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Abstract 

Owing to the natural abundance and low standard potential of sodium, Sodium-ion 

batteries are now considered as promising power systems for electric vehicles and 

stationary energy storage. Herein, for the first time, we report the synthesis of VO2 

nanowire, nanobelt and nanosheet arrays with preferential (110) orientation on 

conductive titanium foil by a simple time-dependent hydrothermal method. The 

morphological and crystallization evolution processes of these products are 

investigated via XRD, SEM, Raman and TEM in detail. The affection of VO2 

morphology on sodium storage performance is also probed by charge-discharge and 

EIS. Benefiting from the unique morphology features, The VO2 nanowire array shows 

a superior cycle ability of 160 mAh g
-1

 after 200 cycles and high rate ability even at 1 
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A g
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Large-scale applications of electric vehicles and energy storage devices demand high 

performance and low cost power sources. Li-ion batteries have been the main focus 

around the world since the first commercialization in 1991 due to their high energy 

density. However, the high cost and source limitation of lithium-ion battery may 

restrict its wide applications [1, 2]. The relative abundance of lithium in the Earth’s 

crust is only about 20 ppm. Therefore, it is imperative to seek low-cost alternative that 

has an abundant reserve. On the other hand, sodium battery has been proposed as a 

cheap choice because of the geographical distribution of Na (23600 ppm in the 

Earth’s Crust) [3-13].  

However, the Na-ion battery (NIB) may not reach the energy level of the Li-ion 

battery because Na is more than 3 times heavier than Li, the standard electrochemical 

potential of Na (2.71 V) is lower than Li (3.04 V) with respect to SHE and the lower 

diffusion rate due to the higher ionic radii of Na
+
 to Li

+
. Therefore, searching high 

capacity and high rate ability electrode materials is urgent and demanding in order to 

make up for the inherent disadvantages [4]. 

VO2 has been regarded as a promising electrode material for LIBs for a long time 

owing to its high theoretical capacity, low cost, and sufficient supply [14]. In 

particular, vanadium dioxide stands out because of rapid lithium ion diffusion rate, 
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higher capacity than other types of vanadium oxides, and its unique VO2 (B) layer 

structure formed from edge-sharing VO6 octahedra [15-25]. Recently, VO2 was also 

verified to be a type of high energy cathode materials for NIB (323 mAh g
-1

 with the 

formation of NaVO2) compared with Na0.7CoO2, Na0.44MnO2 and Na3V2(PO4)3 et al 

[4,26,27]. Nevertheless, it is worth noting that the application of VO2 in practical 

NIBs is seriously impeded by the poor capacity retention due to large volume 

expansion/contraction (NaVO2/VO2 = 150%) during the sodium intercalation and 

de-intercalation reactions between sodium ion and VO2. The repeated processes result 

in pulverization of the electrodes and finally destroy the initial structure. Tailored 

nanoarchitecture design and additional surface engineering of active materials are 

desirable, which can both secure high surface conductivity and ensure the structure 

integrity for long-time and high-rate cycling. For example, in 2014, Jiao et al. first 

reported the sodium storage of single crystalline VO2 nanosheets, the nanosheets 

electrode delivered a high capacity retention [26]. Then Chao et al. reported the 

sodium storage of single-crystalline VO2 nanobelts array on graphene network, the 

capacity retentions greatly improved by graphene quantum dots coating layer [27].  

Recently, several studies have revealed that Li-ion and Na-ion diffusion are associated 

with their particle size and morphology [28-39]. Meanwhile, the array structure may 

form percolation pathways via the opening of active diffusion channels that could 

potentially facilitate ionic diffusion [28, 38]. For example, Liu and Lou reported that 

lithium diffusion can be facile in nanoarray structure due to abundant diffusion 

channels, suggesting that the design of morphology could supply high capacity and 
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high energy density [28]. Cao et al. reported that amorphous V2O5 demonstrated 

superior electrochemical properties upon sodiation in comparison with its crystalline 

counterpart by demonstrating the capacity twice than crystalline V2O5 with a much 

higher discharge potential, energy density, and cycle stability [38]. It has been verified 

by many groups that the structure design could exhibit outstanding cycling stability 

and rate performance compared with the cathodes [30-35]. Besides that, we found that 

time dependent synthesis of Zn2GeO4 could result in quite different lithium storage 

character [39].  

