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A B S T R A C T

Iron oxide fiber membranes, fabricated by electrospinning and subsequent high-temperature annealing, have 
promising applications in the binder-free anodes for lithium-ion battery. However, the effect of the annealing 
atmosphere on the phases of iron oxide fibers and their electrochemical properties has not been elucidated. In 
this work, iron acetylacetonate/polyacrylonitrile fiber membranes are prepared by electrospinning technique 
followed by annealing in different atmospheres (argon and air) at 600 ◦C, and their phases and electrochemical 
performance are explored. It is found that the membrane annealed in argon is composed of carbon fibers 
embedded with Fe3O4 nanoparticles, whereas the membrane annealed in air consists primarily of Fe2O3 nano-
particles. When annealed in air, iron keeps its original valence state, and reacts with oxygen, forming Fe2O3; 
when annealed in argon, part of iron changes from Fe3+ to Fe2+ due to the reduction of carbon, resulting in 
formation of Fe3O4. Apart from the phase change, the electrochemical properties show drastic change for the 
fiber membranes annealed in different atmospheres. The membranes annealed in argon show better cyclic sta-
bility than those annealed in air due to the buffering effect of carbon in the fibers. Our work provides insights 
into the influence of annealing atmosphere on the phase and electrochemical performance of iron-oxide fiber 
membranes, which is helpful to fabricate binder-free anodes for lithium-ion battery.

1. Introduction

Transition metal oxides have emerged as significant candidates for 
anode materials owing to their distinct advantages such as environ-
mental sustainability, cost-effectiveness, and exceptional electro-
chemical properties. Among the transition metal oxides, iron oxides, 
such as Fe3O4 and Fe2O3, have attracted extensive research attention 
due to their remarkable theoretical specific capacity and outstanding 
catalytic activity [1,2].

Recently, researchers have conducted extensive and in-depth 
research to further improve electrochemical properties of iron oxides. 
Among various fabrication techniques, electrospinning stands out 
because it enables mass production of iron oxide fiber membranes that 
can be utilized as binder-free anodes for lithium-ion batteries [3–5]. The 
binder-free electrode has advantages of increasing energy density, 
improving electrochemical performance, and protecting the 

environment. Through electrospinning, researchers have successfully 
fabricated various iron oxide-based fibers, such as carbon-coated Fe₃O₄ 
nanofibers and porous Fe₃O₄ nanofibers [6]. These iron oxide fiber 
membranes exhibit significant advantages in electrochemical applica-
tions, particularly in mitigating volume expansion during charge and 
discharge cycles, which leads to notable enhancements in electro-
chemical performance [7]. However, focusing on the performance of 
electrospun products has raised concerns that the influence of process-
ing conditions on material properties may be underappreciated.

The electrospinning process for fabricating iron oxide fiber mem-
branes consists of two primary stages: electrospinning and annealing 
[8–11]. In our previous work, we found that the phase composition of 
iron oxides changes with the annealing temperature [12]. Although the 
influence of annealing temperature on the phase composition has been 
explored to some extent, a comprehensive investigation of other process 
conditions such as annealing atmosphere remains insufficient. 
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Specifically, the effect of annealing atmosphere on composition, 
morphology, microstructure and electrochemical performance of the 
electrospun products is an important and under-explored subject that 
warrants further investigation.

In this work, we investigated the composition and electrochemical 
properties of iron oxide fiber membrane produced under different 
annealing atmospheres. The fibers annealed in argon resulted in a car-
bon matrix embedded with Fe3O4 nanoparticles, whereas those 
annealed in air comprised Fe2O3 nanoparticles. The membranes 
annealed in argon show better cyclic stability than those annealed in air.

2. Experimental section

2.1. Materials

Polyacrylonitrile (PAN, average Mw. 150,000), Iron acetylacetonate 
[Fe(acac)3, 98 %] and N, N-Dimethylformamide (DMF, 99.5 %) were 
purchased from Sinopharm Chemical Reagent Company Limited. All 
chemicals were of analytical grade and used as received without further 
purification.

