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Abstract: Vanadium oxides (VOx) nanomaterials are promising candidates for energy storage devices such as lithium- and sodium ion batteries 

and super capacitors, where many complicated structural designs and composite strategies have been applied to harness the high theoretical 
capacity of these materials. Herein, we demonstrate a simple yet effective method to achieve improved performance of electrode via tungsten 

doping in a green hydrothermal reaction. By systematic investigation of the reaction products, we revealed the evolution of three VOx phases 

(V2O5, VO2 and V6O13) during the synthesis of the VOx nanostructures. The presence of dopants was critical for the formation of nanocrystalline 

structures. The as-fabricated VOx was tested for lithium ion batteries, which showed that tungsten doping significantly improved the battery 

performance, including initial discharge capacity of the VOx (doped VOx = 615.2 ± 41.6 mAh/g, undoped VOx = 377.9 ± 72.8 mAh/g and precursor 

V2O5 = 393.4 ± 74.0 mAh/g), cycle stability and rate performance. This research provides important insights to the understanding of the dopant-

induced phase tuning of VOx nanostructures for energy storage related applications.

Introduction 

Vanadium oxide based electrodes for energy storage devices 
are a very dynamic research field thanks to the high capacity of 
these materials[1]. The high capacity originates from the layered 
structures in vanadium oxide which provides sufficient space for 
the intercalation of ions or small molecules between layers[1a, 1e]. 
In addition to its high theoretical capacity, vanadium is one of the 
most abundant element in the earth's crust, facilititating the 
possibility of the low production cost of vanadium oxide with facile 
synthesis methods[1b]. However, the translation of the theoretically 
predicted high capacity into the practical device performance has 
been proven challenging due to the poor stability and reversibility 
of electrodes made from those materials[1b, 1d, 2]. To date, most 
research works mainly focus on improving the performance of 
these electrode materials via complicated structural designs or 
combining them with other materials to form composites[1a, 1b, 3]. In 
terms of the nanostructure designs, they can be classified into one 
dimensional (i.e. nanotube[3], nanobelts[4], and nanowires[5]), two 
dimensional (i.e. nanosheets[6], nanostructured films[7] and 
membranes[8]), and three dimensional (i.e. microspheres[9] and 
microflowers[10]), which have shown enhanced electrode 
performance. Another strategy is to form the VOx composite 
materials with different supportive substances, such as carbon 
based materials (i.e. carbon nanotubes[11], graphene[12], graphene 
oxide[13], carbon fibres[14] etc.), polymers (i.e. polyaniline[15], 
polypyrrole[16] etc.) and metal oxides[17]. However, most of these 
approaches are difficult to be scaled up for mass production due 
to the complexity of processing, toxicity of the reactants, high cost, 
availability of supportive materials, and low productivity.  

In this study, we report a facile and green approach to achieve 
improved performance of the vanadium oxide based electrodes 
for energy storage devices. Specifically, a green and one-pot 
hydrothermal reaction under the mediation of tungsten dopants 
was developed for the synthesis of nanocrystalline V6O13 particles. 
We systematically studied the reaction pathways for the formation 
of VOx via ex-situ X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), Raman spectroscopy, high resolution 
transmission electron microscopy (HRTEM), as well as in-situ 
synchrotron XRD. Through a comparison to the undoped VOx 
control reaction, we revealed the critical roles of the tungsten 
doping in the formation of nanocrystalline structures of V6O13. 
Owing to the contribution of tungsten doping, the as-synthesized 
VOx materials possess substantially enhanced electrode 
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performance, showing great potential for low-cost and high-
performance electrodes in energy storage devices. 

Results and Discussion 

Phase evolution of VOx during hydrothermal reactions 
We used an aqueous mixture of water and isoproponal 

(VolH2O/VolC3H8O = 1:1) as the solvent as well as the reducing 
agent (isoproponal) for both hydrothermal reactions to synthesize 
the doped and undoped VOx nanostructures. During a 
hydrothermal or solvo-thermal synthesis, the reduction of high 
valence state of a vanadium compound usually involves 
complicated chemical reaction pathways due to the various 
valence states of vanadium in the oxides[18], but generally the 
whole reaction involves dissolution and recrystallization[19]. The 

as-reduced products often possess polymorph features and 
contain multiple valence states.  

