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Abstract 

Transition metal oxides with high theoretical capacity and abundant source have 

attracted more interest than commercial graphite when used as anodes in lithium ion 

batteries. Construction of three-dimensional (3D) architectures decorated with 

conductive polymers and carbon is an efficient strategy to achieve excellent 

electrochemical performance for lithium ion battery electrodes. Herein, we have 

developed 3D carbon-supported amorphous vanadium oxide microspheres and 

crystalline V2O3 microspheres via a facile solvothermal method. Both samples are 

assembled with ultrathin nanosheets, which consist of uniformly distributed vanadium 

oxides and carbon. The formation processes have been clearly illustrated and 

demonstrated through a series of time-dependent experiments. These specific 

microspheres have numerous active reaction sites, high electronic conductivity, and 

robust structural stability, showing great superiority among lithium ion battery anodes. 

Notably, when the amorphous microspheres are tested at the high rate of 2000 mA/g, 

95% of the second cycle discharge capacity is maintained after cycling 7000 times. 

When the crystalline microspheres are tested at 2000 mA/g, 98% of the second cycle 

discharge capacity is remained after cycling 9000 times, demonstrating excellent 

high-rate and long-life performance. Therefore, this facile solvothermal method and 

unique carbon-supported and nanosheets-assembled microspheres have great potential 

and promising applications for lithium ion batteries.  
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1  Introduction 

  Owing to the high theoretical capacity and abundant source of raw materials, 

transition metal oxides have attracted more interest than commercial graphite when 

used as anodes in lithium ion batteries [1-18]. The ideal commercial electrodes also 

require both high rate and long lifespan characteristics to meet the booming needs of 

portable equipments [19-21]. To achieve these goals, nanotechnology has been widely 

studied and applied in both anodes and cathodes by many researchers on a worldwide 

scale. Nanostructures, including nanoparticles, nanowires, and nanosheets, have 

exhibited great superiority in lithium ion batteries because of their small size, 

accompanying with large specific surface area and short ion diffusion length [21-26]. 

However, the common and disastrous drawbacks of these low-dimensional 

nanostructures are self-aggregation and pulverization due to the large volume 

variation during the conversion reaction process, which have greatly limited their 

further applications [27]. Meanwhile, the low electronic conductivity of transition 

metal oxide also severely weakens its rate performance.  

To overcome these above-mentioned problems, many efforts have been focused on 

developing various three-dimensional (3D) nanostructures to improve the structural 

stability and electrochemical performance [28-36]. Jeong et al. reported a 3D 

hierarchical core-shell hollow structure of Fe2O3@PANI, which yielded robust 

electrochemical performance when used as an anode [11]. Coating conductive 

polymers or carbon is also an effective approach to enhance the performance of 

anodes. Luo et al. developed bicontinuous mesoporous Fe3O4 nanostructures on 3D 

graphene foams, exhibiting long cycle life and high rate performance when used as 

lithium battery anodes [36]. Therefore, it is of great benefit and significance to 

combine these two merits together for highly improved lithium ion batteries.  

Vanadium oxides, among the focused transition metal oxides, have been widely 

investigated due to their high capacity and abundant source in lithium ion batteries 

[37-41]. For V2O5, when the V5+ is reduced to the V0, it presents a high theoretical 



capacity of 1472 mAh/g as an anode in a lithium ion battery [42-46]. Therefore, 

vanadium oxides are ideal candidates for high capacity electrodes. However, the 

structural degradation, poor electrochemical kinetics and low electronic conductivity, 

have seriously confined their further developments. Sun et al. coated graphene on 

amorphous vanadium oxides via an atomic layer deposition method to enhance 

electronic conductivity and electrochemical activity [42]. Augustyn and Dunn 

reported that vanadium oxide aerogels with high surface area and mesoporous 

architecture could efficiently accommodate large volume variation and exhibit large 

reversible capacities [43]. Chae et al. reported that amorphous V2O5 with highly 

populated vacant sites possesses good rate capability and high reversible capacity, 

owing to the easy access of lithium ions and the lack of interactions between the 

inserted ions/electrons and V2O5 matrix [47]. Therefore, 3D nanostructures combined 

with carbon coating will be an effective way to take full advantages of vanadium 

oxides and achieve high-rate and long-life lithium ion batteries [48-58].  

