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A fluorine-doped MnFe2O4 nanorod and carbon nanocomposite (nanorod-MnFe2O4/F@C) is 

synthesized through a convenient and facile two-step hydrothermal method combined with a pyrolysis 

method. X-ray powder diffraction, Raman spectroscopy, a thermogravimetric analysis, scanning electron 

microscopy, transmission electron microscopy and X-ray photoelectron spectroscopy were utilized to 

investigate the structure, morphology and composition of the as-prepared samples. The as-synthesized 

anode material shows a superior rate performance (~ 490 mA h g-1 at a current density of 1 A g-1), 

excellent cycling stability (~ 96% compared with the 2nd cycle)  and enhanced discharge capacity (~ 

900 mA h g-1 at a current density of 200 mA g-1 after 150 cycles) when compared with those of their 

counterparts. The excellent rate performance and superior cycling stability may be due to the doped 

fluorine, which can enhance electron and ion transport and suppress the decomposition of the electrolyte; 

additionally, the doped fluorine can promote the subsequent formation of a solid electrolyte interphase 

(SEI) film. Furthermore, the combination with carbon to produce an anode material can accommodate 

severe volume variations, provide good electrical contact, and improve conductivity in which all of the 

above can significantly enhance the electrochemical performance of MnFe2O4. The results suggest that 

nanorod-MnFe2O4/F@C is a promising anode material for lithium-ion batteries.  

 

 

Keywords: Li-ion batteries; Anode materials; Energy storage and conversion; MnFe2O4; Fluorine 

doping.  

 

 

1. INTRODUCTION 

Large-scale exploitation of fossil fuels can cause serious environmental problems and air 

pollution. Therefore, the replacement of fossil fuels with clean and renewable energy is necessary and 

urgent. Since Sony first successfully developed a commercial lithium-ion batteries (LIBs) in 1992, they 

have been widely used as a kind of energy conversion and storage device in a variety of fields, ranging 

from portable electronics to electric vehicles (EVs) or hybrid EVs (HEVs); the reason for their use is 
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their high energy storage density, efficiency, low cost, long cycling life and environmental friendliness 

[1-3]. At present, graphite is widely utilized as an anode material for commercial lithium-ion batteries 

owing to its resource abundance, low cost, long cycling life and nontoxicity. However, the theoretical 

specific capacity of graphite is only 372 mAh g-1 (corresponding to LiC6). In addition, the growth of 

dendritic lithium on the anode surface during subsequent discharge-recharge cycles will penetrate the 

separator and produce a risk of causing a short circuit between the anode and cathode, which may lead 

to a battery explosion [4-6]. With the ever-increasing demand for developing high energy density and 

safe LIBs, there is an urgent demand for developing a novel anode material to overcome the 

shortcomings of commercial graphite. 

Nanostructured transition metal oxides (TMOs) as anode materials for LIBs have been the most 

widely studied over the last several years because of their larger lithium storage capacities and increased 

safety compared to that of commercially used graphite [7]. Among the various TMOs (such as Fe2O3 [8, 

9], Co3O4 [10, 11], MnO2 [12, 13], and SiO2 [14-16]), nanostructured iron-based mixed transition-metal 

oxides (MTMOs) with an AB2O4 cubic spinel crystal structure (A,B = Fe, Zn, Mn and so on), especially 

ferrites [17] (MFe2O4, M=Co [18-20], Zn [21-23], Mn [24-27]), have been explored as anode materials 

in LIBs due to their high theoretical capacity, resource abundance, and environmental friendliness. 

Compared with simple TMOs, MTMOs usually show superior electrochemical performance due to their 

complex chemical compositions that contain two transition elements, which provide an approach for 

adjusting the working voltage and energy density [28]; furthermore, MTMOs provide inherent 

synergistic effects between the two transition metal oxides in the lithium ion charge/discharge process 

between the two transition metal oxides [29]. Among these MTMO anodes, MnFe2O4 draws more 

attention owing to its high safety and low cost along with its high theoretical capacity of 930 mA h g-1 

according to a redox reaction involving eight lithium ions per formula unit of MnFe2O4 [30]. However, 

some challenges still have to be solved in the MnFe2O4 anode material. MnFe2O4 shows a rapid capacity 

decrease during cycling and high charge/discharge rates due to a large volume change that occurs with 

electrodes prepared with nanoscaled anode material [21], along with the poor electron and ion 

conductivity of MnFe2O4 [24]. To overcome these problems, incorporating MnFe2O4 with carbonaceous 

materials is considered to be an effective strategy. Carbon has high electrical conductivity, and the 

volume variation during Li-ion insertion/extraction is much smaller than that of transition metal oxides. 

