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Abstract: By adopting the Polyvinylidene Fluoride (PVDF) as carbon source, here we present 

the synthesizing of two samples of cathode material Li3V2(PO4)3/C via solid state method and a 

hybrid sol-gel method, which were marked as LVP-1 and LVP-2. The electrochemical testing 

and XRD, SEM, TEM and EIS results showed their electrochemical performance and 

micro-morphology. The pyrolitic carbon of the polymer PVDF seems like a folded film and 

forms a conductive net to enhance the electrochemical performance of Li3V2(PO4)3 efficiently. 

We can speculate that the pyrolitic carbon of polymer is easier to coat on the Li3V2(PO4)3 particle 

than that of organic carbon materials. Comparing with the solid-state method, the sol-gel method 

with the combination of surfactant Cetyl Trimethyl Ammonium Bromide (CTAB) is beneficial to 

control the particle size of cathode material at nano-level. The sample LVP-2 has fairly 

outstanding rate and cycle performances, which has capacity higher than 90 mAh/g at 15 C and 

keeps capacity retention of almost 100% after 50 cycles at 5C in 3.0-4.3V (the theoretical 

capacity is 130 mAh/g in 3.0-4.3V).   

 

Keywords: Li3V2(PO4)/C; PVDF; sol-gel method; solid state method; CTAB 
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1. Introduction 

Lithium-ion batteries have attracted phenomenal interest in the portable electronics market 

and for the future energy demands owing to its higher energy density, long cycle life, 

compactness and flexibility in design[1-3]. In recent decades, Li3V2(PO4)3( LVP) or some other 

V-based phosphates, which has comparable high potential plate-form, remarkable 

electrochemical performance and stable crystalline lattices, is of more and more interest as 

electrodes in lithium-ion energy storage devices [4-8]. There are lots of synthesizing methods such 

as solid state method[9-13], sol-gel method[14-16], hydro-thermal method[17][18], microwave 

method[19][20], spray-drying method[21][22], and so on. Among them the most widely used are the 

first two. The technology of solid state method is simple but the particle size is hard to control 

because of the high sintering point. The sol-gel method is conductive to get finer particle because 

the raw materials are dissolved in solvent and mixed at molecular level. In this study, we present 

the different influence of these two methods to the performance of Li3V2(PO4)3.  

 In our and others’ previous research, it was found that polymer carbon source was beneficial 

to enhance the electrochemical of Li3V2(PO4)3, such as phenolic resin[23], epoxy resin[24], 

thiophene[25] and so on[26][27]. Thus, the influence of Polyvinylidene Fluoride (PVDF) by playing 

the role of carbon source was researched in this paper, which was not researched systematically 

in recent references. PVDF is a kind of translucence or white powder (particle) and its molecular 

chains packed closely. The short chemical bond of C-F and hydrogen ion forms a stable and tight 

structure. Its network pyrolytic carbon can not only be used as reductant to reduce V5+ to V3+, but 

also enhances the electro-conductivity of cathode material efficiently.  

2. Experimental 

Samples preparation 

The stoichiometric ratio of raw materials is V2O5：H2 C2O4：Li2 CO3：NH4H2PO4：

CTAB=1:3:1.5:3:0.1 (H2C2O4 and CTAB were only used in hybrid sol-gel method). According 

to the TG-DSC results of PVDF (Fig.1, at heating rate of 5℃/min in Argon atmosphere), the 

pyrolytic carbon is 23% by weight of raw material and the curing temperature and carbonization 

temperature are shown in DSC curves. The carbon was used not only as reducing agent but also 

as the coating material to enhance the electrical conductivity. The usage of carbon sources was 

based on the following principle. Except the reducing carbon which reduces V4+ to V3+, the 
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theoretical excess carbon is 5% by weight of the composite. That is to say, Wc/(Wc+WLVP)=5% 

(W represents weight). The actual residual carbon contents need to be tested by element analysis. 
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Fig.1  TG-DSC curves of PVDF 

The process of conventional solid-state synthesizing is as follows. All the raw materials, 

V2O5, Li2 CO3, NH4H2PO4 and PVDF, were dispersed in absolute ethyl alcohol and then 

thoroughly ground by ball milling for 3 h. The mixture was dried in a vacuum oven for 24 h. 

Finally, under the atmosphere of Argon, it was heated to 400 ℃ for 5 h to remove H2O, NH3, HF 

and CO2 and then sintered at 800 ℃ for 16 h to reduce the V5+ to V3+. The final sample was 

marked as LVP-1. 

