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Flower-like NaxV6O13 samples (x=0~0.535) are fabricated via a typical hydrothermal method followed 

by annealed process at 350°C for 1h in argon atmosphere. The phase structure, chemical composition, 

morphology and element valence of prepared samples are characterized by XRD, XPS, FESEM and 

EDS. The electrochemical properties of prepared samples are measured by CV, EIS and charge-

discharge analyses. These results demonstrates that the enhancement of electrochemical reversibility in 

Na-doped V6O13 cathode materials are attributed to its high total conductivity, low charge transfer 

resistance and better electrochemical reversibility. In addition, both crystal domain size and the lithium 

diffusion coefficient of the Na-doped V6O13 samples are influenced by the added amount of NaNO3. 

When the doped molar ratio of Na
+
 to V6O13 is 0.321/1, the product presents hierarchical flower-like 

microsphere morphologies, which is assembled by interconnected nanorods. It demonstrates the best 

electrochemical performance with initial discharge capacity of 422.47mA·h/g. After 100cycles, the 

discharge capacity and capacity retention of Na0.321V6O13 are 215.30mA·h/g
 
and 51% respectively.  
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1. INTRODUCTION 

Continuous development of large-scale storage applications is highly demanded for energy 

storage technologies. In particular, the high-performance lithium-ion batteries (LIBs) is one of the 

most promising battery technologies [1-3]. As for the ideal LIBs, it possesses excellent electrochemical 

performance, and the cathode materials plays a significant role in terms of electrochemical 

performance. And the corresponding battery electrode materials should simultaneously provide high-

energy density, high-rate capability and low self-discharge energy density [4]. 

The previous researches have reported various typical cathode materials [5-8], such as LiCoO2, 

LiNiO2, LiMnO2, LiFePO4, etc. More importantly, these materials have made great success in 

commercialization [9, 10]. However, fabrication of the ideal electrodes still face with great challenges, 

http://www.electrochemsci.org/
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and cathode materials still limit the further development of the rechargeable LIBs [11, 12]. For 

example, rechargeable LIBs assembled from these cathode materials possess low discharge capacity 

(less than 150mA·h/g) due to their low theoretical specific capacity. 

Recently, vanadium oxide-based materials has been founded to be a kind of promising 

candidate in the cathode materials of rechargeable LIBs due to stable layer structure, multiple 

vanadium oxidation states, high specific capacity and widely availability [13-15]. A variety of 

vanadium oxide-based materials [16] have been synthesized in previous literatures, including V2O5, 

V6O13, V3O7, VO2, and so on. Among these vanadium oxide-based materials, V6O13 has attracted 

attention on account of its high rate capability, good reversible capacity, small volume expansion, low 

cost and safe lithiation potential. The theoretical specific capacity of V6O13 reaches up to 420mA·h/g 

[17, 18] and 8mol lithium ions can be embedded in the internal structure of 1mol V6O13. However, it is 

difficult to prepare V6O13 owing to valence fluctuation of vanadium in V6O13 between +4 and +5. In 

addition, poor cycling performance, decayed discharge plateau and unsteady structure of V6O13 have 

become serious obstacles when it is used as cathode materials of rechargeable LIBs [19]. In order to 

solve the problems mentioned above about V6O13 cathode materials, an important approach to enhance 

the electrochemical properties of V6O13 is via the substitution of vanadium-ion or vacancy with other 

cations. 

It is confirmed that electrochemical performance of V6O13 electrode materials has improved 

when Cations (such as Ag
+
, Mn

2+
 and Ti

4+
) are used as typical dopant in V6O13. As for doped ions, the 

doped position and reaction mechanism in the V6O13 structure can be classified into three types [20]. 

The first kind of cations is Ag
+
 or K

+
, which can replace vacancies. The second cations is variable 

valence ions such as Mn
2+

 or Cr
3+

, which can carry out replacement of V
4+

/V
5+

. The third cations is 

stable valence ion (Cu
2+

 or Ti
4+

), which can also replace V
4+

/V
5+

. On the one hand, Na
+ 

and Li
+ 

are 

both first main group elements in the periodic table and display similar physicochemical property. 

Therefore, Na
+ 

can occupy the positon of lithium-ion vacancy and form LixV6O13 [21]. On the other 

hand, sodium is also one of the good conductive fillers, which can improve electrochemical 

performance of electrodes (Na1+xV2O5 and Na1+xV3O8) [22, 23]. However, it is rarely been reported 

about the effect of Na-ion doping on the structure and electrochemical performance of V6O13. 

