of annealing process.

In this work, the influence of annealing conditions on the electrospun 
Fe/Ti-based oxide nanofibers was systematically investigated. Different 
Fe/Ti-based oxide nanofibers were prepared by adjusting the annealing 
atmosphere. FeTiO3/Fe3O4/CNFs were obtained by annealing at 600 ◦C 
in an argon atmosphere, while Fe2TiO5/CNFs were produced at the same 
temperature but in an air atmosphere, highlighting the critical role of 
the annealing atmosphere. FeTiO3/Fe3O4/CNFs exhibited enhanced 
cycling stability and rate performance than Fe2TiO5/CNFs, which is 
attributed to the synergistic effect between FeTiO3 and Fe3O4 and 
buffering effect of the carbon fibers.

2. Experimental

2.1. Materials

Polyvinylpyrrolidone (PVP, average Mw ~1300,000) with a purity 
of 99.5 % serves as the carbon sources. The Fe and Ti sources come from 
ferric acetylacetonate [Fe(acac)3, 98 %] and tetrabutyl titanate [Ti 
(C4H9O)4, 99.5 %], respectively. The solvents are ethanol (CH3CH2OH) 
and acetic acid (CH3COOH), both with a purity of 99.5 %, provided by 
Sinopharm Group Chemical Reagent Company Limited. All the chem-
icals have not undergone further purification.

2.2. Synthesis of the fiber membranes

First, Fe(acac)3 and Ti(C4H9O)4 were mixed in a molar ratio of 2:1 
and added into a solution of acetic acid and ethanol (1:1 vol ratio) 
containing 10 wt. % PVP. The mixture was stirred thoroughly until 
dissolved. Next, the spinning solution was drawn into a disposable 
needle for electrospinning. The spinning conditions were set as follows: 
a voltage of 16 kV, a needle-to-collector distance of 16 cm, a feed rate of 
0.33 mL/h, and a roller collector speed of 550 rpm. The electrospinning 
process was conducted at room temperature with a relative humidity of 
33–36 %. After spinning, the fiber membrane was placed in a tubular 

furnace and annealed in argon or air, at a heating rate of 2 ◦C/min, with 
an annealing temperature range from 400 ◦C to 800 ◦C and an annealing 
time of 6 h. The products obtained from annealing in argon and air were 
labeled as FT-P 400–800 and FTO-P 400–800, respectively.

2.3. Materials characterization

The crystal structures of as-prepared fiber membranes were investi-
gated using an X-ray diffractometer (XRD, Rigaku) 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. The nitrogen adsorption-desorption tests were carried 
out on an automatic volumetric sorption analyzer (NOVA 1100, Quan-
tachrome, USA) at 77 K. The Brunauer-Emmett-Teller (BET) method was 
used to calculate the specific surface area and total pore volume of the 
products. The Barrett-Joyner-Halenda (BJH) method was utilized to 
obtain the pore size distribution from the desorption branches of the 
isotherms. The chemical compositions of the fiber membranes were 
determined using an energy dispersive X-ray spectrometer (EDS, Oxford 
INCAx Sight6427). The valence states of the elements in the fiber 
membranes were determined by X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific K-Alpha+). Bright-field (BF), selected area electron 
diffraction (SAED) and high-resolution transmission electron micro-
scopy (HRTEM) images were obtained using a transmission electron 
microscope (TEM, JSM-2100Plus) at 200 kV. Thermogravimetric anal-
ysis (TGA) was carried out on thermogravi metric apparatus (TG209F3, 
NETZSCH, Germany) at temperatures ranging from 40◦ to 900 ◦C with a 
heating rate of 10 ◦C/min.

2.4. Electrochemical measurements

The annealed fiber membranes were used as anode materials for LIBs 
and their lithium storage capacity were investigated. At the same time, 
the weight of each electrode was measured to calculate the mass of the 
active substance. A mixture of 1 M LiPF6 solution and ethylene car-
bonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) (1:1:1 
vol ratio) was used as electrolyte and a lithium foil was used as the 
counter electrode. The assembly of CR2025 button battery was per-
formed in a high-purity argon filled glove box with moisture and oxygen 
kept below 0.1 ppm. The rate performance and cycling stability were 
tested using a LAND CT2001 battery test system with a voltage range of 
0.01–3.00 V. Cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) tests were carried out on a Metrohm Autolab 

Fig. 1. XRD patterns of the FTO-P 400–800 (a) and FT-P 400–800 (b).
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electrochemical workstation (PGSTAT 302 N). CV curves were obtained 
at a scan rate of 0.3 mV s-1 over a potential range of 0.01–3.00 V. EIS 
spectra were recorded at a disturbance amplitude of 5 mV with the 
frequency range from 100 kHz to 0.01 Hz.