[31-34]. On the other hand, both theoretical and experimental studies confirm that the introduction of 

heteroatoms such as N3-, S2-, Cl-, and F-, which partially replace some of the oxygen, can effectively 

reduce lattice change and impedance; the above replacements lead to significantly improved 

electrochemical performance, such as a high discharge capacity, superior cycling stability and an 

excellent rate performance compared with that of a non-doped counterpart [35-39]. Fluorine has a similar 

ionic radius compared with that of oxygen and is the most suitable anion dopant due to its lower lattice 

deformation compared with that of other alternatives. Furthermore, the presence of fluoride can suppress 

the decomposition of the electrolyte, which leads to the formation of a thick solid electrolyte interphase 

(SEI) film, and eventually, the cycling stability of the anode material is enhanced [40]. 

In this paper, fluorine-doped MnFe2O4 nanorods and carbon nanocomposites (nanorod-

MnFe2O4/F@C) are synthesized using a facile and convenient hydrothermal route by employing 

ammonium fluoride as the fluorine source with a subsequent annealing treatment. The nanorod-
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MnFe2O4/F@C is obtained by drying and in-situ carbonization of a sucrose coating on the surface of the 

fluorine-doped MnFe2O4 nanorods (nanorod-MnFe2O4/F) by the pyrolysis of sucrose in the subsequent 

annealing process. The unique structure is expected to provide superior electrochemical performance 

because of its improved electronic conductivity, along with an improved Li-ion diffusion speed and path; 

additionally, the structure provides an elastic buffer layer to accommodate the volume variation of the 

material during the Li-ion insertion and extraction processes. The as-synthesized nanorod-

MnFe2O4/F@C exhibits a higher reversible discharge capacity, better rate performance and superior 

cycling stability compared to that of MnFe2O4 nanorods and carbon nanocomposites (nanorod-

MnFe2O4@C). 

 

 

2. EXPERIMENTAL 

2.1 Materials preparation 

2.1.1 Synthesis of nanorod-MnFe2O4/F 

 
Figure 1. Schematic diagram showing the preparation process of nanorod-MnFe2O4/F@C. 

 

The synthesis process of nanorod-MnFe2O4/F via a hydrothermal reaction is illustrated in Fig. 1. 

A typical synthesis procedure of the nanorod-MnFe2O4/F nanocomposite is as follows: First, 1.2 mmol 

manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O) and 2.4 mmol iron chloride hexahydrate 

(FeCl3·6H2O) were mixed and dissolved in a 100-ml mixed solution of deionized (DI) water and absolute 

ethanol (1:1 in volume ratio) with sonication to form a uniform solution. Then, 10 mmol urea, 10 mmol 

NH4F and 12 mmol KCl were added to the above solution. After stirring for several hours to form a 

homogeneous solution, the solution was transferred to a Teflon-lined stainless steel autoclave (100-mL 

in capacity) and then heated in an electric oven at 180 °C for 12 h. After cooling to room temperature, 

the resulting product was collected by centrifugation, washed with DI water and absolute ethanol for 

several times and dried at 60 °C overnight. The synthesis of the MnFe2O4 nanorods (nanorod-MnFe2O4) 

was similar to that of nanorod-MnFe2O4/F but without the addition of NH4F. 
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2.1.2 Synthesis of nanorod-MnFe2O4/F@C 

The synthesis process of nanorod-MnFe2O4/F@C is also illustrated in Fig. 1. First, 200 mg 

nanorod-MnFe2O4/F was dispersed in 25 ml DI water by ultrasonication to form a suspension. Then, 500 

mg glucose (C6H12O6·3H2O) was dissolved in the above solution with stirring for 30 min. The resulting 

suspension was transferred to a 40-mL Teflon autoclave and heated in an electric oven at 200 °C for 12 

h. After cooling to room temperature, the resulting product was collected by centrifugation, washed with 

DI water and absolute ethanol several times and dried at 60 °C overnight. The resulting product was 

annealed in a tube furnace for 4 h in a N2 atmosphere with a heating rate of 5 °C min-1 to a final 

temperature of 500 °C. The synthesis of nanorod-MnFe2O4@C was similar to that of nanorod-

MnFe2O4/F@C but without the addition of NH4F. 

