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Abstract
A  V6O13 micro-flower was synthesized via a facial hydrothermal method using ammonium metavanadate and oxalic acid 
dihydrate and combined with subsequent heat treatment. The effects of oxalic acid concentration and subsequent calcination 
temperature on the crystallinity and microstructure of  V6O13 are discussed in detail. We have compared these data to deter-
mine the optimal amount of reducing agent and calcination temperature and futher explored the electrochemical properties of 
cathode materials. The results show that the concentration of oxalic acid and calcination temperature has a great influence on 
the morphology and crystallinity. When paired with Li anode,  V6O13 cathode exhibits excellent electrochemical performance 
that the initial specific capacity is 376.7 mA  g−1 and the capacity retention of 48.3% after 100 cycles at the current density 
of 100 mA  g−1. This work provides some references for the development of high-performance lithium-ion battery cathodes.
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Introduction

Nowadays, there is a significant demand for rechargeable 
batteries with reversible and efficient electrochemical energy 
storage and conversion in the field of large-scale power stor-
age in portable electronic consumer devices, electric vehi-
cles, and smart grids [1]. Lithium-ion rechargeable battery 
has attracted much attention because of its large capacity, 
high power, and long cycle life. At the same time, it can 
also store clean energy from solar energy, wind energy, and 
so on [2, 3].

The metal lithium was taken as the negative electrode, for 
its very low electrode potential (− 3.04 V, vs. standard hydro-
gen electrode) and a high specific capacity (3860 mAh  g−1) 
[4]. If a suitable positive electrode material that can accom-
modate lithium-ions can be found, obtaining a rechargeable 
lithium-ion battery with ideal voltage and energy density 
will be promising. At present, the commercial cathode 
materials mainly include  LiCoO2,  LiNixCoyMnzO2(NCM), 
 LiNixCoyAlzO2 (NCA),  LiMn2O4, and  LiFePO4. The capac-
ity of these materials is generally lower than 250 mAh  g−1, 

which is far lower than that of cathode materials [5]. Hence, 
the research on high-capacity and high-performance cath-
ode materials is absolutely significant for the development of 
lithium-ion batteries. The large interlayer of cathode material 
spacing provides sufficient space and smooth channels for the 
insertion and removal of lithium ions, which can significantly 
improve the movement (electrode dynamics) of lithium ions 
in the lattice, so as to improve the diffusion rate of lithium 
ions [6–8]. In recent years, vanadium oxides  (VO2,  V2O5, 
 V6O13, etc.) have attracted more and more attention, which 
are also considered a potential cathode material for reversible  
lithium-ion batteries due to their layered structure and high 
theoretical capacity [9, 10]. Among them, the  V6O13 mixed-
valence state  (V4+:V5+  = 2:1) presents metal properties  
at room temperature and possesses the properties of high 
conductivity. In the redox process of  V6O13, there are four 
cavities in each unit of  V6O13 between single layer and dou-
ble layer, which will accommodate up to 8 mol of lithium 
ions, with a theoretical capacity of 420 mAh  g−1, theoretical 
specific energy of 900 Wh/kg and a working voltage of more 
than 1.5 V [11–13]. This unique layered structure and cavity 
in a specific direction make  V6O13 a promising cathode mate-
rial for high-performance lithium-ion batteries. Although 
there have been many reports on the successful synthesis of 
 V6O13, its theoretical capacity is still far below the theoreti-
cal capacity [14–16]. Therefore, it is meaningful to optimize 

 * Zhengguang Zou 
 zouzgglut@163.com

1 College of Materials Science and Engineering, Guilin 
University of Technology, Guilin, China

/ Published online: 17 March 2022

Journal of Solid State Electrochemistry (2022) 26:1175–1183

http://orcid.org/0000-0003-4277-9799
http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05151-9&domain=pdf


1 3

the experimental parameters to improve the purity of  V6O13, 
which will significantly contribute to the actual capacity get-
ting closer to the theoretical capacity.