3. Results and discussion

Fig. 1a presents the XRD patterns of the products (FTO-P 400–800) 
annealed in air. The broad peak at 24◦ in the XRD pattern of FTO-P 400 
indicates the presence of amorphous carbon. In the XRD patterns of FTO- 
P 500–800, this broad peak can not be obviously observed. The other 
diffraction peaks in the XRD patterns of FTO-P 400–800 can be indexed 
using the orthorhombic Fe2TiO5 (JCPDS no.: 41–1432, a = 9.7965 Å, b =
9.9805 Å, c = 3.7301 Å, α = β = γ = 90◦). TGA analysis (Fig. S1) shows 
that the quality loss curve of FTO begins to flatten out, when the tem-
perature reaches 400 ◦C, which is caused by the decomposition of PVP 
and the formation of Fe2TiO5. The mass ratio of Fe2TiO5 and amorphous 
carbon in FTO-P 600 is determined to be 1:33 from the quantitative 
analysis of its XRD pattern. Fig. 1b shows the XRD patterns of FT-P 
400–800. A broad diffraction peak at 24◦ is observed for all the sam-
ples, indicating the presence of amorphous carbon. Besides, for FT-P 400 
and FT-P 500, additional diffraction peaks correspond to the cubic phase 
of Fe3O4 (JCPDS no.: 19–0629, a = 8.396 Å), suggesting that both FT-P 
400 and FT-P 500 consist of amorphous carbon and Fe3O4. For the FT-P 
600, diffraction peaks at 30.1◦, 35.3◦, 43.1◦, 56.9◦ and 62.5◦ are 
observed, which correspond to the (220), (311), (400), (511) and (440) 
planes of Fe3O4, respectively [14]. In the FT-P 600, the diffraction peaks 
at 23.8◦, 32.5◦, 35.3◦, 40.3◦, 48.7◦, 53.0◦ and 61.5◦ can correspond to 
the (012), (104), (110), (113), (024), (116) and (214) planes of hexag-
onal FeTiO3 (JCPDS no.: 29–0733, a = b = 5.0884 Å, c = 14.0930 Å, α =
β = 90◦, γ = 120◦), respectively. This indicates the coexistence of 
amorphous carbon, Fe3O4 and FeTiO3 in the FT-P 600. The mass ratio of 
Fe3O4, FeTiO3 and amorphous carbon in the FT-P 600 is determined to 
be 1:26.5:11 from the quantitative analysis of its XRD pattern. The XRD 
patterns of FT-P 700 and FT-P 800 are similar to those of FT-P 600. 
Therefore, both FT-P 700 and FT-P 800 consist of amorphous carbon, 
Fe3O4 and FeTiO3.

To explore the effects of different atmospheres on the microstructure 
and electrochemical properties of the products, we selected the products 

annealed at 600 ◦C for detailed analysis. From the low-magnification FE- 
SEM images (Fig. 2a and c) of FTO-P 600 and FT-P 600, it can be seen 
that fibers are well dispersed and have relatively uniform diameters. 
Specifically, the average diameter of FTO-P 600 is approximately 206 
nm, whereas it is about 220 nm for FT-P 600. The enlarged SEM images 
of FTO-P 600 and FT-P 600 are presented in Fig. 2b and d, respectively. 
The fibers in FTO-P 600 display a relatively smooth surface, and their 
surface is covered with numerous fine pores. In contrast, numerous 
small nanoparticles are observed on the surface of the fibers in FT-P 600. 
The specific surface area and pore size distribution of FTO-P 600 and FT- 
P 600 were investigated through nitrogen adsorption-desorption tests, 
as shown in Fig. S2. Fig. S2 demonstrates hysteresis loops of type-IV 
adsorption/desorption isotherms, indicating that both samples exhibit 
a mesoporous nature. For the pore size range from 10 nm to 35 nm, both 
FTO-P 600 and FT-P 600 have a similar pore size distribution. However, 
for the pore size range from 4.5 nm to 10 nm, FTO-P 600 and FT-P 600 
exhibit different behaviors.