2.2. Preparation of iron-based fiber membranes

First, a precursor solution containing DMF, PAN (11 wt%) and Fe 
(acac)3 was 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 16 kV with a flow rate of 0.36 mL/h. The 
distance between needle tip and collecting roll was set to 16 cm. The 
receiver speed and needle diameter were 500 rpm and 0.55 mm, 
respectively. The temperature and the humidity were maintained at 
26 ◦C and 33–36 % during the process. Previous studies [12] indicated 
that a relatively pure phase could be achieved at 600 ◦C, so this tem-
perature was selected for the annealing in this work. Finally, the fiber 
membranes were annealed at 600 ◦C for 6 h with a heating rate of 2 ◦C/ 
min in argon or air. The resultant products obtained in argon and air 
were labeled as F-P 600 and FO-P 600, 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 compositions were determined using an energy 
dispersive X-ray spectrometer (EDS, Oxford INCAx Sight6427). Bright- 
field (BF), selected area electron diffraction (SAED) and high- 
resolution transmission electron microscopy (HRTEM) images were 
obtained using high-resolution transmission electron microscope (TEM, 
JSM-2100Plus). High-angle annular dark field (HAADF) images were 
acquired on scanning transmission electron microscope (STEM, Thermo 
Scientific Spectra 300).

2.4. Electrochemical measurements

Electrochemical test was conducted using a CR2025 coin cell (20 mm 
in diameter and 2.5 mm in thickness), with lithium metal serving as a 
counter electrode at ambient temperature. The anodes were prepared by 
mixing the as-prepared products (FO-P 600 and F-P 600), carbon black 
and polyvinylidene fluoride (PVDF) in N-methylpyrrolidone with a 
weight ratio of 7:2:1. This mixture was uniformly coated onto copper foil 
and subsequently dried under vacuum at 120 ◦C for 12 h. The assembly 
process was performed in a glove box filled with high-purity argon, 
ensuring that the concentrations of moisture and oxygen maintained 
below 0.1 ppm. An electrolyte consisting of a 1 M LiPF6 solution mixed 
with ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl 
carbonate (DEC) in a volumetric ratio of 1:1:1 was employed. Rate 
performance and cycling stability were evaluated using a LAND CT2001 
battery test system, operating in 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 electrochemical worksta-
tion (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 a frequency range from 100 kHz to 
0.01 Hz.

3. Results and discussion

To investigate the morphologies of fiber membranes obtained under 
different annealing atmospheres, FO-P 600 and F-P 600 were examined 
using SEM. Fig. 1(a) presents a low-magnification FE-SEM image of FO-P 
600, revealing a fibrous morphology. In Fig. 1(b), a high-magnification 
FE-SEM image further illustrates that the surface of the fibers exhibits 
numerous pores. The average diameter of the fibers is approximately 
150 nm. Fig. 1(c) and (d) display low and high magnification FE-SEM 
images of F-P 600, respectively. These images indicate that F-P 600 
exhibits a fibrous structure signified by uniform dimensions and a 

Fig. 1. FE-SEM images of FO-P 600 (a, b) and F-P 600 (c, d), (e) XRD patterns of the FO-P 600 and F-P 600.
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Fig. 2. Typical BF TEM, corresponding SAED pattern, HRTEM and HAADF images of FO-P 600 (a, b, c and d) and F-P 600 (e, f, g and h).
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smooth surface, with an average fiber diameter of approximately 190 
nm. In addition, we conducted BET (Brunauer-Emmett-Teller) test on F- 
P 600 and FO-P 600 samples. Fig. S1 shows the N2 adsorption desorption 
isotherms of F-P 600 and FO-P 600. It can be seen from Fig. S1 that FO-P 
600 has an isotherm characteristic of mesoporous materials, which is 
consistent with our SEM observation. The BET surface area of F-P 600 
and FO-P 600 is measured to be 9.03 m2 g− 1 and 20.61 m2 g− 1, 
respectively. Fig. 1(e) depicts the XRD patterns for FO-P 600 and F-P 
600. For FO-P 600, the diffraction peaks belong to the rhombohedral 
phase of Fe2O3 (JCPDS no.: 33–0664, a = b = 5.0356 Å, c = 13.7489 Å, α 
= β = 90◦, γ = 120◦) [13]. For F-P 600, the peak observed at 26◦ is 
attributed to amorphous carbon, while the other diffraction peaks at 
30.1◦, 35.4◦, 43.1◦, 56.9◦ and 62.5◦ correspond to (220), (311), (400), 
(511) and (440) planes of cubic Fe3O4 (JCPDS no.: 19–0629, a = 8.396 