In this work, we synthesized carbon-supported amorphous vanadium oxide 

microspheres and crystalline V2O3 microspheres through a feasible solvothermal 

method followed by heat treatment. The formation processes have also been clearly 

illustrated through a series of time-dependent experiments. Both of the microspheres 

are assembled with ultrathin nanosheets, which consist of uniformly distributed 

carbon and vanadium oxides. These nanostructures exhibiting the characteristics of 

low charge transfer resistance, high electronic transport, large surface area and robust 

structural stability, will have great superiority when used as lithium ion battery 

anodes.  

 

2  Experimental 

2.1 Materials synthesis  

Preparation of amorphous vanadium oxide microspheres: All commercial 

chemicals or materials were used directly without any further purification. In a typical 

synthesis, 0.28 g ammonium metavanadate and 0.50 g citric acid were dissolved into 

the mixed solvent of ethanediol (30 mL) and deionized water (10 mL), to obtain light 



yellow solution. Then the solution was stirred for 5 h at 60 C, until the solution 

turned atrovirens. Then it was transferred into a 50 mL Teflon autoclave and kept at 

180 C for different reaction times. After naturally cooling to ambient temperature, 

the precipitates were washed mildly by pure alcohol and deionized water for several 

times, and dried at 70 C in air for 12 h. At last, the samples were obtained after 

heating at 150 C for 5 h in nitrogen atmosphere.  

Preparation of crystalline V2O3 microspheres: The preliminary process is the same 

with that mentioned above. After drying in air, the products were sintered at 600 C 

for 3 h in nitrogen atmosphere to get final samples.  

2.2 Characterization 

X-ray diffraction (XRD) measurements were measured using a Bruker D8 Discover 

X-ray diffractometer equipped with a Cu Kα radiation source; the samples were 

scanned at room temperature (the 2θ ranges from 10° to 80°). Field emission scanning 

electron microscopy (SEM) images were collected using a JEOL-7100F scanning 

electron microscope. Transmission electron microscopy (TEM) images were collected 

using a JEM-2100F microscope. Energy-dispersive X-ray spectra (EDS) were 

recorded using an Oxford IE250 system. Brunauer-Emmett-Teller (BET) surface area 

was calculated from nitrogen adsorption isotherms measured at 77 K using a 

Tristar-3020 instrument. X-ray photoelectron spectroscopy (XPS) measurements were 

obtained using a VG MultiLab 2000 instrument. Thermogravimetric–DSC analyses 

(TG-DSC) were conducted using a STA-449C. 

2.3 Measurements of electrochemical performance  

The 2016 coin cells were assembled in a glovebox filled with pure argon. Lithium foil 

was used as the anode and a solution of LiPF6 (1 M) in ethylene carbonate 

(EC)/dimethylcarbonate (DMC) (1:1 vol/vol) was used as the electrolyte. The 

working electrode was composed of a ground mixture of 70% active material, 20% 

acetylene black and 10% poly(tetrafluoroethylene) (PTFE). After coating onto copper 

foil, the electrode film was uniformly cut into round slice with ~0.5 cm2 in area and 

~1.2 mg in weight, the areal mass loading is 2.4 mg/(cm)2. Galvanostatic 

charge/discharge measurements were performed in the potential range of 0.01-3 V vs. 



Li/Li+ using a multichannel battery testing system (LAND CT2001A). Cyclic 

voltammetry (CV) were collected at room temperature using an Autolab 

potentiostat/galvanostat (Autolab PGSTAT 302).  

 

3  Results and Discussion 

 

 

Figure 1. SEM image (a), TEM images (b-c), and XRD pattern (d) of amorphous vanadium oxide 

microspheres. SEM image (e), TEM images (f-g), and XRD pattern (h) of crystalline V2O3 

microspheres. The red cycle represents carbon and the yellow cycle represents V2O3 in the TEM 

image of (g). 

