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Abstract:   

In this article, we report simple and scalable one-pot molten salt synthesis of CoFe2O4 as electrode 

material for Lithium ion batteries. X-ray diffraction studies along with Rietveld analysis showed a pure 

phase of CoFe2O4 with space group Fd-3m and crystallite size of 54 nm. As an anode material 

CoFe2O4 showed high initial discharge/charge capacity of 1556/1093 mA h g-1 and a reversible 

capacity of 926 mA h g-1 after 30 cycles with columbic efficiency of 99 %. A relatively high 

reversible capacity of 594 mA h g-1 was observed at high current density of 1 C (916 mA g-1) 

which shows the better reversibility of CoFe2O4 at high current density. As the current was reduced 

to 0.1 C reversible capacity of 899 mA h g-1 was retained suggesting high rate performance of 

CoFe2O4. The long-term stability test, carried out using galvanostatic charge/discharge (GC) at a 

current density of 0.5 C, showed a reversible capacity of 369 mA h g-1 at the end of 200th cycle. 

The structural and morphological evaluation of the sample after cycling, using ex-situ X-ray diffraction 

and ex-situ transmission electron microscopy, confirmed structural degradation and formation of metal 

nanoparticles, Li2O and amorphous nature of electrode material. The one-pot molten salt synthesis 

approach is quite simple and can be extended for large-scale production of electrode materials.  
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1. Introduction: 

Lithium ion batteries (LIBs) have been extensively used as crucial energy storage devices, 

from portable devices such as mobile phones, laptops, drones to hybrid energy vehicles (HEV)[1]. 

With the rapid progress of technologies, the demand for high energy density LIBs has increased 

in recent times [2]. The overall performance of LIB depends on anode, cathode and electrolyte 

[2,3, 4, 5, 6]. The cathode and electrolyte, usually contain trace amount of lithium, and serve as 

lithium source and transport carrier, respectively. Graphite has been widely used as anode material 

which undergoes intercalation reaction with lithium providing a theoretical capacity of 372 mA h 

g-1, which constrains the LIB performance [1,7]. On the other hand, metal oxides and sulfides have 

been explored as potential electrode materials as they possess high theoretical capacities [5,8,9]. 

Metal oxides (MO) undergo conversion reaction with lithium to store the charge carries. Thus 

transition metal oxides with rich oxidation/reduction ability, are being widely explored [10-14]. In 

recent years, binary metal oxides such as AB2O4 (A= Co, Mn, Fe, Zn, and Ni; and B= Co, and Fe) 

have been investigated as electrode materials and have shown superior performances as each of 

the two metal ions can accept several electrons [15-22]. Although conversion based materials 

possess high theoretical capacity, but they also exhibit critical drawbacks in the form of voltage 

hysteresis, high volume expansion and pulverization leading to short cycle life that hinder the 

commercialization of conversion based electrodes [23]. In order to enhance the stability and 

conductivity of these metal oxides, conductive carbon have been widely explored as composite 

materials. Nanocomposites of these metal oxides with carbon or graphene have shown enhanced 

performance with better stability [24-26]. 

Electrochemical properties of spinel Co3O4 have been extensively studied as potential 

electrode materials for LIB due to their high redox ability of Co, but the high cost and toxicity of 

Co hinder its use as electrode material. To reduce the cost and toxicity of cobalt compounds various 

ternary metal oxides have been explored, of which CoFe2O4 (high theoretical capacity of 916 mA 

h g-1) [27] has been greatly studied. Along with the high capacity, Fe is abundantly and cheaply 

available in Earth’s crust and hence adds to the advantage of substituting Co by Fe in electrode 

material. Lavela et al synthesized CoFe2O4 by sol-gel method [28] which delivered a capacity of 

600 mA h g-1 after 80 cycles. In another approach, sol-gel combustion was explored by Sagar et al 

[19] for the synthesis of CoFe2O4 and investigated the role of binder on the electrochemical 



properties. Hwangbo et al utilized electrospinning method for the synthesis of CoFe2O4 nanofibers 

which showed a capacity of 660 mA h g-1 after 100 cycles[29]. In another attempt, Yoon et al [30] 

synthesized spherical CoFe2O4 by microwave-hydrothermal method that showed a capacity of 730 

mA h g-1 after 50 cycles. CoFe2O4 nanotubes were synthesized by hydrothermal method by Zhang 

et al [31]. In order to enhance the stability of CoFe2O4, various strategies such as graphene 

composite formation[24, 28, 29, 32-36] and carbon coating [37] have been explored. A small 

amount of graphene/carbon can provide a conductive network and help in better conductivity and 

stability. In some cases, composite architectures such as Co3O4/CoFe2O4 [38], and CoO/CoFe2O4 

[39] have also been explored as a potential electrode materials.  