In this work, Na
+
-doped V6O13 are fabricated via a typical hydrothermal method followed by 

annealed process at 350°C for 1h in argon atmosphere. The phase structure, chemical composition, 

morphology and element valence of the as-prepared samples are characterized by XRD, XPS, FESEM 

and EDS. And the electrochemical properties are measured by CV, EIS and charge-discharge analyses. 

Finally, the comparative experiment is also performed to investigate the effect mechanism for the 

electrochemical performance of Na-doped V6O13 electrode materials.    

 

2. EXPERIMENTAL 

2.1. Synthesis of Na doping V6O13 

Na-doped V6O13 compounds is synthesized by a typical hydrothermal method followed by 

heated at 350°C about 1h. All reagents are analytical grade with no need for any purification. In a 

typical procedure of synthesis, 1.25g of crystalline C2H2O4·2H2O powder and 0.4g of crystalline V2O5 
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powder are dispersed in 20mL of ultrapure water. The mixtures are constantly stirred at 80°C for 5min. 

When the mixtures is cooled down to room temperature naturally, (VO)(C2O4) solution is obtained 

after filtered. 

After that, a certain amount of crystalline NaNO3 powder (Table 1) is dissolved in 15mL of 

ultrapure water. Then 15mL NaNO3 solution, 20mL (VO)(C2O4) solution and 3mL H2O2 solution 

(30%) are transferred into a 100mL autoclave. And the autoclave is kept in an oven at 160°C for 24h. 

When the hydrothermal reaction is finished, the gained V6O13 precursor is dried at -50°C for 24h. And 

the V6O13 precursor is heated at rate of 3°C /min up to 350°C and kept for 1h in nitrogen atmosphere. 

Finally, the Na-doped V6O13 samples are collected. The two main chemical reaction equations are as 

follows:  

V2O5 + 3H2C2O4·2H2O → 2[(VO)(C2O4)] + 2CO2↑
 
+ 9H2O     

6(VO)(C2O4) + H2O2 + XNa
+
 → NaxV6O13 + H2O +12CO2↑ 

 

Table 1. Sample designations from doping different amount of crystalline NaNO3 powder in V6O13 

 

Sample designations Sample proportion NaNO3/g 

VO V6O13 0 

0.107VO Na0.107 : V6O13 0.01 

0.214VO Na0.214 : V6O13 0.02 

0.321VO Na0.321 : V6O13 0.03 

0.428VO Na0.428 : V6O13 0.04 

0.535VO Na0.535 : V6O13 0.05 

 

2.2. Characterization  

X-ray diffraction (XRD) patterns are obtained on a Philips X’pert Pro diffractometer used 

Cu/Kα radiation source (λ=0.15406nm) at the scanned rate of 6°/min in the 2Ɵ range from 10 to 80. 

X-ray photoelectron spectroscopy (XPS) analysis is carried out via an ESCALAB 250Xi spectrometer 

equipped with a multichannel detector. The spectra is excited by Al/Kα (1486.6eV) X-ray source of a 

twin anode and calibrated to the binding energy of the C 1s peak at 284.8eV in the constant analyzer 

energy mode with a base pressure of 10
-8

Pa. The images of Field emission scanning electron 

microscopy (FESEM) are photographed by Hitachi S-4800 field emission scanning electron 

microscopy. Energy dispersive spectrometer (EDS, INCA IE 350 Oxford Instruments) is used to 

analyze component of the samples. 

 

2.3. Electrochemical tests  

In order to prepare the working electrodes for the electrochemical measurements, two electrode 

coin-type cells (CR 2025) are assembled in a glove box protected by ultrahigh-purity argon. 70% 

NaxV6O13, 20% acetylene black and 10% polyvinylidene (PVDF) are dispersed in a proper amount of 

N-methy1-2pyrrolidone (NMP) solvent fluoride, and the mixtures are coated on Al foil. The cathodes 

../../../../../Users/zhendong/AppData/Local/Youdao/Dict/7.5.2.0/resultui/dict/
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are obtained after Al foil is dried at 90°C for 12h in a vacuum oven. The electrolyte is made up of 

1mol/L LiPF6 dispersed in diethyl carbonate (DEC), ethylene carbonate (EC) and dimethyl carbonate 

(DEC). (DEC/EC/DMC=2:2:1 in volume). The separator is Celgard2400 membrane and the reference 

electrodes/counter is commercial Lithium metal. Galvanostatic charge/discharge measurements are 

tested by NEWARE CT-3008 5V10mA-164 Battery Testing System (BTS) in the potential range of 

4.0-1.5V versus Li/Li
+
. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

are determined on a CHI760D electrochemical workstation (Shanghai, China). 