Fig. 3a and b present FE-SEM images of FTO-P 600 and FT-P 600, 
along with the corresponding elemental mapping images for C, O, Fe and 
Ti. The associated EDS spectra are displayed in Fig. 3c and d. The inset 
tables show the mass ratios of the detected elements. Upon careful ex-
amination, it is found that C, O, Fe and Ti are uniformly distributed 
throughout an individual fiber of both FTO-P 600 and FT-P 600. Fe, O 
and Ti are dispersed more evenly in FTO-P 600 than in FT-P 600 because 
the nanoparticles in FT-P 600 are larger, whereas the C content is 
significantly lower in FTO-P 600 than in FT-P 600.

TEM examination was performed on FTO-P 600 and FT-P 600 to gain 
deeper insights into their structure and microstructure. Fig. 4a shows a 
BF TEM image of FTO-P 600, revealing a fibrous morphology. Fig. 4c 
presents a magnified image of the region enclosed by a red rectangle in 
Fig. 4b For the nanoparticles, the lattice spacings are measured to be 
2.22 Å and 2.39 Å, with an interplanar angle of 83◦, corresponding to the 
(240) and (311) crystal planes of orthorhombic Fe2TiO5, respectively. 
Fig. 4d displays the SAED pattern of FTO-P 600, which can be indexed 
using the orthorhombic Fe2TiO5. These results collectively demonstrate 
that annealing in air at 600 ◦C yields carbon nanofibers loaded with 
Fe2TiO5 nanoparticles (Fe2TiO5/CNFs). For FT-P 600, the BF TEM image 
in Fig. 4e shows a fibrous structure decorated with nanoparticles. Fig. 4f 
presents the SAED pattern of FT-P 600, where the diffraction rings 

Fig. 2. (a) Low-magnification and (b) high-magnification FE-SEM images of FTO-P 600, (c) low-magnification and (d) high-magnification FE-SEM images of FT- 
P 600.
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corresponding to FeTiO3 and Fe3O4 are marked with white and red lines, 
respectively. From inner to outer, the diffraction rings can be indexed as 
(104), (113), (024) and (214) crystal planes for FeTiO3, and (311) and 
(422) crystal planes for Fe3O4. Fig. 4g and 4h show HRTEM images of 
FT-P 600. The lattice spacing of 2.75 Å in Fig. 4g is consistent with the 
(104) plane of FeTiO3, while the spacing of 2.53 Å in Fig. 4h corresponds 
to the (311) plane of Fe3O4. These findings confirm that the annealing at 
600 ◦C in argon leads to the formation of carbon nanofibers loaded with 
FeTiO3 and Fe3O4 nanoparticles (FeTiO3/Fe3O4/CNFs).

The valence states of the elements in FTO-P 600 and FT-P 600 were 
investigated using XPS. Fig. 5a displays the full XPS spectrum of FTO-P 
600, revealing characteristic peaks of Fe 2p, Ti 2p and O 1s , which 
confirm the presence of Fe, Ti and O in the FTO-P 600. Fig. 5c shows the 
high-resolution Fe 2p spectrum of FTO-P 600. The broad peaks at 711 eV 
and 724 eV correspond to the Fe 2p3/2 and Fe 2p1/2, respectively [15]. 