There are many methods for the synthesis of  V6O13, such 
as solid phase method, hydrothermal method, and sol–gel 
method.  V6O13 cathode material was synthesized by hydro-
thermal method in this experiment. The previous work of 
our research group has proved that  V6O13 synthesized by the 
hydrothermal method has better electrochemical performance, 
higher purity, and its morphology is more conducive to the 
intercalation of ions and the combination of conductive mate-
rials [17]. The parameters in the hydrothermal process have 
a great impact on the crystal form, morphology, and particle 
size of the products [18]. The calcination process will affect 
the particle size and tend to obtain a more ideal crystal struc-
ture. Consequently, not only the degree of cation mixing can 
be reduced, but also the products with required characteristics 
can be prepared, and the structure and electrochemical stabil-
ity of cathode materials can be improved by controlling these 
factors. Li et al. [19] synthesized and calcined  MoOx nano-
particles as lithium-ion battery electrode materials at 600 °C, 
700 °C, and 800 °C, respectively, in argon environment. 
According to BET analysis, the surface area increases from 
96.1 to 259.3  m2  g−1 with the increase of calcination tempera-
ture, and the pore volume first increases and then decreases 
with the increase of calcination temperature. Seh-Yoon Lim 
[20] synthesized urchin-type hollow porous–structured  VO2 
cathode material by controlling hydrothermal reaction time 
and calcination time, which proved that nucleation growth 
would affect the morphology and pore volume of nanorods. 
After hydrothermal reaction for 24 h and holding at 200 °C for 
24 h, micelle-free nanorods were formed to aggregate urchin-
type hollow porous  VO2 (B) structure. At 3C current density, 
the initial discharge specific capacity was 272 mAh  g−1, and 
the discharge specific capacity was 248 mAh  g−1 after 200 
cycles. Hayder A. Abbood et al. [1] synthesized the fabrica-
tion of cross-like  NH4V4O10 nanobelt array by hydrothermal 
method and investigated the effects of CMC concentration, 
pH value, and temperature on  NH4V4O10. The results show 
that the pH value in the reaction medium plays an important 
role in the morphology of the product. Through TGA analy-
sis, the temperature affects the crystal growth, and the forma-
tion of mixed-valence state of vanadium atoms calcined at 
400 °C is more conducive. He et al. [2] explored the effect of 
hydrothermal time on the product structure and grew a three-
dimensional interconnected  V6O13 nest structure on carbon 
cloth. The analysis shows that the optimum condition is a 
hydrothermal reaction at 160 °C for 5 h. Since the optimiza-
tion of experimental parameters to improve the electrochemi-
cal properties of materials is an effective method, the above 
experiments are crucial to explore and optimize experimental 
parameters and synthesize cathode materials with better elec-
trochemical performance.

Our current target is to synthesize high specific capacity 
 V6O13 cathode material with better crystal structure through 
the adjustment of the oxalic acid concentration and calci-
nation temperature by hydrothermal method. Previously, 
 V6O13 was synthesized by solvothermal method, hydrother-
mal method, and solid-phase method. However, according 
to XRD analysis, most samples contain a small amount of 
impurities such as  VO2 and  V2O5. Therefore, it is still a 
challenge to separate the mixed-valence single-phase com-
positions and explore the electrochemical properties of pure 
phase  V6O13 by formulating an elaborate synthesis protocol 
[18].

Experimental section

Synthesis of  V6O13

Ammonium vanadate  (NH4VO3, Aladdin, 99.9%) and oxalic 
acid dihydrate  (C2H2O4·2H2O, Xilongs Science, AR) were 
used as raw materials, which were analytically pure.  V6O13 
nano-architectures were synthesized by hydrothermal syn-
thesis. A total of 0.8 g ammonium vanadate powder was 
added to 45 mL deionized water with a certain proportion of 
oxalic acid dihydrate. The solution was agitated constantly 
at room temperature for 2 h to form a green liquid. Next, the 
above solution was mixed evenly and was transferred it to  
a 63 mL of Teflon-lined autoclave for treatment at 160 °C for  
24 h. After the reaction, wait for the auto-claves to cool down  
to an ambient temperature naturally and wash the precipitate 
with deionized water 3 times. The precipitate was pre-frozen 
for 3 h and then freeze-dried at − 40 °C for 24 h. After the 
dried sample was ground evenly, the samples placed in a 
BEQ BTF-1200C-S tube furnace and were annealed under 
 N2 for 1 h (gas flow rate: 13–14 L/min). Sequently, the sam-
ples were heated to a certain temperature at 3 °C/min, and 
we could obtain the  V6O13 micro-flowers after the powder 
cooled down to an ambient temperature naturally. The sam-
ples were numbered V1, V2, V3, and V4 according to the 
molar ratios of ammonium vanadate and oxalic acid dihy-
drate which are 1/1, 4/5, 8/11, and 2/3.

