
NaV3O8/poly(3,4-ethylenedioxythiophene) composites as high-rate
and long-lifespan cathode materials for reversible sodium storage

Guo-Chun Ding, Li-Min Zhu* , Qi Yang, Ling-Ling Xie, Xiao-Yu Cao* ,

Yu-Ling Wang, Jian-Ping Liu, Xin-Li Yang

Received: 16 March 2020 / Revised: 17 April 2020 / Accepted: 9 May 2020 / Published online: 18 June 2020

� The Nonferrous Metals Society of China and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract Sodium-ion batteries have received a surge of

interests for the alternatives to lithium-ion batteries due to

their abundant reserves and low cost. The quest of reliable

and high-performance cathode materials is crucial to future

Na storage technologies. Herein, poly(3,4-ethylene-

dioxythiophene) (PEDOT) was successfully introduced to

NaV3O8 via in situ oxidation polymerization, which can

effectively enhance electron conductivity and ionic diffu-

sion of NaV3O8 material. As a result, these NaV3O8@-

PEDOT composites exhibit a significantly improved

electrochemical performance including cycle stability and

rate performance. In particular, NaV3O8@20 wt% PEDOT

composite demonstrates better dispersibility and lower

charge transfer resistance compared with bare NaV3O8,

which delivers the first discharge capacity of 142 mAh�g-1

and holds about 128.7 mAh�g-1 after 300 cycles at a

current density of 120 mA�g-1. Even at a high current

density of 300 mA�g-1, a high reversible capacity of 99.6

mAh�g-1 is revealed. All these consequences suggest that

NaV3O8@20 wt% PEDOT composite may be a promising

candidate to serve as a high-rate and long-lifespan cathode

material for sodium-ion batteries.
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1 Introduction

Lithium resources are one of the serious restrictions for the

expanding and growing future energy storage market due

to their cost and reserves in earth [1–6]. Thus, it is vital to

develop a novel energy storage system with sustainable

development and environmental friendliness. In this

regard, sodium-ion batteries (SIBs) have been extensively

studied due to the natural abundance of sodium resources

and the similar chemical properties of Na? to Li? [7–11].

The research investigations of anode materials for SIBs

focus on carbon materials [12–15], metal [16, 17], metal

oxides and metal sulfides [18–20]. A wide range of the

cathode materials such as sodium metal oxides [21–23],

polyanionic compounds [24–27] and organic compound

[28–33], vanadium oxide and their derivatives have gained

a lot of attention on account of their diversified structure

and high specific capacity [34–37].

LiV3O8 (LVO) as a representative is widely studied in

lithium-ion batteries (LIBs) and exhibits excellent elec-

trochemical properties [38–42]. Though the radius of Na?

is larger than that of Li?, LVO is not suitable as cathode

material for SIBs. Along this line, NaV3O8 (NVO) would
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be a right choice for SIBs because of its larger interlayer

distance, which is advantageous to the inserting and

removing of Na? [43–45]. Nevertheless, NVO may be

subjected to poor rate performance and cycle performance

due to the slow dynamics characteristics of Na? and the

dissolution of vanadium in the electrolyte. To improve the

sluggish kinetics of the NVO for SIBs, there are many

approaches which have been proposed, such as the rational

design of NVO nanostructure. For example, our group

reported that NVO nanorods displayed high discharge

capacity of 110.4 mAh�g-1 at 120 mA�g-1, and upheld at

162.1 mAh�g-1 in the 500th cycle in SIBs [46]. Hu et al.

[47] have synthesized NVO nanobelts and shown an out-

standing electrochemical performance in LIBs, SIBs and

zinc ion batteries (ZIBs). In addition, there are NVO

nanowire [43], plate-type NVO [44, 48], NVO nanoflakes

[45], and NVO nanobelts [49] which have been reported

with superior Na storage performance. Another way is to

composite with organic polymers. Kang et al. [50] suc-

cessfully prepared NVO@PPy composite with core–shell

structure via in situ chemical oxidation polymerization.

The discharge capacity of NVO@PPy electrode maintains

at 99 mAh�g-1 in the 60th cycle at a current density of 80

mA�g-1, which is considerably advanced than that of pure

NVO electrode (52 mAh�g-1), showing excellent electro-

chemical performance. Relatively speaking, compositing

with conduct polymer is an available and simple method to

stabilize the structure of NVO by preventing vanadium

dissolution and enhancing the electronic conductivity of

NVO. Even more important, these composited polymers

partake in electrochemical reactions and provide a certain

effective capacity to some extent. All of these features are

beneficial to the cyclic stability and rate performance of

NVO used as electrode materials.

