
Vol.:(0123456789)1 3

Journal of Solid State Electrochemistry 
https://doi.org/10.1007/s10008-021-04986-y

ORIGINAL PAPER

Structural and electrochemical characterization of vanadium‑excess 
 Li3V2(PO4)3‑LiVOPO4/C composite cathode material synthesized 
by sol–gel method

Zishan Ahsan1  · Zhenfei Cai1 · Shuai Wang1 · Yangzhou Ma1 · Guangsheng Song1 · Mo Yu1 · Shihong Zhang1 · 
Weidong Yang2 · Cuie Wen3 · Xiaohua Feng4

Received: 3 February 2021 / Revised: 10 May 2021 / Accepted: 31 May 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
To improve capacity and electrochemical performance of the cathode of Li-ion batteries, non-stoichiometric, vanadium-excess 
(V-excess)  Li3V2(PO4)3-LiVOPO4/C (LVP-LVOP/C) composite cathode materials are synthesized by a single-step citric acid 
assisted sol–gel method and sintered at temperatures (300–900 °C). X-ray diffraction and transmission electron microscope 
results indicate that major  Li3V2(PO4)3 and minor  LiVOPO4 phases coexist and X-ray photoelectron spectroscopy results 
also show that the valance state of vanadium is + 4 and + 3. The sample sintered at 800 °C shows the best electrochemical 
performance with the highest discharge capacity of 140 mAh  g−1 at 0.2 C, higher than the theoretical capacity of  Li3V2(PO4)3 
in the voltage range 2.8–4.3 V. The composite material displays remarkably improved stability exhibiting reversible capacity 
of 130, 115, and 108 mAh  g−1 after 300, 500, and 1000 cycles at the rate of 0.3 C, 0.5 C, and 1 C, respectively. Addition-
ally, the composite LVP-LVOP/C shows superior rate performance at various current densities from 0.2 to 10 C. Our study 
reveals that the novel composite material considerably enhances electrochemical performance, electronic conductivity, Li-
ion diffusion, and contribution of  LiVOPO4 to capacity by accommodating extra Li-ions to enhance capacity. The results 
demonstrate that the study is highly promising for the development of V-excess cathodes as V-excess composite materials 
exhibit better performance than pure phase  Li3V2(PO4)3.
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Introduction

The fast and efficient energy storages are the main require-
ments in future energy storage devices for the portable 
(electric vehicles (EVs)) and stationary (solar and wind 
grid storage) applications [1, 2]. For this purpose, the Li-ion 
battery (LIB) requires electrode materials with high energy 
and power density. Especially, cathode materials have gained 
significant attention as they affect battery’s capacity, cycling 
life, safety, and cost as well [3]. Despite their higher poten-
tial, these are limited in capacity compared to anode mate-
rials. Currently, lithium metal oxides are being employed 
for most applications [4]. However, these suffer from the 
disadvantages of high cost, toxicity, and liberation of oxy-
gen during charge/discharge processes. Therefore, alterna-
tive cathode materials are in urgent demand for better energy 
storage options. In this regard, phosphate-based polyanionic 
compounds  LiMPO4 [5],  Li3M2(PO4)3 [6, 7],  LiVOPO4F 
[8, 9], and  LiVOPO4 [10–12] have gained great interest as 
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alternative cathode materials to the transition metal oxides 
for lithium-ion battery applications because of their compa-
rable energy density and high electrochemical and thermal 
stability [13]. These exhibit exceptional stability even under 
abnormal conditions due to the robust 3D framework of  PO4 
polyanion, comprised of robust P-O covalent bonds, which 
suppress oxygen release during battery cycling [14, 15].