Although all these materials possess very high capacity, their usage seems limited mostly as it 

is difficult to extend these approaches to large scale production. Herein, we report a high yield and 

scalable approach for the synthesis of CoFe2O4 material that possesses comparable performance. 

In this article, we adopt the one-pot molten salt method for the synthesis of CoFe2O4 nanoparticles 

using NaCl and NaOH as eutectic salts, which are of low cost and are abundant in nature. The 

molten salt method has been explored as one of the simple method for the preparation of various 

metal oxides for energy storage and catalysis and other applications[40-51], when compared to 

solid state method  in molten medium reactivity will be better and no mechanical mixing or 

repeated heating and obtained materials showed a interesting electrochemical properties [43-51]. 

Also for academic interest with molten salt approach we can study the effect salt and reaction 

temperature, time and other factors on morphology and structure and electrochemical properties 

of materials.  

Experimental part: 

2.1 Synthesis of CoFe2O4:  

In a typical method, metal precursor such as CoSO4.7H2O (Sigma Aldrich) and 

FeSO4.7H2O (Fulka) were thoroughly mixed in 1:2 molar ratio with mortar and pestle. NaOH and 

NaCl were used as the molten salt in the molar ratio 8:10 and added to the precursor in a crucible. 

The crucible containing the material was then transferred to a box furnace and heated at 700 °C 

for 2 hours in air with the heating and cooling rate of 3 °C min-1. After cooling the reaction mixture 

was washed with deionized water to remove the excess dissolved unreacted products followed by 

vacuum filtration. The obtained product was dried in an oven maintained at 80 °C. As synthesized 



product were used for all characterization without any further treatment. A high yield of 91 % was 

obtained which shows the scalability of the synthesis approach. Although some amount of material 

was washed out during the washing process.   

2.2 Material Characterization:  

To understand the physical properties, synthesized compounds were characterized by X-

Ray powder diffraction (XRD) using Cu Kα radiation (Bruker D8), scanning electron microscopy 

(SEM) using JOEL JSM-5600LV and Transmission electron microscopy (TEM) using JOEL 

JEM-2010F. X-ray photoelectron spectroscopy (XPS) was carried out using AXIS ultra DLD 

spectrometer (Kratos Analytica) with monochromatic Al Kα radiation. Charge referencing was 

carried out against adventitious carbon C (C 1s binding energy = 284.6 eV) and the data was 

analyzed using Casa XPS software. Brunauer–Emmett–Teller (BET) was carried out to investigate 

the surface area using ASAP 2010 (Micromeritics) instrument.  

2.3 Preparation of Electrodes and Electrochemical Studies 

To understand the electrochemical performance of CoFe2O4, CR2016 coin cells were 

fabricated. The electrode material was prepared by mixing 70 % of active material (CoFe2O4), 15 

% of Super-P carbon and 15 % of polyvinylidene fluoride (PVDF). All the materials are finely 

ground in mortar and pestle followed by addition of N-Methyl-2-pyrrolidone (NMP) as a solvent 

to ensure better mixing and to obtain a homogeneous slurry. The homogeneous slurry obtained is 

spread over etched copper foil by using doctor blade technique. The coated copper foil is then 

transferred to an oven maintained at 80 °C until all the solvent is evaporated. Once the electrode 

material has dried up, the copper foil coated with electrode material was made to pass through a 

twin roller to obtain closer contact between the electrode material and the copper foil. Finally, the 

electrode material was cut into circular discs using the electrode cutter (mass loading = 2-3 mg). 

