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SYNTHESIS AND STRUCTURAL CHARACTERIZATION  

OF A NOVEL TERNARY COMPOSITE CONTAINING  

xLiFeO2, yLi3V2(PO4)3, AND (1 – x – y)LiCoO2  

COMPOSITES FOR LITHIUM-ION BATTERIES (LIBs) 

M. Monajjemi
1* and F. Mollaamin

2
 

The objective of this research is to prepare a composite with lower cost and better cyclability than the other 

cathode materials in lithium-ion battery. A ternary composition with high efficiency and low cost 

containing LiFeO2 and Li3V2(PO4)3 (LVP), was applied instead of pure LiCoO2 to reduce usage of  

a percentage Co amount, consequently reducing the cost of cobalt and removing its toxic effect in LIBs. In 

this study, we synthesized ten samples from mixture of xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 

compounds for preparing a suitable cathode electrode with high initial discharge capacity, large cyclability 

and inexpensive cost instead of traditional cathode materials. As a result by using Raman analysis, X-ray 

diffraction, and electrochemical analyzing, we found that the Li1.67V0.67 Fe0.33 Co0.33 [(PO4)3,O2] composites 

have high efficiency and best performance in viewpoint of initial capacity, cyclability, charge and discharge 

capacities  among these ten composites. 

DOI: 10.1134/S0022476625050014 

Keywords: lithium-ion batteries, cathode materials, Li3V2(PO4)3, LiFeO2, LiCoO2, ternary composites. 

INTRODUCTION 

Li3V2(PO4)3 (LVP) is an important material applying for cathode in LIBs, which consists of both mobile lithium ions 

and redox metal ions including a rigid phosphate structure. In viewpoint of electrochemical and thermal have high stability, 

high operating potential and safety. This molecule consists of two crystal structures known as 1-rhombohedral and  

2-monoclinic including a PO4 tetrahedral, which is attached to the VO6 octahedral in different forms. The solid powder 

Li3V2(PO4)3 was synthesized for the first time via Rietveld refinements [1]. In addition, lithium extraction out of the 

monoclinic form of Li3V2(PO4)3 was presented by Barker and Saidi [2] and Sato et al. [3], with the crystal structure of the 

space group P21/n with lattice parameters as a = 8.598 Å, b = 8.593 Å, c = 12.033 Å, α = 92.0°, β = 91.5° and γ = 90.5° based 

on Fu et al. calculation [4]. Figure 1 exhibits the detailed bonding atoms a surrounding of phosphorus through tetrahedral 

structure with 4 oxygen atoms, as well as vanadium, which create an octahedral structure with 6 oxygen atoms. 

Herein, we report a structure tracking-aided design and synthesis of single-crystal Li3V2(PO4)3 (LVP) nanoparticles 

using X-ray spectroscopy and imaging techniques according to thermodynamics and kinetics of synthesis reactions.  
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Fig. 1. Li3V2 (PO4)3 structure based on group theory 
model of (P21/n). 

 

Designing of a cost-efficient synthesis protocol for making nano-crystalline LVP is a crucial step leading to an amorphous 

intermediate with local structural ordering resembling that of LVP. The obtained LVP particles between 5-50 nm coated with 

thin layer of amorphous carbon and featured with excellent cycling stability and rate capability. In addition to the traditional 

olivine-based metal phosphates (i.e., LiMPO4; M = Fe, Mn), lithium vanadium phosphate, Li3V2(PO4)3 (LVP) has emerged as 

a promising cathode material due to its abundance, high thermal stability and capability of delivering high capacity at high 

working potentials (~4 V). Between the two polymorphs of LVP, i.e., rhombohedral and monoclinic phases, the latter is 

thermodynamically stable and preferable for the use as high-energy and high-power cathodes owing to its three-dimensional 

open framework for fast lithium-ion diffusion and accommodating [2-4]. 

Since LVP by its unique crystal combination as well as with high thermodynamic stability creates a suitable 

situation among the cathode materials, wide interest due to its high lithium diffusion coefficient appears for researchers, 

which has more advantage over traditional cathode materials such as LiCoO2 [5, 6]. Vanadium in LVP structure due to its 

lower environmental destruction and also less toxic material causes to increase its ability to use in a wide range of diverse 

applications [7, 8]. The necessity of lithium diffusion in electrolytes, which increases the rate of activities of charged and 

discharged is an important item for combination of this material with other materials such as LiFeO2 and LiCoO2 for 

synthesizing a targeted composites for cathode materials for our research work. Since in the solid-state electrolytes diffusion 

of Li ions from electrodes towards electrolytes by a low concentration appears in any type of LIBs, pores structure of the 

xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 composites electrodes could be caused higher rate of Li+ ion diffusion in these 

types of electrolytes [9-11]. In other hand, regarding to lithium iron oxides, which are considered to have low cost and non-

toxicity, they are one of the best products for applying as a cathode of lithium secondary battery for combination with 