 

2.2 Materials characterization  

The X-ray diffraction (XRD) patterns of the samples were obtained by a Bruker D8-advance 

powder diffractometer with a Cu Kα radiation (λ= 1.54182 Å). X-ray photoelectron spectroscopy (XPS) 

was carried out on a Thermo Scientific Escalab 250Xi equipped with a non-monochromatic Mg-Kα X-

ray source at 1486.6 eV to analyse the chemical composition of the products on the surface. The carbon 

content in the composite was measured by a thermogravimetric analysis (TGA, TA Q500) in an air flow 

from room temperature to 800 °C at a heating rate of 10 °C min-1. Raman spectra were measured on a 

Renishaw Raman system 2000 using a 514 nm argon-ion laser as an excitation source. Field-emission 

transmission electron microscopy (FETEM), high-resolution TEM (HRTEM) analysis and selected area 

electron diffraction (SAED) patterns were obtained on an FEI Tecnai G2 20 with an accelerating voltage 

of 200 kV. Field-emission scanning electron microscopy (FESEM, Hitachi S-3400N) equipped with 

energy-dispersive X-ray spectroscopy (EDS) was performed with an accelerating voltage of 15 kV to 

observe and analyse the microstructure and morphology of the products. 

 

2.3 Electrochemical measurements 

The working electrode was fabricated by mixing and dissolving 70 wt% active materials, 15 wt% 

conductive carbon (acetylene black), and 15 wt% polyvinylidene fluoride (PVDF) in N-methyl-2-

pyrrolidione (NMP) to produce a homogeneous slurry, which was followed by coating onto a copper foil 

with a blade. Subsequently, the working electrode was dried in a vacuum oven at 80 °C for 12 h. Then, 

the copper foil was pressed and punched into discs for use as the working electrode. Subsequently, coin-

type half-cells (CR2032) were assembled in an argon-filled glove box (Etelux LAB2000) with an oxygen 

and a water content of less than 1 ppm, using lithium foil as the counter electrode, a Celgard 2400 

polypropylene membrane as the separator, and a mixture of 1.0 mol L-1 LiPF6 in ethylene carbonate (EC), 

diethyl carbonate (DEC), and dimethyl carbonate (DMC) (1:1:1 in volume ratio) as the electrolyte. 

Galvanostatic charge/discharge tests were performed on a LAND BT2013A battery testing 

system at various current densities in a voltage range of 0.1-3.0 V. Cyclic voltammetry (CV) 

measurements were performed on an electrochemical workstation (CHI660E). CV measurements were 
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obtained at a scan rate of 0.1 mV s-1 in a range of 0.01 V and 3 V (vs. Li/Li+). All electrochemical tests 

were carried out at room temperature. 

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 2a shows the XRD patterns of the obtained nanorod-MnFe2O4@C and nanorod-

MnFe2O4/F@C. All the diffraction peaks are well indexed to standard cubic spinel-type MnFe2O4 

(JCPDS No. 74-2403), and no obvious impurity phase is observed, indicating that the carbonization of 

glucoses does not change the crystal structure of nanorod-MnFe2O4@C and nanorod-MnFe2O4/F@C 

[41]. However, no diffraction peak corresponding to the crystalline phase of carbon materials is 

observed, suggesting that the carbon phase is amorphous [42, 43]. 

 

 
Figure 2. XRD patterns (a) and Raman spectra (b) of nanorod-MnFe2O4@C and nanorod-

MnFe2O4/F@C. 
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It is noted that fluorine doping does not severely influence the peak positions of samples, which 

is attributed to the ionic radius of F- being similar to O2- [37]. The sharp diffraction peaks suggest the 

crystalline nature of the samples. The average lattice constant a of nanorod-MnFe2O4@C is 0.8506 nm, 

which is in good agreement with the 0.8511 nm of the standard cubic spinel-type MnFe2O4 (JCPDS No. 