Additionally, the satellite peaks at 719 eV and 732 eV are indicative of 
Fe3+ [16], confirming that iron in the FTO-P 600 exists predominantly in 
a trivalent state. Fig. 5e presents the high-resolution Ti 2p spectrum of 
FTO-P 600. The peaks at 458 eV and 464 eV are assigned to the Ti 2p3/2 
and Ti 2p1/2, respectively, indicating the presence of Ti4+ in the FTO-P 
600 [17]. Fig. 5g shows the high-resolution O 1s spectrum of FTO-P 
600. The peaks near 530 eV and 532 eV are attributed to the oxygen 
in the lattice and surface defect sites (e.g., adsorbed oxygen or hydroxyl 
groups), respectively [18,19]. The above results collectively verify that 
the Fe/Ti-based oxide in FTO-P 600 is Fe2TiO5. Fig. 5b displays the full 
XPS spectrum of FT-P 600. Fig. 5d shows the high-resolution Fe 2p 
spectrum of FT-P 600, with peaks at 711 eV and 725 eV corresponding to 
the Fe 2p3/2 and Fe 2p1/2, respectively. Peak deconvolution reveals two 
components for each orbital: the peaks at 710 eV and 724 eV are 
assigned to Fe2+, while the peaks at 712 eV and 726 eV correspond to 

Fig. 3. (a) FE-SEM image of FTO-P 600 and its elemental mapping images related to C, O, Fe and Ti, (b) FE-SEM image of FT-P 600 and its elemental mapping images 
related to C, O, Fe and Ti, (c) EDS energy spectrum of FTO-P 600, (d) EDS energy spectrum of FT-P 600.

L. Zhang et al.                                                                                                                                                                                                                                   Electrochimica Acta 536 (2025) 146746 

4 



Fe3+. The satellite peak at 720 eV further proves the presence of Fe2+

and Fe3+ in the FT-P 600. Fig. 5f presents the high-resolution Ti 2p 
spectrum of FT-P 600, with peaks at 458 eV and 464 eV corresponding to 
the Ti 2p3/2 and Ti 2p1/2, respectively [20]. The shoulder peak near 456 
eV corresponds to Ti3+ [17], which is due to the fact that the Ti3+ in-
termediate is not completely oxidized in argon atmosphere, resulting in 
existence of mixed valence states (Ti4+/Ti3+) in the FT-P 600. Fig. 5h 
shows the high-resolution O 1s spectrum of FT-P 600, where the peaks at 
530 eV and 532 eV are attributed to oxygen in the lattice and surface 
defect sites, respectively. Combined with the XRD results, it is confirmed 
that the Fe/Ti-based oxides in FT-P 600 consist of FeTiO3 and Fe3O4.

To investigate the electrochemical performance of FTO-P 600 and 
FT-P 600 as anode materials for lithium-ion batteries, electrochemical 

tests were systematically conducted. Fig. 6a presents the initial six CV 
curves of FTO-P 600 in the voltage range of 0.01–3.00 V (vs. Li) at a scan 
rate of 0.3 mV s-¹. During the first cathodic process, three distinct 
reduction peaks emerge at 1.6 V, 1.2 V and 0.3 V. The peak at 1.6 V 
corresponds to the phase decomposition of Fe2TiO5 into Fe2O3 and TiO2 
accompanied by Li+ intercalation into the TiO2 lattice [21]. Concur-
rently, the peak at 1.2 V corresponds to the Li+ insertion into the Fe2O3 
matrix, whereas the peak at 0.3 V signifies the formation of the solid 
electrolyte interface (SEI) film, metallic iron and Li2O [21]. In the sub-
sequent cycle, the reduction peaks at 1.6 V, 1.2 V and 0.3 V disappear, 
and a new reduction peak appears at 0.7 V, corresponding to the 
reduction reaction of the Fe2TiO5. This indicates that the decomposition 
of Fe2TiO5 is irreversible [22–24]. During the initial anodic process, two 

Fig. 4. (a) TEM bright field image of FTO-P 600, (b) HRTEM image of FTO-P 600, (c) enlarged image of the red rectangular area in (b), (d) SAED image of FTO-P 600, 
(e) TEM bright field image of FT-P 600, (f) SAED image of FT-P 600, (g and h) HRTEM images of FT-P 600.
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Fig. 5. XPS spectrum of FTO-P 600: (a) XPS full spectrum, (c) XPS spectrum of Fe 2p, (e) XPS spectrum of Ti 2p, (g) XPS spectrum of O 1s ; XPS spectrum of FT-P 600: 
(b) XPS full spectrum, (d) XPS spectrum of Fe 2p, (f) XPS spectrum of Ti 2p, (h) XPS spectrum of O 1s .
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characteristic oxidation peaks are demonstrated. The peak at 1.5 V 
represents the extraction of Li+from both TiO2 and Fe2O3 lattices, while 
the peak at 1.8 V corresponds to metallic iron oxidation (Fe0→Fe3+) 
accompanied by Li+ deintercalation [25]. The electrochemical reactions 
are displayed as follows [20,21]. 