Before the fabrication of CR2016 coin cells, all the electrodes are dried in vacuum oven. CR2016 

type coin cells were fabricated using CoFe2O4 as a positive electrode and Li metal as negative 

electrode separated by a polymer separator (Celgard-2400). 1 M LiPF6 dissolved in the equal 

volumetric ratio of ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the 

electrolyte (Sigma Aldrich). The cells were assembled in an Argon filled glove box with H2O and 

O2 contents less than 1 ppm.  



Electrochemical studies such as galvanostatic charge-discharge cycling (GC) were performed 

using Bitrode multi-channel tester (Model SCN-12-4/18, USA) and cyclic voltammetry (CV) were 

performed using Solartron 1470 battery test unit in the potential range of 0.005 - 3.0 V vs. Li at 

room temperature. Electronic impedance spectroscopy (EIS) was carried out using Solartron 

impedance analyzer (SI1255) in the frequency range of 0.35 MHz to 3 mHz with a AC amplitude 

of 10 mV. 

2. Results and discussion 

3.1 Structure and Morphology 

 The X-ray diffraction (XRD) pattern of as obtained CoFe2O4 nanostructures is shown in Fig.1. 

The XRD pattern shows the peaks centered at 30.47°, 35.84°, 37.49°, 43.5°, 54.00°, 57.44° and 

63.09° corresponding to (022), (311), (222), (004), (422), (511) and (044) hkl planes, respectively. 

The observed Bragg peaks are well matching with the literature data on the crystal structure of 

CoFe2O4 [30, 52]. In order to understand the detailed crystal structure and to determine the lattice 

parameter of CoFe2O4, Rietveld refinement was performed using the TOtal Pattern Analysis 

System (TOPAS) software by considering the octahedral and tetrahedral position of both Co2+ and 

Fe3+ ions in space group Fd-3m (227).  



 

Fig.1. Experimental and profile fitted X-Ray diffraction pattern of as prepared CoFe2O4 NPs. Red 

and blue curves correspond to the experimental data and fitted profile curve whereas the black 

curve represents the difference between the experimental and fitted profile. All the Bragg peaks 

were indexed with respect to space group Fd-3m.  

The Rietveld refinement pattern shows a reasonably good fit with experimentally observed XRD 

pattern of CoFe2O4. Lattice parameter was found to be, a = 8.3749(4) Å with the average crystallite 

size of 54 nm. The obtained lattice parameter is in good agreement with the reported literature.  

 

 



 

 

Fig 2.  SEM images of CoFe2O4 NPs recorded at (a) low and (b) high magnification, (c) The 

particle-size distribution histogram, plotted from SEM image (a); (d, e) TEM images of the 

CoFe2O4 NPs at different magnifications. (f) Particle-size distribution histogram, estimated using 

the TEM image (d). Inset of the (d) and (e) shows the selected area electron diffraction and high-

resolution Inverse Fast Fourier Transform (IFFT) images, respectively. 

 

In order to understand the microstructure and morphology, scanning electron microscopy (SEM) 

and transmission electron microcopy (TEM) were carried out for the as prepared CoFe2O4. Fig 2 

(a) and (b) show the SEM images of CoFe2O4 NPs recorded at low and high magnifications. It can 

be clearly seen that the as synthesized CoFe2O4 has mostly cubic morphology with average particle 

size of 114 ± 4 nm (Fig 2 (c)) as measured from Image J® software. The average particle size was 



calculated by fitting the histogram using lognormal distribution as shown in Fig 2 (c). TEM 

measurement was also performed and the micrographs are as shown in the Fig 2 (d) and (e). TEM 

analysis shows the average particle size of 117 ± 3 nm which matches well with the SEM results 

within the particle size deviation range. Lattice fringes (shown in inset of Fig 2 (e)) of CoFe2O4 

indicates an inter-planer spacing of 0.459 nm which belongs to the (111) plane with cubic structure 

as shown in the inset of Fig 2 (e) which is in good agreement with the XRD data. To further 

investigate the structure of CoFe2O4, selected area electron diffraction (SAED) was performed on 

CoFe2O4 NPs. The electron diffraction pattern is shown in the inset of Fig 2 (d). From the SAED 

pattern, inset of Fig. 2 (d), it can be seen that the obtained particles are polycrystalline in nature 

with reflections of (111) and (311) planes indexed. To further investigate the specific surface area 

of CoFe2O4, BET nitrogen adsorption-desorption analysis was carried out which exhibited a type 

ІІІ isotherm (Fig not shown). The surface area was calculated to be 8.01 m2/g, which suggests the 

formation of pores during the washing of the as synthesized CoFe2O4.  