Material characterization

X'pert pro X-ray diffractometer (XRD) produced by PAN-
alytical was used to analyze the phase and determine the 
crystallinity of the material. S-4800 field emission scanning 
electron microscope (FESEM) was carried out by Hitachi 
and was used to analyze the morphology of the samples 
synthesized with different parameters. The microstruc-
ture and morphology of  V6O13 samples were analyzed 
by Philips JEM-2100F transmission electron microscope 
(TEM) and HRTEM. ESCALAB 250Xi X-ray photoelectron 
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spectroscopy (XPS) produced by Thermo Electron Corpora-
tion was used to analyze the molecular structure and elemen-
tal valence.

Electrochemical characterization

CR2025 coin-type cell was used to test the electrochemical  
properties of the prepared materials. According to the mass  
ratio of 7:2:1, the active substance  (V6O13 sample),  
battery grade acetylene carbon black, and binder (PVDF, AR) 
were added into the agate mortar; afterwards, the above sub-
stance was dissolved in an appropriate amount of N-methyl-
2-pyrrolidone (NMP, AR) solvent and ground evenly. The 
mixed slurry was coated on the aluminum foil (thickness 
150 µm), dried in an oven at 60 °C for 2 h, and then vacuum- 
dried at 90 °C for 12 h. The precision disc punching machine 
cuts the pole piece into circular electrode with a diameter 
of 16 mm as the positive electrode of the battery. CR2025 
coin cell was assembled in a MIKROUNA Super glove box  
filled with high-purity argon (≥ 99.999%), taking com-
mercial lithium sheet as the negative electrode, polyethyl-
ene microporous membrane as the diaphragm, and 1.0 M 
LiPF6 (EC:DMC = 3:7 vol%) as electrolyte. The charge 
and discharge performance of the battery was tested by the 
NEWARE CT-5 V-10 mA Battery Testing System at 25 °C. 
The electrochemical measurements and the electrochemical 
impedance spectroscope (EIS) were tested by CHI860D elec-
trochemical workstation (scanning speed 0.1 mV  s−1; scan-
ning range 1.5–4.0 V).

Results and analysis

Figure 1 is the XRD spectrum of the powder prepared by dif-
ferent molar ratios of ammonium vanadate and oxalic acid 
dihydrate at the calcination temperature of 350 °C. Compared 
with the standard card of  V6O13 (PDF # 89–0100), the V3 
sample had almost no impurity peak, and a purer  V6O13 phase 
was obtained. The reduction process of the whole system can 
be considered  NH4VO3 →  NH4V4O10 →  V6O13 →  3VO2. The 
powder mainly presented  NH4V4O10 phase  (V4+:V5+  = 1:2), 
when the oxalic acid concentration is low. With the increase 
of oxalic acid dosage,  V5+ was gradually over reduced to 
 V4+, and  NH4V4O10 phase was gradually converted to  V6O13 
phase. When the molar ratio was 8:11, the crystal phase was 
mainly  V6O13 phase. When the molar ratio was higher than 
8:11,  NH4VO3 was overreduced and  VO2 phase began to 
appear, indicating that oxalic acid has been excessive at this 
time. We have experimented with more radio about the ratio 
between ammonium vanadate and oxalic acid dihydrate, the 
XRD spectrum as shown in Fig. S1.  NH4V4O10 phase had a 
strong diffraction peak at 9.7° and  V6O13 phase had a weak 

diffraction peak at 8.9°. With the increase of oxalic acid con-
centration, it can be obviously observed that the double peak 
become a single peak near 9° and the diffraction peak intensity 
decreased gradually. At the molar ratio of 8:11, the V3 sample 
was combined with a relatively pure  V6O13 phase, but it was 
still influenced by heterophase and needed further purification.

Figure 2 shows the SEM spectrum of the powder pre-
pared with different molar ratios of ammonium vanadate 
and oxalic acid dihydrate at the calcination temperature of 
350 °C. The sample shows the micro-flower morphology 
composed of nanoribbons. Vanadium source and reduc-
ing agent were dissolved into aqueous solution under stir-
ring conditions, and ammonium metavanadate was con-
verted into  VO2

+ under acidic conditions, and  VO2
+ was 

complexed with  C2O4
2− ions to form layered complex 

ions [(VO2)2(C2O4)3]2−. Under acidic conditions,  VO2
+ 

has strong reducibility and partially oxidized oxalic acid 
to form  VO2+. At 160 °C, the oxalic acid in the complex 
decomposed gradually with the increase of reaction time. 
Because of the Oswald ripening, the complex directional 
growth occurs, and “cluster nanobelts” are formed. After 
calcination, the “cluster nanobelts” further split to form a 
“like-flower structure” [21, 22]. With the increase of oxalic 
acid concentration, the size of the sample first decreased, 
then increased, and then decreased, and gradually formed a 
micro flower morphology.