Li3V2(PO4)3. As an alternate cathode material, LiFeO2 has used widely due to its abundant raw materials, low cost, and non-

toxicity [12, 13]. LiFeO2 has also been made wide advances on its application, and optimization due to extensive benefit of 

novel preparation methods, with accurate analysis through Mossbauer spectra, HRTEM, etc. [14, 15]. Since LiFeO2 has 

several structural shapes, (α, β, and γ) [16, 17], we used α-LiFeO2 in our work due to amazing electrochemical properties 

[18]. According to the properties of these compounds, xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 composites electrodes  
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we have demonstrated that the results of this experiment have produced a new electrode material with very few iteration steps 

in the material design cycle. 

EXPERIMENTAL 

Synthesized and characterizations of Li3V2(PO4)3. Penta oxide vanadium (99.6%, Alfa Aesar), phosphate di-

hydrogen ammonium (NH4H2PO4, 99.5%, Sigma-Aldrich), oleic acid (FCC, FG, Aldrich), oxalic acid (99.5%, Sigma-

Aldrich), lithium acetate (LiCOOCH3·2H2O, reagent grade, Sigma), and paraffin wax (ASTMD 87, melting point 50-60 °C, 

Aldrich) were provided. At first, 1:2 mole fraction of V2O5 with oxalic acid in were mixed into deionized water and 

completely stirred at 298 K to reach a clear blue solution. The product of VOC2O4·nH2O has been produced and then H2O 

was evaporated from the solution. For Li3V2(PO4)3 nano-belt synthesis, LiCOOCH3·2H2O, VOC2O4·nH2O NH4H2PO4, oleic 

acid, and paraffin wax were used as precursors. Phosphate di-hydrogen ammonium and oleic acid were milled together with 

for 1.5 h in a high-speed miller (SPEX 8000 M), and then the mixture with paraffin wax was milled for 0.5 h more. 

Consequently, the VOC2O4 solution and lithium acetate were added to the mixture and mixture was milled for 20 min. In 

total, lithium, vanadium, phosphate, and oleic acid molar ratio of the stoichiometric in the mixture was 3:2:3:3. Final product 

as a viscous liquid slurry was dried in an oven over 120 °C for 1 h and then heated at high temperature between 75-850 °C for 

5 h under a glove box to produce the final Li3V2(PO4)3 nanostructures. The crystalline atoms position of Li3V2(PO4)3 was 

confirmed by X-ray diffraction (XRD) analysis, using a Scintag XDS 2000 powder diffractometer equipped with a Ge (Li) 

solid-state detector (Fig. 3a). 

The SEM image indicates that prepared product has a granular structure with average grain size of a few 

micrometers. TEM measurements were accomplished on a JEOL 2100F operated at 220 kV. The powder of Li3V2(PO4)3 with 

an amorphous carbon was dispersed on a TEM holder and then moved to the TEM column (Fig. 3b). Cathode electrode was 

prepared by slurry of 65 wt.% activated products, 25 wt.% super-P carbon, and 10 wt.% kynar binder on the aluminum foil. 

Synthesized, Characterizations of α-LiFeO2. We prepared the α-LiFeO2 nano structure through a simple, fast and 

unique strategy by a low temperature calcined process as follows: an amount of 2.8 g hydroxide lithium (LiOH·H2O) (Merck, 

Germany) and 4 g of Fe(NO3)3·9H2O (Merck, Germany) was dissolved in 25 mL C2H5OH. The mixture was washed several 

times by distilled water and ethanol alternately to remove redundant LiOH, consequently the brown mixture was dried at 

90 °C for 15 h in an argon glove box. Finally, the mixture was heated at temperatures 400 °C for 5 h in glove box under 

argon gas. The product was characterized via XRD (DX-1000, Bruker, Karlsruhe, Germany, CuKα radiation) (Fig. 4). Raman 

was done by a Jobin Yvon Horiba, model T64000 and the quantitative analysis was performed by the thermogravimetric 

analyzer (TGA, Mettler Toledo: TGA/DSC 3+ HT1600). 

Powders morphology of α-LiFeO2 was analyzed using scanning electron microscope (SEM) (SU3900, Hitachi, Ltd., 

Tokyo, Japan) and the HT7800 RuliTEM transmission electron microscope (TEM) (HT7800, Hitachi, Ltd., Tokyo, Japan) 

(Fig. 5). 