Figure 1 a and b show the ex-situ XRD patterns of undoped 
and doped VOx samples, respectively. The final products for both 
doped and undoped reactions show characteristic patterns 
corresponding to the V6O13 structures[20]. By comparing two XRD 
patterns, it was obvious that the abrupt componential changes did 
not take place in the doped sample until 120 min of reaction 
duration, longer than the undoped counterpart (between 60 and 
120 min). The final product was V6O13 from the undoped reaction 
while the doped one yielded the mixture of the tungstite (or 
tungstic acid) and V6O13 at the end. The V6O13 characteristic is 
also evident from high resolution TEM as shown in Figure 1 c and 
d. In addition, Figure 1a indicated the intermediate phase 
V10O24·12H2O formed after 2 h of the undoped reaction but 
disappeared in the final product (or after 3 h of reaction). However, 
the presence of this intermediate phase cannot be determined 

Figure 1. Crystallographic (XRD, HRTEM and FFT, sychrotron in situ XRD) of the undoped and doped VOx: a) and b), ex-situ XRD patterns of VOx for the undoped 

and doped reactions, respectively; c), HRTEM and (d) FFT of a particle from the undoped VOx synthesized for 180 min showing characteristic crystal planes of the 

V6O13 structure; e) 2D view of the time-resolved in-situ synchrotron XRD patterns of the W-doped reaction, showing the progressive phase change from precursors 

to intermediate, and finally to product. 
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from the ex-situ XRD patterns of the doped products (Figure 1b). 
Therefore, we applied the more detailed in-situ XRD to obtain 
more insights into the phase evolution in the doped reaction in a 
continuous and timely manner. The evolution of the spectra 
revealed that the V2O5 gradually dissolved as indicated by the 
fading away of the characteristic V2O5 peak, finally disappeared 
at around 80 min; in the meantime, an intermediate phase 
V10O24·12H2O appeared from the saturated solution, followed by 
the formation of V6O13. The colour changes (shown in Fig.S2) was 
also consistent with the phase evolution in the reaction system. 
The yellow colour of the mixture became lighter from 24 min which 
was most likely associated with the dissolution and consumption 
of the precursors V2O5 and H2WO4, and, simultaneously, the dark 
green colour phase emerged in the solution. After 85 min of 
heating, the dark green phase totally replaced the yellow phase 
in the heated region indicating the depletion of V2O5 and H2WO4. 
We also selected the in-situ XRD patterns from four different 
stages of the doped reaction, as shown in Figure S1. It was 
obvious that the intermediate phase V10O24·12H2O completely 
replaced the precursors in the system after 80 min of reaction. 
After 130 min, the product V6O13 appeared in the mixture at the 
expense of the intermediate phase V10O24·12H2O which 
disappeared in the final product (220 min). Moreover, unlike the 
ex-situ XRD patterns (Fig.1b), the tungstic acid did not appear in 
the in-situ XRD patterns of the ongoing doped reaction (Fig.S1) 
which was caused by the dissolution of H2WO4. When cooling 
down from 220 °C to room temperature in the ex-situ experiments, 
the tungstic acid recrystallized from the saturated solution, 
forming part of the product. In addition, the 3D in-situ XRD 
(Fig.1e) suggested the short window for the intermediate phase 

V10O24·12H2O in the doped reaction and hence the ex-situ XRD 
with longer sampling time intervals missed its formation. It is 
necessary to point out that as the synchrotron experiment was 
carried out in a capillary tube with fewer amount of precursors 
(see experimental section for the detail of the experiment), the 

Figure 2. Chemical (XPS) analysis of the undoped and doped VOx: a) ~ d) the spin split V2p (3/2) and V2p (1/2) peaks for VOx synthesized for 15min and 3 h 

showing the presence of two valence states V5+ (i.e. V2O5) and V4+ (i.e. VO2); e) and f) Raman spectra of the undoped and doped VOx showing the decrease of 

intensities of the low frequency peaks (as shaded in light green) with the rise of broad peak on the high frequency part (as shaded in light red ), a sign of change 

in V-O bond strength; g) fractional evolution of different valence states in the doped and undoped VOx. 

Figure 3. HRTEM images of the doped (a, c, e) and undoped (b, d, f) VOx: a) 
and b), c) and d), e) and f) are VOx synthesized at 60 min, 120  min and 180 
min, respectively; Panels in the middle are the zoom-in views and the SAED 
patterns of the marked areas in a, c and e showing the different nanostructures 
formed and SAEDs in b, d and f are from the whole particles. 
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temperature rise within the reactants is faster than the autoclave 
reaction for the ex-situ XRD analysis, consequently the reaction 
also proceeds faster when compared to the same reaction in a 
laboratory-sized autoclave. 