Among them,  Li3V2(PO4)3 and  LiVOPO4 have gained 
tremendous interest as next-generation cathode materials 
due to their multielectron behavior, high operating poten-
tials, higher capacities, and comparable energy density as 
well as high electrochemical and thermal stability [16–18]. 
The monoclinic  Li3V2(PO4)3 offers the advantages of out-
standing thermal stability, high operating voltage, relatively 
large reversible capacities, and fast ionic mobilities even at 
low temperatures [19–22]. The triclinic  LiVOPO4 offers 
the advantages of relatively higher working potential (4.0 V 
versus Li/Li+) and a capacity of 166 mAh  g−1 compared to 
olivine  LiFePO4, which despite its higher theoretical capac-
ity of 170 mAh  g−1, delivers lower energy density due to its 
lower operating voltage of 3.45 V [23, 24]. So, these multi-
electron reaction materials can induce even higher specific 
capacities regarding transition metal redox reactions with 
high valence states to deliver the capacities for  Li3V2(PO4)3 
and  LiVOPO4 cathodes of 197 mAh  g−1 (with redox cou-
ples of  V4+/V3+ and  V5+/V4+) and 300 mAh  g−1 (with redox 
couples of  V4+/V5+ and  V3+/V4+), respectively [18, 25–28]. 
However, these phosphate-based cathode materials suffer 
from the intrinsic problem of low electronic conductivity.

Inspired by B. Kang’s off-stoichiometric idea [2], Sun 
et al. adopted the high energy ball-milling (HEBM) tech-
nique on  Li2.7V2.1(PO4)3 to prepare core–shell structure with 
extra vanadium residing in the external shell. The phase of 
the external shell was  LiVOPO4, which offered extra space 
for the lithium storage and accommodated extra Li-ions even 
at high-rate charge and discharge processes. Together with 
the advantages of small particle sizes and the high electronic 
conductivity, the cathode delivered a high reversible capacity 
of 131.5 mAh  g−1 at the rate of 0.5 C (close to the theoreti-
cal capacity); also, the high-rate capacity was considerably 
improved along with long cycling stability[29]. Therefore, 
it is expected that the  Li3V2(PO4)3 and  LiVOPO4 combina-
tion may enhance the ionic/electronic conductivities of the 
composite cathode and improve its electrochemical perfor-
mance as well [30–33]. Nguyen et al. investigated the struc-
tural transformation of  LiVOPO4 to  Li3V2(PO4)3 with gra-
phene nanofiber (GNF) addition by a solid-state ball-milling 
method, and resulting cathode materials were found to depict 
improved capacity and cycling stability [34]. Besides, Kuo 
et al. reported the structural conversion of triclinic  LiVOPO4 
to monoclinic  Li3V2(PO4)3 at high calcination temperatures 

(700–800 °C under a reducing atmosphere) led to enhanced 
capacity [35].

In this regard, two-phase material was prepared by 
employing the vanadium-excess (V-excess) off-stoichiometric 
technique. The feasibility of the existence of vanadium in 
various oxidation states and polymorphs help vanadium phos-
phates attractiveness for rechargeable Li-ion batteries. We 
have developed the method by modifying the Li deficiency 
and V-excess in  Li3V2+x(PO4)3 in a fixed ratio 3:3 of Li and 
V. In a recent study, Liu et al. engineered lithium deficiencies 
in Li-rich layered oxide and demonstrated improved stabil-
ity and enhanced performance, as Li-deficient cathode acted 
as a prototype for further performance enhancement due to  
plenty of vacancies [31, 32, 36]. The strategy we applied by tun- 
ing lithium deficiency and vanadium excess was to keep  
the balance of the chemical valence state, thereby improving 
the bulk properties as well. This controlled off-stoichiometry 
in  Li3V2+x(PO4)3 has been demonstrated to make two-phase 
composite cathode material LVP-LVOP/C, which helped 
improve the electrochemical performance with enhanced 
capacity and obtain stable long cycle life as it accelerates the 
Li-ion diffusion in the particle and improves electronic con-
ductivity. Furthermore, the sol–gel preparation method offers 
the advantages of special morphologies, small particle sizes, 
and large-scale industrial applications due to its simplicity 
and homogenous mixing of particles at the very atomic level 
compared to the solid-state method, where homogenous mix-
ing is difficult giving rise to impurity phases. These special 
morphologies include one-dimensional nanostructures such 
as nanorods, which effectively improve the electronic con-
ductivity and enhance the electrochemical performance due 
to high exposed surface area, fast electron transport chan-
nels, and facile stress relaxation during charge/discharge  
processes [37, 38]. In our study, this nanorod-type morphology  
for the synthesized LVP-LVOP/C composite cathode mate-
rial for LIBs via a feasible sol–gel preparation method with 
citric acid used as a reducing agent as well as carbon source 
showed improved conductivity and electrochemical perfor-
mance. Such design has been demonstrated to combine the 
advantages of both  Li3V2(PO4)3 and  LiVOPO4, to effectively 
improve capacity, electronic/ionic conductivities, and struc-
tural integrity as well. The composite LVP-LVOP/C sintered 
at 800 °C showed the best performance with the highest ini-
tial discharge capacity of 140 mAh  g−1 at 0.2 C higher than 
the theoretical value of capacity (133 mAh  g−1) in the range 
of 2.8–4.3 V, high-rate capacity of 82 mAh  g−1 even at 10 C, 
and outstanding cycling performance after 1000 cycles at 1 C 
rate, demonstrating that it is a promising cathode material for 
LIBs. Meanwhile, the robust structural framework of phos-
phate units assists facile ion intercalation/de-intercalation 
versus Li and high stability even after 1000 cycles.
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Experimental method

