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A B S T R A C T

Recent studies have shown that spinel ferrites featuring unique spinel structures are promising as anode materials 
in lithium-ion batteries (LIBs) because of their high capacity, low cost, and abundant resources. However, the 
influence of the spinel structure on the electrochemical properties of spinel ferrites is still poorly understood. 
Herein, three different spinel ferrites, namely, normal spinel ZnFe2O4, mixed spinel MgFe2O4, and inverse spinel 
CoFe2O4 nanofibers are prepared by electrospinning, aiming to correlate the spinel structure with their elec
trochemical kinetic behavior. It is found that the spinel type of spinel ferrites is associated with the initial voltage 
platform in the discharge process and reaction kinetics. As an anode for LIBs, the ZFO electrode demonstrates the 
highest initial voltage platform and superior lithium-ion transport capability. This is mainly attributed to the 
large proportion of Fe3+ occupying octahedral sites in the normal spinel, which facilitates the migration of 
lithium ions into the lattice of the anode. This work advances the understanding of the effects of spinel structure 
on the battery performance, enabling the targeted synthesis of optimized materials for enhanced performance of 
LIBs.

1. Introduction

The scientific community increasingly focuses on energy storage 
solutions for renewable resources [1–6]. Lithium-ion batteries (LIBs) are 
recognized as a leading technology in this field and are extensively used 
in portable electronics, electric cars, and smart grids [7–11]. Spinel 
ferrites, adopting a general molecular formula of MFe2O4 (M = Mn, Mg, 
Co, Cu, Zn, Ni) [12–16], are considered promising anode materials for 
LIBs. Based on the cation distribution at octahedral and tetrahedral sites, 
the spinel structure can be classified into normal, mixed and inverse, 
imparting spinel ferrites with diverse physical and chemical properties. 
For example, the spinel structure is closely correlated with the catalytic 
performance of spinel ferrites [18–20]. However, up to now, the influ
ence of cation distribution on the electrochemical kinetics of spinel 
ferrites remains elusive.

Various chemical routes have been employed to fabricate spinel 

ferrites and composites with diverse morphologies and structures. Chen 
et al. synthesized ZnFe2O4 microspheres and nanoparticles using a sol
vothermal process and self-template synthesizing method, and studied 
the influence of morphology on electrochemical performance [21]. Lee 
et al. prepared MgFe2O4/Fe2O3 hollow microspheres composites via 
polyol reaction of ethylene glycol by the hydrothermal process with the 
aid of sucrose to improve specific capacity [22]. Li et al. encapsulated 
CoFe2O4 nanoparticles into porous N-doped carbon nanofiber mem
brane by electrospinning method to enhance lithium storage perfor
mance [23]. Among the fabrication techniques, electrospinning stands 
out as a simple and reliable technique for the preparation of MFe2O4 
nanofibers with high porosity, which significantly facilitates lithium-ion 
diffusion. To date, various types of spinel ferrite nanofibers have been 
successfully synthesized using this technique, including normal spinel 
ZnFe2O4 fibers [24], mixed spinel MgFe2O4 fibers [25], and inverse 
spinel CoFe2O4 fibers [26]. When spinel ferrites are employed as the 
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anodes of LIBs, the specific spinel type governs the insertion/extraction 
of lithium ions at the tetrahedral or octahedral sites within the lattice, 
thereby influencing the reaction mechanism of the battery. However, 
the correlation between spinel type and electrochemical kinetic 
behavior of spinel ferrites remains inadequately explored.

In this work, three spinel-ferrite nanofibers, including normal spinel 
ZnFe2O4, mixed spinel MgFe2O4 and inverse spinel CoFe2O4, were pre
pared via electrospinning. The influence of spinel structure on electro
chemical kinetic behavior of three spinel ferrites was systematically 
investigated. As an anode for LIBs, the ZFO electrode demonstrates the 
highest initial discharge platform and superior lithium-ion transport 
capability.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN, average Mw. 150,000), Iron acetylacetonate 
[Fe(acac)3, 99%], Zinc acetylacetonate [Zn(acac)2, 99%], Magnesium 
acetylacetonate [Mg(acac)2, 99%], Cobalt acetylacetonate [Co(acac)2, 
99%] and N, N-Dimethylformamide (DMF, 99.8%) were purchased from 
Sinopharm Chemical Reagent Co., Ltd..