Å) [14]. The XRD analysis indicates that FO-P 600 is composed of Fe2O3, 
whereas F-P 600 consists of carbon and Fe3O4.

To further elucidate the microstructure of FO-P 600 and F-P 600, 
comprehensive TEM investigations were carried out. Fig. 2(a) displays a 
low-magnification BF TEM image of FO-P 600 revealing an average fiber 
diameter of approximately 150 nm, and Fig. 2(b) illustrates the corre-
sponding diffraction pattern [15]. The observed diffraction rings from 
the innermost to outermost are attributed to the (103), (114), (222) 
planes of rhombohedral Fe2O3, which agrees well with the XRD analysis. 
A typical HRTEM image of nanoparticles in the FO-P 600 is presented in 
Fig. 2(c). The measured lattice spacings are 3.71 Å and 2.70 Å, corre-
sponding to the (012) and (104) crystal planes of rhombohedral Fe2O3, 
respectively. The angle between the crystal planes is 81◦, aligning with 

Fig. 3. STEM images (a, d) and EDS elemental mappings (b, c, e and f) of FO-P 600; Full-scan XPS spectra (g) and high-resolution spectra (h) of Fe 2p in FO-P 600.
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the theoretical prediction. In Fig. 2(d), the lattice spacings are measured 
to be 2.52 Å and 2.70 Å, corresponding to the (110) and (104) crystal 
planes of rhombohedral phase Fe2O3, with the angle of 79◦. The XRD 
and FE-SEM analyses confirm that FO-P 600 is composed of Fe2O3 
nanoparticles embedded within a fibrous matrix. Fig. 2(e) shows a low- 
magnification BF TEM image of F-P 600, demonstrating a uniform fiber 
diameter distribution with an average fiber diameter of approximately 
190 nm. Fig. 2(f) illustrates the diffraction pattern of Fig. 2(e), in which 
the diffraction rings from the innermost to outermost correspond to the 
(004) and (331) planes of cubic Fe3O4. The polycrystalline rings exhibit 
limited visibility, indicating the poor crystallinity of F-P 600, which is 
attributed to the carbon content within the fiber and the small size of the 
Fe3O4 particles (less than 10 nm). The HRTEM image in Fig. 2(g) con-
firms that the nanoparticles in the F-P 600 are Fe3O4, which is further 
corroborated by the HAADF image in Fig. 2(h). The distinct composi-
tions of FO-P 600 and F-P 600 underscore the significant impact of the 
annealing atmosphere on the resultant products.

The elemental distributions and the valence state of Fe in FO-P 600 
and F-P 600 are explored by EDS and XPS, respectively. Figs. 3(a) and 
(d) present STEM images of FO-P 600 at different magnifications, con-
firming that the product is fibers composed of nanoparticles. Figs. 3(b-f) 
illustrate the elemental distribution of Fe and O within the fibers. A 
comparative analysis of the EDS elemental mappings indicates that the 
nanoparticles are primarily composed of Fe and O. Combined with XRD 
and TEM results, it is confirmed that the FO-P 600 is composed of Fe2O3 
nanoparticles. To assess the valence state of Fe in the FO-P 600, XPS was 
carried out. Fig. 3(g) displays a full-scan XPS spectrum for the FO-P 600, 
and Fig. 3(h) specifically shows the high-resolution spectrum of the Fe 
2p. The peaks at 711 eV and 724 eV correspond to the Fe 2p3/2 and Fe 
2p1/2 states, respectively [16,17]. The peaks at 714 eV, 718 eV and 733 
eV represent satellite peaks associated with Fe3+ [18,19]. This indicates 
that the valence state of Fe in the FO-P 600 is trivalent, confirming that 
the FO-P 600 is composed of Fe2O3. Fig. 4(a) presents a low- 