Meanwhile we want to research the influence of PVDF on Li3V2(PO4)/C synthesized by 

sol-gel method. But the problem is that the solvent of sol-gel method is usually deionized water 

and polymer materials are water insoluble. For this reason, we combined sol-gel and solid state 

method together and that’s why we called this method the hybrid sol-gel method. The process of 

it is as follows. First, V2O5 and H2C2O4 were magnetic stirred in deionized water at 60 ℃ until 

the blue VOC2O4 solution formed. Second, Li2 CO3 and NH4H2PO4 were added in this solution 

in turn. Both processes were with gas generating and a hydrophilic homogeneous colloid was 

formed. Third, the aqueous suspension of Cetyltrimethyl Ammonium Bromide (CTAB) was 

added as cationic surfactant . Driven by Coulomb force, CTAB captured the anionic LVP colloid, 

which rearranged the charge density and formed composite micelles in the solution[28]. Finally, 
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The final green sol was dried at 80 ℃ in vacuum oven to obtain gel, then the precursor powder 

was formed by heating the gel at 400℃ for 5 h under Argon flow. To synthesize the composite 

material, PVDF and precursor powder were ball-milled together in absolute ethyl alcohol for 2 h 

and then sintered at 700℃ for 10 h in vacuum tube furnace in Argon. 

Preparation of cathode films 

The positive electrodes comprised 80-wt.% active materials, 10-wt.% carbon black and 

10-wt.% polyvinylidene fluoride (PVDF). These components were mixed in 

N-methyl-2-pyrrolidone (NMP) and the resulting slurry was coated onto aluminum foil. After the 

NMP evaporated, electrodes were pressed and punched into a disc with an active area of 1.54 

cm2 and an active loading of ~5 mg·cm-2. The precise mass of active material on each positive 

plate was weighted by an electronic balance with accuracy of 0.0001 g. The electrolyte consisted 

of 1 M solution of LiPF6 in a mixture of 1:1 by weight of ethylene carbonate (EC) and dimethyl 

carbonate (DMC), and lithium metal was chosen as the negative material. The coin-cells 

(CR2016 size) were fabricated in an argon-filled glove box with a porous polypropylene 

membrane as the separator.  

Sample characterization 

The structural analysis of the samples was performed by the XRD using a diffractometer 

(D/max 2500VB, Japan) in the 2θ range from 10°~70°
. The morphology of active materials was 

observed using (SEM QUANTA 200, USA) and TEM (JEOL-2100F, Japan). TG-DSC analysis 

was performed by thermal analyser (STA449C, Germany). The content of residual carbon was 

tested by carbon and sulfur analyzer (EMIA- 8100,Japan).The charge-discharge performance 

was tested on a multi-channel battery test system (CT2001A, China) in the voltage range of 3.0 

~4.3 V. The electrochemical impedance spectroscopy (EIS) test was performed on the 

electrochemical workstation (CHI660C, China) at the frequency range of 105-10-2 Hz. 

3. Results and discussion 

Structural characterizations of samples 

The X-ray diffraction (XRD) patterns of composite materials which indicate the formation 

of a high crystalline phases are presented in Fig.2. All the diffraction peaks were indexed to the 

monoclinic Li3V2(PO4)3 phase (JCPDS 97-016-1335, space group (P21/n)).The diffraction peaks 

were refined by using software JADE and the calculating lattice parameter values are 
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a=8.565(8)Ǻ, b=8.596(7)Ǻ, c=12.012(7)Ǻ, β=90.491(6)º for LVP/1 and a=8.583(2)Ǻ, 

b=8.553(7)Ǻ, c=11.984(1)Ǻ, β=89.970(6)º for LVP/2. These data agree well with the previous 

literature which proves that the lattice distortion doesn’t exist[29][30][31]. Additionally, no peaks 

attributed to other impurities and crystal carbon were detected from the XRD patterns.  
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Fig.2 X-ray diffraction patterns of LVP-1 and LVP-2 

 The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were used to characterize the detailed structure and morphology of materials. Fig.3 shows the 

SEM images of two samples. Comparing with LVP-2, the particles of sample LVP-1 are much 

bigger and the size is nonuniform. The particles of LVP-2 are with an average size of about 0.5 

µm, with homogeneous distribution. We believe that the sol-gel method realized the uniform 

mixing of raw materials in liquid phase and prevent particles from agglomeration. Furthermore, 

the rejuvenation effect of surfactant CTAB helped the further refinement of particles. However, it 

worth mentioning that some nanowires with the width of 20-30 nm and lenth of 1µm appears in 

sample LVP-2. This nanowire is another morphology of LVP which is resulted by the 

self-assembly of organic surfactant and the hydrolysis of LVP colloids, according to the 

explanation of Wei QL[31]. Driven by Coulomb force, the added cationic surfactant CTAB 

captured the anionic LVP colloids, which rearranged the charge density and formed composite 

micelles in the solution.During the drying process at 80℃, some organic molecules located in 

the interstitial space of the aggregated composite assembled into meso-channels. Meanwhile the 

self-assembly of organic surfactants and the hydrolysis of LVP colloids resulted in the nanowire 

morphology. Wei[31] had transferred the solution to a Teflon lined autoclave and kept in an oven 
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at 180℃ for 48 h thus the reaction was completely done and all LVP colloids became 

nanowires. 