The X-ray photoelectron spectroscopy (XPS) was used for the identification of site-specific 

oxidation states in the CoFe2O4 system. The core level spectra of C 1s, O 1s, Co2p and Fe 2p are 

shown in Fig.3. The core level scan of Co 2p show (Fig.3a) the presence of 2p3/2 and 2p1/2 peaks 

at 779.9 eV and 794.8 eV respectively with an energy difference of 14.9 eV confirming the 

presence of Co2+ valance states. Two peaks observed at 788.03 eV and 803.36 eV are the satellite 

peaks for Co (2p)3/2 and Co (2p)1/2 respectively.  The Fe (2p) spectra shown in Fig. 3 (b) exhibits 

two binding energy peaks of  Fe (2p)3/2 at 710.6 eV and of Fe (2p)1/2 at 724.1 eV, along with 

corresponding satellite peaks at 717.73 and 732.50 eV confirming the presence of Fe3+ valence 

state in CoFe2O4 [53]. Gaussian fitting of asymmetric Fe (2p)3/2 peak results in two peaks centered 

at 710.2 eV and 712.5 eV corresponding to the Fe3+ in both octahedral and tetrahedral sites, 

respectively. On the other hand, core level spectra of O (1s), result in the two peak centered 529.6 

eV and 530.6 eV (Fig 3 (c)). The peak observed at 529.6 eV is attributed to the contribution of the 

metal-oxygen bonding in crystal lattice and the binding energy at 530.6 eV may attribute the 

presence of the surface oxygen [53, 54]. 
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Fig. 3. X-ray photoelectron spectroscopy (XPS) spectra with Core shell spectrum of CoFe2O4 (a) 

Cobalt (Co 2p), (b) Iron (Fe 2p), and (c) Oxygen (O 1s).  

3.2 Electrochemical Properties: 

In order to understand the electrochemical reaction mechanism, cyclic voltammetry (CV) was 

carried out in the potential range of 0.005 – 3.0 V vs. Li at a scan rate of 0.1 mV s-1 for 5 cycles. 

Lithium metal was used as reference and counter electrode. Fig 4 shows the cyclic voltammetry of 

CoFe2O4 electrode for 1st, 2nd and 5th cycles respectively. In the first cathodic scan, the sharp 

reduction peak at 0.58 V are due to the electrolyte decomposition and formation of SEI during the 

first cycle. However, in the subsequent cathodic scans, the sharp peaks at 0.58 V disappears and 

two new peaks at 0.78 V and 1.42 V appear, which can be attributed to the reductive reaction of 

(c) 



Fe2O3 and CoO [55]. During the anodic scan, two small peaks are observed at 1.75 V and 2.20 V 

correspond to the oxidization reactions of Fe0 and Co0 to Fe3+ and Co2+ [27, 28]. From second and 

subsequent cycles, the cathodic and anodic scan have overlap of Co and Fe peaks resulting in broad 

region as shown in the Fig 4. Broad peaks in CV indicates structural degradation of the active 

material, similar peak broadening was observed in other spinel oxides [56, 57]. After five cycles 

the reduction and the oxidation are still prominent indicating good reversibility of the electrode 

material. Reactions presented in Equations (2) and (3) represent reversible reaction after the 1st 

cycle, which is quasi-irreversible in nature [27, 58]. In order to understand the rate capability and 

cycle stability of CoFe2O4, galvanostatic cycling was carried out. 

CoFe2O4 + 8Li+ + 8e- → Co + 2Fe + 4Li2O      --------- (1) 

Co + Li2O ↔ CoO + 2Li+ + 2 e-      --------- (2) 

2Fe + 3Li2O ↔ Fe2O3 + 6Li+ + 2 e-     ---------- (3) 

 

Fig. 4. Cyclic voltammetry of CoFe2O4 in the voltage range of 0.005-3.0 V vs. Li at a scan rate of 

0.1 mV sec-1. 