magnification STEM image of F-P 600, and Figs. 4(b-d) illustrate the 
elemental distribution images of C, Fe and O within the fiber, respec-
tively. It can be concluded that the F-P 600 is composed of three ele-
ments: C, Fe and O. This further corroborates that F-P 600 contains 
carbon fibers loaded with Fe3O4 nanoparticles. Fig. 4(f) shows a high- 
resolution spectrum of the Fe 2p in the F-P 600, which reveals two 
peaks at 711 eV and 724 eV belonging to the Fe 2p3/2 and Fe 2p1/2 states, 
respectively. Peak fitting analysis reveals that each of these peaks is 
further resolved into two sub-peaks. Specifically, the peaks at 710 eV 
and 724 eV are attributed to Fe2+, while the peaks at 712 eV and 726 eV 
correspond to Fe3+. The peaks at 716 eV, 720 eV, 730 eV and 733 eV are 
satellite peaks of Fe 2p [20]. Fig. S2 shows the high-resolution spectra of 
the O 1 s in F-P 600 and FO-P 600. The peaks at 530 eV and 532 eV 
correspond to lattice oxygen and surface defect sites, respectively [21]. 
Through the above analysis, it is evident that both Fe2+ and Fe3+ species 
are present in F-P 600, confirming that it is composed of Fe3O4 [22].

The anode materials, FO-P 600 and F-P 600, are evaluated for their 
electrochemical performances. Fig. 5(a) shows the CV curve of the initial 
six cycles of the FO-P 600 electrode at a scanning rate of 0.3 mV s− 1. The 
CV profile reveals reduction peaks at 1.2 V, 0.7 V and 0.3 V, along with 
an oxidation peak at 2.0 V. The reduction peaks at 1.2 V and 0.7 V are 
associated with structural transformations caused by lithium intercala-
tion and further reduction of LixFe2O3 to Fe0 via a conversion reaction. 
The equations for the above electrochemical reaction are displayed as 
follows [23]. 

Fe2O3 + xLi+ + xe− →LixFe2O3 (1) 

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

The reduction peak at 0.3 V is indicative of the formation of solid 
electrolyte interphase (SEI) film [24]. The oxidation peak at 2.0 V cor-
responds to the delithiation process of the electrode material and the 
oxidation of Fe0 to Fe3+. In subsequent cycles, the redox peaks shift to 
higher potentials, indicating a poor cyclic stability for FO-P 600.

Fig. 5(b) shows the CV curves for the first six cycles of F-P 600 
recorded at a scan rate of 0.3 mV s− 1. During the anodic and cathodic 
processes of the first cycle, two peaks, a reduction peak at 0.6 V and an 
oxidation peak at 1.2 V, are observed. The reduction peak at 0.6 V 
corresponds to the formation of Fe0, Li2O and SEI film. The equation for 
the electrochemical reaction is displayed as follows [25]. 

Fe3O4 +8Li+ +8e− →3Fe0 +4Li2O (3) 

During the anodic process, the oxidation peak at 1.2 V corresponds to 
the oxidation of Fe0, represented by the following electrochemical re-
action [26]. 

3Fe0 +4Li2O − 8e− →Fe3O4 +8Li (4) 

This process is classified as a transformation reaction. In the 
following redox process, the reduction peak shifts to 0.7 V due to the 
irreversibility of the SEI film and electrode polarization. The oxidation 
peak moves to 1.4 V, and the CV curves exhibit similar peak heights after 
the second cycle, indicating that the F-P 600 has excellent cycling sta-
bility [27,28]. It is evident that the lithium storage mechanism changes 
significantly for the products obtained in different annealing atmo-
spheres. Specifically, the lithium storage of the F-P 600 electrode pre-
dominantly occurs through a conversion reaction, while the lithium 
storage behavior of FO-P 600 is mainly governed by a pseudocapacitive 
process. The above SEM and TEM observations reveal a substantial 
presence of voids in FO-P 600, which provides numerous channels 
conducive to lithium intercalation.