XPS studies were employed to further explore the initial 
conversion process in the hydrothermal reaction. The results are 
presented in Figure 2 and more XPS spectra and fitting data are 
shown in the supporting information (Figure S3 and S4, Table S1 
and S2). As shown in Figure 2 a & b (undoped), and c & d (doped), 
we confirmed the presence of two valence states V5+ (V2O5) and 
V4+ (VO2) in both the undoped and doped products with the spin 
orbital split peaks: V2p3/2,  ~ 517.70 ± 0.10 eV (V5+) and ~ 516.30 
± 0.08 eV (V4+) ; V2p1/2,  ~ 525.00 ± 0.12 eV (V5+) and ~ 523.50 ± 
0.09 eV (V4+), respectively. These values are generally consistent 
to the reported values in the literatures[22]. However, we noticed 
that the V5+ peak displayed a continuous shift and broadening 
towards higher binding energy (Figure S5). This might be 
correlated to the continuous increase of V6O13 fraction which 
alters the bonding strength of V-O. As revealed by the previous 
crystallographic study, the V5+ forms two types of V-O bonding 
with two different bond valences (i.e. an indication for bonding 
strength) in the unit cell of V6O13

[20b]. Moreover, the broadening 
and shift of the overall XPS peak due to the formation of V6O13 
superstructure is also in agreement with the evolution of the 
Raman spectra. The frequency of Raman bands of V-O bonding 
is closely correlated to its bonding strength, namely, high 
frequency Raman bands are from the stretching and vibration of 
V-O with high binding energy, vice versa[23]. In this study, the low 
frequency Raman bands (< 500cm-1) of the VOx underwent a 

continuous decrease in the intensity and eventually became 
uncharacteristic with the rise of broad bands at the high frequency 
ranges (600cm-1 ~ 1000cm-1) as shown in Figure 2 e (undoped) 
and f (doped). This spectral evolution directly indicated that the 
phase change gradually modified the V-O bonding strength of the 
VOx agreeing well with our XPS analysis[23]. 

Figure 2 g summarizes the fractional evolution of the two 
valence states (each valence state is the combination of two spin 
orbital splitting states (i.e. V2p3/2 and V2p1/2)) for both undoped 
and doped VOx. Based on the trend of the conversion of V5+ into 
V4+ for both doped and undoped cases, the presence of dopants 
may hinder the overall transformation from V2O5 to V6O13 at the 
initial stage (consistence to the evolution of XRD spectra) as 
evident from the mild change within the first 2 hours when the 
saturated solution underwent nucleation, however, the reaction 
rate significantly boosted after 2 hours of reaction. This indicates 
the presence of tungsten dopants increased the nucleation sites 
of V6O13 in the saturated solution following the hydrolysis within 
V2O5 during the first 2 h, which eventually led to the sharp rise in 
the reaction rate in the period post 2 h.  
 
Promotion of nanostructures by W-doping 

Apart from the effects of chemical doping on altering the 
reaction, we also observed that tungsten doping can promote the 
formation of nanocrystalline structures. Figure 3 presents the 
TEM images of the typical particles of the doped and undoped 
VOx (more TEM images are available in Fig. S7). When zooming 
in on the translucent parts of the doped samples, the embedded 
nanostructures become visible. It is obvious that doping promotes 

Figure 4. Schematic representation of the hydrothermal reduction of V2O5 for the synthesis of V3O16 with and without doping: 1), regardless of the presence of 

dopant, the VOx are mainly the product of two steps of reactions: hydrolysis (dissolving of the V2O5 into solvent under hydortheral conditions) and condesation (i. 

e. nucleation and crystal growth). 2) Without the presence of dopant, upon sporadic nucleation in the saturated solution, the minimum number of crystallites will 

continue to grow rapidly into large particles. The presence of dopant spatially hindered the continous growth of crystallites therefore significantly increases the 

density of nucleation sites creating numerous crystallites within the precursor solution. Upon growth, these crystallites with different orientation hinder the growth 

of each other leading to the formation of nanostructure. 
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the formation of nanostructures. Those domains can eventually 
grow into nanocrystalline structures as shown in Figure 3 e 
(sample from 3 h reaction) without being swallowed to form large 
crystal grains. In contrast, the majority of the undoped 
nanoparticles appeared as the result of continuous growth of 
crystal with certain preference in orientation so that most of the 
undoped samples appeared to be ‘needle’, ‘bar’ or ‘spiky’ shapes. 
Except for the growth of crystal branches (as shown in Figure 3 f), 
nanostructures featured in the doped samples are not observable 
in the undoped ones, which implies the crystal nucleation and 
growth are quite different in the doped and undoped reactions.  