Poly(3,4-ethylenedioxythiophene) (PEDOT), as a com-

mon and easily synthesized electroactive polymer, has

attracted wide attention and research [51–54]. However, to

the best of our knowledge, the synthesis and application of

NVO@PEDOT composites as cathode materials for SIBs

have rarely been reported. Therefore, in this work,

NVO@PEDOT composites were prepared via in situ oxi-

dation polymerization and their electrochemical properties

were systematically studied in SIBs.

2 Experimental

The pure NVO was prepared by rheological phase method

[55]. Reactant NaNO3, NH4VO3 and C6H8O7�6H2O were

milled at a stoichiometric ratio of 1:3:2. Then, the powder

was mixed evenly and transferred into a polytetrafluo-

roethylene (PTFE) container, added several drops of dis-

tilled water drop by drop under continuous stirring. Once

the viscous solid–liquid rheological state occurred, the

PTFE container was transferred to a stainless steel auto-

clave and heated for 10 h at 80 �C. Later cooling to room

temperature, the PTFE container was dried again for 12 h

at 100 �C. The fluffy dark green solid was obtained,

scraped out for ball milling, and calcined in a 350 �C
muffle furnace for 10 h. The brown–red NVO material can

be obtained.

The PEDOT were prepared by oxidation polymeriza-

tion. Half of aqueous FeCl3 (4:1, FeCl3: EDOT in mole

ratio) was added into CHCl3 solution and further ultra-

sonically treated in N2 environment. Then, EDOT dis-

solved in CHCl3 solution, and the mixture was added to the

above solution drop by drop. After 30 min, the remaining

half of FeCl3 was added, and stirred for 48 h at room

temperature. The reaction solution was filtered and washed

repeatedly with ethanol and distilled water several times.

Finally, the obtained filter cake was put in a vacuum at

80 �C for 12 h to get the target product.

NVO@PEDOT composites were synthetized via in situ

oxidation polymerization. Half of aqueous FeCl3 (4:1,

FeCl3: EDOT in mole ratio) and NVO powders were put in

reaction bottle, CHCl3 solution was added with ultrasonic

treatment. After 10 min magnetic stirring in N2 environ-

ment, a certain amount of EDOT (the different mass ratios

of NVO to EDOT are 9:1, 8:2 and 7:3) dissolved in CHCl3
solution, and this mixture was added to the above solution

drop by drop. The remaining half of FeCl3 was added after

30 min magnetic stirring. Then, after 48 h stirring at room

temperature, the above-mentioned reaction solution was

washed repeatedly with ethanol and distilled water several

times. Finally, the obtained filter cake was put in a vacuum

at 80 �C for 12 h to obtain dark green solid powder. For

convenience, these above different proportions of

NVO@PEDOT composites are recorded as NVO@10 wt%

PEDOT, NVO@20 wt% PEDOT and NVO@30 wt%

PEDOT, respectively.

Thermogravimetric analysis (TGA, LINSEIS SPT 1600)

was used to analyze the pristine NVO, PEDOT and

NVO@PEDOT composites in air from room temperature

to 800 �C, and the heating rate was 10 �C�min-1. Structure

and morphology of prepared NVO, PEDOT and NVO@-

PEDOT composites were tested via powder X-ray

diffraction (XRD, Rigaku MiniFlex 600), Fourier trans-

form infrared spectroscopy (FTIR, PerkinElmer), scanning

electron microscopy (SEM, FEI Quanta 250 FEG) and

transmission electron microscopy (TEM, HITACHI–

HT7700).

NVO or NVO@PEDOT powder, Ketjen Black and

poly(vinylidene fluoride) (8:1:1 in weight ratio) were

mixed in N-methyl pyrrolidone to obtain a slurry. After

that, the slurry was homogeneously coated on Al foil. The

CR2016-type cells were assembled in a glove box filled
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with Ar. Metallic Na sheet was served as counter electrode

and reference electrode, one piece of commercialized

polyethylene was served as the separator and 1 mol�L-1

NaClO4 dissolved in propylene carbonate and fluo-

roethylene carbonate (95:5 in volume ratio) was applied as

the electrolyte. The charge–discharge tests were carried on

LANHE battery tester (CT2001A) with a voltage window

of 1.5–4.0 V versus Na?/Na. Cyclic voltammetry (CV) and

electrochemical impedance spectroscopy (EIS) were tested

on electrochemical workstation (CHI 660D). The capaci-

ties and current densities were calculated based on the

NVO@PEDOT composite mass loading.