2.2. Preparation of ZnFe2O4, MgFe2O4 and CoFe2O4 fibers

We dissolved PAN in DMF to achieve a solution concentration of 11 
wt%. Subsequently, Fe(acac)3 and M(acac)2 (Zn, Mg, Co) with a molar 
ratio of 2:1 was dissolved in the aforementioned solution. An appro
priate amount of spinning solution was drawn into a disposable syringe, 
and the spinning solutions were spun into nanofiber membranes using a 
single-needle electrospinning machine. The detailed parameters for the 
electrospinning process can be found in our previous work [13]. After 
spinning for 6 h, the resulting fiber membrane was dried at 25 ◦C for 2 h 
to remove the residual solvents. Finally, an annealing process was car
ried out at 800 ◦C with a heating rate of 2 ◦C/min in air to produce 
spinel-ferrite nanofibers. The fiber membranes derived from the three 
initial precursor solutions are labeled as ZFO (for ZnFe2O4), MFO (for 
MgFe2O4), and CFO (for CoFe2O4).

2.3. Materials characterization

X-ray diffraction (XRD) patterns were acquired on a SmartLab XRD 
diffractometer with Cu-Kα radiation (λ = 1.5406 Å). Scanning electron 
microscope (FE-SEM, Sigma 500) was used to characterize the 
morphology of the product at an accelerating voltage of 20 kV. Bright 
field (BF TEM) and high-resolution images (HRTEM) were obtained on 
conventional transmission electron microscope (JEOL JEM2010F) at an 
accelerating voltage of 200 kV. The high-angle annular dark field 
(HAADF) imaging and electron energy-loss spectroscopy (EELS) were 
carried out on spherical aberration-corrected scanning-transmission 
electron microscope (FEI Titan G280–200 STEM) at an accelerating 
voltage of 200 kV. An automatic volumetric sorption analyzer (NOVA 
1100, Quantachrome, USA) was used to carry out nitrogen adsorption- 
desorption tests at 77 K. The Brunauer-Emmett-Teller (BET) and 
Barrett-Joyner-Halenda (BJH) method was used to determine the spe
cific surface areas and the pore size distribution of the product, 
respectively.

2.4. Electrochemical measurements

ZFO, MFO and CFO materials were individually employed as active 
materials for the preparation of LIBs anodes. The detailed preparation 
procedure for the anodes and CR2025-type coin cells can be found 
elsewhere [10]. A LAND CT2001 battery testing system was used to 
examine the electrochemical performance with a voltage range from 
0.01 V to 3.00 V at room temperature. The Metrohm Autolab 

electrochemical workstation (PGSTAT 302 N) was employed to perform 
the cyclic voltammetry (CV) measurements and electrochemical 
impedance spectroscopy (EIS) tests.

3. Results and discussion

The XRD patterns of the products are demonstrated in Fig. 1. The 
peaks of ZFO, MFO and CFO agree well with those of the standard card 
for cubic ZnFe2O4 (JCPDS no.: 22–1021, a = 8.441 Å), MgFe2O4 (JCPDS 
no.: 17–0464, a = 8.375 Å) and CoFe2O4 (JCPDS no.: 22–1086, a =
8.392 Å), respectively. This confirms the formation of pure ZnFe2O4, 
MgFe2O4 and CoFe2O4 at an annealing temperature of 800 ◦C in air. 
Careful observation shows that the arrangement of the main diffraction 
peaks is similar among these three products, although there are slight 
shifts in their positions [27,28]. This is attributed to the shared cubic 
crystal structure of ZFO, MFO and CFO, with the slight variations in 
lattice parameters resulting from differences in the ionic radius of Zn2+, 
Mg2+ and Co2+.

Fig. 2a, d and g display SEM images of the ZFO, MFO and CFO, 
respectively. It is observed that all three products exhibit uniform 
porous fiber morphology, with average sizes of 104 nm, 120 nm and 125 
nm for ZFO, MFO, and CFO, respectively. Fig. 2b, e and h display TEM 
images of the three products. As observed from these images, all three 
products are nanofibers featuring a substantial number of surface pores, 
which is consistent with the SEM observations. Fig. 2c, f and i show 
HRTEM images of individual nanoparticles in the three nanofibers, 
respectively. The interplanar spacing in Fig. 2c is measured to be 2.98 Å, 
corresponding to the (220) plane of cubic ZFO. The interplanar spacing 
measured in Fig. 2f is 2.56 Å and 3.01 Å, corresponding to the (311) and 
(220) planes of MFO with a cubic structure. The interplanar spacing in 
Fig. 2i is determined to be 2.96 Å, consistent with the (220) plane of 
cubic CFO. From the above XRD and SEM analyses, it can be seen that 
ZFO, MFO and CFO nanofibers are composed of numerous 
nanoparticles.