Without the presence of the dopant, a crystallite can continue 
to grow at the expense of precursors around it to form larger 
crystals. However, when dopants are introduced to the reaction, 
they can act as barriers spatially hinder the continuous growth of 
crystal and create additional nucleation sites which possess 
different crystal orientations in favour of creating 
nanostructures[24] . The nucleation within the saturated solution is 
likely to have taken place within the initial 2 hours as indicated by 

the mild overall reaction with gradual increase in the fraction of 
VO2 revealed in the ex-situ XRD and XPS studies (Figure 1 e). 
The subsequent crystal growth is faster than the undoped as there 
are more nucleation sites as evident from the boost of reaction 
rate post 2 h (Figure 1 e).We schematically summarize the crystal 
growth mechanisms revealed by the above studies in Figure 4. In 
general, regardless the presence of dopants, the process follows 
the dissolution of V2O5 precursor in solvent, and the nucleation 
and crystal growth in a hydrothermal reaction[19]. The main 
difference between the doped and undoped reactions lies in the 
nucleation and crystal growth. In particular, without the presence 
of dopants, crystallites will sporadically form within the saturated 
solution  of precursor (i.e. V2O5) upon reduction.  A crystallite will 
continue to grow at the expense of the precursors around it to 
form larger crystals rapidly. In contrast, in the case of the doped 
reaction, the dopants will act as spatial barriers and significantly 
increase the nucleation sites within the saturated solution of the 
precursor. These scattered and randomly oriented crystallites 
start to grow rapidly after initial nucleation process, but the growth 
will stop at some point since the random growths of scattered 
crystallites hinder each other, eventually forming nanocrystalline 
structures.  

 
Doped VOx as potential high-performance electrode for 
energy storage devices 

Based on the above study, it is clear that the doping process 
can promote the formation of nanocrystalline V6O13 structures. 
V6O13 has been considered as an excellent electrode material for 
energy storage devices such as lithium ion batteries[20a, 22c, 25]. 
Figure 5 shows the initial discharge capacity and the cycle stability 
of the as-fabricated electrodes for both doped and undoped VOx 

prepared from 3 h of hydrothermal synthesis. Both the doped and 
undoped VOx possess higher open circuit voltages than the pure 
V2O5 precursor (Fig. 5 a). More importantly, our tests show that 
the cells fabricated with the doped VOx possess an excellent 
maximum initial discharge capacity of 615.2 ± 41.6 mAh/g, which 
is a significant improvement to either the precursor (393.4 ± 74.0 
mAh/g) or the undoped VOx (377.9 ± 72.8 mAh/g). This 
unoptimized maximum discharge capacity value of the doped VOx 
is higher than most reported vanadium-based materials[1b]. 
Moreover, from the cycling performance test, the doped VOx 
electrode materials possess higher capacity as well as better 
cycle stability than the undoped VOx and the precursor V2O5, at a 
current density of 0.1 C, as shown in Figure 5 b. It should be noted 
the capacities of all three VOx electrodes experienced a sharp 
drop during the first 10 cycles and then a gradual increase from 
40 to 240 cycles. The initial fading capacities were attributed to 
the formation of solid electrolyte interphase (SEI) film and the Li+ 
diffusion paths in the electrodes at the early stage while the later 
rise was due to the activation process[26]. The cycle stability and 
reversible capacity of the doped VOx is also comparable to or 
even better than previously reported V6O13 electrodes which 
required special geometrical designs, such as micro-flowers[25b] 
and nano-textile[25a].  The scanning electron microscopy (SEM) 
images, as shown in Fig. S11, displayed the morphologies of 
electrode materials before and after the cycling test. It is obvious 
that V2O5 experienced the most dramatic chemical dissolution 