Fig. 5(c) illustrates the cycling performance of the FO-P 600 and F-P 
600 electrodes at a current density of 0.2 A g− 1. In the first ten cycles, the 
specific capacity of FO-P 600 exceeds that of FO-P 600, as the theoretical 
specific capacity of Fe2O3 (1007 mAh g− 1) is higher than that of carbon 
(372 mAh g− 1) and Fe3O4 (926 mAh g− 1). Furthermore, larger specific 

Fig. 4. STEM images (a) and EDS elemental mappings (b, c and d) of F-P 600; 
Full-scan XPS spectra (e) and high-resolution spectra (f) of Fe 2p in the F-P 600.
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surface area of FO-P 600 plays a crucial role in its higher specific ca-
pacity. After 100 cycles, the specific discharge capacities of F-P 600 and 
FO-P 600 electrodes are 709.0 and 187.2 mAh g− 1, respectively. The 
specific capacity of the F-P 600 electrode exhibits an initial decrease 
followed by an increase during the charging and discharging processes 
due to the occurrence of irreversible reactions and the gradual activation 
of the electrode material upon increasing cycles [30]. The superior 
cycling stability of the F-P 600 is attributed to the incorporation of 
carbon, which mitigates the volume expansion of nanoparticles during 
the charge and discharge processes, thereby enhancing their cycling 
stability.

In addition, we carried out the cyclic performance of F-P 600 and FO- 
P 600 electrodes under large current (1 A g− 1) [29]. In Fig. S3, after 100 
cycles under 1 A g− 1, the specific discharge capacities of F-P 600 and FO- 
P 600 electrodes are 473.6 and 87.2 mAh g− 1, respectively. The superior 
cycling stability of the F-P 600 is attributed to the incorporation of 
carbon, which mitigates the volume expansion of nanoparticles during 
charge and discharge processes, thereby enhancing their cycling sta-
bility [31]. SEM images obtained after 100 cycles, as shown in Fig. S4, 

support this conclusion. F-P 600 and FO-P 600 exhibit different behav-
iors of structural degradation. Compared to FO-P 600, F-P 600 retains a 
relatively intact fiber structure, which contributes to its superior cycling 
stability.

Fig. 5(d) demonstrates the rate performance of the FO-P600 and F-P 
600 electrodes. The average specific discharge capacities of the F-P 600 
electrode at current densities of 0.1 A g− 1, 0.2 A g− 1, 0.5 A g− 1, 1.0 A g− 1 

and 2.0 A g− 1 are 827.9 mAh g− 1, 761.2 mAh g− 1, 583.7 mAh g− 1, 518.3 
mAh g− 1 and 431.2 mAh g− 1 respectively. Notably, the specific capacity 
of F-P 600 is lower than that of FO-P 600 at 0.1 A g− 1. However, at 
higher current densities, it significantly exceeds that of FO-P 600. When 
the current density returns to 0.1 A g− 1, the average specific discharge 
capacity of F-P 600 maintains at 841.3 mAh g− 1, indicating that elec-
trode had excellent rate capability [32]. The observed increase in spe-
cific discharge capacity is attributed to the enhanced activation of the F- 
P 600 electrode at a high current density.

EIS spectra are performed to investigate the electrochemical reaction 
kinetics of FO-P 600 and F-P 600 electrodes, as displayed in Fig. 5(e). 
The EIS spectra for both electrodes display a characteristic semicircle in 