 

 

3. RESULTS AND DISCUSSION 

3.1 Structure and morphology analysis  

 

 

Figure 1. (a) XRD patterns of 0.107VO, 0.214VO, 0.321VO, 0.428VO and 0.535VO. (b) high angle 

patterns at 2 Theta degree ranging from 24.5° to 26.5° of 0.107VO, 0.214VO, 0.321VO, 

0.428VO and 0.535VO. 

 

Figure 1a shows that pure V6O13 and Na-doped V6O13 can be prepared with the help of low 

dose of NaNO3 under this typical hydrothermal condition. While too much NaNO3 (When the doped 

molar ratio of Na
+
 to V6O13 is 0.535/1) is added, the excessive NaNO3 is reacted with (VO)(C2O4) to 

form V2O5. Figure 1b shows the diffraction peaks shift to lower angle for all the Na-doped samples 

(except 0.535VO sample) when compared to that of the pure one. It means that ion doped can cause a 

slight change of lattice constant. The shift of diffraction peaks is ascribed to the dope of Na-ion 

because V (1.22Å) has the smaller covalent radius than that of Na (1.54Å). V-O covalent bond is 

weakened when Na
+ 

replaces the lithium-ion vacancy in LixV6O13 [21]. Lattice parameters and unit cell 

volumes for all samples are shown in Table 2. The unit cell volume of 0.321VO is 452Å
3
, which is the 

largest in all samples. Volume expansion of unit cell indicates that Na
+ 

has incorporated into the Li
+
 

position of V6O13 lattice. The variation of the lattice parameter in the Na-doped samples may be 

attributed to the combined effect of the ion-size misfit and the charge redistribution among Na
+
, V

4+
 

and V
5+

. 
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Table 2. Lattice parameters and unit cell volume of V6O13 with Na
+
 doping 

 

Sample 

designations 
a(Å) b(Å) c(Å) Volume (Å

3
) 

VO 11.2376 3.6185 10.0627 430 

0.107VO 11.4242 3.6599 10.2135 437 

0.214VO 11.6786 3.6897 10.5123 443 

0.321VO 11.9407 3.7187 10.8374 452 

0.428VO 11.8998 3.7089 10.7097 450 

0.535VO 11.7356 3.7007 10.6097 447 
 

 

 

Figure 2. (a) XPS spectra of VO and 0.321VO. (b) Narrow-scan spectra in the Na 1s region of 

0.321VO. (c) Narrow-scan spectra in the V 2P
1/2

 and V 2P
3/2

 region of VO. (d) Narrow-scan 

spectra in the V 2P
1/2

 and V 2P
3/2

 region of 0.321VO. 

 

XPS spectra present the binding energy of the as-prepared samples VO and 0.321VO. As is 

shown in Figure 2c, the binding energy appears at 515.03eV, 516.34eV, 522.41eV and 523.73eV in 

VO, which are assigned to V
4+ 

2p3/2, V
5+ 

2p3/2, V
4+ 

2p1/2 and V
5+ 

2p1/2 peaks respectively. However, the 

corresponding binding energy are shifted to low values (514.85eV, 516.19eV, 522.20eV and 

523.58eV) after Na-ions is doped in V6O13 (Figure 2d). The molar ratio of V
4+

 and V
5+

 can be further 

calculated by means of the fitted curves. The related results are as follows, V
4+ 

2p3/2/V
5+ 

2p3/2 is 2.0/1 
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(VO) and 1.3/1 (0.321VO), V
4+ 

2p1/2/V
5+ 

2p1/2 is 2.0/1 (VO) and 1.3/1 (0.321VO) [19]. The proportion 

of V
4+

/V
5+ 

decreases and the binding energy shifts to low angle, indicating that Na-ion is successfully 

doped into the V6O13 structure. 

 

 

 

Figure 3. FESEM images of VO (a, b), 0.107VO (c, d), 0.214VO (e, f), 0.321VO (g, h), 0.428VO (i, j) 

and 0.535VO (k, l). 

 

Figure 3 shows the FESEM images of Na-doped V6O13 samples at different Na
+
 contents. All 

samples demonstrate hierarchical flower-like microsphere morphologies, which are assembled from 

connected nanosheets. Plenty of structural voids are distributed in the surrounding area of the primary 

building blocks. The flower-like morphologies reveal larger special surface area in favor of lithium 

transport in the charge-discharge process. The lateral size of the nanosheets decreases with the 

increasing amount of doped Na-ions. However, superfluous Na-ions can lead to partial fracture 

structures. In addition, as the amount of Na-doped increases, the Na/V mole ratios in the samples also 

increase (Table 3).  