The active center area and pore volume were calculated by Brunauer–Emmett–Teller (BET) (N2 V-Sorb 2800P BET 

surface area and micro-pore analyzer, China). The cathode electrode was manufactured with 83% synthesized product, 12% 

acetylene black, and 5% polyvinylidene fluoride binder in N-methyl-2-pyrrolidone solvent. The slurry was compressed inside 

an aluminum foil and dried at 120 °C for 5 h. Finally, composites preparation, characterization, cathode assembly, cell 

assembly and electro-chemical testing were accomplished and tested for 10 samples containing xLiFeO2, yLi3V2(PO4)3, and 

(1 – x – y)LiCoO2. The objective of this research is to find a ternary composition with low-cost materials for reducing the 

amount weight of cobalt and removing its toxic effect in cathode materials of LIBs. 

Preparation and characterization of 10 samples containing xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 for 

cathode material electrodes. All the 10 samples were prepared using the sol-gel synthesis method. Sol-gel method was 

basically applied due to the chemical reaction is fast and easy for these ternary systems compared with the conventional  
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instance, for LiCoO2 the red line demonstrates its amount and reduces from 1 to 0 as the line moves away from LiCoO2 

towards the other corners of the diagram. Table 2 exhibits the percentage material compositions of all 10 samples. See papers 

[19, 20] and also References [21-30] for better understanding of characterization techniques and what information we get 

from these techniques. 

RESULTS 

Raman analyzing. This test has been done for all 10 composites to confirm the combination morphologies in proper 

phases of materials listed in Table 2. Raman spectroscopy was used to predict the structure and cathode material properties of 

10 samples. Fig. 6 exhibits spectra of the pure LiFeO2 and LiCoO2 and also xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 

including samples 2-5 from Table 2. The highest peak at 990 cm–1 belongs to Li3V2(PO4)3 in structures with group theory 

model of P21/n (Fig. 1). Although the peaks of pure LiFeO2 and LiCoO2 are 485 cm–1 and 590 cm–1, respectively, but these 

amounts will change a little bit in mixture samples of xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2. The peaks widths 

indicate a stability of those samples due to uncertainty principle of Heisenberg rule. Although the position and the place of 

Raman peaks do not change with percentage of samples, the amounts of peaks are changed that is a factor for recognition of 

each sample. 

X-ray. Although X-ray diffraction was done for all 10 items, inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) characterization methods were only done on the composites that exhibited correct results and were 

checked several times. XPS (CuKα radiation with λ = 1.55 Å) was done to have a precise analysis about the percentage 

amount and the oxidation states of the iron, vanadium, and cobalt to verify the exact composition of the samples (Fig. 3, 4, 

and 7). The θ angles for the composites with sharp peaks were observed based on Bragg’s law to recognize the existence of 

any unknown substances via diffraction data (Table 3). Moreover, the plasma spectroscopy (ICP-AES) method has been 

applied to identify transition metals in the compositions of 10 samples (ICP analyzers; PerkinElmer Optima 7300 DV 

containing Cetac ASX-520 auto sampler). 

Electrochemical testing and analyzing. The electrochemical efficiency of these samples as cathode materials was 

tested using Arbin BT2000 and MITS Pro Arbin software. The cycling was done between 2.5 V up to 4.5 V with constant  

C-rate of C/12 at 298 K. Figure 8 exhibits the initial charge-discharge curves among these voltages (V) and capacities 

(mAh/g). All figures have drawn in identical scale for any further comparison among the samples. 

Samples 2-4 (Fig. 8a) have exhibited a lower capacity retention. The capacities were found to be in ascending order 

for samples 1-4, which means that end member Li1.67V0.67 Fe0.67[(PO4)3,O2] exhibited a significant deleterious effect on their  

 

 

Fig. 6. Raman spectra: pure LiFeO2 and LiCoO2 (a); xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 (b) contain 
samples 2-5 from Table 2. 
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Fig. 7. XRD plots of samples 2-9 from the current system. 
 

TABLE 3. Lattice Parameters of Composites (nm) 

Sample a b c 

2 0.2355 0.3423 1.06 

3 0.2188 0.2354 1.13 

4 0.3424 0.3277 1.32 

5 0.1734 0.2435 1.09 

6 0.3421 0.3243 1.11 

7 0.2359 0.2541 1.52 

8 0.2654 0.2632 1.22 

9 0.3288 0.2244 1.34 
 

 

Fig. 8. Initial charge-discharge: 2-4 samples (a); 5, 6, and 8 samples (b). 
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capacities. Samples 5-8 (Fig. 8b) have better capacity and cyclability properties than the rest of them, particularly the sample 

5. In addition, the sample 5 is located in the center of the ternary composition triangle and it has suitable amount of capacity. 