Galvanostatic charge/discharge (GC) cycling study was carried out at a current density of 85 mA 

g-1 in the voltage range of 0.005 – 3 V; and the GC curves for 1st, 2nd, 30th and 50th cycles are 

shown in Fig 5 (a). The fabricated cells showed an open circuit voltage of 3.0 V. During the first 



discharge cycle, there is a sudden decrease of voltage from 3 V to 1.5 V followed by another steep 

slope till 1.0 V which constitutes a capacity of 100 – 125 mA h g-1 and is attributed to the formation 

of LixCoFe2O4 intermediate. A flat voltage plateau is observed form 1 V to 0.5 V due to a high 

capacity of 1000 mA h g-1 followed by slow decrease to cut off voltage (0.005 V) which is mainly 

due to the reduction of metal oxides to its corresponding metal nanoparticles as shown in reaction 

1 which leads to structure destruction. At the end of first discharge cycle, capacity of 1556 mA h 

g-1 was observed, which is 1.69 times the theoretical capacity of CoFe2O4. During the first charge 

cycle, a reversible capacity of 1093 mA h g-1 was obtained with a columbic efficiency of 70 %. 

During the first cycle an additional capacity is observed due to the reduction of solvent in the 

electrolyte and also due to the formation of solid electrolyte interface (SEI) which is observed in 

all conversion-based anode materials.  

 

Fig.5. (a) Galvanostatic cycling studies at 1st, 2nd, 30th and 50th cycle at current density of 85 mA 

g-1, and (b) capacity vs number of cycles and columbic efficiency of CoFe2O4.  

In the subsequent cycle the reversible capacity of 1100 mA h g-1 was retained with columbic 

efficiency of 98 %. The capacity vs. cycle number are shown in Fig. 5 (b). During the first 30 

cycles, 15 % capacity fading was observed with reversible capacity of 926 mA h g-1 at the end of 



30th cycle (with respect to 2nd charge capacity). After 30th cycle the capacity started to fade faster 

and reached a charge capacity of 594 mA h g-1 at the end of 50th cycle with about 36% capacity 

fading from 30th to 50th cycle, with columbic efficiency of 99%. During the consecutive cycling, 

a rapid capacity fading was observed after the 30th cycle. In conversion-based materials, all the 

active material is reduced to metal and Li2O (Equation -1) and the prime reason behind the capacity 

fading is believed to be the irreversible conversion between the metal and metal oxide after many 

cycles. In addition to that the rapid capacity fading might also cause form the structural breakdown 

of CoFe2O4 and formation of amorphous particles. This could cause a loss in continuous electrical 

channel within the active materials and results in low active materials use during the process. This 

is further supported by our ex-situ TEM and XRD analysis of the cycled cell after 50 cycle after 

fully charging to 3 V. Both the TEM and XRD analysis indicated a change from polycrystalline to 

amorphous phase of the CoFe2O4 nanoparticles after 50th GCD cycles. The detail analysis is 

discussed in coming section.  

In order to understand the reversibility and rate capability of CoFe2O4 electrode, the coin cells 

were cycled at different current densities (0.1 C to 1 C where, 1 C = 916 mA g-1) as shown in Fig 

6 (a). At low current density of 0.1 C, a high average capacity of 950 mA h g-1 was obtained. When 

the current density was increased to 0.5 C, a reversible capacity of about 750 mA h g-1 was 

obtained. As the current density was further increased to 1 C (916 mA g-1) a high reversible 

capacity of 540 mA h g-1 was obtained, much higher than the theoretical capacity of graphite (372 

mA h g-1), which suggests the better electrochemical activity of CoFe2O4 at high current density. 

As expected, as the current density increases there was slight reduction in reversible capacity. In 

order to investigate the reversibility, the current density was reduced to 0.5 C and 0.1 C and high 

reversible capacities of 627 mA h g-1 and 897 mA h g-1 were regained. Interestingly, at the end of 

50th cycle a high reversible capacity of 899 mA h g-1 was obtained at 0.1 C which shows the high 

reversibility of CoFe2O4 electrode. In order to test the long-term stability of CoFe2O4, galvanostatic 

charge/discharge was carried out at an intermediate discharge rate of 0.5 C for 200 cycles. As 

shown in Fig 6 (b), a high reversible capacity is obtained in the first few cycles which starts to 

reduce gradually and reaches a reversible capacity of 369 mA h g-1 at the end of 200th cycle. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. (a) Rate capability tests at various current densities, and (b) long term cycle stability of 