In the present study, we employed sol–gel synthesis as 
an effective way to get a high-performance LVP-LVOP/C 
composite. To prepare vanadium-excess sample 0.04 mol 
of  NH4VO3,  (NH4)2H2PO4 and  LiCH3COO.2H2O were dis-
solved in 500 mL of distilled water under constant mag-
netic stirring at 80 °C. After 2 h citric acid was added, 
the molar ratios of Li:V:P:C6H8O7.H2O were (3.1:3:3:3), 
respectively. Then, the solution was continuously stirred 
and evaporated on a hot plate for 12 h, forming a gel, 
which was further dried in an air oven at 60 °C overnight. 
The obtained precursors were heated in an argon atmos-
phere at the desired temperatures of 300 °C to 900 °C for 
8 h at a 2 °C/min heating rate. For comparison, a pure 

phase sample was prepared (denoted as LVP/C-750 (pure)) 
with molar ratios of Li:V:P:C6H8O7.H2O (3.1:2:3:3) by the 
same procedure and sintered at 750 °C under argon. The 
obtained powders were used to prepare the slurry with a 
ratio of 8:1:1 (active material:SP:PVDF). The schematic 
diagram of the complete synthesis route is illustrated in 
Fig. 1 below.

Results and discussion

Figure  2a shows the comparison of X-ray diffraction 
(XRD) patterns of pure phase LVP/C-750 and V-excess 
LVP-LVOP/C composite. The diffraction peaks of LVP/
C-750 (pure) can be indexed to single-phase crystalline 

Fig. 1  Schematic of sol–gel 
synthesis route for LVP-
LVOP/C materials

Fig. 2  (a) XRD patterns of LVP-LVOP/C powder samples heated at 720 °C, 800 °C, 900 °C and pure phase sample (LVP/C-750 °C) (b) TGA 
and DTA curves of the (V-excess) as-synthesized sample in both air and argon atmosphere
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monoclinic  Li3V2(PO4)3 (P21/n, JCPDS No. 01–072-
7074). However, the XRD patterns of LVP-LVOP/C com-
posites illustrate the growth of a highly crystalline phase. 
The as-synthesized and low sintering temperature samples 
are a mixture of  Li3PO4 and an amorphous phase, which 
can be regarded as vanadium phosphorous oxide shown 
in Fig. (S1). Most of the peaks can be indexed to the dif-
fraction patterns of monoclinic  Li3V2(PO4)3 phase (P21/n, 
JCPDS No. 01–072-7074) for the samples prepared (from 
720 to 900 °C) under an argon atmosphere. These samples 