STEM images were acquired to further explore the microstructure of 
different spinel ferrites. Fig. 3a, c and e show low-magnification STEM 
images of ZFO, MFO and CFO, respectively. Numerous pores occur on 
the surface of ZFO, MFO and CFO which can provide more lithium- 
storage sites and facilitate the transport of lithium ions [29]. Fig. 3b, 
d and F are HAADF images of individual nanoparticles in three nano
fibers, respectively. The interplanar spacings measured in Fig. 3b are 
2.56 Å and 3.01 Å, corresponding to the (311) and (220) planes of the 
cubic ZFO, respectively, with a plane angle of 62◦. The measured planar 
spacing in Fig. 3d is 3.01 Å and 3.50 Å, corresponding to the (220) and 
(111) planes of the cubic MFO, with a plane angle of 90◦. The plane 
spacings in Fig. 3f are measured to be 2.96 Å and 2.55 Å, corresponding 
to the (220) and (311) planes of the CFO, with a plane angle of 65◦. The 
above analyses further demonstrate that ZFO, MFO and CFO nanofibers 
are composed of nanoparticles.

The EELS spectra were thoroughly examined to investigate the var
iations in the electronic structure among the three different spinel-type 
ferrites. Since the overlap of the Mg-L1 and Zn-M2, 3 peaks within the 
plasma loss region spanning from 30 to 100 eV, precise identification of 
the corresponding peak positions and shapes is challenging. Conse
quently, the high-energy loss peaks of ZFO and MFO only exhibit the Fe 
L2, 3 and O–K edge peaks, whereas the high-energy loss peaks of CFO 
display Co-L2, 3, Fe-L2, 3 and O–K edge peaks. As seen in Fig. 4a, c and e, 
for Fe-L2, 3 peaks, the gap between L3 and L2 peaks is 13.1 eV, and the 
intensity ratio (L3/L2) is 4.5, agreeing well with the reported results for 
NiFe2O4 [30]. This indicates that the valence states of Fe in ZFO, MFO 
and CFO nanofibers are all trivalent. Although no significant differences 
are observed in the fine structure of the Fe-L2, 3 edges across the three 
spinel-type ferrites, notable variations are present in the O–K edge 
peaks. As shown in Fig. 4b, d, and f, the O–K edge exhibits a distinct 
splitting into three peaks, which is related to crystal-field cleavage and 

M. Sun et al.                                                                                                                                                                                                                                     Journal of Electroanalytical Chemistry 1005 (2026) 119870 

2 



lattice distortion, resulting from the hybridization of O 2p and metal 3d 
orbitals [31]. Careful observation shows that the positions and in
tensities of the peak B are nearly identical. However, significant differ
ences are observed in both the positions and intensities of the peak A 
among these samples. Specifically, there is a significant shift in the po
sition of peak A: 531.3 eV for ZFO, 530.8 eV for MFO and 529.8 eV for 
CFO. Moreover, the intensity ratios of peak A to peak B for ZFO, MFO, 
and CFO are 0.27, 0.29, and 0.35, respectively. This suggests that the 
degree of hybridization between the O 2p orbitals and metal 3d orbitals 
increases sequentially in ZFO, MFO, and CFO. This finding is consistent 
with previously reported results [32] and further confirms that ZFO, 
MFO, and CFO possess different types of spinel structures. Our theo
retical calculations [17] show that the degree of hybridization between 
the O 2p orbitals and Fe 3d orbitals is lowest in ZFO and largest in CFO, 
consistent with the EELS results.