 

Fig.3 The SEM images of the samples , (a)LVP-1; (b) LVP-2 

 

Fig.4 shows several TEM images of sample LVP-2 which indicate the nanocrystals clearly. 

Furthermore, we can clearly observe that the morphology of pyrolytic carbon of polymer 

material is totally different from other carbonaceous materials such as glucose[32], stearic acid[33], 

cyclodextrin[34] and so on . In Fig.4, the left four are at the same amplification factor. The 

particles are suborbicular or elliptic and covered by a thin carbon film with fairly large area. 

Particle II has very uniform and perfect carbon layer all around of it, just like the fruit peel. But 

not every particle has such a perfect carbon layer and most of them are similar to III or IV, like 

moon surrounded by some cloud. In spite of this, this kind of chiffon-like carbon layer works 

like a conductive network to help the electron move faster. The right two express the carbon 

layer more clearly. The layer may be stripped from the particle surface in the process of 

ultrasonic dispersion and the thickness of it is about 5-10 nm. The amorphous residual carbon,  

whose content is 4.91% and 6.72% in LVP-1 and LVP-2 respectively by element analysis, can 

not only be used as conductive agent to improve the conductivity, but also prevents the direct 

contact of LVP particles and electrolyte and restrains the dissolution of vanadium ion into 

electrolyte. And further, it reduces the polarization phenomenon of cathode material 

significantly. 
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Fig.4 TEM patterns of sample LVP-2 

Electrochemical performances 

The lithium storage performance was investigated by using CR2016 coin-cells. Curves in 

Fig.5 describes the charge/discharge performance at different rates. Along with the rate 

increasing, the capacity dropping of LVP-1 is much faster than LVP-2. When the rate is equal to 

or less than 2 C, both of them keep the capacity of 120 mAh/g, which is close to the theoretical 

capacity of 130 mAh/g in 3.0-4.3 V. But capacity of LVP-1 drops to 105 mAh/g at 5 C, 87 

mAh/g at 10 C and even 45 mAh/g at 15 C. Meanwhile, capacity of LVP-2 is 115 mAh/g, 103 

mAh/g and 96 mAh/g at these three rates respectively. Rate performance of LVP-2 obviously 

surpasses LVP-1. Dot graphs in Fig.6 shows the cycle performance of two samples by cycled 50 

times at 5 C rate uninterruptedly. The small illustration is the charge/discharge curves of two 

samples at 5 C. At the end of test, the capacity of LVP-1 faded from 102.9 mAh/g to 96.3 mAh/g 

but capacity of LVP-2 was almost unabated and kept at 110 mAh/g stably. We can conclude that 

the sample LVP-2, which is synthesized by sol-gel method and used CTAB as surfactant, has 

better rate performance and more stable cycle performance. This gives Li3V2(PO4)3 a promising 

commercial future because people have more requests to the charge/discharge speed and 

life-cycle of Li-ion batteries at this modern society. Fig.7 shows the charge-discharge curves of 

samples at different rate (0.2 C, 0.5 C, 1 C, 2 C, 5 C, 10 C, 15 C). At the rate less than and equal 

to 1 C, both exhibit three distinct pairs of charge/discharge plateaus located at around 3.61/3.58 

V, 3.69/3.63 V, 4.09/4.03V and the potential difference between charge and discharge at 0.2 C 
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are fairly low. These prove that these two kinds of samples can maintain stable potential when 

charging and discharging.  