show sharp and intense diffraction peaks positioned at 
20.67, 24.36, 47.3, 47.8, and 23.1 with corresponding 
indices of (020), (121), (420), (403), and (120) ascribed 
to the existence of  Li3V2(PO4)3 as the major phase. With 
the increase of sintering temperature, the intensities of 
the characteristic peaks become stronger[39]. However, 
the XRD pattern shows some low-intensity peaks (marked 
by the star) that cannot be indexed to  Li3V2(PO4)3 phase. 
These diffraction peaks coincide well with the standard 
diffraction pattern of the  LiVOPO4 phase (P21/n, JCPDS 
No. 72–2253), illustrating the possible minor phase, which 
was further confirmed by transmission electron micro-
scope (TEM). Also, there are some peaks of  V2O3 marked 
by solid diamond, which was grown due to excess vana-
dium. So, the samples were characterized to be the mono-
clinic LVP  (Li3V2(PO4)3) as the major phase and triclinic 
 LiVOPO4 as the minor phase and some impurity peaks of 
 V2O3. Based on the XRD results, the relative proportion of 
each phase in the composite LVP-LVOP/C was calculated 

Table 1  Relative proportion of each phase in the composite LVP-
LVOP/C

Mass content (%)

Sample (LVP-
LVOP/C)

Li3V2(PO4)3 LiVOPO4 V2O3

800 °C 87.3% 7.7%  ~ 5%
900 °C 86.0% 9.0%  ~ 5%

Fig. 3  Surface morphology of 
LVP-LVOP/C powders sintered 
at various temperatures. (a) 
As-synthesized, (b) 720 °C, 
(d) 800 °C, (e) 900 °C, and (c) 
pure phase sample (LVP/C-
750 °C) for 8 h. The panel (f) 
shows surface morphology and 
corresponding (g) P, (h) C, (i) 
V, EDX elemental mapping of 
powder sintered at 800 °C
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with the WPS module in jade software, and the results are 
listed in Table 1.

According to the refined phase amounts and their 
theoretical capacity values (which is 133 mAh  g−1 for 
 Li3V2(PO4)3 and 166 mAh  g−1 for  LiVOPO4), the theoreti-
cal capacity of the composite was calculated by taking the 
contribution of each phase based on its relative percentage 
in the composite, which is to be 137 mAh  g−1. Also, the 
carbon content in the composite was not deducted.

TG curves of the (V-excess) as-synthesized sample in the 
air (dotted line) and argon (solid line) atmosphere are shown 
in Fig. 2b. It can be divided into three distinct regions. The 
weight loss is almost the same in the first two regions for 
both air and argon atmosphere. The initial weight loss with 
temperatures from 25 to 170 °C should be attributed to the 
physical and chemical evaporation of water in both air and 
argon atmosphere. The second stage between temperature 
170 and 450 °C with 40% weight loss indicates the pyrolysis 
of  NH4VO3,  (NH4)2H2PO4, and citric acid within the pre-
cursor. It is also represented by the exothermic peak near 
300 °C of the DTA curve in the air atmosphere. The third 
stage is beyond 450 up to 700 °C, and there is 8% extra 
weight loss in air atmosphere compared to argon atmos-
phere, corresponding to the emission of  CO2, represented 
by the exothermic peak near 500 °C in DTA curve of air 
atmosphere. The sample melts and goes black after heating 
above a temperature of 700 °C in the air atmosphere [40]. 
However, the sample heated in argon atmosphere showing 
the crystallization of  Li3V2(PO4)3-LVOPO4 between 600 and 
900 °C, and after 900 °C material decomposes. Therefore, 

based on the above analysis, 720 °C, 800 °C, and 900 °C 
under argon atmosphere were determined as the sintering 
temperatures.