Figure 5. Battery performance for the precursor vanadium pentoxide, undoped 

and doped VOx prepared with 3 h hydrothermal reactions: a) the initial 

discharge curve and the inset lists the maximum discharge capacities (error 

bars are based on tests of 4 samples for each material); b) The cycling 

performance at 0.1 C (The corresponding Coulombic efficiencies are displayed 

in Figure S10). 
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and structural breakdown. For the hydrothermal synthesized VOx, 
the doped version had less lithium ions diffusion resistance 
because it underwent less structural collapse and had more 
interconnected structures than the undoped counterpart. 
Therefore, the doped VOx retained the highest capacity after 
cycling. In addition, the electrochemical impedance spectra (EIS) 
showed that the doped VOx exhibited lower Warburg impedance 
than the undoped version (Fig. S8), indicating that tungsten 
doping can enhance the lithium ion diffusion coefficient[27]. In 
contrast, the doping effect had little influence on the combined 
SEI film resistance (Rsf), charge transfer resistance (Rct), and bulk 
resistance (Rb), as shown in Table S2. Our test also suggested 
that the doped VOx has the best rate performance among the 
three samples (Fig. S9). Although the performances of our 
unoptimized VOx anode were not as good as the previously 
reported metal oxide anodes (see Table S3), the significant 
improvement achieved by simple tungsten doping provides a 
facile and effective route in designing high performance electrode 
materials.  

Conclusion  

In this study, we systematically studied the evolution of the 
hydrothermal reduction of vanadium pentoxide with and without 
tungsten doping. It was found that the presence of dopant 
changed the course of the hydrothermal reaction by promoting the 
formation of nanocrystalline V6O13 super structures. The doped 
V6O13 was applied as electrodes for lithium ion batteries and 
enhanced battery performance over the V2O5 precursors was 
obtained. Without extensive device optimization, the preliminary 
results showed promising potential for LIB application including 
high initial discharge capacity of the VOx (doped VOx = 615.2 ± 
41.6 vs undoped = 377.9 ± 72.8 mAh/g vs precursor V2O5 = 393.4 
± 74.0 mAh/g), improved cycle stability and rate performance. The 
performance indicates that tungsten doping is a cost-effective 
method to improve the performance of vanadium oxide based 
electrode materials for energy storage devices. This research is 
expected to lead to increased fundamental understanding of the 
reaction pathways, controllable synthesis VOx nanostructures for 
their applications in energy storage devices. 

 

Experimental details 

Hydrothermal synthesis of VOx  
For the doped VOx samples, 500 mg vanadium pentoxide 

(V2O5, 99%, Chem Supply) were homogeneously mixed with 500 
mg tungsten acid (H2WO4) in an aqueous mixture consisting of 10 
mL iso-propanol (99%, Sigma-Aldrich) and 10 mL MiliQ water. For 
the undoped VOx samples, tungsten acid was not added. The 
suspension was then transferred into an autoclave with 50 mL 
Teflon cell and sealed. The sealed autoclave was placed in a 
preheated oven at 180 ˚C and the desired isothermal 
hydrothermal durations (15 min, 30 min, 60 min etc.) were timed 
when the oven temperature first reach 220 ˚C at a heating ramp 

of 5 ˚C /min. After taking the autoclave out of the oven and cooling 
down to room temperature, the product was repeatedly washed 
and recovered via centrifugation with copious amount of water, 
followed by ethanol. After the washing steps, the product was 
collected and dried in a vacuum oven overnight.  
 
Fabrication of LIB and electrochemical measurement 

For a typical cell, the active materials (i.e. V2O5, undoped VOx 
or doped VOx) were mixed with conductive carbon black and 
binder Polyvinylidene fluoride (PVDF, Sigma Aldrich) in a ratio of 
25:3:2 (mass). Lithium metal was applied as the counter 
electrodes. A mixture of LiPF6 (1M, Sigma Aldrich), ethylene 
carbonate (EC, Sigma Aldrich), dimethyl carbonate (DMC, Sigma 
Aldrich) and ethyl methyl carbonate (EMC, Sigma Aldrich) in a 
volume ratio of 1:1:1 was prepared as the electrolyte. The 
assembling of cells was conducted in a glove box with moisture 
(i.e. H2O) and oxygen controlled below 0.1 ppm. The battery 
performance, including the charge and discharge, cycle stability 
and rate performance, were evaluated through a Land battery 
tester at room temperature. Electrochemical impedance 
spectroscopy (EIS) was tested in the frequency range from 0.1 
MHz to 0.01 Hz. 
 