However, the agglomeration of the sample became more 
serious with the decrease of particle size. The particles were 
obviously composed of several micro flowers, as shown in 
Fig. 2h. The size of nanoribbons became larger, and the 
micro flowers were more dispersed at the concentration ratio 
of ammonium vanadate to oxalic acid is 11:8, as shown in 

Fig. 1  X-ray diffraction pattern of as-synthesized powder as a func-
tion of oxalic acid concentration
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Fig. 2e and f. It can be seen that with the increase of oxalic 
acid concentration, the acidity and alkalinity of the reac-
tion environment changed, which have a great effect on the 
preferred orientation and morphology of the sample [6]. In 
addition, oxalic acid as reducing agent will also affect the 
purity of  V6O13. As analyzed by XRD, if the concentration 
was too low, the  NH4V4O10 will be formed, and if the con-
centration was too high, excessive reduction will lead to the 
formation of  VO2. Therefore, since the oxalic acid worked 
as reducing agent and morphology control agent, the control 
of its concentration was very important for the formation of 
samples.

The following tests and analyses were carried out under 
the condition that the molar ratio of ammonium vanadate 
to oxalic acid dihydrate was 8:11.  NH4V4O10 calcined at 
350 °C or above can decompose and release reducing gas 
ammonia, which led to pentavalent vanadium being reduced 
to a low valence state, and contribute to the formation of 
mixed valence  V6O13 micro-flower morphology [1, 14, 23]. 
Figure 3 is the XRD spectrum of the powder calcined at 
different temperatures. According to the analysis, the dif-
fraction rays of the three samples were in good agreement 
with the standard card by comparing with the standard card 
of  V6O13 (PDF#89–0100). With the increase of calcination 

Fig. 2  SEM of different con-
centration ratios of ammonium 
vanadate and oxalic acid at 
350 °C. a, b V1: 1/1; c, d 
V2:4/5; e, f V3:8/11; and g, h 
V4:2/3
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temperature, the diffraction peak corresponding to the (110) 
crystal plane was sharp, indicating that the better crystallin-
ity is obtained. It can be clearly observed in the diffraction 

pattern that the diffraction peak at 26.8° became sharp with 
the increase of calcination temperature. The diffraction lines 
of the samples calcined at 400 °C and 450 °C are highly 
consistent with the standard card of  V6O13 (PDF#89–0100), 
indicating that  V6O13 is synthesized successfully.

Figure 4 is a SEM diagram of powders calcined at dif-
ferent temperatures. Figure 4a and b show the samples cal-
cined at 350 °C and micro-flowers with a diameter of about 
20 μm, which are composed of nanoribbons with a width 
of about 270 nm; Fig. 4c and d show samples calcined at 
400 °C and micro-flowers with a diameter of about 14 µm, 
which are composed of nanoribbons with a width of about 
120 nm. TEM images in Fig. 6a shows a clearer morphology. 
It can be seen that the width of an individual nanoribbons 
was 122 nm, which was consistent with the SEM analysis 
results; Fig. 4e and f show samples calcined at 450 °C and 
micro-flowers with a diameter of about 20 μm, which were 
composed of nanoribbons with a width of about 100 nm. 
With the increase of calcination temperature, the size of 
nanoribbons decreased gradually. However, the size was too 
small, leading to the agglomeration aggravates, since the 

Fig. 3  X-ray diffraction pattern of  V6O13 material as a function of 
calcination temperature

Fig. 4  SEM of as-synthesized 
powder at different calcination 
temperature. a, b 350 °C; c, d 
400 °C; and e, f 450 °C
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lithium-ion diffusion area reduces with the sharp increases 
of the size of particles. Therefore, it is not conducive to the 
electrochemical performance of  V6O13. In order to observe 
the specific surface area and porosity of the material, the 
specific surface areas and pore size of three representative 
samples were characterized by  N2 adsorption and desorp-
tion measurements and shown in Fig.  S2. The adsorp-
tion–desorption isotherm of  N2 was a typical IV isotherm 
with obvious hysteresis curve, indicating that  V6O13 cathode 
material had a meso-porous structure. With the increase of 
temperature, the specific surface area was 29.93  m2  g−1, 
34.12  m2  g−1, and 24.58  m2  g−1, respectively. It can be seen 
that the sample prepared at 400 °C has the largest specific 
surface area, and the high specific surface area can produce 
more lithium-embedded positions, which is conducive to the 
initial discharge capacity of the material closer to the theo-
retical value. The samples calcined at 400 °C had a regular 
arrangement, and small and dispersed micro-flower size not 
only shortens the distance of ion migration but also pro-
vides more redox reaction active sites. Therefore, it is judged 
that its electrochemical performance is the best [11, 24, 25]. 
Combined with SEM and BET results, we believe that the 
calcination temperature of 400 °C is the best experimental 
condition for the synthesis of  V6O13 cathode materials.