 

Table 3. The theoretical molar ratio and experimental molar ratio of sodium to vanadium in different 

quantities Na-doped V6O13. 
 

Sample designations 
The theoretical 

molar ratio of Na/V 

The experimental 

molar ratio of Na/V 

VO - - 

0.107VO 1.783×10
-2

 1.600×10
-2

 

0.214VO 3.566×10
-2

 2.396×10
-2

 

0.321VO 5.349×10
-2

 3.813×10
-2

 

0.428VO 7.132×10
-2

 5.411×10
-2

 

0.535VO 8.915×10
-2

 5.720×10
-2
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3.2 Electrochemical properties   

 

 

Figure 4. (a) Cyclic performance of electrodes fabricated in different Na-doped samples at 0.1C 

(42mA/g) discharge-charge rate. The 1st, 50th and 100th discharge/charge curves of VO (b), 

0.107VO (c), 0.214VO (d), 0.321VO (e), 0.428VO (f) and 0.535VO (g) at current densities of 

42mA/g in the voltage range of 1.5-4.0V. 
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Figure 4a presents the cycle performance of electrodes fabricated in different Na-doped 

samples at 0.1C (42mA/g) discharge-charge rate. It increases firstly and then decreases with increased 

doped contents of Na-ions. The discharge capacity in initial state and after 100 cycles continuously 

varies between 348.23mA·h/g and 136.15mA·h/g (VO), 337.12mA·h/g and 162.22mA·h/g (0.107VO), 

324.45mA·h/g and 180.63mA·h/g (0.214VO2), 422.47mA·h/g and 215.30mA·h/g (0.321VO), 

427.34mA·h/g and 172.63mA·h/g (0.428VO), 221.12mA·h/g and 121.59mA·h/g (0.535VO). The 

retention rates of capacities in sample VO, 0.107VO, 0.214VO, 0.321VO, 0.428VO and 0.535VO are 

39%, 48%, 56%, 51%, 40% and 34% respectively. The sample 0.321VO displays the best cycle 

performance under comprehensive consideration for discharge/charge capacities and the retention rates 

of capacities. The wonderful cycle performance of 0.321VO is ascribed to its appropriate flower-like 

structure (Figure 3). The results of cycle performance show that the electrochemical performance of 

Na-doped V6O13 is significantly better than that of the other similar cathode materials [24-31], which is 

presented in Table 4. 

 

Table 4. The electrochemical performance of Na-doped V6O13 and the other similar cathode materials. 

 

Cathode materials Initial discharge capacity 

( mA·h/g) 

Capacity retention 

(%) 

Cycle 

number 

V6O13 [24-26] 330 87 20 

K0.2V6O15.1[27] 378 60 15 

Ni1.0V6O15.9[27] 351 70 40 

Cr0.36V6O13.5[28, 29] 370 85 35 

MnxV6O13 [30] 350 81 50 

V6O12.3[31] 375 75 10 

This work(0.321VO) 422 94/92/73 10/15/40 

 

 
Figure 5. (a) Nyquist plots with equivalent circuit of 0.107VO, 0.214VO, 0.321VO, 0.428VO and 

0.535VO. (b) Z′ vs. ω
-1/2

 plots in the low-frequency region obtained from EIS measurements of 

0.107VO, 0.214VO, 0.321VO, 0.428VO and 0.535VO. 

 

Figure 4b-4g denotes 1st, 50th, and 100th charge-discharge curves of six samples at 0.1C 

(42mA/g). The voltage range is 1.5-4V at 25C. Two distinct charge/discharge platforms appear near 
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2.3V and 2.7V. It means that the phase transition process happens in cathode material after 

intercalation and removal of lithium ions [32, 33]. However, the difference of charge platform in all 

samples is not very obvious. In order to study the true difference of electrochemical properties among 

all the samples, electrochemical impedance spectra (EIS) and cyclic voltammetry (CV) are further 

carried out.  

EIS is measured at the 1
th

 discharged state, and Figure 5a shows the Nyquist plots with 

equivalent circuit diagram. The diffusion coefficient of Li-ion (DLi) in these samples can be evaluated 

from the plots at low frequencies by means of a numerical approximation, which is as follows [34, 35]: 

  

R is the gas constant (8.314J·K
-1

·mol
-1

). T is the Kelvin temperature under measured (298.15K 

in this work). A is the surface area of the cathode (2cm
2
 in this work). n is the number of electrons per 

molecule during cycling (obtained from initial discharge capacity). F is the Faraday constant 

(96485C/mol). C is the concentration of lithium ion (3.042×10
-2

mol/cm
-3 

in this work). σw is the 

Warburg factor that can be obtained from the follow equation: 

  

Rs is the resistance of the electrolyte and electrode material, Rct is the charge transfer resistance, 

 is the angular frequency in the range of low frequency [36, 37]. The relationship plot between Z' and 

-1/2
 is shown in Figure 5b. 