Fe2TiO5 + x Li+ + xe⁻→ Fe2O3 + LiₓTiO2                                       (1)

Fe2O3 + x Li+ + xe⁻→ LiₓFe2O3                                                      (2)

LixFe2O3 + (6-x) Li+ + (6-x)e⁻→ 3Li2O + 2Fe                                  (3)

For the FT-P 600 electrode, the initial six CV curves in Fig. 6b reveal 
distinct electrochemical signatures, with initial cathodic peaks at 0.3 V 
(formation of SEI film) and 0.6 V (intercalation of Li+ and reduction of 
Fe3+/Fe2+ to Fe0), and an anodic peak at 1.1 V (oxidation of Fe0). In 

subsequent redox cycles, the reduction peak shifts from 0.6 V to 0.8 V, 
accompanied by a rightward shift of the corresponding oxidation peak. 
The overlap in the CV curves beyond the second cycle demonstrates an 
excellent cycling stability of FT-P 600. The electrochemical reactions 
governing these processes can be summarized as follows [26–29]. 

FeTiO3 + (2 + x)Li++ (2 + x)e- → Fe0 + LixTiO2 + Li2O                 (4)

Fe3O4 + 8Li++ 8e- → Fe0 + 4Li2O                                                  (5)

LixTiO2 + Fe + Li2O → FeO + TiO2 + (2 + x)Li++ (2 + x)e-            (6)

Fe0 + 4Li2O → Fe3O4 + 8Li++ 8e-                                                  (7)

Figs. 6c and 6d illustrate the initial five discharge/charge profiles of 
FTO-P 600 and FT-P 600 electrodes at a current density of 0.2 A g-1. The 

Fig. 6. CV curves of (a) FTO-600 and (b) FT-P 600 obtained at 0.3 mV s-1, voltage versus capacity curves of (c) FTO-P 600 and (d) FT-P 600 electrodes at 0.2 A g-1, (e) 
rate performance of at different current densities, (f) cycling performance at 0.2 A g-1.
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charge-discharge plateaus align well with the redox peaks observed in 
the CV curves, confirming the consistency of the electrochemical 
behavior. The initial discharge specific capacities of FTO-P 600 and FT-P 
600 electrodes are 969.7 and 877.3 mAh g-1, respectively. In the FT-P 
600, Fe3O4 (2.6 wt. %) contributes 0.9 % of the whole capacity; 
FeTiO3 (69.0 wt. %) provides approximately 21.2 % of the capacity; 77.9 
% of the whole capacity comes from the carbon nanofibers. In the FTO-P 
600, Fe2TiO5 (97.1 wt. %) offers 78.7 % of the total capacity, and carbon 
nanofibers afford 21.3 % of the whole capacity. To further explore the 
electrochemical performance of FTO-P 600 and FT-P 600, the rate per-
formance and cycling stability were examined. Fig. 6e illustrates the 
cycling performance of two electrodes over 100 cycles at 0.2 A g-1. The 
FT-P 600 electrode maintains a specific capacity of 395.6 mAh g-1 after 
100 cycles, which is higher than that of FTO-P 600 electrode. The spe-
cific capacity of the FT-P 600 electrode during the charging and dis-
charging processes first decreases and then increases, which is due to the 
occurrence of irreversible reactions and the gradual activation of the 
electrode material as the cycle number increases. Fig. 6f reveals the rate 
performance of the two electrodes at different current densities. The FT- 
P 600 electrode delivers an excellent rate performance with average 
discharge capacities of 578.1, 434.6, 351.7, 293.6 and 212.1 mAh g-1 at 
current densities of 0.1, 0.2, 0.5, 1.0 and 2.0 A g-1, respectively. Notably, 
when the current density returns to 0.1 A g-1, the capacity recovers to 
484.7 mAh g-1. Comparative analysis indicates that FT-P 600 exhibits 
better cycling stability and rate performance than FTO-P 600. This 
improvement can be attributed to the synergistic effect between Fe3O4 
and FeTiO3, as well as the buffering effect of carbon fibers, which 
optimize the structural stability and improve electrical conductivity [30,

31]. Table 1 compares the cycling and rate performances of the FT-P 600 
electrode with those reported in the literature for Fe/Ti oxide electrodes. 
From Table 1, it can be seen that the FT-P 600 electrode exhibits superior 
cycling stability and rate performance.