Characterizations 

Elemental compositions and chemical bonding status were 
quantitatively analyzed by X-ray photoelectron spectroscopy 
(XPS, Kratos Axis Ultra). Samples in the powder form were 
deposited and compressed on a sample loading bar and been 
carried into the test chamber. X-ray diffraction patterns were 
collected via an advance powder XRD (Bruker D8). The data were 
analysed with the X’pert Highscore Plus (version: 3e) software 
accompanied by the COD reference database (2014). The in-situ 
synchrotron XRD was carried out at the Australia Synchrotron 
facility with a photon energy of 21 keV (i.e. λ = 0.059 nm). The 
precursor suspension was heated within the quartz glass capillary 
by a hot air blower while time resoled XRD patterns were collected 
throughout the hydrothermal synthesis. The exact setup was used 
in previous studies [28] [Refs]. High-resolution transmission 
electron microscope was acquired with a Philips Tencai F20 
system. Sample was dispersed in ethanol then drop casted on a 
copper grid for TEM characterization. 
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In-situ synchrotron XRD patterns of the doped reaction at different stages 

 

Figure S1. The in-situ XRD patterns of the precursors, intermediate and final VOx products from the different 

stages of the tungsten doped reaction (0, 80, 130 and 220 min).  

 

Figure S2. Selected pictures of different stages of the doped reaction taken by the surveillance camera during the in-situ PXRD 

experiment at 220 °C with rapid heating (20 °C/min). 

The in-situ synchrotron XRD was carried out in the Australia Synchrotron facility with a photon energy 

of 21 keV (i.e. λ = 0.059 nm). Patterns were taken at a rate of 2 min/scan thereby enabling us to map 

out the evolution of the reaction in a more continuous and timely manner.   

 



 XPS analysis and valence status of dopant  

 

Figure S3. Typical XPS survey spectra for both undoped and doped VOx 

Fig. S3 exhibits the XPS survey spectra of the doped and undoped VOx synthesized for 15 min and 180 

min, respectively. Both doped and undoped samples show strong V2p and O1s peaks. The presence of 

tungsten peaks (W4p and W4d) in the doped samples is apparent. The corresponding atomic 

concentration is listed in Table S1. C1s is a regular environmental contamination during the spectra 

acquisition which could be utilized for calibration purpose.  

Table S1. The atomic concentrations of the V, O and W at different reaction time 

 
Time (min) V (%) O (%) W (%) 

Undoped 15 28.9 71.1 0.0 
60 29.0 71.0 0.0 
120 29.2 70.8 0.0 
180 29.5 70.5 0.0 

Doped 15 27.2 66.8 6.0 
60 27.3 66.9 5.8 
120 27.6 66.8 5.6  
180 28.3 65.8 5.9 

 



 

Figure S4. The peaking fitting results of all the vanadium oxides. 

The fitting shown in Fig. S4 was conducted by the following procedures. Shirley background and a 

Lorenzen and Gaussian ratio of 30% were applied throughout all the samples for all the components 

including the tungsten peaks in latter section. An area ratio of 1:2 was fixed between each pair of the 

spin orbit split peaks of all the chemical bonding forms of V2p3/2 and V2p1/2. After fitting, all the peaks 

were calibrated according to the C1s peak (i. e. shifting the same binding energy required to shift C1s 

to 284.8 eV for the spectra and fitting components). All the fractions of the different binding status of 

V are summarized in Table S2. 

Table S2. Atomic concentration of the different Vanadium binding states derived from the spin orbit split XPS peaks fitting 
  

V 2p 3/2 V2p 1/2   
V5+ V4+ V5+ V4+ 

Peak Position (ev) 517.7 516.3 525.0 523.5 
Error (ev) 0.10 0.08 0.12 0.09 
 Time (min)     
undoped 15 61.7 5.0 30.8 2.5  

30 60.4 6.3 30.2 3.1  
60 57.0 9.7 28.5 4.9  
120 52.4 14.3 26.2 7.1  
180 63.4 18.6 8.7 9.3 

doped 15 60.8 5.8 30.4 2.9 



 
30 60.9 5.8 30.4 2.9  
60 60.0 6.6 30.0 3.3  
120 56.8 9.9 28.4 5.0  
180 43.2 23.5 21.6 11.7 

 

 

Figure S5. Normalized XPS spectra showing the overall peak broadening and shifting to higher binding energy 

As shown in Fig.S5, the consistent shift in the overall XPS spectra to the higher binding energy can be 

observed in both samples, suggesting that the chemical reaction and phase evolution change the 

chemical bonding strength of the samples.   