74-2403). However, the average lattice constant of nanorod-MnFe2O4/F@C becomes larger than 

nanorod-MnFe2O4@C and standard MnFe2O4 (JCPDS No. 74-2403). The reason for the different 

average lattice constants is that smaller oxygen ions are replaced by larger fluorine ions [35]. The average 

crystallite size of nanorod-MnFe2O4@C and nanorod-MnFe2O4/F@C can be estimated from Scherrer′s 

equation to be approximately 35 nm. Fig. 2b shows the Raman spectra of nanorod-MnFe2O4/F@C and 

nanorod-MnFe2O4@C. Two broad peaks located at 1359 and 1593 cm-1 are observed, proving the 

existence of carbon and corresponding to the D and G bands of the carbon coating, respectively [44, 45]. 

A weak peak at 600 cm-1 can be attributed to the vibration of MnFe2O4 nanoparticles [46]. The D band 

usually results from sp3 carbon with disordered carbon originating from structural defects in the graphite 

crystals, while the G band results from orderly sp2 carbon atoms in carbon rings or long carbon chains 

[47]. The peak intensity ratio between the D and G bands can be used as an indicator to estimate the 

degree of disorder and order in carbon material [48]. Apparently, the peak intensity of the D band is 

weaker than that of the G band, indicating a relatively high degree of graphitic structure. The higher 

graphitization degree of carbon is probably attributed to iron, which acts as an active catalyst for the 

formation of graphitic carbon [49] and is beneficial for improving the electron and ion conductivity of 

the material; thus, the presence of iron can enhance the electrochemical performance of the material [50]. 

 

 
Figure 3. XPS spectra of nanorod-MnFe2O4/F@C: (a) survey scan, (b) F 1s spectrum, (c) Mn 2p 

spectrum, and (d) Fe 2p spectrum. 
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The chemical composition and valence state of nanorod-MnFe2O4/F@C was investigated by an 

XPS analysis. Fig. 3a reveals the survey scan of nanorod-MnFe2O4/F@C, showing the existence of only 

Mn, Fe, F, O, and C elements. Fig. 3b shows the F 1s spectrum. A strong peak is located at 685 eV, 

which is in close agreement with that of other reports [38, 51, 52]; thus, the F 1s spectrum confirms that 

fluorine is successfully doped into the MnFe2O4 lattice. In Fig. 3c, the Mn 2p spectrum exhibits two 

characteristic peaks at 641 and 653 eV, corresponding to Mn 2p1/2 and Mn 2p3/2, respectively, which is 

consistent with the typical characteristic peaks of Mn2+ [53, 54]. Fig. 3d shows the Fe 2p spectrum. The 

two characteristic peaks located at 711 and 724 eV can be attributed to the Fe 2p3/2 and Fe 2p1/2, 

respectively, which is consistent with the peak of Fe3+ reported previously [55, 56]. 

 
Figure 4. TGA curves of nanorod-MnFe2O4/F@C 

 

The carbon content of the as-synthesized nanorod-MnFe2O4/F@C was evaluated by a TGA curve 

in an air atmosphere, as shown in Fig. 4. The weight loss below 100 °C is due to the evaporation of 

physically adsorbed water. Then, a slight weight increase from 150 to 250 °C corresponds to the 

preoxidation reaction of carbon on carbon shells [27]. The rapid weight loss between 300 °C and 400 °C 

can be ascribed to the oxidation of carbon in air. The carbon content of nanorod-MnFe2O4/F@C is 

estimated to be approximately 38.2 wt%. Therefore, the content of nanorod-MnFe2O4/F in nanorod-

MnFe2O4/F@C can be estimated to be approximately 61.8 wt%. 