0 5 10 15 20 25 30 35

40

50

60

70

80

90

100

110

120

130

15C

10C

5C2C0.5C 1C

S
p
e
c
if
ic
 c
a
p
a
c
it
y
 /
m
A
h
/g

Cycle time

 LVP-1

 LVP-2
0.2C

 

Fig.5 Capacity of samples at different rates   
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      Fig.6 The cycle performance of samples by cycling 50 times under 5C rate 
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Fig.7 The charge/discharge curves of sample LVP-1 and LVP-2 at various rates 

  To demonstrate the Li-ion kinetics and structural stability during electrochemical 

charge/discharge process, a cyclic voltammetry (CV) studies were conducted and 

presented in Fig.8, with scanning rate of 0.1 mV/s. The mass of active material is 2.2 mg 

for LVP-1and 3.6 mg for LVP-2 (These two samples weren’t filmed simultaneously and 

their particle sizes are differ, so the active masses differ quite a bit). According to the 

principle of cyclic voltammetry, the reversibility of the redox reaction can be confirmed by 

the overlapping CV curves and similar redox potentials of the subsequent cycles. 

Furthermore, the electrode reaction rate is limited by the Li+ diffusion inside the electrode 

system[35]. The potential differences between cathodic peak and anodic peak are almost 

the same to LVP-1 and LVP-2, which is less than 0.15 V. This indicates their nice 

reversibility at the process of intercalation/deintercalation. The relationship of ip, scanning 

rate V and Li+ diffusion rate D is 5 3/2 1/2 1/2
p 2.69 10i n AD V C= ×

 [36], where A is the contact 

area of electrode with electrolyte (here the geometric area of electrode is used for 

simplicity, 1.54 cm2); n is the amount of transferred charges; C is bulk concentration of 

Li+ (3.7×10-3 mol/cm3, calculated form the volume of LVP , 899.8Ǻ3), V is the potential 

scan rate (here is 0.1 mV/s)[37]. In short, the relationship between ip and V1/2 is a straight 

line through the origin and the square of its slope is the diffusion rate D at every peak. It 

is worth noting that the ip of LVP-1 is about half of LVP-2, then Li+ diffusion coefficient 

of LVP-1 is just quarter of LVP-2, according to the formula (both are in the range of 

10-8~10-7 cm2/S). The Li+ diffusion coefficient directly decides the charge/discharge 
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capacity at large rate and that explained why rate performance of LVP-2 is much better 

than LVP-1.  
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Fig.8 Cyclic voltammogram of two samples 

Fig.9 shows the Electrochemical Impedance Spectroscopy (EIS) of samples and the data was 

fitted by ZSimpWin software. The equivalent circuit was inserted in the top left corner of Fig.8a. 

Rct represents the charge- transfer resistance which reflects the ease or complexity of reaction. 

The lower value it is, the more beneficial it is to the kinetic process of electrochemical reaction 

[38]. Rs represents the electrolytic resistance and it equals to the intersection of the semicircle to X 

axis. Measurements were carried out at 3.6 V, 3.7 V and 4.1 V potential plateaus in the frequency 

range of 105-10-2 Hz and it was found that the charge- transfer resistance meets its minimum 

value at 4.1 V. At this potential, Rct of LVP-1 and LVP-2 is 65.5 Ω and 36.8 Ω respectively and 

the fresh cell we synthesized previously[23] has much larger Rct of 184.6 Ω . By comparison, Rct of 

LVP-2 is not only smaller than LVP-1, but also smaller than the samples synthesized by solid 

state method with other carbon sources [39-41]. Furthermore, it is almost close to the advanced 

study about V-based cathode materials[30][42][43]. The electrolyte resistance was found to be 

2.5~3.5 Ω for two samples at different potential. The impedance values clearly show lower 

charge transfer resistance and electrolytic resistance due to nice electrode kinetics. 
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Fig.9 The Nyquit plot of (a) LVP-1; (b) LVP-2 at various potential during charing cycle 

4. Conclusion 

In summary, we have developed a convenient hybrid sol-gel strategy and adopted 

Polyvinylidene Fluoride as carbon source and then the composite material Li3V2(PO4)3/C was 

synthesized, by using Cetyltrimethyl Ammonium Bromide as surfactant. Polyvinylidene Fluoride 

is such a good carbon source whose pyrolytic carbon forms the film-like conductive network to 

enhance the conductivity of cathode material. Two samples, which are synthesized by solid state 

method and hybrid sol-gel method, all have stable and high capacity, nice reversibility and high 

Li+ diffusion coefficient. Furthermore, the combined action of sol-gel method and surfactant 

controlled the particle size at the nanometer level and then polarization phenomenon is well 

controlled and charge transferring resistance is lowered. The uniform carbon-coating and fine 

particles help LVP-2 to own better rate and cycle performance. It has capacity of 100 mAh/g at 

15 C and it cycled 50 times at 5 C rate without any capacity attenuation. Such kind of fairly good 

charge-discharge capacity and stable cycle performance, gives the Li3V2(PO4)3/C synthesized in 

this method a hopeful application prospect. 
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