CoFe2O4 at a discharge current rate of 0.5 C. 
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In order to determine the electrochemical reaction and the reaction kinetics, 

electrochemical impedance spectroscopy (EIS) was carried out at different charge and discharge 

voltages. The open circuit voltage of the freshly fabricated cell was found to be 3.0 V. The program 

was created such that the cells were discharged at various voltages steps (2.5V, 2.0V, 1.5V, 1.0V, 

0.5V, 0.005V) and relaxed for 1 h before running the EIS program. Similarly, the EIS data were 

obtained during charging (0.5V, 1.0V, 1.5V, 2.0V, 2.5V, 3V) and are represented in terms of 

Nyquist plot as shown in Fig. 7 and depending on semicircles the electrical circuit to fit the 

impedance plots are also shown in fig 7. Fresh cell showed a single semi-circle at 3.0V with an 

overall impedance of 368 Ω in the high to medium frequency range which can be attributed to 

combination of surface film and charge transfer resistance (R(sf +ct) as shown in Fig 7 and The 

equivalent circuit is as shown below Fig.7a .  The electrolyte resistance (R1) is of order 4 to 7 

ohms during discharge and charge cycle. The fitted impedance values R(sf +ct) during discharge 

cycle at 2.5, 2.0, 1.5, 1.0, 0.5 and 0.005 V are 376, 372, 152, 220, 89 and 57 (±1) Ω   and 

corresponding capacitance due surface film and double layer capacitance  (CPE (sf+dl) are 11.9, 

11.3, 12.4, 15.7, 38.9, 57.5 µF.   The Rsf, ct are surface film resistance arises due solid electrolyte 

interface of electrolyte and Rct charge transfer arises due to electrode electrolyte interface and 

corresponding capacitance (surface film and double layer) values are of the order in µF [59,60].  

Overall end of discharge (0.005) impedance reduces to 57 Ω and the decrease in the resistance 

suggests the structural degradation of CoFe2O4 into its metal nanoparticles which possess better 

conductivity. During charging, at the voltage 0.5 V a two distinct semicircles which is the 

combination of  Rsf+ct of  48 (±1) Ω; and (CPE (sf+dl) : 40 µF;   and bulk resistance  (Rb)  of 20 

and CPEb : 30 mF, respectively. Bulk resistance arises mainly due to electronic conductivity of 

active material and ionic conductivity of electrolyte, binder and conducting carbon [59, 60]. As 

the voltage is further increased to 1 V (Rsf+ct of  302 (±1) Ω; and (CPE (sf+dl) : 15 µF;   and bulk 

resistance  (Rb)  of 119 and CPEb : 45 mF, there is an increase in the resistance which arises due 

to the restructuring of metal oxides such as CoO and Fe2O3 which possess lower conductivity 

compared to the metal nanoparticles. At the end of 3 V, a high resistance of ~375 Ω is obtained 

which is close to the overall impedance obtained for a fresh cell. These results suggest the 

structural destruction of CoFe2O4 to Co and Fe nanoparticle during discharge which shows a 

decreased impedance at lower voltages.  Further studies with different cycle number and also 

impedance studies with three electrode system are needed to give more detail reaction mechanism. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7. Electrochemical impedance spectroscopy studies of CoFe2O4. Nyquist plots (Z’ vs. –Z’’) 

for first (a) discharge cycle and (b) charge cycle at different voltages. Equivalent electrical circuit 

model fitted for (a) and (b) are also shown at bottom. R(st+ct): Surface film and charge transfer, 

Rb is bulk resistance, Ws is Warburg resistance and Constant phase element (CPE)sf, dl and b are 

capacitance due to surface film, double layer and bulk capacitance and R1  Electrolyte resistance.    