Fig. 5a, b shows the low-magnification SEM image of the nanorod-MnFe2O4/F@C with a mean 

diameter of 120 nm and lengths ranging from 200 nm to 600 nm. It can be clearly seen that the MnFe2O4 

nanorods are well dispersed and mixed with the carbon matrix. In these nanocomposites, the MnFe2O4 

nanorods provide a large specific surface area, which leads to relatively short Li ion and electron 

diffusion pathways and provides more active sites for Li-ion storage; thus, the nanorods can enhance the 

kinetics of Li ions and electrons. Moreover, the carbon coating improves the electrochemical 
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performance of MnFe2O4 nanorods by suppressing the aggregation of nanorods and alleviating the 

drastic volume variation during Li-ion insert/extraction.  

 

 
 

Figure 5. (a, b) SEM images of nanorod-MnFe2O4/F@C. (c) SEM images of nanorod-MnFe2O4/F@C 

and its corresponding elemental mapping images: (d) C, (e) F, (f) Mn, (g) Fe, and (h) O. 

 

On the other hand, the carbon matrix in the composite improves the electrical conductivity and 

forms a stable SEI film to maintain the structural integrity. As a result, with such a structure, the as-

synthesized sample can have potential applications as an anode material for lithium-ion batteries. To 

investigate the elemental distribution on the nanorod-MnFe2O4/F@C, an SEM image and the 

corresponding EDS elemental mapping of C, F, Mn, Fe and O elements are shown in Fig. 5c-h. EDS 

elemental mapping shows that nanorod-MnFe2O4/F@C consists of C, F, Mn, Fe and O elements. The F-

element mapping image overlaps with those of Mn, Fe and O, thus confirming that the MnFe2O4 

nanorods are successfully doped with fluoride. Moreover, we can see that C, F, Mn, Fe and O elements 

are evenly distributed over the whole image, which proves that the MnFe2O4/F nanorods are 

homogeneously dispersed in the carbon matrix. 

More detailed structural characteristics for the as-prepared nanorod-MnFe2O4/F@C were 

determined by a TEM and SAED pattern analysis. The TEM image (Fig. 6a) indicates that the as-

prepared nanorod-MnFe2O4/F@C with numerous porous structures is wrapped by carbon layers. The 
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corresponding HRTEM image obtained from the edge of nanorod-MnFe2O4/F@C (Fig. 6c) shows clear 

lattice fringes, revealing the high crystallinity of the sample. 

 

 
 

Figure 6. (a) Low-magnification TEM image, (b, c) HRTEM images of nanorod-MnFe2O4/F@C and 

the (d) SAED pattern of nanorod-MnFe2O4/F@C. 

 

The lattice interplanar spacings are measured to be 0.293 nm, which is in accordance with the d-

spacings of the (2 2 0) crystal planes of MnFe2O4 (JCPDS No. 74-2403). Moreover, it is obvious from 

the HRTEM images that the MnFe2O4 nanorods are coated by the carbon layers (Fig. 6b, c), further 

confirming the successful wrapping of the carbon layers on the MnFe2O4 nanorods. The carbon layers 

can effectively buffer the volume variation of the MnFe2O4 nanorods during the Li-ion 

insertion/extraction process. In addition, the SAED pattern (Fig. 6d) shows a set of well-defined 

diffraction spots of the as-prepared MnFe2O4 nanorods. All the diffraction spots can be well indexed as 

a cubic spinel MnFe2O4 phase and are consistent with the XRD pattern. The SAED pattern also indicates 

that the polycrystalline nature of the MnFe2O4 nanorods. 
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Cyclic voltammetry (CV) measurements were used to analyse the redox reaction mechanism. 

Fig. 7a shows the CV curves of nanorod-MnFe2O4/F@C for the first three cycles at a scan rate of 0.1 

mV s-1 and in a range of 0.01-3.0 V. 

 

 
 

Figure 7. (a) Cyclic voltammograms of nanorod-MnFe2O4/F@C for the first three cycles at a scan rate 

of 0.1 mVs-1 and in a range of 0.01-3.0 V. The charge-discharge curves of (b) nanorod-

MnFe2O4/F@C, (c) nanorod-MnFe2O4@C, and (d) pure nanorod-MnFe2O4 after the 1st, 2nd, 

and 5th cycles between 0.01 V and 3 V at a current density of 200mA g-1. 