 

  Carbon-supported and nanosheets-assembled amorphous vanadium oxide 

microspheres are synthesized via a facile solvothermal method with subsequent heat 

treatment. As shown in the SEM and TEM images, both amorphous vanadium oxide 

and crystalline V2O3 are uniform microspheres assembled with ultrathin nanosheets 

(Fig. 1). The diameter of each microsphere is ~2 μm and the nanosheets are 

homogeneous with ~10 nm in thickness. The amorphous vanadium oxide 

microspheres, prepared at a low temperature of 150 C in nitrogen, are demonstrated 

by the high resolution TEM image (Fig. 1c) and the typical XRD pattern (Fig. 1d). 

Then the crystalline microspheres, which can be indexed to the rhombohedral-phase 

crystalline V2O3 without detectable impurity (JCPDS No. 26-0278), are fabricated 

after sintering at high temperature of 600 C in nitrogen atmosphere. Furthermore, the 



microsphere nanostructure has also been perfectly maintained after high temperature 

sintering in air, demonstrating great structural stability (Figure S1, in the Electronic 

Supplementary Materials (ESM)).  

 

 

Figure 2. (a) Schematic of the formation process of carbon-supported and nanosheets-assembled 

amorphous vanadium oxide microspheres. (b-e) SEM images of the samples prepared at 9 h (b), 

12 h (c), 18 h (d) and 24 h (e), respectively.  

 

To further understand the formation processes of microspheres, a series of 

time-dependent experiments are carried out. Four samples with different 

morphologies were synthesized with the reacting time increasing from 9 to 12, 18 and 

24 h (Fig. 2). When the reaction time was only 9 h, tanglesome thick vanadium oxide 

nanosheets were initially obtained, which aggregated together owing to the tendency 

of decreasing surface energy (Fig. 2b). Then as the reacting time increased to 12 h, the 

thick vanadium oxide nanosheets were gradually consumed and ultrathin vanadium 

oxide nanosheets were gradually formed (Fig. 2c). After reacting for 18 h, the 

transformation continued to proceed, forming homogeneous microspheres (Fig. 2d). 

Finally, vanadium oxide microspheres assembled with nanosheets were synthesized 

after reacting for 24 h (Fig. 2e). All these four corresponding XRD patterns 

demonstrate the amorphous characteristic of the samples (Fig. S2, in the ESM). And 

each pattern also exhibits an obvious weak and broad diffraction peak at about 17°, 

indicating that the carbon layers are formed throughout the formation process and in 



situ cover on the vanadium oxide nanosheets, which can also be proved by the TEM 

image (Fig. 1g). The EDS elemental mapping image also proves the uniform 

distribution of the carbon, which is derived from the decomposition and carbonization 

of ethanediol and citric acid (Fig. S3, in the ESM). Then the Raman spectrum is 

measured to study the characteristics of carbon in crystalline V2O3 microspheres (Fig. 

S4, in the ESM). The characteristic signatures are observed at ~1350 and ~1600 cm-1, 

corresponding to the D-band (originating from disordered carbon) and G-band 

(graphitic carbon), respectively. The intensity ratio of D-band to G-band (ID/IG value) 

is 1.04, indicating the partially graphitization of carbon [59]. The TG-DSC curves 

show the mass percentage of carbon is ~10.6 wt% in amorphous vanadium oxide 

microspheres and ~8.1 wt% in crystalline V2O3 microspheres (Fig. S5, in the ESM).  

 

 

Figure 3. (a) XPS spectra and (b) V 2p3/2 XPS spectra of carbon-supported and 

nanosheets-assembled amorphous vanadium oxide microspheres.  

 

  Then the elaborate architectures and compositions of the above carbon-supported 

and nanosheets-assembled amorphous vanadium oxide microspheres are further 

studied. XPS measurement was carried out to reveal the valence states of the elements 

in amorphous vanadium oxide microspheres (Fig. 3). All peaks correspond to 

vanadium, oxygen, and carbon in the survey-scan XPS, which are consistent with the 

EDS elemental mapping measurement. The V 2p3/2 core peak spectrum for amorphous 

vanadium oxide microspheres is composed of two components located at 516.80 and 

515.60 eV, corresponding to two formal oxidation states (+5 and +4), respectively, 



and their ratio is ~ 2:1. Therefore, the vanadium-to-oxygen molar ratio is ~3:7, close 

to the EDS characterization value (3:7.08). The specific surface area of amorphous 

vanadium oxide microspheres is measured as 28 m2/g, and the Barrett-Joyner-Halenda 

(BJH) pore-size distribution curve displays no obvious pores (Fig. S6, in the ESM). 