The samples were examined by SEM to observe the 
microstructure of the as-synthesized sample and the sam-
ples sintered at 720 to 900 °C in argon. The as-synthesized 
sample showed that the nanorod-type structure started to 
grow as shown in Fig. 3a. The nanorod-type surface mor-
phology can be seen clearly for the samples sintered at 720 
and 800 °C. However, the crystal is under transition state 
for sample sintered at 720 °C, as the particles are not fully 
dispersed, and the interface between the particles is vague 
as shown in Fig. 3b. However, the nanorod-type particles 
of size 50–100 nm that are dispersed on the surface of the 
sample sintered at 800 °C (LVP-LVOP/C-800) can be seen 
in Fig. 3d. Also, the morphology of secondary particles of 
size 1–3 µm was irregular for the sample. The significant 
aggregation occurred between the particles due to the high 
calcination temperature of 900 °C shown in Fig. 3e, which 
can be ascribed to the low value of residual carbon content. 
The length of most of the nanorods for the sample LVP-
LVOP/C-800 is about 50–100 nm. These nanorods make the 
electrical conductivity better and the impedance of samples 
lower. In contrast, the non-uniform rod-like morphology 
with length of 0.5–2 µm and thickness of 100–300 nm can 
be seen for pure phase sample LVP/C-750 C in Fig. 3c. The 
length and thickness of rods increased due to high ratio of 
citric acid to vanadium (which is 1.5:1 for LVP/C-750 C 
and 1:1 for other samples). In order to identify the elemental 
distribution and composition of LVP-LVOP/C-800, energy 

Fig. 4  (a) HRTEM surface image; (d), (e) SAED patterns of area red circled in the image; (b), (c) LVP–LVOP/C powders sintered at 800 °C
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dispersive X-ray spectroscopy (EDX) mapping analysis was 
performed. The uniform distribution of elements P, C, and 
V is clearly evident in the sample shown in Fig. 3f–i [39].

Figure 4a shows the HRTEM image of LVP-LVOP/C 
composite sintered at 800 °C. The two types of lattice fringes 
corresponding to LVOP and LVP were determined to coexist 
in the composites. The interplanar spacing of 2.60 Å cor-
responds to (− 212) lattice planes of triclinic LVOP, and the 
other d-spacing value of 3.71 Å to the (121) lattice fringes 
of monoclinic LVP. HRTEM images give us a clear evidence 
of the coexistence of the two phases, LVOP and LVP, creat-
ing a two-phase structure. In the SAED patterns shown in 
Fig. 4d, e, of area red circled in Fig. 4b, c of the powders, the 
d-spacing values were found to match the planes of mono-
clinic  Li3V2(PO4)3 confirming the major phase. The carbon 
layer derived from citric acid, indicated by yellow dotted 
line as shown in Fig. 4c, is uniformly coated on the surface 
of the material in the order of nanometer range.

Since XPS is the surface-sensitive technique and it can 
penetrate only into a depth of around 5 nm, the information 

of the surface elements is mainly revealed by XPS. The 
type of surface carbon was analyzed by XPS. In Fig. 5a, b, 
the peaks at 284.6, and 285.8 eV were assigned to the  sp3 
carbon (C–C), and C–O/C = O bonds for the samples LVP-
LVOP/C-800 and pure phase LVP/C-750, respectively. The 
presence of the small carboxyl group (–O–C = O) peak at 
288.5 eV describes the incomplete decomposition of citric 
acid. The valence states of the vanadium for the samples 
LVP-LVOP/C-800 and pure phase LVP/C-750 were also 
analyzed by the XPS test; the results are also shown in 
Fig. 5c, d below. The results reveal that the valence states 
of V in the external surface area of the sample are + 4 
and + 3, respectively. Also, the sample with excess vana-
dium showed slight decrease in V2p binding energy of 
vanadium compared to V2p binding energy in pure phase 
sample.