V6O13 is a substance with mixed valence state. Herein, 
XPS analysis was carried out to analyze the element compo-
sition and oxidation state of the powder. Figure 5 is the X-ray 
photoelectron spectroscopy (XPS) of the synthetic powder 
calcined at 400 °C. The main constituent elements of  V6O13 

are C, V, and O, as shown in Fig. 5a. The XPS spectrum 
of V2p is shown in Fig. 5b. The characteristic peaks with 
binding energies of 515.88 eV, 516.88 eV, 523.08 eV, and 
524.58 eV correspond to  V4+2p3/2,  V5+2p3/2,  V4+2p1/2, and 
 V5+2p1/2 respectively. This confirms that there are two dif-
ferent oxidation states of vanadium in the crystal structure of 
 V6O13 [2, 26, 27]. It is observed in Fig. 5b that the peak area 
of  V5+ was larger than that of  V4+. It may be that XPS mainly 
analyzed the element composition of the sample surface, and 
the test depth was shallow. The oxidation–reduction reaction 
tended to occur when the surface was in contact with the 
electrolyte, and  V5+ was easy to be reduced on the surface.

Figure 6 shows TEM and HRTEM image of  V6O13 cath-
ode material prepared at 400 °C. Consistent with the SEM 
results, there was a nanosheet morphology as shown in 
Fig. 6a. Besides, Fig. 6b shows the lattice fringes of  V6O13, 
and the lattice spacing of 0.35 nm corresponded to the (110) 
crystal plane of  V6O13. Moreover, the results are compatible 
with those in the references [27, 28].

CR2025 coin-type cells were assembled with metal lithium 
sheet as negative electrode, and the electrochemical perfor-
mance was tested which is shown in Fig. 7. The electrochemi-
cal impedance spectroscope of cathode materials prepared at 
different calcination temperatures is shown in Fig. 7a. The 
Warburg factor (σ) of the sample has been calculated, and  
the alternating current impedance (resistance) as well as 
lithium-ion diffusion coefficient (DLi) is shown in Table 1. 
The charge transfer resistances of the samples were 688.6Ω  
(350 °C), 628.8 Ω (400 °C), and 630.6 Ω (450 °C), respec- 

Fig. 5  a Overall elemental 
survey spectrum of  V6O13. b 
High-resolution XPS spectrum 
of vanadium in  V6O13

Fig. 6  a High-magnification 
image of  V6O13 microstructure. 
b HRTEM image
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tively.  V6O13 has metal properties at room temperature, so its 
charge transfer impedance was small [12].  Li+ intercalation of 
 VO6 octahedral lattice will lead to lattice distortion, resulting 
in the destruction of  V6O13 crystal in the cycle process, and 
poor cycle performance. Therefore, the smaller the resistance 
value is, the more stable the cycle performance of cathode 
material is. The lithium-ion diffusion coefficients of the sam-
ple are shown in Fig. 7b and Table 1, with the maximum at 
400 °C, the second at 350 °C, and the minimum at 450 °C. 
The results are consistent with the SEM images. It can be seen 
that the size of nanoribbons calcined at 450 °C was too small, 
and excessive agglomeration blocked the  Li+ diffusion chan-
nel, which was not conducive to the insertion and removal of 
 Li+. Figure 7c shows the CV curve of the sample calcined at 
400 °C which was acquired from an electrochemical worksta-
tion with a voltage between 1.5 and 4.0 V at a scanning rate 
of 0.1 mV  s−1. Two pairs of redox peaks can be observed, 
which is similar to other experimental results [25, 29, 30]. 
The second charge–discharge cycle curve is similar to the first 
one, with almost the same capacity, showing high reversible 
electrochemical properties, indicating that the sample calcined 
at 400 °C had good cycle stability.

