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Abstract: The principal challenges facing the development of lithium ion batteries (LIBs) for hybrid 

electric/plug-in-hybrid (HEV/PHEV) vehicles and for off-peak energy storage are cost, safety, cell energy density 

(voltage × capacity), rate of charge/discharge, and service life. There are exciting developments in new positive 

electrode (cathode) materials to replace the LiCoO2 for use in the LIBs over the past decade. Monoclinic Li3V2(PO4)3 

(LVP) with promising electrochemical properties including excellent cycling stability, high theoretical capacity (197 

mAh g-1), low synthetic cost, improved safety characteristic, and low environmental impact emerges as highly suitable 

candidate. In this review, we focus on research work related to the LVP and discuss its host structure, mechanism of 

lithium insertion/extraction, transport properties (i.e., electronic conductivity, and lithium diffusion), synthesis and 

electrochemical properties. We highlight some recent development of LVP, which shows superior cycling stability and 

high rate capability and give some vision for the future research of LVP based electrode.        

 

Keywords: Lithium ion battery, cathode material, lithium vanadium phosphate, stable cyclability, high rate capability   
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structure and migrate through the electrolyte to the graphite, while the associated electrons driven by an external power 

flow from the cathode to anode. On discharging, Li ions and electrons move reversely. The LIB performance (e.g., cell 

potential, capacity or energy density) is largely dependent on the intrinsic chemistry of negative and positive electrode 

materials. The basic requirements for electrode material selection include [18-22]: (i) a high specific charge and charge 

density; (ii) a high (cathode) and low (anode) standard redox potential; (iii) electrochemical compatibility with the 

electrolyte solution; (iv) a facile electrode kinetic; (v) a high degree of reversibility; (vi) environmental benignity; (vii) 

safety; and (viii) moderate cost. Great achievements have been made recently in anode materials by the introduction of 

metals (e.g., Si [23-26], Sn [27-30], Sb [31-34], Ge [35-38], etc.), and metal oxides (e.g., SnO2 [39-42], Fe2O3 [43-46], 

Co3O4 [47-51], CuO [52-54], etc.), which can react with a large number of lithium per formula unit and provide specific 

capacities more than twice of that conventional graphite (372 mAh g-1). Similarly, there is a growing interest in 

developing high capacity cathode materials to power large-scale systems [55]. Moreover, cathodes have a significant 

Fig. 1 Schematic illustration of a lithium ion battery employing graphite as anode and layered LiCoO2 as cathode. 
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such as nickel oxides and lithium nickel oxides during the high temperature calcination [74, 79]. Besides, high voltage 

would cause the electrolyte decomposition resulting in the formation of unstable solid electrolyte interphase (SEI) film 

on the cathode side [80]. Layered vanadium pentoxides have also received much interest, which can intercalate lithium 

levels to achieve specific capacity of about 300 mAh g-1 [81-86]. Their relatively low voltages (typically around 2.5 vs. 

Li/Li+), however, limit their applicability. Recently, in the exploring for high-performance cathode materials, polyanion 

compounds (e.g., LiFePO4 (LFP) [87], LiFeBO3 [88], LiFeSO4F [89-91], and Li2FeSiO4 [92-95], etc.), possessing high 

thermal stability, offer particularly interesting possibilities for large-scale next-generation LIB applications. Among 

them, olivine LFP attracts a lot of attention, offering a theoretical capacity of 170 mAh g-1 and a flat voltage plateau at 

around 3.4 V (vs. Li/Li+) [96-104]. Although great progress has been made in LFP, its redox potential is relatively low, 

Fig. 2 Comparison of operating voltage and practical capacity of various cathode materials presently used in 

lithium ion batteries.  
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formation of kinetically sluggish V2(PO4)3 phase, although the capacity is relatively low, more stable capacity retention 

on cycling can be observed for LVP in the voltage range of 3.0-4.3 V vs. Li/Li+.    

 

4. Transport properties 

The electrochemical performances of LIBs including capacity, cycle life, and rate capability are mainly dependent 

on the electronic and ionic conductivities of electrode materials. Thus, information on the transport properties of LVP is 

important and described in the following sections.    