To further investigate the morphological effect of CoFe2O4 on the electrochemical cycling, Ex-

situ TEM was carried out for the sample after 50th cycle as shown in Fig 8. The same cell was 

charged to 3.0 V and dissembled in the glove box and the electrode material was used for the TEM 

analysis. Fig 8 (a-b) shows the TEM images of CoFe2O4 after 50th cycle, which shows the 

(a) (b) 

Ws 
Ws 



amorphous nature along with some amount of carbon which is expected in conversion-based 

electrodes. From SAED (selected area electron diffraction) pattern (Fig 8 (d)), it was observed that 

the material possessed circular fringes belonging to both CoO and Fe3O4 phase which are expected 

in the charge state according to the reactions in Equations (2) and (3). Fig 8 (c) and the inset of Fig 

8 (c) shows the HRTEM and the line intensity plot of the cycle materials which shows the fringes 

with inter-planar spacing of 3.67 Å which is in close agreement with the inter-planar spacing of 

Fe2O3 with (012) plane confirming the formation of the reaction products in the mechanism. 

 

Fig. 8. Transmission electron microscopy (TEM) of CoFe2O4 after 50 cycling in the charged state, 

3.0 V at (a) Low and (b) high magnification (c) High resolution TEM of CoFe2O4 (d) SAED pattern 

of CoFe2O4 after 50 cycles.  

In order to understand the structural changes during the discharge/charge cycle, ex-situ XRD was 

carried out for CoFe2O4 electrode at various states of charge (1.5 V, 3 V) and discharge (0.005 V, 

0.5 V, 1.5 V) and the XRD patterns are shown in Fig. 9. Test cells were charged/discharged at 

various voltages and dismantled in glove box and the electrode material were then analyzed for 

XRD. As the electrode material contained small amount of carbon along with the active material 



not all the diffraction was prominent. Careful observation shows two major diffraction peaks for 

CoFe2O4 at about 30º and 35º which correspond to (220) and (311) planes as discussed in our XRD 

sections. When the cell was discharged to a voltage of 1.5 V, the cobalt ferrite structure was 

retained with slight peak broadening and shift to lower angle due to the strain induced on cobalt 

ferrite structure which suggest the reaction of Li with CoFe2O4 to form an intermediate 

nanostructure (LixCoFe2O4). As the discharge voltage is decreased to 0.5 V there is structural 

destruction which results in the formation of Li2O (confirmed by a peak at 33º [61]) and metal 

nanoparticles (Co and Fe) with retention of  (220) phase at 30º. The cells were studied for ex-situ 

XRD there is a possibility of formation of LiOH on the surface. As it is conversion-based material, 

CoFe2O4 structure is reduced to Fe and Co nanoparticles which are emended in Li2O matrix. The 

amount of Fe and Co nanoparticles is small compared to Li2O (CoFe2O4 + 8Li+ + 8e- → Co + 2Fe 

+ 4Li2O) and are well dispersed in the Li2O matrix, thus diffraction peaks are not prominent and 

could not be detected. Further into the deep discharge at 0.005 V, the presence of Li2O diffraction 

peak was retained which are in good agreement with the reaction mechanism. This confirms the 

first step of electrochemical reaction proposed by reaction mechanism in electrochemical section. 

To understand the structural changes during charging, XRD was carried out at charged voltages of 

1.5 V and 3.0 V. The cells were first discharged to 0.005 and charged to 1.5 V and analyzed, which 

shows the presence of Li2O as shown in Fig 9 (a). At 1.5 V the conversion reaction (oxidation of 

metal to metal oxide) has not been initiated which is in good agreement with cyclic voltammetry. 

Interestingly, at 3.0 V no peak for Li2O was observed, which suggest the complete removal of Li 

which is expected as per the reaction mechanism. This step suggests the complete reversible 

oxidation resulting in the formation of metal oxide as per the reaction mechanism (Equation 2 & 

3). These results show the experimental evidence of structural destruction of cobalt ferrite and the 

formation of Li2O during discharge and reveal the fundamental reaction mechanism observed in 

conversion-based electrodes. Although the formation of metal oxides is not prominent due to the 

amorphous nature, still it gives clear evidence on structural destruction on electrochemical cycling. 

To further understand the structure after cycling, XRD for cycled electrode was carried out, refer 

Fig 9 (b), which shows significant structural destruction with no diffraction peak observed 

suggesting the nearly amorphous nature of electrode after cycling which is in good agreement with 

TEM. 
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Fig.9. (a) Ex-situ X-ray diffraction of CoFe2O4 at different discharge (1.5 V, 0.5 V and 0.005 V) 

and charge (1.5 V and 3.0 V) voltages. (b) Ex-situ X-ray diffraction of CoFe2O4 and the CoFe2O4 

after 50 charge/discharge cycles.  