Nevertheless, after sintering at high temperature of 600 C in nitrogen, 

carbon-supported and nanosheets-assembled crystalline V2O3 microspheres were 

obtained and exhibited a greatly increased specific surface area of 45 m2/g. This is 

mainly attributed to the formation of mesopores in the crystalline V2O3 microspheres. 

The BJH pore-size distribution curve manifests that the diameter of the new pores is 

~20 nm, belonging to mesopores, which can effectively increase the 

electrode/electrolyte contact area and shorten the path length for ionic/electronic 

transport.  

 



 

Figure 4. Electrochemical performance of carbon-supported and nanosheets-assembled 

amorphous vanadium oxide microspheres. (a) The first three CV curves tested at a scan rate of 0.2 

mV/s in the potential range from 0.01 to 3.0 V vs Li/Li+. (b) Cycling performance and the 

corresponding coulombic efficiencies are tested at the current densities of 200 and 500 mA/g, 

respectively. (c) Rate performance tested from 100 to 200, 300, 500, 1000 and 2000 mA/g, 

respectively. (d) Cycling performance and coulombic efficiency tested at the high current density 

of 2000 mA/g.  

 

To reveal the superiority of carbon-supported amorphous vanadium oxide 

microspheres and crystalline V2O3 microspheres, the electrochemical performance is 



characterized. First, the CV measurement of amorphous vanadium oxide 

microspheres is performed to characterize the phase transformation process during 

charge/discharge reactions between 0.01 V and 3 V at a scan rate of 0.2 mV/s (Fig. 

4a). For the first discharge cycle, three reduction peaks at 1.98, 1.21 and 0.61 V can 

be related to the formation of LiyVOx new phases and solid-electrolyte interphase 

(SEI) on the surface of active materials. While both the second and the third curves 

show broad peaks and overlap mostly, indicating good reversibility of electrochemical 

reactions. It is well known that the lithium storage of vanadium oxide is mainly 

attributed to the intercalation and conversion reactions. In previous report, vanadium 

oxides first undergo the intercalation reaction, forming new phases of VOx, and then 

followed by the conversion reaction, forming V2O. Therefore, amorphous vanadium 

oxide is expected to reveal a theoretical capacity of over 900 mAh/g [43-47]. 

Then the cycling performance of amorphous vanadium oxide microspheres is tested 

at a low current density of 100 mA/g, it exhibits a high discharge capacity of 1347 

mAh/g for the first cycle and 800 mAh/g for the second cycle, and the coulombic 

efficiency for the first cycle is 65% (Fig. S7a, in the ESM). When it is measured at the 

current densities of 200 and 500 mA/g, 84% and 71% of the second cycle discharge 

capacities (668 and 488 mAh/g) are maintained after cycling 700 times, respectively 

(Fig. 4b). The rate performance is measured at various rates ranging from 100 to 200, 

300, 500, 1000 and 2000 mA/g, respectively (Fig. 4c). The capacity recovery exceeds 

100% when the current density is reduced to 100 mA/g and the discharge capacity 

increases obviously in the subsequent measurement. And the corresponding 

charge-discharge curves also demonstrate high coulombic efficiency (Fig. S7b, in the 

ESM). Particularly, when tested at the high current density of 2000 mA/g, amorphous 

vanadium oxide microspheres maintain 95% of the second cycle capacity (345 mAh/g) 

after cycling a long lifespan of 7000 times, demonstrating excellent cycling 

performance (Fig. 4d).  

 



 

Figure 5. Electrochemical performance of carbon-supported and nanosheets-assembled crystalline 

V2O3 microspheres. (a) The first three CV curves tested at a scan rate of 0.2 mV/s in a potential 

range from 0.01 to 3.0 V vs Li/Li+. (b) Cycling performance tested at the current density of 200 

mA/g. (c) Rate performance tested from 100 to 200, 300, 500, 1000 and 2000 mA/g, respectively. 