 

4.1. Electronic conductivity                                   

In phosphate-type cathode materials, although the inductive effect generated by the (PO4)3- groups can raise their 

operating potentials relative to the oxide counterparts [87, 140], the electronically insulating phosphate groups also 

isolate the valence electrons of transition metals within the lattices resulting in low intrinsic electronic conductivities 

[97]. The pristine LVP compound shows a relatively low electronic conductivity (e.g., 2 × 10-8 S cm-1 in [113], and 7.7 

× 10-8 S cm-1 in [141]) as determined by the four-point-probe conductivity measurement, which is comparable to that of 

other lithium metal phosphates such as LFP [142], but much lower than that of LCO (~10-3 S cm-1 [143]) and LMO 

(~10-4 S cm-1 [144]). Approaches such as surface coating with carbon [141, 145], transition metal doping [146], or a 

combination of them [147] have been attempted to increase the electronic conductivity of LVP. Results show that a 

remarkable jump in electrical conductivity has been achieved, e.g., 7.2 × 10-5 S cm-1 for LVP/C (2.7 wt%, weight 

percent) [141], and 8.6 × 10-4 S cm-1 for Nb-doped LVP/C (2.3 wt%) [147].  
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respectively. Besides, there are also some other reports regarding the lithium diffusion coefficient in LVP with different 

results [154-160]. For example, the ��Li
D obtained from GITT by Huang et al. [154] is around 10-9 cm2 s-1 during the 

discharge process between 3.0 and 4.8 V vs. Li/Li+. Jiang et al. [156] reported that the app
Li��

D  in the voltage range of 

3.0-4.3 V vs. Li/Li+ is about 10-10 cm2 s-1 from CV and EIS. 

Apparently, the low electronic and ionic conductivities of LVP will cause slow kinetics of charge and discharge, 

resulting in poor rate capacity and low capacity utilization. Thus, improvement on the electronic conductivity and 

lithium diffusion has become the core of LVP study. Over the past few years, various approaches, such as doping with 

supervalent cations [161], coating conductive materials (e.g., carbon) [162], scaling down the particle size [163], and 

tailoring the morphology and texture [164], have been explored to mitigate the drawbacks mentioned above. Therefore, 

in the following sections, we will introduce the synthesis methods, and benefits to the electrochemical properties of LVP 

in detail.  

 

5. Synthesis                

5.1. Solid state reaction         

Solid-state reaction is the most common method to prepare ceramics, in which solid precursors are ground or 

ball-milled together, followed by heat-treatment of the resultant mixture in a furnace [165]. In the case of LVP, the raw 

reactants generally involve not only lithium (e.g., LiF, Li2CO3, LiOH, or CH3COOLi), vanadium (e.g., V2O5, or 

NH4VO3), and phosphorous (e.g., NH4H2PO4 or (NH4)2HPO4) sources, but also carbon-containing (e.g., acetylene 

black) or organic compounds (e.g., glucose) [123, 166-170]. After thorough mixing, the precursors are initially heated to 

300-400 oC to expel the gases (e.g., H2O, and NH3), and then reground and calcined at a temperature ranging from 600 

to 1000 oC for 10-24 h under inert gas or slightly reducing atmosphere. During calcination, the carbon, be it directly 
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between 3.0 and 4.6 V vs. Li/Li+). Qiao et al. [198] investigated the effect of different synthetic routes on structure and 

electrochemical performance of LVP/C cathodes. It is found that the LVP/C synthesized by hydrothermal method shows 

smaller particle size, higher discharge capacity, better rate capability than those by solid-state reaction and sol-gel 

method. Even at a high charge/discharge rate of 10 C, the hydrothermal-derived LVP/C still can deliver a capacity of 

106.6 mAh g-1 in the potential range of 3.0-4.8 V vs. Li/Li+. Very recently, Duan et al. [199] synthesized LVP@C 

core-shell nanoparticles with sizes of 20-40 nm using a hydrothermal-assisted method (Fig. 6C). Ascorbic acid and 

polyethylene glycol 400 (PEG-400) were adopted as carbon sources and reductants. In the hydrothermal process, a 

partially carbonized layer was formed, which hindered the particle growth during the high-temperature calcination. The 

as-prepared LVP@C nanocomposite exhibits a remarkably high rate capability and long cyclability, delivering a 

discharge capacity of 138 mAh g-1 at 5 C within the voltage range of 3-4.8 V vs. Li/Li+ and a capacity retention of 86% 

after 1000 cycles.  