The EIS properties are summarized in Table 5, where the charge transfer resistance values vary 

greatly from each other. It is indicated that the amount of Na-doped has great effect on the charge 

transfer resistance. The Rct value of the 0.321VO is the lowest in this work. It is adequately proved that 

the appropriate amount of Na-ions doped can make the electron transportation faster and the 

electrochemical polarization lower. With the doped amount of Na-ions increasing, the diffusion 

coefficient of Li
+
 firstly increases and then decreases. The DLi value of 0.321VO is the maximum value 

in this work, demonstrating that the appropriate doped amount of Na-ions not only can promote the 

ionic electronic conductivities but also shorten ionic diffusion path [38]. Therefore, the sample 

0.321VO exhibits superior rate performance than that of the other samples in this work. 

 

Table 5. Summary of the EIS properties of this work. 

 

Sample 

designations 
Rs (Ω) Rct (Ω) σ

w
 DLi(cm

2
/s) 

VO 30.11 1332 58.05866 0.281346×10
-14

 

0.107VO 14.42 723.4 43.72849 0.495958×10
-14

 

0.214VO 63.33 761.7 96.76444 0.101284×10
-14

 

0.321VO 12.18 508.4 22.24274 1.916891×10
-14

 

0.428VO 17.62 730.8 26.77562 1.322803×10
-14

 

0.535VO 10.61 1001 29.96143 1.056450×10
-14
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The peak-positions of the anodic and cathodic potential change with the Na
+
 doped content 

increase in this system (Figure 6). It is found that with the increase of doped content of Na-ion, the 

anodic peak first shifts to lower voltage and then shifts to higher voltage (0.214VO is the smallest). 

Instead, the cathodic peak first shifts to higher voltage then shifts to lower voltage (0.214VO is the 

largest). The cyclic voltammetry curves of 0.214VO have shown the largest polarization. 

 

 
 

Figure 6. CV curves of VO (a), 0.107VO (b), 0.214VO (c), 0.321VO (d), 0.428VO (e) and 0.535VO 

(f) with the voltage range of 1.5-3.5V at the scanning speed of 0.1mV/s after 

charging/discharging 3 cycles. 

 

Electrochemical reversibility [39] is obtained through the difference between anodic peak 

potential and corresponding cathodic peak potential. It proves that the smaller the ΔEp value is, the 

better the electrochemical reversibility is. The equation for the calculation of ΔEp by CV is expressed 

as follows： 

ΔEp = Epa - Epc 

Epa is anodic peak potential, Epc is cathodic peak potential. The ΔEp of each sample are 0.94, 

0.56, 0.47, 0.52, 0.93 and 1.12 V, which is corresponded to the retention rates of capacities in Figure 

4a. The value of Epa of sample 0.214VO is the smallest in all samples, which indicates good 

reversibility, excellent cyclability and high cyclic efficiency for lithium ion insertion/extraction at the 

electrodes [40]. 

 

 

 

 

4. CONCLUSION 

Flower-like NaxV6O13 samples (x~0-0.535) are fabricated via a typical hydrothermal method 

followed by annealed process at 350°C for 1h in argon atmosphere. Na-doped V6O13 contains crystal 

domain size, electronic conductivity, initial discharge capacity, capacity retention and the diffusion 
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coefficient of Li
+
, which are all influenced by the added amount of NaNO3. In particular, when the 

doped molar ratio of Na
+
 to V6O13 is 0.321/1, the product demonstrates hierarchical flower-like 

microsphere morphologies, which are assembled in connected nanosheets. Na0.321V6O13 exhibits the 

best electrochemical performance. The initial discharge capacity of 422.47mA·h/g is greater about 

74.24mA·h/g than that of the sample with no doping. The capacity retention is 56% and is better than 

the pure sample (39%) after 100 cycles. The enhanced electrochemical performance originates from its 

low charge transfer resistance, high diffusion coefficient of lithium-ion, excellent electrochemical 

reversibility and better structure stability. These good performances suggest that flower-like Na-doped 

V6O13 can be regarded as the potential cathode materials in lithium-ion batteries. We hope that this 

work can provide certain reference for the LIBs research and its application. 
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