(d) Cycling performance at the high current density of 2000 mA/g.  

 

Then the electrochemical performance of carbon-supported and 

nanosheets-assembled crystalline V2O3 microspheres is further characterized. The first 

three consecutive CV curves of V2O3 microspheres are carried out to characterize the 

phase transformation process during charge/discharge reactions between 0.01 V and 3 



V at a scan rate of 0.2 mV/s (Fig. 5a). Compared to the results of amorphous 

vanadium oxide microspheres measured above, the number of reduction and oxidation 

peaks obviously decreases, since the highest valence state of vanadium is only +3 

during the electrochemical reactions. The valence state of vanadium only changes 

from +1 to +3 under the voltage of 1.5 V, and no peaks are observed above 1.5 V for 

the first three CV curves. Therefore, the specific discharge capacity of crystalline 

V2O3 microspheres is lower than that of amorphous vanadium oxide microspheres. 

When it is tested at a low current density of 200 mA/g, the coulombic efficiency for 

the first cycle is 56%, the discharge capacity gradually increases for the first 300 

cycles and remains stable for the subsequent measurement (Fig. 5b). The 600th cycle 

discharge capacity is 505 mAh/g and the corresponding coulombic efficiency remains 

at ~100%, indicating a good reversibility. The increased capacity has also been widely 

observed for other transition metal oxides, which is attributed to the electrochemical 

activation and the growth of an electrochemical gel-like polymer layer [56-63]. The 

rate performance is tested at various rates ranging from 100 to 200, 300, 500, 1000 

and 2000 mA/g, corresponding to the average discharge capacities of 341, 321, 318, 

310, 279 and 245 mAh/g, respectively (Fig. 5c). When the current density comes back 

to 100 mA/g, the capacity recovery exceeds 100% and the 400th cycle discharge 

capacity reaches up to 621 mAh/g, showing great reversibility. Notably, when 

crystalline V2O3 microspheres are tested at the high current density of 2000 mA/g, 

98% of the second cycle discharge capacity is still maintained after cycling as long as 

9000 times, demonstrating excellent high-rate and long-life performance (Fig. 5d).  

Based on the measurements above, the outstanding electrochemical performance of 

carbon-supported amorphous vanadium oxide and crystalline V2O3 microspheres can 

be attributed to the following reasons. First, both microspheres are assembled with 

ultrathin nanosheets and have a large specific surface area, which can shorten the path 

length for ionic/electronic transport and enhance the electrode/electrolyte contact area. 

The specific surface area of amorphous vanadium oxide microspheres is 28 m2/g, and 

the crystalline V2O3 microspheres exhibit a much higher value of 45 m2/g after high 

temperature sintering in nitrogen (Fig. S6, in the ESM). Second, the existence of 



graphitized carbon can effectively increase the conductance of the microspheres and 

reduce the charge transfer resistance (Rct). The electrochemical impedance 

spectroscopy (EIS) measurement shows that the Rct values of carbon-supported 

amorphous vanadium oxide microspheres and crystalline V2O3 microspheres are 92 Ω 

and 51 Ω, respectively, indicating high electronic conductivity and enhanced kinetics 

of the electrode reactions (Fig. S4a, in the ESM). Third, the unique microsphere 

structure assembled with ultrathin nanosheets can restrain the self-aggregation and 

release the stress caused by volume variation during the lithium ion intercalation and 

deintercalation processes. After charging and discharging 400 cycles at 200 mA/g, the 

3D nanostructures of both amorphous vanadium oxide microspheres and crystalline 

V2O3 microspheres are kept integrity (Fig. S8, in the ESM), showing great structural 

stability. All these results demonstrate that our carbon-supported amorphous 

vanadium oxide and crystalline V2O3 microspheres are promising anodes in high-rate 

and long-life lithium batteries (Table S1). 