 

5.4. Spray pyrolysis     

Spray pyrolysis is a powerful technique to continuously produce a wide variety of ceramic powders in a single-step 

for a short operative time [200]. Apart from its simplicity, spray pyrolysis technique has capability to produce high 

purity, chemically homogenous powders with fine size, non-agglomerate, and spherical morphology. The spray 

pyrolysis apparatus is mainly composed of a droplet generator, a quartz reactor and a powder collector [201]. In spray 

pyrolysis, precursor solution is initially carried into a heated tubular reactor through a carrier gas, where the solvent in 

the droplets is evaporated and solid particles are formed. Subsequently, the solid particles are treated in the high 

temperature zone of the reaction tube to form the crystallized phases. Depending on the process parameters such as 
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precursor solution, atomization of precursor solution, aerosol transport and decomposition of precursor, it is available to 

synthesize particles with well controlled morphology and composition. 

Ko et al. [202] reported the ultrasonic spray pyrolysis synthesis of spherical LVP/C powders with sucrose as the 

carbon source. The precursor solution was prepared by dissolving stoichiometric amounts of lithium carbonate, 

vanadium oxide, and ammonium dihydrogen phosphate in a dilute nitric acid solution with the addition of sucrose. The 

reactor temperature was set at 1300 oC. The precursor powders obtained by spray pyrolysis have a spherical shape 

irrespective of the concentration of sucrose. After post-treatment at 700 oC for 3 h in 10% H2/N2 atmosphere, the 

spherical shape of precursors with sucrose is retained (e.g., 0.1 M sucrose, Fig. 6D), whereas the spheres are collapsed 

with severe aggregation in the absent of sucrose. Later the same group synthesized nano-sized LVP/C composite 

powders by combination of spray pyrolysis and milling process [203]. Citric acid and ethylenediaminetetraacetic acid 

(EDTA) were used as chelating agents to control the morphologies of the LVP precursor powders. Hollow, thin-walled 

precursor spheres are obtained at the optimized concentrations of citric acid and EDTA (0.1 M), and maintained after 

the post-treatment. Moreover, the hollow structures are easily pulverized into fine nanoparticles by simple milling 

process. The as-synthesized nano-sized LVP/C exhibits higher discharge capacity, better cycling stability and rate 

performance than the bare LVP. 

 

5.5. Freeze-drying method  

Recently, freeze-drying method has also been used for the preparation of LIB cathodes such as LiNi0.5Mn0.5O2 

[204], Li1.131Mn0.504Ni0.243Co0.122O2 [205], and LFP [206]. This cryochemical route is simple, and can provide the 

opportunity to obtain the products with high homogeneity and fine particle size. In 2012, Wang et al. [207] applied the 

freeze-drying method to synthesize the homogeneous LVP/C. In a typical synthesis procedure, a colloid sol containing 
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Fig. 6 The morphology of LVP cathode materials prepared by different methods. (A) Solid-state reaction. Reproduced 

with permission from [123]. (B) Sol-gel chemistry. Reproduced with permission from [156]. (C) Hydrothermal method. 

Reproduced with permission from [199]. (D) Spray pyrolysis. Reproduced with permission from [202]. (E) 

Freeze-drying method. Reproduced with permission from [207]. (F) Electrospinning. Reproduced with permission from 

[215]. (G) Electrostatic spray deposition. Reproduced with permission from [220]. (H) Rheological phase reaction. 

Reproduced with permission from [221]. (I) Ionothermal method. Reproduced with permission from [226].       






























































