It is worthy to investigate morphology affection on the sodium storage performance of 

VO2 as their isotropic characteristics may enhance Na-ion diffusion by offering 

diffusion paths, which are short and not highly anisotropic. In this paper, we 

demonstrate our tailored VO2 nanostructured array on titanium metal substrate as the 

cathode for NIBs. It is found that by simply changing the reaction time, VO2 nanowire, 

nanobelt and nanosheet arrays are obtained. Moreover, it is found that the degree of 

crystallinity is also time dependent. The open space between the arrays not only 

allows steady diffusion of electrolyte and sodium ion, but also buffer the volume 

changes and prevent the capacity loss. The nanowire arrays synthesized in 40 min 

show a low crystalline character, which makes themselves become more anisotropic 

and provides more potential defects, thus promoting the arrays’ electrochemical 

performance. When used as cathode materials for NIBs, the low crystallized nanowire 

array structures exhibit superior electrochemical performance of best cycle abilities, 

and high rate capabilities in comparison with VO2 nanobelt and nanosheet arrays on 
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Ti foil. All in all, the present crystallized nanowire arrays are promising candidates as 

cathode materials for NIBs. 

Experimental section 

Ammonium metavanadate (NH4VO3, 99%) and Oxalic acid (H2C2O4·2H2O, 99%) 

were purchased from Sinoreagent Corp. Both of the chemicals were used without 

further purification. In a typical procedure as shown in Figure 1, 4 mmol NH4VO3 and 

4.8 mmol H2C2O4·2H2O were added into 80 mL distilled water. After magnetic 

stirring for 15 min, the yellowish green solution was obtained, and then transferred 

into 100 mL Teflon-lined stainless steel autoclave liners with titanium foil which was 

washed with ethanol and 2 M HCl in order and coated with polytetrafluoroethylene 

tape on one side to avoid solution contamination. The autoclave was maintained at 

180 ℃ for 40min, 2h and 12h respectively, and then cooled to room temperature 

naturally. The resulting samples were cleaned with distilled water several times and 

dried at 60 ℃ for 10 h.  

Characterization 

The prepared samples were characterized by powder XRD (Rigaku Dmaxrc 

diffractometer, V = 50 kV, I = 100 mA) at a scanning rate of 5 degree min
−1

. The 

morphologies and structures were observed by field-emission scanning microscopy 

(FE-SEM, JSM-6700F, JEOL) and TEM/HR-TEM (JEM-2100F (JEOL)). To further 

understand structure of the samples, we investigate the samples by Raman 

Spectroscopy on a Horiba Jobin-YVON co-focal laser Raman system with He-Ne 632 

nm laser as the excitation source.  
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Electrochemical Measurement 

The electrochemical performance was examined in 2016-type coin cells, assembled in 

an Ar-filled dry glove box with both the moisture and oxygen content below 1 ppm. 

The VO2@Ti foil was used directly without any binder or addictive. For sodium-ion 

battery fabrication, the metallic sodium foil as the counter-electrode, 1 M NaPF6 in 

ethylene carbonate (EC)-diethyl carbonate (DEC)-fluoroethylene carbonate (FEC) 

(1:1:0.05 in volume) as the electrolyte, and glass fiber as the separator. Galvanostatic 

discharge-charge measurements of the cells were carried out in a voltage range of 

1.5-3.8 V at various rates. Cyclic voltammetry (CV) tests were performed at a 

scanning rate of 0.1 mV s
−1

 between 1.5 and 3.8 V (vs. Na/Na
+
). 

Results and discussions 

The as-prepared VO2 arrays are in black color (S1). The crystal structures of the 

samples are examined by X-ray diffraction (XRD). Figure 2a shows powder XRD 

patterns of the samples synthesized after different reaction times with the standard 

VO2 and Ti substrate patterns, respectively. All the diffraction peaks could be assigned 

perfectly to the metaphase monoclinic VO2(B) (space group. C2/m) structure (JCPDS 

Card No. 65-7960) and Ti substrate (JCPDS Card No.65-3362). No other impure 

peaks were observed. It displays a partially crystalline structure with (110) preferred 

orientation at 2θ=26°, and two minor peaks at 2θ=47.1° and 47.5°, corresponding to 

the (020) and (312) reflections, respectively [26,27]. With the increasing 

hydrothermal time, the XRD intensity of the VO2 became stronger, indicting that the 

crystallinity of the VO2 is gradually improved. The VO2 array was further 
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characterized by Raman spectra, as shown in Figure 2b. Generally, all VO2 samples 

display similar spectrum. The analysis of the spectra exhibits well defined bands 

centered at around 148, 280, 408, 506, 691 cm
-1

. These bands can be assigned to the 

fundamental modes of crystalline VO2 (B) monoclinic structure. The predominant 

low-wave number bond at 148 cm
-1

 is attributed to the skeleton bent vibration of 

(V2O2)n, which is a characteristic of VO2. The bands located at 280 and 408 cm
-1

 are 

assigned to the bending vibration of the V=O double bonds. The band at 506 cm
-1

 is 

attributed to the triply-coordinated oxygen (V3-O) stretching mode. The band at 691 

cm
-1

 is assigned to the stretching vibration of the doubly coordinated oxygen (V2-O). 