 

Table 1: Comparison of the electrochemical performance of bare CoFe2O4 as anode material 

for lithium ion batteries.  

Ref 
No 

Material Synthesis method Initial capacity 
(mAh g-1) 

Rate studies Stability 

[62] CoFe2O4 nanoparticles Sol-Gel method -- -- 740 mA h g-1 
after 75 cycles 

[63] CoFe2O4 nanoplates De-alloying method 2134 /1415 1280 mAh g-1 at 
500 mA g-1 

810 mA h g-1 

after 
1000 cycles. 

[64] CoFe2O4 nanofibers Electrospinning 1278/1236 
 

 625 mAh g-1 after 
100 cycles, 

 
[30] CoFe2O4 Spheres Microwave-

hydrothermal 
reaction 

1224/930 720 mAh g-1 at 
5C 

730 mAh g-1 after 
50 cycles. 

[35] CoFe2O4 nanosheets Thermal 
decomposition 

1619/1139 303 mAh g-1 at 
10 A g-1 

448 mAh g-1 after 
600 cycles 

[65] Mesoporous CoFe2O4 
octahedra 

Sol–gel method 1680/1270 366 mA h g-1 at 5 
A g-1 

384 mAh g-1 after 
3000 

cycles. 
[39] Mesoporous CoFe2O4/CoO 

nanosheet 
Hydrothermal 

and atomic layer 
deposition 
techniques 

2468/1705 758 mAh g-1 
even at 1C 

1043 mAh g-1 

even after 50 
cycles 

[31] CoFe2O4 nanotubes 2 step hydrothermal 
method 

1417/1036 654 mAh g-1 at 
5000 mA g-1 

680 mAh g-1 after 
500 cycles, 

[54] CoFe2O4 nanotube Electrospinning 1228/903 214 mAh g-1 at 2 
A g-1 

831 mAh g-1 after 
150 cycles 

[66] Hollow CoFe2O4 
nanospheres 

Hydrothermal 
method 

2264/1266 1133 mAh g-1 at 
0.5 C 

1185 mAh g-1 

after 50 cycles 
[67] Aggregated CoFe2O4 

nanoparticle 
Hydrothermal 

method 
1672/1309 679 mAh g-1 at 

3.2 A g-1 
133 mAh g-1 after 

120 cycles 
Our 

Work 
CoFe2O4 Nanoparticles  Molten salt method 1556/1093 540 mA h g-1 at 

1C 
369 mA h g-1 

after 200 cycles 
 

 

 

 



3. Conclusion: 

In summary, we have successfully synthesized CoFe2O4 by low cost, one-pot molten salt method 

and used it as electrode material for lithium ion batteries. Rietveld analysis shows the pure phase 

of CoFe2O4 with crystallite size of 54 nm and SEM as well as TEM images revealed a cube like 

morphology with average particle size of 115 ± 4 nm; demonstrating that this simple method is 

capable of achieving pure phase materials in nanostructured form. Cyclic voltammetry showed 

prominent oxidation/reduction peaks up to 5 cycles which suggests better reversibility of the 

CoFe2O4. As an electrode material, the CoFe2O4 delivered high initial discharge/charge capacity of 

1556/1093 mA h g-1. A stable reversible capacity of 926 mA h g-1 was obtained at the end of the 30th 

cycle. Even at high current density of 1 C, a reversible capacity of 540 mA h g-1 was obtained showing 

cyclic stability at high current rates. Ex-situ TEM of the cycled electrodes confirmed the structural 

breakdown of CoFe2O4 into CoO and Fe2O3. Ex-situ XRD of the electrodes at different 

charge/discharge voltages showed the structural destruction of CoFe2O4 at 0.5 V (discharge) and 

formation of Li2O, which is expected in conversion-based electrodes. Ex-situ XRD after 50 cycles 

also shows the structural destruction on cycling explaining the decrease in capacity after cycling. 

One of the major outcomes is that the synthesis approach is quite simple compared to other 

synthesis approaches which need sophisticated instruments. All the precursor used in the synthesis 

are abundant and low cost thus can be scaled up for bulk synthesis for industrial scale. 
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