EIS tests were performed to investigate the electrochemical reaction 
kinetics of FTO-P 600 and FT-P 600 electrodes. Fig. 7a displays the EIS 
spectra and the fitting equivalent circuit of two electrodes. In the high- 
frequency region, the semicircle diameter represents the charge transfer 
resistance (Rct). The Rct values of FTO-P 600 and FT-P 600 electrodes are 
177.0 Ω and 136.0 Ω, respectively. The electrolyte impedance (Rs) is 
denoted by the impedance at the starting point of the semicircle. The Rs 
values of FTO-P 600 and FT-P 600 electrodes are 1.1 Ω and 1.9 Ω, 
respectively. These results indicate that the FT-P 600 electrode exhibits 
lower charge transfer resistance and superior conductivity. Fig. 7b 
shows the fitting diagram of Zre and ω− 0.5 for the FTO-P 600 and FT-P 
600 electrodes. The inclined line in the low-frequency region of the 
EIS spectrum is related to the Li+ diffusion coefficient (DLi) of the elec-
trode. DLi can be calculated using the following equations [34,35]. 

DLi =
R2T2

2A2n4F4C2σ2 (8) 

Zʹ = Rs + Rct+σω− 0.5 (9) 

Where A (electrode area) is 1.54 × 10–4 m2, R (gas constant) is 8.314 J k- 

1 mol-1, F (Faraday constant) is 96,485 C mol-1, T is 298.15 K, n is the 
number of electrons converted per mole of matter and C is the concen-
tration of lithium ions. Fig. 7b shows the relationship between Zre and 
ω− 0.5, and the σ of the FTO-P 600 and FT-P 600 electrodes are 114.1 and 
57.4 Ω s-0.5, respectively. The calculated DLi values for FTO-P 600 and 
FT-P 600 electrodes are 1.9 × 10–17 cm2 s-1 and 1.6 × 10–14 cm2 s-1, 
respectively, indicating that the FT-P 600 electrode has a higher Li+

diffusion ability [36].
To further verify the synergistic effect of FeTiO3 and Fe3O4, the 

electrochemical performance of the FT-P 500 is compared with that of 
the FT-P 600. From the aforementioned XRD analysis, it shows that FT-P 
500 consists of amorphous carbon and Fe3O4, while FT-P 600 is 
composed of amorphous carbon, Fe3O4 and FeTiO3. A comprehensive 
analysis of the morphology, composition and microstructure of FT-P 500 
was conducted, and detailed morphology and structural characteriza-
tion of FT-P 500 is provided in the supporting information. Fig. 8a shows 
the CV curves of the first six cycles of FT-P 500 at a scan rate of 0.3 mV s- 

1. During the first cathodic scan process, three reduction peaks at 0.3 V, 
0.6 V and 1.0 V can be observed. The peak at 0.3 V corresponds to the 
formation of the SEI film, and the peak at 0.6 V is assigned to the 

Table 1 
Cycling and rate performances of the FT-P 600 electrode and the iron/titanium 
oxide electrodes reported in the literature.

Sample Cycling performance Rate performance Ref.

Current 
density 
(A g-1)

Cycle 
number

Capacity 
(mAh g-1)

Current 
density 
(A g-1)

Capacity 
(mAh g-1)

Fe2TiO5 0.1 100 355.1 0.1 406.2 [32]
3.2 76.6

Fe2TiO5 0.036 50 151.3 — [33]
Fe2TiO5 0.5 250 234.1 0.1 363.7 [23]

1.6 117.5
Fe2TiO5 — 0.1 500.0 [8]