XPS spectra were acquired to further investigate the elemental 
valence states of Zn, Mg, Co and Fe in the three spinel ferrites. Fig. 5a 
displays the XPS spectrum of Zn 2p obtained from the ZFO. The peaks at 
1021.3 eV and 1044.4 eV can correspond to Zn 2p3/2 and Zn 2p1/2 of 
Zn2+ [33], respectively, indicating that the Zn element in the ZFO has a 
valence of +2. Fig. 5b presents the Fe 2p spectrum acquired from the 
ZFO, where the peaks at 724.4 eV and 711.3 eV are assigned to Fe 2p1/2 
and Fe 2p3/2 of Fe3+ located in the octahedral sites of the spinel structure 
[12], confirming that ZFO possesses normal spinel structure. The addi
tional peaks observed are satellite peaks from Fe3+. For MFO, Fig. 5c 
displays the Mg 1 s spectrum, where the peak at 1303.7 eV corresponds 
to Mg2+, indicating that the Mg element in MFO exists as Mg2+ [34]. 
Further, the Mg 1 s peak at 1303.7 eV is deconvoluted into two peaks 
located at 1303.0 and 1304.6 eV, corresponding to Mg2+ in the tetra
hedral and octahedral sites of the spinel structure, respectively [35]. In 
accordance with integrated intensity of deconvoluted peaks, the distri
bution of Mg2+ is 88.7% at tetrahedral sites and 11.3% at octahedral 
sites [17]. Fig. 5d illustrates the Fe 2p spectrum in MFO, where the peaks 
at 724.9 eV and 711.3 eV correspond to Fe 2p1/2 and Fe 2p3/2 of Fe3+. 
Furthermore, two peaks situated at 713.3 and 710.0 eV can be decon
voluted from the Fe 2p3/2 peak at 711.3 eV, while two peaks at 727.4 and 
724.8 eV can be deconvoluted from the Fe 2p1/2 peak at 724.9 eV, which 
are assigned to Fe3+ ions that occupy the tetrahedral and octahedral 
sites, respectively, within the spinel structure [35]. In accordance with 
the integrated intensity of deconvoluted peaks, the distribution of Fe3+

is determined to be 11.6% at tetrahedral sites and 88.4% at octahedral 
sites [12], confirming that MFO adopts a mixed spinel structure. Simi
larly, for CFO, Fig. 5e shows the XPS spectrum of Co 2p. The peaks at 
779.8 eV and 795.6 eV correspond to Co 2p3/2 and Co 2p1/2 of Co2+, 
indicating that the Co element in CFO exists in the form of Co2+ [36]. 
The Fe 2p spectrum in Fig. 5f also shows that the peaks at 724.8 eV and 
711.1 eV are consistent with Fe 2p1/2 and Fe 2p3/2 of Fe3+. The Fe 2p3/2 
peak at 711.1 eV is deconvoluted into two peaks at 711.9 and 710.6 eV, 
and the Fe 2p1/2 peak at 724.8 eV is deconvoluted into two peaks at 
725.7 and 724.1 eV. These two peaks correspond to Fe3+ ions residing at 

tetrahedral and octahedral sites within the spinel structure [37], 
consistent with the findings observed in ZFO and MFO. According to the 
integrated intensity of deconvoluted peaks, the distribution of Fe3+ is 
calculated to be 50.1% at tetrahedral sites and 49.9% at octahedral sites 
[12], confirming that CFO exhibits an inverse spinel structure.

Nitrogen adsorption-desorption tests were undertaken to evaluate 
the specific surface area. It can be seen from Fig. 6a that the physical 
isotherms of all samples are type IV, indicating that ZFO, MFO and CFO 
have mesoporous structures. The distribution curves for the pore size in 
Fig. 6b indicate that the predominant average pore sizes for ZFO, MFO 
and CFO are 24.4 nm, 23.7 nm and 21.3 nm, respectively. The specific 
surface areas calculated for ZFO, MFO and CFO are 39.4, 30.9 and 26.1 
m2 g− 1, respectively. The BET test results, as summarized in Table 1, 
indicate that ZFO exhibits the largest specific surface area, although the 
pore sizes of the three spinel types are comparable. The increased spe
cific surface area can enhance the transport of Li+ ions and facilitate 
their diffusion within the electrode. In addition, it ensures that the 
electrode and the electrolyte keep an effective contact, thus providing 
more active sites for the Li+-ion storage.