The results are corresponding well with the previous report [27]. The total reaction 

could be proposed as follow: 

2NH4VO3 + 2H2 C2O4 → 2VO2 + 2H2O + 2CO2 + (NH4)2 C2O4 

Field-emission scanning electron microscopy (FESEM) images of the as-obtained 

samples, including the panoramic and locally enlarged FESEM images of VO2 arrays 

(Figure 3) at different reaction time. In our synthesis process, the morphological 

evolution of VO2 was found to depend strongly on reaction time [27]. For instance, 

our time-dependent experiments in Figure 3 show that the morphology of the 

precursor evolves significantly at the elevated reaction time. Within the first 40 min, 

dense thin needle arrays were formed. Titanium foil turned from pristine grey to black 

as observed by the eye, which showed that VO2 had formed at this time. As the 

reaction proceeded, the shape of the product was gradually transformed from crossed 

nanowire arrays to nanobelt arrays after 2 h and finally to nanosheet arrays after 12 h. 
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Hence the array formation is a gradual crystallization self-assembly process via 

wall-like direction. A gradual crystallization self-assembly process is proposed as 

indicated by our previous work [37,38]. Indeed, the deeper formation mechanism 

needs to be studied in the future. The EDX (Figure S1) could confirm the existence of 

V and O elements. 

The diameter and height of the as-prepared array observed by FESEM and TEM are 

50-200 nm and 4-8 um, respectively. From the enlarged side-view FESEM and TEM 

images, it can be observed that each array is composed of numerous curve and bend, 

which may increase the surface area and facilitate the sodium ion diffusion. The 

high-resolution TEM (Figure 4d) suggests that the VO2 nanosheet is composed of 

discontiguous crystalline and amorphous domains. The lattice fringe of the crystalline 

domain is 0.352 nm, which can be assigned to the (110) plane. The result is in good 

aggreement with monoclinic VO2 (B) as confirmed by XRD [26-27]. The 

selected-area electron diffraction (SAED) pattern (inset) was taken from the 

individual nanowire region of Figure 4b, demonstrating that the synthesized 

nanowires are low crystalized. 

To examine the sodium storage performances of the obtained products, different 

nanostructured VO2 arrays were fabricated as cathodes and assembled in coin type 

cells. The long cycling performances of three samples were performed at the rate of 

0.3 A g
-1

. From the Figure 5a, we can see that all the three samples show capacity 

increase at initial cycles propably due to an activiation process. Then the capacity 

slowly decreased. Among them, the VO2 nanowire array showed the best cycling 
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ability, which remained about 160 mAh g
-1

 even after 200 cycles. In contrast, for the 

other two morphologies of VO2, the capacity retention is only about 89 mAh g
-1

 for 2 

h and 76 mAh g
-1

 for 12 h samples, respectively. The longer cycling performance may 

result from the unique morphological, crystalline structure and surface area, which 

could accomodate the volume changes and expedite the charge transfer process. The 

1
st
, 2

nd
, 100

th
 and 200

th
 charge-discharge curves of VO2 array are also given in Figure 

5b. The curves show two main slopes plateau which is consistent with the CV results. 

As expected, the VO2 nanowire array electrode also exhibits good rate capacity, as 

shown in Figure 5c. It delivered a reversible capacity of 180 mAh g
-1

 at 0.1 A g
-1

, 160 

mAh g
-1

 at 0.3 A g
-1

, 150 mAh g
-1

 at 0.4 A g
-1

, 120 mAh g
-1

 at 0.6 A g
-1

. Even at high 

rate of 1 A g
-1

, the reversible capacity maintained approximately 90 mAh g
-1

. 