 

4  Conclusions 

  In this work, we have developed a facile solvothermal method to synthesize 3D 

carbon-supported microspheres, including amorphous vanadium oxides and 

crystalline V2O3, which are assembled with ultrathin nanosheets. Both of them exhibit 

excellent high-rate and long-life electrochemical performance when used as lithium 

ion battery anodes. The amorphous vanadium oxide microspheres exhibit a little 

higher discharge capacities and the crystalline V2O3 microspheres show a bit better 

cycling performance. Particularly, when carbon-supported amorphous vanadium 

oxide microspheres are tested at the high current density of 2000 mA/g, 95% of the 

second cycle discharge capacity is maintained after cycling as long as 7000 times. 

When crystalline V2O3 microspheres are tested at 2000 mA/g, 98% of the second 

cycle discharge capacity is remained after cycling an ultra-long life of 9000 times. 

This excellent cycling performance mainly benefits from the uniformly distributed 

carbon and the stable microsphere structure, which is accompanied with low charge 

transfer resistance, fast electronic transport, large specific surface area and robust 



structural stability. Therefore, these carbon-supported and nanosheets-assembled 

microsphere anodes have enormous potential in the energy storage field.  
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Figure S1. SEM image (a), TEM image (b) and XRD pattern (c) of V2O5 microspheres assembled 

with nanosheets, which is obtained after sintering in air.  

 

 

Figure S2. XRD patterns of carbon-supported and nanosheets-assembled amorphous vanadium 

oxide microspheres prepared at 9, 12, 18 and 24 h, respectively.  



 

Figure S3. SEM image (a) and EDS elemental mappings of carbon-supported and 

nanosheets-assembled amorphous vanadium oxide microspheres. The elements of oxygen (b), 

vanadium (c), and carbon (d) are characterized, respectively.  

 

 

Figure S4. (a) AC impedance plots of amorphous vanadium oxide microspheres (red) and 

crystalline V2O3 microspheres (blue), respectively. (b) Raman spectra of crystalline V2O3 

microspheres.  

 



 

Figure S5. TG (black line) and DSC (red line) of amorphous vanadium oxide microspheres (a) 

and crystalline V2O3 microspheres (b), respectively. 

 

 

Figure S6. (a, b) Nitrogen adsorption-desorption isotherms and the corresponding pore size 

distribution of amorphous vanadium oxide microspheres; (c, d) Nitrogen adsorption-desorption 

isotherms and the corresponding pore size distribution of crystalline V2O3 microspheres.  

 



 

Figure S7. (a) Cycling performance of amorphous vanadium oxide microspheres tested at 100 

mA/g. (b) Charge-discharge curves of amorphous vanadium oxide microspheres tested at different 

current densities ranging from 100 to 200, 300, 500, 1000, 2000 mA/g, respectively.  

 

 

Figure S8. SEM images of amorphous vanadium oxide microspheres (a) and crystalline V2O3 

microspheres (b) after cycling 400 times at the current density of 200 mA/g. 

 

 

Figure S9. (a) The voltage profiles of crystalline V2O3 microspheres tested at the current density 

of 200 mA/g. (b) The charge and discharge curves of crystalline V2O3 microspheres tested at 

different current densities ranging from 100 to 2000 mA/g.  



 

Table S1. The comparisons of our work and previously reports. 

 

Morphology 
Voltage 

range (V) 

Current 

density 

(mA/g) 

The 2nd 

discharge 

capacity 

(mAh/g)

Cycle 

number

Capacity 

retention
Reference 

Carbon supported 

amorphous vanadium 

oxide microspheres 

0.01-3.0 2000 345 7000 95% 

Carbon supported V2O3 

microspheres 
0.01-3.0 2000 245 9000 98% 

Our work 

Amorphous vanadium 

coating on graphene 
0.01-3.0 1000 500 200 101% 

Chem. Commun. 

2014, 50,10703. 

Amorphous vanadium 

pentoxide 
0.01-3.0 100 650 50 92% 

Chem. Mater. 

2014, 26, 5874. 

V2O3-ordered 

mesoporous carbon 
0.01-3.0 100 700 180 75% 

Carbon, 2013, 62, 

382. 

V2O3/C 

nanocomposites 
0.01-3.0 200 750 100 93% 

J. Power Sources, 

2014, 261, 184. 
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