The electrochemical reaction process was investigated through the 
CV test. Fig. 7a, c and e show CV curves for the first five cycles of ZFO, 
MFO and CFO electrodes, respectively. For the first cycle of the cathodic 
scan, the reduction peak of the ZFO electrode at 1.48 V corresponds to 
the insertion of Li+ ions [37]. The reduction peak at 0.52 V is related to 
the reduction of Zn2+ and Fe3+ to Zn0 and Fe0, including the formation 
of the solid electrolyte interface (SEI) film on the surface of the anode 
material, and the Li–Zn alloying reaction [38], which is shown in Eq. 
(1) and Eq. (2). For the first cycle of the anodic scan, the oxidation peak 
of the ZFO electrode at 1.70 V corresponds to the oxidation of Zn0 and 
Fe0 into Zn2+ and Fe3+ [39], and the electrochemical reactions are 
shown in Eq. (3) and Eq. (4). The electrochemical reactions are listed as 
follows [40–42]. 

ZnFe2O4 +8Li+ +8e− →Zn+2Fe+4Li2O (1) 

Zn+ Li+ + e− →LiZn (2) 

Zn+ Li2O→ZnO+2Li+ +2e− (3) 

2Fe+3Li2O→Fe2O3 +6Li+ +6e− (4) 

For the first cycle of the cathode scan, the reduction peak of the MFO 
electrode at 1.48 V is related to the insertion of Li+ ions. The reduction 
peak at 0.49 V results from the reduction of Fe3+ to Fe0 (dispersed in the 
amorphous Li2O) and the formation of MgO, and the electrochemical 
reaction is demonstrated in Eq. (5). In this process, the structure of MFO 
undergoes irreversible destruction, and the resulting iron nanoparticles 
are inserted in amorphous MgO and Li2O matrices [43,44]. The reduc
tion peak at 0.17 V is ascribed to the formation of the SEI film [45]. For 
the first cycle of the anodic sweep, the oxidation peak of the MFO 
electrode at 1.65 V refers to the oxidation of Fe0 to Fe2O3 [46–48], and 

Fig. 1. XRD patterns of ZFO (a), MFO (b) and CFO (c).
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the electrochemical reaction is shown in Eq. (6). MgO is not involved in 
this reversible reaction because of its poor electrochemical activity. As a 
useful dispersant, MgO prevents the aggregation of iron nanoparticles, 
mitigating volume changes in the electrochemical processes [49]. The 
above electrochemical reaction is described as follows [43,44,49]. 

MgFe2O4 +6Li+ +6e− →MgO+ 2Fe+3Li2O (5) 

2Fe+3Li2O→Fe2O3 +6Li+ +6e− (6) 

For the first cycle of the cathodic scan, the reduction peak of the CFO 
electrode at 0.48 V refers to the reduction of Fe3+ and Co2+ to Fe0 and 
Co0, the formation of Li2O and SEI films [50,51], and the electro
chemical reaction is shown in Eq. (7). For the first cycle of the anodic 
sweep, the oxidation peak of the CFO electrode at 1.77 V is attributed to 

the oxidation of Co0 and Fe0 into Co2+ and Fe3+ [52,53], and the elec
trochemical reactions are shown in Eq. (8) and Eq. (9). The above 
electrochemical reactions are summarized as follows. 

CoFe2O4 +8Li+ +8e− →Co+2Fe+4Li2O (7) 

Co+ Li2O→CoO+2Li+ +2e− (8) 

2Fe+3Li2O→Fe2O3 +6Li+ +6e− (9) 

Unlike the first cycle, the peaks of the second to five cycles of the ZFO 
electrode are basically the same, indicating that the anode active ma
terial undergoes structural reconstruction in the first cycle. The change 
in the redox peak arises from the formation of the SEI film and the 
transformation reaction [54,55]. The overlapping peaks in the second to 

Fig. 2. SEM images of ZFO (a), MFO (d) and CFO (g), TEM and HRTEM images of ZFO (b, c), MFO (e, f) and CFO (h, i).
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Fig. 3. STEM and HAADF images of ZFO (a, b), MFO (c, d) and CFO (e, f).

M. Sun et al.                                                                                                                                                                                                                                     Journal of Electroanalytical Chemistry 1005 (2026) 119870 

5 



five cycles suggest that the electrochemical process of the MFO electrode 
is highly reversible, and the change in redox peaks is ascribed to the 
formation of the SEI film and the transformation reaction of the active 
material [44,56]. Similarly, the CFO electrode undergoes structural 
reconstruction during the first cycle, with the change in redox peaks 
attributed to the formation and transformation of the SEI film [52,53].