Samples 6, 8 exhibit good capacity retention, but low-capacity amounts. 

DISCUSSION 

This investigation is designed for preparing the best cathode material composition from ternary systems of xLiFeO2, 

yLi3V2(PO4)3, and (1 –x – y)LiCoO2 with high initial discharge capacity, large cyclability and inexpensive cost material. 

Therefore, firstly, 10 different composition points using the lever rule, stoichiometric weights and mole-fractions were 

selected for finding an excellent cathode material including high electrochemical efficiency. The combination of these 10 

composites was calculated through the triangle phase diagram (Fig. 2, Table 2), and then synthesis based on above mentioned 

methods was fulfilled. Vanadium amount is decreased towards down direction of triangle; meanwhile the compositions of 7-

10 have zero vanadium percentage. High amount of vanadium is found at the sample 1. Obviously, the most amount of cobalt 

can be found at the sample 10 and its various percentages can be found in a wide region in the triangle, which are zero in 

samples 1, 2, 4, and 7. It is notable, that the capacity and cyclability of each sample is strongly dependent on the amount 

values of vanadium, cobalt, and Fe concentration in the composites. In addition, any specific capacitance can be extracted 

from the number of energies (reserve with volume or mass, Ah), while the rate capability should be extracted only from the 

cell during charging. Therefore, the C-rate is the capacity of the cell segregated by the hourly charging rate. The discharge 

capacity plots have been measured with 18650-type C/LiCoO2 Sony battery result which is modified by Ehrlich [31, 32]. The 

samples were measured via a cycler (Arbin BT 2000 battery testing instrument), between 2.5 V and 4.5 V with low C-rate of 

C/12. The initial discharge capacities varied from 89.9 mAh/g to 179.5 mAh/g. Although the sample 8 exhibits high capacity 

of 179.5 mAh/g, it contains low cyclability. Therefore, the sample 5 has more suitable composition due to the capacity and 

cyclability compared with other items (Fig. 9). 

Table 4 summarizes the initial charge /discharge and retention percentage for all 10 composites in the system of 

xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2. Four of 10 samples exhibited discharge more than 160 mAh/g in which the 

sample 8 exhibited the highest capacity and 100% retention between 2.5 up to 4.5 voltage range. It is worthy to note that 

composites having mixed amount of Fe and Co exhibited good results in comparison to alone vanadium or alone cobalt based 

materials, therefore giving the possibility of cost advantages. 

Motivated by a series of experiments on 10 composites with Co, Fe, Ni and Mn substituted in cathode materials 

synthesized by a sol-gel method, we predicted and confirmed that Fe and Ni substitution would lead to a lower potential at 

the end of charge. Both XPS and first principles electronic structure computations indicate that Ni and Fe are simultaneously 

oxidized in this material. Results indicate that Co will only be oxidized at the very end of charge. Using Raman analysis,  

 

 

Fig. 9. Current versus Li /Li+ for sample 5 (a); capacity and cyclability for sample 5 (b). 
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TABLE 4. Initial charge /discharge and retention percentages of all composites build up by  
xLiFeO2, yLi3V2(PO4)3, and (1 – x – y)LiCoO2 

No. Sample composition Charge (mAh/g) Discharge (mAh/g) Retention (%) 

1 Li3V2 (PO4)3 200.3.4 160.5 82.5 

2 Li2.33V1.33 Fe0.33[(PO4)3,O2] 155.8 93.2 89.5 

3 Li2.33V1.33 Co0.33[(PO4)3,O2] 149.3 94.4 81.6 

4 Li1.67V0.67 Fe0.67[(PO4)3,O2] 153.2 103.4 83.4 

5 Li1.67V0.67 Fe0.33 Co0.33[(PO4)3,O2] 240.5 178.8 100 

6 Li1.67V0.33 Co0.67[(PO4)3,O2] 154.8 89.9 90.4 

7 Li FeO2 201.3 160.3 89.2 

8 Li Fe0.67 Co0.33 O2 223.6 179.5 100 

9 Li Fe0.33 Co0.67 O2 165.3 105.4 91.5 

10 Li CoO2 238.5 145.3 87.5 
 

X-ray diffraction, and electrochemical analyzing, we found that the Li1.67V0.67 Fe0.33 Co0.33 [(PO4)3, O2] composites have high 

efficiency and best performance in viewpoint of initial capacity, cyclability, charge and discharge capacities among these ten 

composites. 
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