The electrochemical performance of the three samples was 
further discussed through the cyclic test. The cyclic perfor-
mance and first charge–discharge curve under 100 mA  g−1 
current density and 1.5–4.0 V voltage range are shown in 
Fig. 7d and e. The initial discharge specific capacities of 

samples calcined at 350 °C, 400 °C, and 450 °C were 365.2 
mAh  g−1, 376.7 mAh  g−1, and 308.6 mAh  g−1 at 100 mA  g−1 
current density, respectively. The discharge specific capaci-
ties after 100 cycles were 137.6 mAh  g−1, 181.9 mAh  g−1, 
and 131.3 mAh  g−1 respectively, and the capacity retention  
rates were 37.6%, 48.3%, and 42.5%, respectively. The results 
show that the agglomeration of nanoribbons hinders the inter-
calation path of lithium ions, reduces the ions entering the 
lattice, and affects the specific discharge capacity of cathode 
materials. The internal resistance of the material itself is an 
important factor affecting the structural stability of the mate-
rial. Hence, the sample calcined at 400 °C with the minimum 
internal resistance has the best cyclic stability. In Fig. 7e, 
all samples have obvious voltage platforms. The difference 
between the charge and discharge voltage platforms of the 
samples calcined at 350 °C was large, indicating the serious  
material polarization and the energy heavy loss. It is consist- 

Fig. 7  a EIS impedance diagrams of samples and the insert shows the 
corresponding equivalent circuit. b The relation curves related to Z’ 
vs. ω−1/2. c CV results for a cathode in a coin-type cell calcination at 
400 ℃. d Galvanostatic cyclic performances and corresponding cou-

lombic efficiencies of samples measured at 100 mA  g−1. e Discharge/
charge profile of samples. f Rate capability performances of the  V6O13 
calcination at 400 °C

Table 1  Resistance, σ and DLi values for different calcination tem-
perature

Temperature 
(°C)

Resistance (Ω) σ DLi  (cm2  s−1)

350 688.6 39.216 1.05 ×  10−14

400 628.8 34.398 1.37 ×  10−14

450 630.6 59.535 0.46 ×  10−14
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ent with the results of the cycle performance diagram. The 
results show that a series of phase transitions occurs when 
lithium ions were intercalated/deintercalated from the crystal  
structure, resulting in chemical and structural changes. We  
disassembled the battery after 100 cycles, explored the struc- 
ture changes of the cathode material calcinated at 400 °C 
after the cycle, and conducted SEM test as shown in Fig. S3. 
It is obvious that the material morphology after the cycle 
was seriously damaged, and many nanoribbons were crushed 
and split, by comparing the morphology before and after the  
cycle. To study the electrochemical performance of the 
material better, we studied the rate performance of the sam-
ple under the cyclic test current density of 100 mA  g−1, 
300 mA  g−1, 500 mA  g−1, 800 mA  g−1, and 1000 mA  g−1 
in the voltage range of 1.5–4.0 V, as shown in Fig. 7f. As 
the current density increased from 100 to 1000 mA  g−1, 
the discharge specific capacity decreased from 362 to 104 
mAh  g−1, the current density returned to 100 mAh  g−1, and 
the discharge specific capacity increased to 290 mAh  g−1. 
Because the layered vanadium oxides are composed of  VOx 
layers with weak intermolecular force interactions, frequent 
lithium-ion insertion/deinsertion easy causes volume change, 
structural damage, and collapse, resulting in rapid capacity 
attenuation [31].

A brief comparison of this work with some already reported 
work on  V6O13 for LIB cathode. This has improved many per-
formances than previously reported  V6O13 cathode materials, 
as summarized in Table S1.

Conclusions

In this work, we synthesized the micro-flower-like  V6O13 cath-
ode material composed of nanoribbons by simple hydrother-
mal method. It is demonstrated that oxalic acid concentration 
and calcination temperature are two crucial factors for the syn-
thesis of  V6O13 micro-flower with high crystallinity. Under the 
optimal conditions of a molar ratio of ammonium metavana-
date and oxalic acid of 8:11 and a calcination temperature of 
400 °C, the  V6O13 micro-flower had higher crystallinity and 
lower specific surface area, which provided more active sites. 
Based on the above advantages, the  V6O13 cathode achieves 
the best electrochemical performance. When the current den-
sity was 100 mA  g−1, the initial discharge specific capacity 
was 376.7 mAh  g−1, and the capacity retention rate could reach 
48.3% after 100 cycles. This work provides an insight for the 
development of high-performance lithium-ion battery.
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