Representative voltage profiles of the first cycle versus number of 
electron equivalents are plotted in Fig. 8. The theoretical number of 
electrons discharged for ZFO and CFO is eight, corresponding to full 
reduction of Fe3+ and Zn2+ into Fe0 and Zn0 [Eq. (1) and (7)]. MFO only 
delivers six electrons upon full lithiation because of electrochemical 
inactivity of formed MgO [Eq. (5)]. From Fig. 8a, it can be seen that all 
three electrodes demonstrate a short platform and a long platform. The 
short platform corresponds to initial insertion of Li+ ion into the inter
stitial octahedral sites of the spinel structure, while the long platform is 
related to conversion reaction [57,58]. To show the differences of short 
platforms for the first discharge cycle of three spinel ferrites more 
clearly, the enlarged profiles of voltage vs. electron equivalent are dis
played in Fig. 8b. For ZFO, the first discharge voltage platform is 
observed at 1.5 V, higher than those of MFO (1.4 V) and CFO (1.3 V). 
This is closely related to the octahedral site occupancy percentage in the 
three spinels. According to XPS results, the percentages of iron ions 

occupying the octahedral sites in the ZFO, MFO and CFO are 100%, 
88.7% and 50.1% respectively. Thus, it is deduced that the larger 
octahedral site occupancy percentage, the higher discharge voltage 
platform. Moreover, in the spinel structure, the octahedral site is larger 
than tetrahedral site, and octahedral site has lower energy than tetra
hedral site. Therefore, lithium ions can be more easily inserted into the 
octahedral site than the tetrahedral site. From the above analysis, it is 
concluded that the greater the proportion of iron ions that occupy the 
octahedral sites in the spinel structure, the easier for the lithium ions to 
be inserted into the anodes.

Fig. S1a displays the cycling performance of ZFO, MFO and CFO 
electrodes at a current density of 0.1 A g− 1. ZFO electrode retains a 
discharge capacity of 412.4 mAh g− 1 after 100 cycles, while for MFO and 
CFO electrodes, the discharge capacity decreases to 296.8 and 182.8 
mAh g− 1 after 100 cycles, respectively. ZFO electrode exhibits the best 
cycling performance, which is mainly ascribed to the fact that ZFO has 
the largest specific surface area, providing more space for the storage of 
lithium ions. The initial Coulombic efficiency of the ZFO electrode is 
83%, and reaches 99% in subsequent cycles. Rate capability was 
assessed at various current densities, as depicted in Fig. S1b. ZFO 
demonstrates average discharge capacities of 879.9, 414.2, 225.7, 
129.0, and 56.4 mAh g− 1 at 0.1, 0.2, 0.5, 1.0, and 2.0 A g− 1, 

Fig. 4. EELS spectra of ZFO (a), MFO (c) and CFO (e), O–K edges in ZFO (b), MFO (d) and CFO (f).
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respectively. Compared to MFO and CFO, the average discharge of ZFO 
is higher at the same current density, indicating a better rate capability. 
When the current density returns to 0.1 A g− 1, the capacity of ZFO 
reaches 458.1 mAh g− 1, surpassing that of the MFO (243.2 mAh g− 1) 

and CFO (222.6 mAh g− 1).
EIS test was performed to further investigate the electrochemical 

reaction kinetics of ZFO, MFO and CFO electrodes. Fig. 9a presents the 
EIS spectra and the corresponding equivalent circuit diagrams for the 

Fig. 5. XPS spectra of Zn 2p (a) and Fe 2p (b) for ZFO, XPS spectra of Mg 1 s (c) and Fe 2p (d) for MFO, XPS spectra of Co 2p (e) and Fe 2p (f) for CFO.

Fig. 6. Nitrogen adsorption/desorption isotherms (a) and pore size distribution curves (b) of ZFO, MFO and CFO.
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three electrodes, where Rs, Rct, W and CPE represent the electrolyte 
resistance, charge transfer resistance, Warburg impedance and constant 
phase element, respectively [59]. EIS spectra consist of a semi-circle and 
an inclined line in the high-frequency and low-frequency regions, 
respectively [60]. The diameter of the semi-circle is the smallest for the 
ZFO electrode, indicating that ZFO has the lowest charge transfer 
impedance. Furthermore, the slope of the inclined line at the low fre
quency region is associated with the diffusion of lithium ions. The 

diffusion coefficient, DLi, can be determined using the formula as 
follows. 