 

In the first cathodic scan, a broad peak located at approximately 0.65 V can be attributed to the 

reduction of MnFe2O4 to Mn0 and Fe0 as well as the formation of Li2O and SEI films [24, 57]. In the 

subsequent cathodic scan, the main peaks are positively shifted, which is due to a lattice structure 

rearrangement of MnFe2O4 and corresponds to the reduction of MnO to Mn and Fe3O4 to Fe. The 

relatively small peaks appearing at 1.5 V in the subsequent cathodic scan can be attributed to the Faradaic 

capacitance [58]. In the first anodic scan, the main peak located at 1.7 V corresponds to the oxidation of 

Mn to MnO and Fe to Fe3O4, respectively. In the subsequent cycles, the main anodic peaks are positively 

shifted because of the polarization of the electrode materials [59,60]. Reversible redox reactions between 

MnO/Fe3O4 and Li2O/Mn/Fe occur after the first cathodic scan. Compared with the first cathodic scan, 

the integrated area of the subsequent cathodic scan is decreased due to electrode pulverization, 

electrolyte decomposition, and the formation of an SEI film. After the first cycle, the integrated areas 

remain almost unchanged, indicating that the electrodes possess high stability and reversibility for Li-

ion storage. The electrochemical performance of nanorod-MnFe2O4/F@C was evaluated by 

galvanostatic charge and discharge measurements at a current density of 200 mA g-1 and in a voltage 
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range 0.01-3 V vs Li+/Li, as shown in Fig. 7b. For comparison, the discharge and charge curves of 

nanorod-MnFe2O4/F@C and bare nanorod-MnFe2O4 are also shown in Fig. 7c and Fig. 7d. In the case 

of nanorod-MnFe2O4/F@C, the first charge and discharge capacities are 932 and 1372 mA h g-1, 

respectively, showing an initial coulombic efficiency of 68%. The relatively high irreversible capacity 

loss is mainly attributed to electrolyte decomposition and the formation of the SEI film [18, 59, 60]. 

Furthermore, the coulombic efficiency reaches 97% after the 5th cycle and remains stable in subsequent 

cycles. However, the discharge capacity of nanorod-MnFe2O4/F@C and bare nanorod-MnFe2O4 shows 

a rapid decrease in the initial five cycles. 

The first discharge curves of nanorod-MnFe2O4/F@C show a clear voltage plateaus at 0.8 V 

which can be described as the following reaction [59]:  

MnFe2O4 + 8Li+ + 8e− → Mn+ 2Fe + 4Li2O 

The plateaus are in accordance with other reports [45,46], followed by a long sloping curve to a 

cut-off voltage of 0.01 V. After the first discharge process, the discharge potential plateau is replaced by 

a long slope between 1.1 V and 0.8 V and a charge plateau between 1.5 V and 2 V remains stable. These 

voltage plateaus are formed owing to the reversible oxidation and reduction reactions between 

MnO/Fe3O4 and Mn/Fe during the Li-ion insertion/extraction process.  

The reversible redox reaction is described as follows:  

Mn+ 3Fe + 5Li2O ↔ MnO + Fe3O4 + 10Li+ + 10e− 

 

 
Figure 8. (a, b) Cycling performance and rate performance of nanorod-MnFe2O4/F@C, nanorod-

MnFe2O4@C, and pure nanorod-MnFe2O4 at a current density of 200 mA g-1 

 

Fig. 8a compares the cycling performance of nanorod-MnFe2O4/F@C, nanorod-MnFe2O4@C 

and nanorod-MnFe2O4 at a current density of 200 mA g-1 in a voltage range of 0.01-3 V vs. Li+/Li. The 

significant enhancement of electrochemical performance with the introduction of fluoride can be 

observed from the excellent cycling stability of the nanorod-MnFe2O4/F@C. Furthermore, as a result of 

the irreversible capacity loss caused by the formation of the SEI film and other side reactions, nanorod-

MnFe2O4/F@C experiences a significant capacity decrease in the initial discharge process [61]. 