 

Figure S6. The chemical status of tungsten dopants via XPS curve fitting showing the dopants in the form of W6+. 



Fig. S6 is the fitting results for the W4f peaks. The ratio between the spin orbit split peaks W4f7/2 and 

W4f5/2 is 3:4. The peaks indicate the tungsten is in the W6+ valence state.  

 

Morphology evolution via more TEM images 

 

Figure S7. TEM images of VOx: (a1 ~ a4) and (b1 ~ b4), particles from undoped (a1 ~ a4) and doped (b1 ~ b4) samples 

synthesized with a duration of 60min; (c1 ~ c4), particles from undoped (c1 ~ c2) and doped (c3 ~ c4) samples synthesized 

with a duration of 120min; (d1 ~ d4), particles from doped (d1 ~ d2) and undoped (d3 ~ d4) samples synthesized with a 

duration of 180min. 

Figure S 7 presents more TEM images for the undoped and doped VOx synthesized with hydrothermal 

durations 60 min, 120 min and 180 min.  All undoped samples (Figure S 7 a1 ~ a4 (60 min samples), c1 

and c2 (120 min samples), d1 and d2 (180 min samples)) show ‘dark solid’ appearances under TEM. 

They also show a trend to gradually transform into the structures which possess large main grains 

accompanied with ‘spiky’ branch grains. In contrast, the doped VOx Figure S 7 b1 ~ b4 (60 min samples), 



c3 and c4 (120 min samples), d3 and d4 (180 min samples) are more ‘translucent’ under TEM, the 

nucleation of nanoparticles within the V2O5 is apparent as in Figure S7 b1 ~ b4. The final morphology 

of the VOx shows nanocrystalline structures formed by fine nanoparticles.  

 

Battery tests 

 

Figure S8. Analysis of electrochemical impedance spectra for the doped and undoped VOx. 

According to the electrochemical impedance spectroscopy (EIS) curves, the internal resistances, 

including electrolyte resistance Re, charge transfer resistance Rct, SEI film resistance RSF, bulk 

resistance Rb, and Warburg impedance W, in the coin cell can be determined (see Table S2).   

Table S2. The resistances of the undoped and doped VOx. 

Samples Re (Ω) Rsf+ Rct+ Rb (Ω) W (Ω) 

 
Undoped 

 
1.339 

 
1.15×104 

 
1.588×10-3 

Doped 88.82 1.04×104 7.964×10-4 



 

 

Figure S9. Rate performance of precursor V2O5, undoped and doped VOx synthesized with 3 hr hydrothermal reactions 

Figure S9 shows the typical rate performance of the lithium batteries assembled in this study. In general, 

all the batteries made from the precursor V2O5, undoped VOx and doped VOx do not have rate 

performance comparable to the commercial grate materials, which is a common challenge for all 

vanadium oxide based batteries. However, the doped VOx does possess obviously improved rate 

performance in contrast to V2O5 and undoped VOx, manifesting that doping is able to improve the 

overall battery performance. However, the rate performance in general is not ideal in comparison to 

commercial grade materials, we believe this could be improved via device optimization such as 

introducing supportive materials to maintain the structural soundness during the charge and discharge 

cycles. 



 

Figure S10. The curves of Coulombic efficiencies for three samples which indicate the reversibility of the capacity during 

charge and discharge cycles. 

 

Figure S11. SEM images of the electrode materials: before cycling, V2O5 (a), undoped VOx (b) and doped VOx (c), and after > 

240 cycles, V2O5 (e), undoped VOx (f) and doped VOx (g). The cycling condition is the same as in Figure 5(b). 



Table S3. Comparison of this work with previously reported metal oxides-based anodes for lithium ion batteries. 

Metal Oxides 
Initial Discharge 

Capacity (mA·h·g-1) 

Cycle 

Number 

Capacity Fading 

Per Cycle (%) 

Current Density 

(A·g-1) 
Ref. 

Undoped VOx 378 240 -0.014 0.032 This work 

W-doped VOx 615 240 -0.045 0.032 This work 

VOx  550 1000 0.048 5 [3] 

V2O5 1776 50 1.24 0.25 [4] 

Fe3O4  1400 100 0.57 0.7 [5] 

Fe2O3 1693 50 0.79 0.1 [6] 

Co3O4 1097 30 0.49 0.05 [7] 
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