DLi =
R2T2

2A2n4F4C2σ2
(10) 

C =
n
V
=

m/M
V

(11) 

Zre = Rs +Rct + σω− 0.5 (12) 

where F is 96,485C mol− 1 and R is 8.314 J K− 1 mol− 1. A stands for 
the area of the electrode (1.54 cm2), n refers to the number of electrons 
per molecule which is involved in the electron transfer reaction, T is 
298.15 K, and C is calculated to be 2.21 × 104 mol m− 3 (ZFO), 1.70 ×
104 mol m− 3 (MFO) and 2.25 × 104 mol m− 3 (CFO) from formula (11). 
Fig. 9b displays the line plot between Zre and ω-0.5. The σ values of ZFO, 

Table 1 
BET test results of ZFO, MFO and CFO.

Spinel Specific surface area (m2 g− 1) Average pore size (nm)

ZFO 39.4 24.4
MFO 30.9 23.7
CFO 26.1 21.3

Fig. 7. CV curves of the first five cycles at 0.3 mV s− 1 for ZFO (a), MFO (c) and CFO (e), the charge-discharge curves of the first five cycles at 0.2 A g− 1 for ZFO (b), 
MFO (d) and CFO (f).
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MFO and CFO electrodes are determined to be 8.8, 16.3 and 50.4 Ω s-0.5, 
respectively. The Li+ diffusion coefficients of ZFO, MFO and CFO elec
trodes are calculated to be 3.95 × 10− 17, 1.95 × 10− 17 and 1.16 × 10− 17 

cm2 s− 1, respectively, demonstrating that ZFO electrode has the best ion- 
diffusion ability. This result indicates that Fe3+ in the ZFO, all located in 
the active centers of the octahedral sites, can help to promote charge 
transfer and diffusion of Li+ ions.

To elucidate the electrochemical process more clearly, both ZFO and 
CFO electrodes (after 5 discharge cycles at 0.1 A g− 1) were characterized 
by TEM, as shown in Fig. S2 and S3. It can be seen from Fig. S2a and S3a 
that both ZFO and CFO maintain the fibrous morphology. The lattice 
spacings in Fig. S2c and S2d are measured to be 2.03 Å and 2.47 Å, 
corresponding to (110) plane of Fe (JCPDS no.: 06–0696) and (002) 
plane of Zn (JCPDS no.: 04–0831), respectively. The lattice spacings in 
Fig. S3c and S3d are measured to be 2.03 Å and 2.17 Å, consistent with 
(110) plane of Fe (JCPDS no.: 06–0696) and (100) plane of Co (JCPDS 
no.: 05–0727), respectively. These results indicate the Zn and Fe nano
particles form after 5 cycles of ZFO electrode, while Co and Fe nano
particles are produced after 5 cycles of CFO electrode, as supported by 
the CV curves in Fig. 7a and e.

4. Conclusions and future perspectives

In summary, ferrite fibers of different spinel types, including normal 
spinel ZFO, mixed spinel MFO and inverse spinel CFO, were prepared by 
electrospinning technique, and used as anode materials in LIBs. It is 
found that the initial Li+ insertion potential increases with the octahe
dral site occupancy of Fe3+ in the spinel. Normal spinel ZFO exhibits the 
highest initial discharge voltage platform. This is mainly attributed to 
the large proportion of Fe3+ occupying octahedral position in normal 

spinel structure, which is conducive to promoting the diffusion ability of 
Li+ ions into the lattice of the anode. The superior cycling performance 
and rate capability of ZFO are ascribed to the fiber morphology and large 
specific surface area, which offers more space for Li+ storage, thereby 
enhancing lithium storage capacity. The findings of this work provide 
significant insights into the effect of spinel structure on the electro
chemical behavior of spinel ferrites, highlighting the importance of 
structural design in optimizing battery performance. Future research 
will focus on optimizing synthesis methods, exploring doping strategies, 
developing composite materials. The elaborate design and synthesis of 
tailored spinel ferrites with optimized structural and electrochemical 
characteristics will be pivotal in advancing the performance and scal
ability of LIBs for next-generation energy storage technologies.
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