Figure  6a compares the initial charge and discharge 
curves for the LVP-LVOP/C and pure phase LVP/C-750 
cathode materials in the range of 2.8 to 4.3 V. Three pla-
teaus observed during the charging process at 3.61, 3.70, 

Fig. 5  C1s and V2p XPS spectra and fitting results at (a) 800 °C (b) 750 °C (pure) and (c) 800 °C (d) 750 °C(pure), respectively
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and 4.10 V, corresponding to the extraction of lithium ions 
from the cathode. Plateaus appearing during discharge at 
4.05, 3.65, and 3.57 represent the insertion of lithium ions 
in the cathode. The LVP-LVOP/C-800 showed the highest 
discharge capacity of 140 mAh  g−1 at 0.2 C, higher than 
720 °C, 900 °C, and the pure phase LVP/C-750 powders. 
The sample sintered at 900 °C showed the lowest discharge 
capacity due to serious aggregation of particles to form large 
composite particles resulting in long diffusion paths for Li-
ions and insufficient carbon content, which negatively affects 
the electrochemical performance by inhibiting the interca-
lation and de-intercalation of Li-ions. Figure 6b shows the 
cycling performance of the four samples at 0.5 C for 100 
cycles. It is important to note that the 100-cycle stability 
of the LVP/C-800 material was the best. This best perfor-
mance can be explained by the fact that, at lower tempera-
ture, crystallinity was not good, and the material was not 
fully dispersed. However, with the increase in temperature, 

the crystallinity increased and dispersion improved, and the 
two factors reached a balance and the LVP-LVOP/C-800 
material exhibited the best cycling stability. With further 
increase in temperature though the crystallinity of the sam-
ple increased, residual carbon content decreased which 
affected the conductivity negatively for the sample sintered 
at 900 °C. EIS results for the LVP-LVOP/C and LVP/C-750 
batteries are shown in Fig. 6c. The diameter of the semicir-
cle of 720 °C and 800 °C is relatively smaller which corre-
sponds to significantly small charge transfer resistance (Rct) 
of LVP-LVOP/C to pure phase sample LVP/C-750. Though 
the sample sintered at 720 °C shows the lowest value of Rct 
≈ 120 Ω due to small particle size and relatively higher car-
bon content. However, the sample lacks in electrochemical 
performance compared to LVP-LVOP/C-800 (Rct ≈ 200 Ω), 
which might be due to low crystallinity, poor ionic mobility, 
and low stability as the material is under transition state. The 
LVP-LVOP/C-800 has higher ionic mobility and a larger 

Fig. 6  Comparison of initial charge and discharge curves at 0.2 C (a) cycle performance, (b) at 0.5 C, and (c) Nyquist plots of the LVP-LVOP/C 
and pure phase LVP/C-750 composite materials
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active surface area which lowers the resistance between 
the interfaces and promotes the diffusion of lithium-ions, 
thus reduce the charge transfer resistance and improve the 
exchange current density.

Figure 7a shows the first cycle charge/discharge profiles of 
LVP-LVOP/C-800 cathode material at various current densi-
ties from 0.2 to 5 C (where 1 C = 133.0 mAh  g−1) in the volt-
age range of 2.8–4.3 V. The first cycle profiles exhibit three 

Fig. 7  Initial charge/discharge curves at 0.2 C, 0.5 C, 1 C, 2 C, 5 C  
of LVP-LVOP/C-800 (a) comparison of rate capabilities of sample 
LVP-LVOP/C-800 with pure sample LVP/C-750 under different dis-
charge rates (b) cycle performance; (c) at 0.3 C, 0.5 C, 1 C, 2 C; (d) 