Fig. 5. Electrochemical performance of FO-P 600 and F-P 600. CV curves of FO-P 600 (a) and F-P 600 (b) at a scanning rate of 0.3 mV s− 1, (c) Cycling performance at 
0.2 A g− 1, (d) Rate performance at various current densities, (e) EIS spectra and (f) Graph of Zre plotted against ω− 0.5 for FO-P 600 and F-P 600.
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the high-frequency region, indicative of charge transfer resistance, and 
an inclined line at lower frequencies, which suggests diffusion- 
controlled processes. These spectra can be fitted using an equivalent 
circuit, where Rs, Rct, W and CPE represent electrolyte resistance, charge 
transfer resistance, Warburg impedance and double layer capacitance, 
respectively [33]. Upon fitting the high-frequency region, the Rct values 
of the FO-P 600 and F-P 600 electrodes were 395.0 and 312.0 Ω, 
respectively, while the Rs values of the FO-P 600 and F-P 600 electrodes 
were determined to be 3.8 and 6.6 Ω, respectively. The lower Rct values 
for F-P 600 suggest better electrical conductivity, which enhances 
charge transport compared to FO-P 600 [34]. In addition, EIS mea-
surements were performed on the FO-P 600 and F-P 600 electrodes after 
cycling, and the results were presented in Fig. S5. The Rct of FO-P 600 
and F-P 600 increases to 524.4 Ω and 354.0 Ω, respectively, while their 
Rs changes to 6.2 Ω and 8.3 Ω, respectively. The entire impedance 
spectrum exhibits an obvious rightward shift, indicating an overall in-
crease of the impedance. The slope of the inclined line in the low fre-
quency region of the EIS spectra correlates with the lithium-ion diffusion 
coefficient (DLi) of the electrode. The value of DLi can be calculated by 
Eqs. (5) and (6) [35]. 

DLi =
R2 T2

2 A2 n4 F4 C2 σ2
(5) 

Zʹ = Rs +Rct + σω− 0.5 (6) 

where the value of the gas constant R is 8.314 J k− 1 mol− 1, the tem-
perature T is 298.15 K, the electrode area A is 1.54 × 10− 4 m2, n is the 
number of electrons per molecule participating in the electron transfer 
reaction, the Faraday constant F is 96,485C mol− 1, and C is the con-
centration of lithium ions in the battery [36]. Fig. 5(f) shows the fitting 
diagram of Zre and ω-0.5. The table, inset in Fig. 5(f), summarizes the σ 
values of the FO-P 600 and F-P 600 electrodes. Based on Equ. (5), the DLi 
for FO-P 600 and F-P 600 electrodes is calculated to be 9.5 × 10− 18 and 
5.8 × 10− 18 cm2 s− 1, respectively. These results indicate that the FO-P 
600 electrode exhibits a higher lithium-ion diffusion capacity, suggest-
ing that its porous structure facilitates enhanced lithium-ion transport.

4. Conclusions

The iron acetylacetone/polyacrylonitrile fiber membrane was pre-
pared by electrospinning and subsequent annealing in argon and air at 
600 ◦C. Upon annealing in an argon, the resultant material consisted of 
carbon fibers embedded with Fe3O4 nanoparticles; when annealing in 
air, the final product was fibers composed of Fe2O3 nanoparticles. 
During the annealing process in argon, the carbon in the precursor 
material is preserved due to the inert atmosphere, leading to the for-
mation of carbon fibers embedded with Fe3O4 nanoparticles. In contrast, 
the annealing in air leads to the oxidation of the carbon, resulting in 
fibers predominantly containing Fe2O3 nanoparticles. When utilized as 
anode materials for lithium-ion batteries, the FO-P 600 exhibited a high 
initial specific capacity, which is attributed to its superior lithium-ion 
diffusion properties. However, it demonstrated poor cycling stability. 
Whereas, the F-P 600 electrode shows better cycle stability and 
enhanced rate performance compared to the FO-P 600 electrode. This 
discrepancy in performance is ascribed to two primary factors: (1) the 
Fe2O3 nanoparticles in the FO-P 600 electrode undergo significant vol-
ume expansion during the charge and discharge cycles, resulting in 
particle pulverization and agglomeration of the electrode materials; (2) 
the carbon in F-P 600 electrode mitigates the volume expansion of Fe3O4 
nanoparticles during cycling, thereby improving the structural integrity 
and electrochemical performance of the electrode. This work provides 
insights into the influence of annealing atmosphere on the phase and 
electrochemical performance of iron-oxide fiber membranes, which is 
helpful to fabricate binder-free anodes for lithium-ion battery.
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