Although the discharge specific capacity of the nanorod-MnFe2O4/F@C decreases with increasing cycle 

number in the first 10 cycles, the discharge specific capacity becomes stable and increases slowly for 

the rest of the cycles. After 150 cycles, nanorod-MnFe2O4/F@C is still able to deliver a discharge 

specific capacity of 900 mAhg-1, which is significantly higher than that of pure nanorod-MnFe2O4 (125 
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mAhg-1) and nanorod-MnFe2O4@C (412 mAhg-1). The Coulombic efficiency of nanorod-

MnFe2O4/F@C quickly reaches ~98% and is retained after 150 cycles. Nanorod-MnFe2O4/F@C 

demonstrates better cycling performance because the introduction of fluoride can enhance the electrical 

conductivity and structural stability of the electrode [35].  

 

Table 1. Electrochemical performance comparison of MnFe2O4-based anodes for lithium-ion batteries. 

 

Materials Current 

density 

(mA g-1) 

Cycle 

number 

Capacity 

(mA h g-1) 

Refs. 

Porous MnFe2O4/ RGO nanocomposites 92.8 30 905 [63] 
MnFe2O4/ RGO nanocomposite 200 100 653 [30] 

MnFe2O4/ RGO nanocomposite 1000 200 581 [64] 

MnFe2O4/graphene composites 200 80 684 [65] 

Carbon-coated MnFe2O4 hollow microspheres 200 100 970 [41] 

Porous MnFe2O4 microrods 100 1000 630 [66] 

Carbon-coated MnFe2O4 nanospheres 100 50 646 [65] 

Nanorod-MnFe2O4/F@C  200 150 900 This work 

 

For comparison, the cycling performance of other previously reported pure MnFe2O4 or 

MnFe2O4-based anode materials is listed in Table 1. The table demonstrates that nanorod-

MnFe2O4/F@C exhibits better or comparable electrochemical performance compared to that of most 

MnFe2O4-based anode materials. Fig. 8b compares the rate performance of nanorod-MnFe2O4/F@C, 

nanorod-MnFe2O4@C and pure nanorod-MnFe2O4 at different current densities. Nanorod-

MnFe2O4/F@C exhibits high stability and high discharge capacities of 710, 630, 490, 360 and 220 mA 

h g-1 at the current densities of 200, 500, 1000, 2000 and 3000 mA g-1, respectively. Moreover, when the 

current densities return to 200 mA g-1, the discharge capacity returns to 705 mA h g-1 after 10 cycles. In 

subsequent cycles, the capacity of nanorod-MnFe2O4/F@C shows a slow but continuous increase. For 

comparison, the capacity of nanorod-MnFe2O4@C and pure nanorod-MnFe2O4 decreases rapidly with 

increasing current density. Nanorod-MnFe2O4@C shows a high stability and high capacity at different 

current densities compared with that of pure nanorod-MnFe2O4 which can be attributed to the 

incorporation of carbon. The carbon has superior electron and ion conductivity, excellent buffering 

capability and outstanding structural stability during Li ion insertion and extraction process. However, 

the rate performance of nanorod-MnFe2O4@C is still worse than that of nanorod-MnFe2O4/F@C. The 

reason for this phenomenon may be attributed to the doped fluorine because fluorine-doped metal oxides 

have enhanced electrochemical performance [38, 51, 62] and can suppress the decomposition of the 

electrolyte; thus, fluorine doping leads to the formation of a thick solid electrolyte interphase (SEI) film, 

and eventually, an enhanced cycling stability of the anode material. 

 

 

4. CONCLUSIONS 

In summary, a fluorine-doped MnFe2O4 nanorods and carbon nanocomposites (nanorod-

MnFe2O4/F@C) were successfully synthesized by a simple and facile hydrothermal reaction followed 
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by a subsequent calcination process using glucose as a carbon source. The nanorod-MnFe2O4/F@C 

shows enhanced cycling and rate performance compared to those of the MnFe2O4 nanorods and carbon 

nanocomposite (nanorod-MnFe2O4@C) without the addition of ammonium fluoride. The excellent 

capacity retention and high discharge capacity of nanorod-MnFe2O4/F@C is due to the nanorod structure, 

which provides a large specific surface area, more active sites and fast lithium and electron diffusion 

pathways for Li ion storage. The presence of carbon is beneficial for improving electron and ion 

conductivity and alleviating volume variation during Li ion insertion and extraction processes. The 

above strategies are green and suitable for large-scale industrial production and it is anticipated that 

nanorod-MnFe2O4/F@C will be a promising anode material for next generation Li-ion batteries. 
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