3 Results and discussion

3.1 Structure and composition characterization

The content of PEDOT in NVO@PEDOT composites was

analyzed and calculated by TGA test. As presented in

Fig. 1a, the mass loss of NVO is about 5% at 100 �C, which
may be caused by the removal of adsorbed water in the

material. PEDOT began to decompose at 200 �C and

decompose completely until 500 �C with a mass loss of

about 71.8%. Compared with NVO material, the mass loss

in NVO@PEDOT composites can be attributed to the

decomposition of PEDOT at high temperature [40].

Therefore, according to the actual total mass of NVO and

experimental data, the actual content of PEDOT in

NVO@10 wt% PEDOT, NVO@20 wt% PEDOT and

NVO@30 wt% PEDOT were calculated to be 12.4 wt%,

22.4 wt% and 30.5 wt%, respectively, which shows that the

composited NVO@PEDOT composites meet our

expectations.

The composite structure of NVO@PEDOT was further

verified by FTIR (Fig. 1b). For pure PEDOT, the charac-

teristic peaks at about 1511 and 1342 cm-1 are the skeleton

vibrations of thiophene ring and the stretching vibration of

C–C and C=C, and characteristic absorption peaks of C–O–

C on polymer chain skeleton appear at 1192 and 1062

cm-1. Moreover, three characteristic absorption peaks at

980, 840 and 688 cm-1 correspond to the C-S bond

vibration on the thiophene ring [56–58]. In the FTIR

spectra of NVO, there are two peaks at 991 and 953 cm-1,

belonging to the stretching vibration of V=O bond, while

characteristic peaks appear at 747 and 570 cm-1, attribut-

ing to the symmetrical stretching vibration of V–O–V bond

and the asymmetrical stretching vibration of V–O–V bond,

respectively [59, 60]. The spectra of NVO@20 wt%

PEDOT composite displays that there are not only char-

acteristic peaks of NVO, but also that of PEDOT, we can

conclude that NVO@20 wt% PEDOT composite has been

successfully synthesized.

XRD diagram of NVO and NVO@PEDOT composites

with different compositing ratios are presented in Fig. 2.

The diffraction peaks of NVO and NVO@PEDOT com-

posites correspond to the standard card (JCPDS No.

35-0436) besides a weak superfluous peak at 2h = 12.02�,
which can be belonged to NaV6O15 (JCPDS No. 28-1172)

[61]. In addition, we have not found the diffraction peak of

PEDOT in the composites, which states clearly that

PEDOT exists in amorphous state and PEDOT does not

affect the original structure of NVO.

3.2 Morphology characterization

The morphologies of NVO and NVO@PEDOT composites

were studied by a combination of SEM and TEM test.

PEDOT sample manifests irregular aggregation block and

the surface size is about 1 lm; however, the NVO powder

displays a rod structure with a length of * 1 lm. Com-

pared with bare NVO, NVO@PEDOT shows that inter-

laced particles are connected by PEDOT network structure

(Fig. 3a–e), but the particle size of NVO@PEDOT

Fig. 1 a TGA curves of NVO, PEDOT and NVO@PEDOT composites; b FTIR spectra of NVO, PEDOT and NVO@20 wt% PEDOT

composite
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increases gradually. Agglomeration occurred and NVO

micro-nanorods were disappeared with the increase in the

composited content of PEDOT, which was adverse to the

electrochemical reaction of NVO in the charging and dis-

charging process. Through the above comparison, we ten-

tatively put forward that suitable quantity of PEDOT will

play a significant role. Among them, it is confirmed that

NVO@20 wt% PEDOT material shows better dispersibility

and no large reunion. In addition, it can be discovered from

TEM images in Fig. 3f, g, PEDOT evenly coated on NVO

rod and some filled in the NVO rod gap, thus effectively

increasing the links between NVO rod. All these findings

will be propitious to increase the transport rate of Na? and

electronics in NVO material, which will favor the elec-

trochemical performance of NVO. Energy-dispersive X-ray

spectroscopy (EDS) mapping results in Fig. 3h depicted the

existence of C, O and S, which proved that PEDOT is

successfully composited with NVO as well.