cyclic voltammetry curves of LVP-LVOP/C-800  °C composite for 
two cycles (e)  its Coulombic efficiency, and cycling stability after 
1050 cycles with 85% capacity retention at 1 C
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pairs of charge/discharge plateaus at 3.61/3.57, 3.7/3.65, and 
4.10/4.05 V, corresponding to reversible phase conversions 
during the electrochemical processes. The initial discharge 
capacity at the rate of 0.2 C is 140 mAh  g−1 (higher than the 
theoretical capacity 133.0 mAh  g−1 for  Li3V2(PO4)3. When 
the current rate is stepwise increased from 0.2 to 10 C, LVP-
LVOP/C-800 preserves stable capacities during the entire 
process shown in (Fig. 7b), thus demonstrating excellent 
high-rate capability. Figure 7b also shows the comparison 
of rate capability of LVP-LVOP/C-800 with pure sample 
LVP/C-750. It can be seen that LVP/C-750 shows reasonable 
rate performance; however, its specific capacity and cycling 
stability are relatively poor. The sample LVP-LVOP/C-800 
exhibited excellent cycling stability with a capacity retention 
of 93%, 89%, 85%, 75%, and 65% after 300, 550, 1050, 500, 
and 650 cycles at discharge rates of 0.3 C, 0.5 C, 1 C, 2 C, 
and 5 C, respectively, as shown in Fig. 7c. The cyclic vol-
tammetry (CV) technique was performed to further under-
stand the electrochemical insertion/de-insertion processes of 
Li-ions and determine the reason for the enhanced electro-
chemical property of sample LVP-LVOP/C-800. Figure 7d 
shows the CV curve of LVP-LVOP/C-800 at the scan rate of 
0.1 mV  s−1 in the voltage range of 2.8 to 4.3 V (vs. Li/Li+). 
The oxidation and reduction peaks seem to appear in such 
a way that the superimposition of the peaks of  Li3V2(PO4)3 
and  LiVOPO4 materials occurred. Two redox-regions with 
the average voltages of 3.8 V and 4.1 V correspond to the 
 VIV/VIII redox reactions, owing to intercalation and de-
intercalation of two Li ions in voltage region 2.8–4.3 V. 
The small voltage difference in cathodic and anodic peaks 
corresponds to its excellent electrochemical behavior. The 
sample exhibited excellent cycling stability with 85% capac-
ity retention after 1050 cycles at the current rate of 1 C and 
Coulombic efficiency approximately equal to 100% as shown 
in Fig. 7e.

Conclusions

The V-excess LVP-LVOP/C composite powder samples 
were successfully synthesized by a combination of non-
stoichiometric composition design and simple sol–gel 
route processing. The XRD results showed the forma-
tion of two-phase composite material with  Li3V2(PO4)3 
and  LiVOPO4 as the major and minor phases, respec-
tively, which was further verified by TEM results. The 
well-dispersed dual-phase LVP-LVOP/C-800 exhibited 
improved electrochemical performances even higher than 
pure phase LVP/C-750, which might be ascribed to the 
synergy between phosphate and oxyphosphate contribut-
ing to ionic mobility and enhanced capacity, respectively. 
The SEM results indicated that nanorod-type morphology 
was observed for the samples heated at relatively lower 

sintering temperatures which resulted in low charge trans-
fer resistance and high electronic conductivity. However, 
with the increase in the sintering temperature, the particle 
size of the LVP-LVOP/C material continuously increased 
and the agglomeration of the particles occurred resulting 
in longer Li-ion diffusion paths. For the sample sintered at 
an optimized temperature of 800 °C, the best electrochem-
ical property with the highest initial discharge capacity 
that reached 140 mAh  g−1 (even higher than the theoreti-
cal capacity of  Li3V2(PO4)3, 133 mAh/g) in the voltage 
range of 2.8 to 4.3 V and capacity retention of 93% (with 
130 mAh  g−1 discharge capacity) after 300 cycles were 
achieved. In addition, the excellent cycling stability with 
a capacity retention of 85% at a high discharge rate of 1 
C after 1050 cycles was retained. Hence, the controlled 
non-stoichiometry with excess vanadium has been demon-
strated to improve the electrochemical performance with 
enhanced capacity due to the contribution of  LiVOPO4 to 
the capacity. The excess vanadium has been confirmed to 
locate in the composite to form the  LiVOPO4 phase and 
can accommodate more  Li+ ions by offering more vacan-
cies for Li storage during the charge/discharge processes. 
Together with low charge transfer resistance, special mor-
phology, and improved electronic and ionic conductivity, 
the V-excess dual-phase composite LVP-LVOP/C-800 has 
shown much improved electrochemical performance and 
can serve as an outstanding candidate to be applied to high 
power applications.
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