Moreover, when the rate turns back to 0.25 A g
-1

, the capacity can retain as high as 

179 mAh g
-1

. These results suggest that the structure of the VO2 array composite 

electrode achieves extraordinary stability even under high rate long-cycling and this is 

very critical for potential applications. To further understand the electrochemical 

performance of the VO2 array electrode, cyclic voltammetry (CV) scans were carried 

out at a sweeping rate of 0.1 mV/s in the voltage window from 1.5 to 3.8 V versus 

Na/Na
+
. As Figure 5d shows, during the first cathodic scan, several broad reduction 

peaks occured from 2.8 to 1.5 V. The sequential cathodic peaks may be ascribed to the 

sodium ion intercalation processes from successive VO2 reduction reactions [21,22]. 

In the first anodic scan, one peak appeared and should be ascribed to the desodiation 

process. When the cycling number increases, the anodic and cathodic areas come to 
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almost equal in size, suggesting a more revesible sodiation/de-sodiation reaction 

[26,27]. The reaction mechanism could be conclued as: 

VO2 +xNa ↔ NaxVO2 (x<1)  

The detailed mechanism needs further reseach clarification. 

To better understand the stability difference of VO2 electrodes, we investigate the 

morphology of electrode removed from cells after 200 cycles via ex-situ SEM 

imaging. As evidently exhibited in Figure 6, the morphology of the 40 min-grown 

arrays retained best after 200 cycles. However, for the 2 h and 12 h samples, slightly 

aggregation and distortion are observed, which may affect the connection between the 

active materials and electrolyte. The less morphology cahnge of 40 min samle may be 

ascribed to its higher surface area and thinner wall thickness. This morphological 

change during cycling is a possible reason of capacity fading [40-44].  

To further understand the different cycling performance of different nanostructured 

VO2 arrays, electrochemical impedance spectroscopy (EIS) studies (Figure 7) were 

carried out by using the cycled VO2 array/Na half-cell to study the kinetic 

mechanisms of Na storage, as presented in Figure 7. The Nyquist-plots were recorded 

at a frequency range of 0.01 Hz-100 kHz at amplitude of 5 mV. In the EIS study, the 

VO2 array electrodes were used as working electrodes and sodium foils as both anode 

and reference electrodes. The results are typically Nyquist plots with one compressed 

semicircle at high frequency and a straight line at low frequency [40-44]. The 

semicircle is believed to be attributed to the surface film impedance in the high 

frequency and the charge transfer resistance in the middle frequency. From the Figure 
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7, we can see that the total resistances of the 40 min prepared electrode (2600 Ω) are 

much smaller than the 2 h and 12 h electrodes (5000, 7000 Ω). These results were 

consistent well with the electrochemical performance and further proved that the 40 

min-prepared VO2 array has a lower charge transfer performance [44]. 

Conclusions  

In this work, we present a facile one-pot hydrothermal route to prepare various 

structured VO2 arrays assembled from primary building units of ultrathin nanowires 

on titanium foil with strong adhesion for the first time. It is discovered that the 

reaction time plays a crucial role on the morphology of VO2. The nanowire array 

structure shows the best sodium storage performance. Both the Ex-situ SEM and EIS 

reveal that the low crystalline property, array structure and surface area can account 

for the superior electrochemical performance. 
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Figure Captions : 

Figure 1. Schematic illustration for the preparation of vanadium oxide arrays on Ti 

foil. 

Figure 2. (a) XRD patterns and (b) Raman spectrums of the as-grown VO2 

nanostructures on Ti foil at reaction time of 40 min, 2 h and 12 h. 

Figure 3. Structural evolution of the corresponding VO2 arrays assembled on Ti foil at 

different reaction time (FESEM images): 40 min (a and b), 2 h (c and d) and 24 h (e 

and f). 

Figure 4. (a) Top-view and (b) side-view SEM images (c) TEM and (d) HRTEM 

images of VO2 array on Ti foil at the reaction time of 2 h. 

Figure 5. (a) Cycling of VO2 array at a current of 0.3 A g
-1

 at different reaction time. 

(b) Charge–discharge curves of VO2 array at a current density of 0.3 A g
-1

.(d) Rate 

capability of VO2 at various current densities. (d) The first three consecutive cyclic 

voltammetry (CV) curves for the VO2 array at a scan rate of 0.1 mV s
-1

 in the voltage 

window of 1.5-3.8 V (vs. Na/Na
+
). 

Figure 6. The ex-situ SEM images of the 200
th

 cycled at different reaction time 

(FE-SEM images): 40 min (a and b), 2 h (c and d) and 12 h (e and f). 

Figure 7. Nyquist plots of cycled VO2 array/Na cell at different reaction time. 
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