3.3 Electrochemical performances

The initial discharge profiles of NVO and NVO@PEDOT

composites were evaluated between 1.5 and 4.0 V at a

current density of 120 mA�g-1 (Fig. 4a). It is clearly seen

that the discharge platforms of composites rise first and

then decrease with the increase in the mass loading of

PEDOT. Moreover, compared with NVO, the composites

have more platforms because PEDOT may be also

involved in the reaction. The first discharge capacities of

Fig. 2 XRD patterns of NVO and NVO@PEDOT composites

Fig. 3 SEM images of a PEDOT, b NVO, c NVO@10 wt% PEDOT composite, d NVO@20 wt% PEDOT composite and e NVO@30 wt%

PEDOT composite; f, g TEM images of NVO@20 wt% PEDOT composite; h EDS results of NVO@20 wt% PEDOT composite
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NVO, NVO@10 wt% PEDOT, NVO@20 wt% PEDOT

and NVO@30 wt% PEDOT are 99.2, 148.9, 142 and 48.3

mAh�g-1, respectively. Although the initial capacity of

NVO@10 wt% PEDOT is higher than that of NVO@20

wt% PEDOT, the plateau potential of NVO@20 wt%

PEDOT is higher, and it is observed from Fig. 4b that the

capacity of NVO@20 wt% PEDOT is the highest after 300

cycles, which is maintained at 128.7 mAh�g-1. However,

NVO, NVO@10 wt% PEDOT and NVO@30 wt% PEDOT

maintained at 104.2, 96.3 and 80.6 mAh�g-1, respectively.

These results indicate that appropriate PEDOT composit-

ing supported in outstanding structural stability and

attaining higher and reversible capacity.

Figure 4c, d exhibit the charge–discharge curves of

NVO and NVO@20 wt% PEDOT at the selected cycles.

NVO and NVO@20 wt% PEDOT composite in the 20th,

50th, 100th, 200th and 300th cycles deliver capacities of

115.6, 121.2, 121.6, 118.6, 104.2 mAh�g-1 and 133.0,

Fig. 4 a Initial discharge curves of NVO and NVO@PEDOT composites; b cycle performances of NVO and NVO@PEDOT composites;

charge–discharge curves at different cycles the voltage range of 1.5–4.0 V at 120 mA�g-1: c NVO and d NVO@20 wt% PEDOT composite;

e differential capacity curves of NVO@20 wt% PEDOT composite at same conditions; f rate capabilities of NVO and NVO@20 wt% PEDOT

composite at various current densities
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137.4, 140.3, 136.0 and 128.7 mAh�g-1, respectively.

Besides, compared with one of the charging and dis-

charging platforms, the potential difference of NVO@20

wt% PEDOT is much lower than that of NVO. From this

point of view, it is proved again that PEDOT can effec-

tively stabilize the structure of NVO, increase capacity and

reduce the electrochemical polarization. In addition, the

differential capacity curves of NVO@20 wt% PEDOT

composite are nearly overlapped within 300 cycles

(Fig. 4e), indicating extremely stable and reversible

chemical reaction. These results imply that it is feasible to

improve the electrochemical performance of NVO via

PEDOT compositing.

Moreover, the NVO@20 wt% PEDOT composite also

displays outstanding improvement rate capability, and the

results are represented in Fig. 4f. The average discharge

specific capacities of NVO are about 152, 131, 111, 98, 90

and 83 mAh�g-1 with the current densities increasing from

30 to 300 mA�g-1 step by step. As soon as the current

density returns to 30 mA�g-1, the average discharge

specific capacity is * 143 mAh�g-1, which decreased

compared with the first discharge capacity, and the

capacity retention is 94%. In contrast, the average dis-

charge specific capacities of NVO@20 wt% PEDOT

composite are about 184, 167, 145, 127, 114 and 98

mAh�g-1 at the same condition. When the current density

returns to 30 mA g-1, the average discharge specific

capacity is * 202 mAh�g-1, which is higher than the first

discharge capacity, and the capacity retention is as high as

109.8%. These results clearly reveal that the composite has

less polarization and excellent redox reversibility, which

could be attributed to the suitable amount of PEDOT, and

the Na? mobility and electronic conductivity can be

effectively improved.