5.0 180.0
FT-P 

600
0.2 100 395.6 0.1 578.1 This 

work2.0 212.1

Fig. 7. (a) EIS spectra of FTO-P 600 and FT-P 600 electrodes, (b) graph of Zre plotted against ω− 0.5.
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formation of Fe0 and Li2O [37], while the peak at 1.0 V corresponds to 
the insertion of Li+ into the Fe3O4 lattice [38]. In the initial anodic scan 
process, two peaks at 1.0 V and 1.6 V correspond to the oxidation of Fe0 

to Fe2+ and Fe3+, respectively [39]. In the subsequent redox process, a 
peak appears at 0.8 V, which corresponds to the reversible reduction of 
iron oxides [40]. The CV curves after the second cycle are highly over-
lapped, indicating that FT-P 500 has an excellent cycling stability. The 
electrochemical reactions governing these processes can be summarized 
as follows [37,38]. 

LixFe3O4 + (8–x)Li++ (8–x)e- → Fe0 + 4Li2O                                (10)

Fe3O4 + xLi++ xe- → LixFe3O4                                                     (11)

Fig. 8b shows the initial five discharge/charge profiles of FT-P 500 
electrode at 0.2 A g-¹. The charge-discharge plateaus align well with the 

redox peaks observed in the CV curves, confirming the consistency of the 
electrochemical behavior. At a current density of 0.2 A g-1, the cycling 
performances of FT-P 500 and FT-P 600 electrodes are shown in Fig. 8c. 
It can be seen that the FT-P 600 electrode maintains a specific capacity of 
395.6 mAh g-1 after 100 cycles, higher than that of the FT-P 500 elec-
trode. Fig. 8d demonstrates the rate performance of FT-P 500 and FT-P 
600 electrodes at different current densities. It can be seen that the rate 
performance of the FT-P 600 is better than that of the FT-P 500. Fig. 8e is 
the fitting diagram of Zre and ω− 0.5 of FT-P 500 and FT-P 600 electrodes. 
Using Equ. (1) and (2), the DLi is calculated to be 1.1 × 10–15 and 1.6 ×
10–14 cm2 s-1 for FT-P 500 and FT-P 600 electrodes, respectively. The FT- 
P 600 electrode has a higher lithium-ion diffusion capacity, which is 
possibly due to the shortened diffusion path of Li+ caused by the 
reduction of fiber diameter. Fig. 8f is the EIS spectra of FT- P 500 and FT- 

Fig. 8. CV curves of FT-P 500 (a) obtained at 0.3 mV s-1, (b) the charge-discharge curves for the first five cycles, (c) cycling performance at a current density of 0.2 A 
g-1, (d) rate performance at different current densities, (e) graph of Zre plotted against ω− 0.5, (f) EIS spectra of FT-P 500 and FT-P 600 electrodes.
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P 600 electrodes. The corresponding equivalent circuit diagrams are 
shown in the inset of Fig. 8f. After fitting in the high-frequency region, 
for the FT-P 500 and FT-P 600 electrodes, the Rct values are 39.8 Ω and 
136.0 Ω, and the Rs values are 1.3 Ω and 1.9 Ω, respectively. The above 
analysis reveals that the FT-P 600 electrode has better cycling and rate 
performances than FT-P 500 electrode, which is ascribed to the syner-
gistic effect between FeTiO3 and Fe3O4 in FT-P 600.

4. Conclusions

In summary, we have systematically investigated the influence of 
annealing conditions on the structure, morphology and electrochemical 
properties of electrospun Fe/Ti-based oxide nanofibers. Two different 
atmospheres, air and argon, are chosen for the annealing process. When 
annealing at 600 ◦C in argon, FeTiO3/Fe3O4/CNFs are produced; when 
annealing at 600 ◦C in air, Fe2TiO5/CNFs are obtained. It reveals that 
FeTiO3/Fe3O4/CNFs exhibit superior cycling stability and rate perfor-
mance compared to Fe2TiO5/CNFs and Fe3O4/CNFs. FeTiO3/Fe3O4/ 
CNFs maintain a specific capacity of 395.6 mAh g-1 after 100 cycles at a 
current density of 0.2 A g-1. This is attributed to the synergistic effect 
between FeTiO3 and Fe3O4, as well as the buffering effect of carbon fi-
bers. These findings emphasize the critical influence of annealing con-
ditions in tailoring the properties of the materials.
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