CV curves of NVO from the first cycle to the fourth

cycle (0.3 mV�s-1) demonstrate three pairs of redox peaks

at about 2.59/2.27, 3.16/2.83 and 3.46/3.34 V (Fig. 5a).

Although these peaks position and intensity did not change

after 4 cycles, the symmetry of peak area was poor. Sim-

ilarly, NVO@20 wt% PEDOT electrode also shows three

pairs of main redox peaks at 2.63/2.31, 3.02/2.98 and 3.53/

3.34 V (Fig. 5b), the peak area is much more symmetrical,

and the potential gap of redox peaks is narrow, revealing

the high reversibility of the composited electrode.

Figure 6a depicts EIS spectra of the NVO and NVO@20

wt% PEDOT electrodes at open-circuit voltage. The

equivalent circuit mainly consists of electrolyte resistance

(Rs), charge transfer resistance (Rct), constant phase ele-

ment (CPE), the impedance of electrons transfer (Rf) and

Warburg impedance (Ws). As shown, all Nyquist plots

display one semicircle and a low-frequency Warburg tail,

corresponding to the resistance of the charge transfer (Rct)

and the resistance of Na? diffusion in the bulk materials

(Zx) [62–64]. The Rct values of NVO and NVO@20 wt%

PEDOT are 472 and 188 X, respectively, the NVO@20

wt% PEDOT composite confirmed the lower Rct compared

with bare NVO. On the basis of the equation

(DNaþ=0.5R
2T2/S2n4F4C2r2) [38], where R is the gas con-

stant, T is Kelvin temperature (298 K), S is the surface area

(1.13 cm2), n is the numbers of electrons exchanged per

molecule during oxidization, F is Faraday constant, C is the

concentration of Na? calculated in view of the crystallo-

graphic cell parameter of NVO, r is the slope of the line in

Fig. 6b, x is the angular frequency at low frequency, the

diffusion coefficients (DNaþ) of bare NVO and NVO@20

wt% PEDOT composite at open-circuit voltage are

1.17 9 10-14 and 2.38 9 10-14 cm2�s-1. These findings

reveal that NVO@20 wt% PEDOT composite has smaller

resistance of charge transfer and faster charge–discharge

ability, proving that the NVO@20 wt% PEDOT has better

electrochemistry performance as above mentioned.

According to all these analyses, the schematic illustra-

tion of transfer pathway of Na? and electrons in the NVO

and NVO@PEDOT composites are presented in Scheme 1.

Fig. 5 First four cycles of CV at scan speed of 0.3 mV�s-1: a NVO and b NVO@20 wt% PEDOT composite
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PEDOT acts as an important conductive network role in the

composites, ensuring the fast transfer of electrons and Na?

ions between active substances.

In general, proper amount of PEDOT is very useful for

improving the electrochemistry performance of NVO.

First, appropriate PEDOT reduces resistance of charge

transfer and improves the electrons conduction, thus the

rate performance of NVO can be improved. Second,

structural stability of NVO is ensured by PEDOT, so then

the charge–discharge stability of NVO can be improved. In

short, the introduction of PEDOT effectively overcomes

the shortcomings of NVO, the NVO@20 wt% PEDOT

composite electrode displayed a greatly improved perfor-

mance such as good cycle stability, high reversible

capacity and rate capacity.

4 Conclusion

In this work, NVO@ PEDOT composites have been

effectively obtained through a simple in situ oxidation

polymerization. It has been verified that electrochemical

properties of NVO could be improved with long cycle life,

high reversible and rate capacity by PEDOT modification.

The prepared NVO@20 wt% PEDOT composite carries

the first discharge capacity of 142 mAh�g-1 at 120 mA�g-1

between 1.5 and 4.0 V, and holds 128.7 mAh�g-1 after 300

cycles. Even at 300 mA�g-1, it continues to reveal a high

reversible capacity of 99.6 mAh�g-1. The meaningfully

improved performance of the NVO@20 wt% PEDOT may

be attributed to the introduction of appropriate amount of

PEDOT. Here, PEDOT serves as protective layer to defend

NVO during charge–discharge, which results in a better

cyclic stability. PEDOT also reduces the Rct and improves

the diffusion coefficient (DNaþ), which results in high

reversible capacity and decent rate performance. This work

provides a simple and effective synthesis method, which

can be transformative to design and prepare other vana-

dium-based compounds for SIBs.
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