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a b s t r a c t 

The discovery of novel electrode materials promises to unleash a number of technological advances in 

lithium-ion batteries. V 2 O 5 is recognized as a high-performance cathode that capitalizes on the rich redox 

chemistry of vanadium to store lithium. To unlock the full potential of V 2 O 5 , nanotechnology solution 

and rational electrode design are used to imbue V 2 O 5 with high energy and power density by addressing 

some of their intrinsic disadvantages in macroscopic crystal form. Here, we demonstrate a facile and 

environmental-friendly method to prepare nanorods-constructed 3D porous V 2 O 5 architectures (3D-V 2 O 5 ) 

in large-scale. The 3D porous architecture is found to be responsible for the enhanced charge transfer 

kinetics and Li-ion diffusion rate of the 3D-V 2 O 5 electrode. As the result, the 3D-V 2 O 5 surpasses the 

conventional bulk V 2 O 5 by showing enhanced discharge capacity and rate capability (delivering 154 and 

127 mAh g −1 at 15 and 20 C, respectively). 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

Lithium-ion batteries (LIBs) are a popular form of sustainable

echnology that have made their presence felt in renewable en-

rgies industry. As the application of LIBs moving from portable

onsumer electronics to hybrid electric vehicles, ongoing research

as been focusing on the investigation of promising electrode

aterials to achieve high-performance LIBs for more stringent

equirements [1–9] . V 2 O 5 that outperforms most of the conven-

ional cathodes (e.g., LiCoO 2 , LiFePO 4 , and LiNiO 2 ) satiates the

ncreasing energy demands of LIBs [10–12] . Its exceptionally high

pecific capacity of 294 mAh g −1 (voltage window: 2.0–4.0 V) is

ndowed by the rich chemistry of V 2 O 5 to access plentiful redox

eactions via the movement of ions along the layered structure of

 2 O 5 [13–18] . Although the thermodynamic expression signifies

he available energy depends on the types of electrode materials,

he theoretical value of chemical energy being stored in V 2 O 5 is

ifficult to be fully claimed due to the limitation in ion diffusion
∗ Corresponding authors at: Guangdong University of Technology, Guangzhou 

10 0 06, Guangdong, China, and University of Science and Technology of China, 

efei 230026, Anhui, China. 
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inetics and electronic conductivity of V 2 O 5 . In spite of having

uch robust intercalation tunnels and ability for multi-electron

ransition, the realization of a V 2 O 5 electrode with high power

ensity requires the optimization of dimensional and transport

arameters to overcome the complicated physicochemical reaction

nvironment including the ion diffusion towards the electrode and

harge transfer at the electrode/electrolyte interfaces, which is also

 puzzle researchers are now trying to solve. 

Nanotechnology solution has been used to compensate the

ntrinsic disadvantages of cathode materials by shortening the

on diffusion time tremendously. Numerous V 2 O 5 nanostruc-

ures, including nanoparticles, nanowires, nanobelts, nanosheets,

anoflower and etc., have been studied to investigate the signif-

cance of nanoscopic architectures towards their electrochemical

erformances [19–24] . However, it is found that their influence in

oosting the power density is still very limited. Thus, researchers

re working through this challenge by using rational electrode

esign to optimize the transportation rate and penetration of

lectrolyte ion. Designing 3D porous structure is a new wave of

esearch that could be the answer to achieving V 2 O 5 cathode

ith high energy and power density, which makes use of its

tructural uniqueness to maximize the accessibility and perme-

bility of the electrolyte ion to the active surface beyond the

urface region through the porous network [25–29] . Different
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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from the packed materials, porous structure allows the “dead

mass” beneath the surface region to be utilized and the electrolyte

ions can be replenished in a faster rate. It has also been demon-

strated that 3D porous architecture can provide interconnected

network for efficient Li + transport across the entire structure. In

addition, the interconnected network infuses higher mechanical

robustness to cope with the volume expansion of the active

materials while retaining dimensional stability at the electrode

level. Some successful examples have demonstrated the feasibility

of this approach. For example, template-directed synthesis has

been used to prepare ordered mesoporous electrode [30–32] ,

hydrothermal/solvothermal reaction was attempted to synthesize

self-assembled 3D porous structures [33–35] , and bio-derived

method was reported to construct 3D foam [36] . 

Given the previous success made in 3D porous V 2 O 5 electrode,

a question naturally arises: How to put it into real practice? An en-

vironmentally friendly, safe and reliable synthesis method is hence

a necessity to scale up the production for industrial-scale appli-

cation. In this paper, we present a facile sol-gel method followed

by subsequent annealing step to prepare 3D porous architectures

constructed by interconnected V 2 O 5 nanorods (abbreviated as 3D-

 2 O 5 ) in large-scale. The 3D porous structures show improved

charge transfer kinetics and Li-ion diffusion rate compared to the

bulk V 2 O 5 , giving rise to enhanced lithium storage properties. The

successful development of such industry feasible method for mass

production of 3D porous V 2 O 5 electrode is a good indication for its

commercialization in years to come. 

2. Experimental 

2.1. Synthesis of 3D-V 2 O 5 

The 3D-V 2 O 5 was prepared by a facile sol-gel approach com-

bined with a heat treatment procedure. In a typical synthesis,

28 g oxalic acid (H 2 C 2 O 4 ·2H 2 O) was initially dissolved into 220 mL

deionized water under vigorous string (1.0 M). Afterward, 10 g V 2 O 5 

powder was added to the above solution under vigorous stirring

at 80 °C until a dark blue solution was formed. Then, the solution

was kept stirring at 80 °C for 5 h, and dried in an oven at 80 °C
for 12 h. Subsequently, the obtained gels were grounded and an-

nealed at 500 °C under air atmosphere for 5 h. Finally, the 3D-V 2 O 5 

product with a high yield of ∼10 g was obtained. 

2.2. Materials characterization 

X-ray powder diffraction (XRD) was recorded on a Bruker AXS

D8 advance X-ray diffractometer using Cu K α radiation. The mor-

phology was investigated by using a field-emission scanning elec-

tron microscopy (FESEM) system (JEOL, Model JSM-7600F), and the

nanostructure was characterized by using a transmission electron

microscopy (TEM) system (JEOL, Model JEM-2100) operating at

200 kV. The X-ray photoelectron spectroscopy (XPS, Thermo Fisher,

Model ESCALAB 250Xi) was used to verify the valence state of

vanadium. 

2.3. Electrochemical measurements 

The coin-type cells were assembled in an argon-filled glove-

box, where both moisture and oxygen levels were less than 1 ppm.

The cathodes were fabricated by mixing 3D-V 2 O 5 , carbon black

and poly(vinyldifluoride) (PVDF) at a weight ratio of 80:10:10 in

n-methyl-2-pyrrolidone (NMP) solvent. The resulting mixture was

then pasted onto the aluminium foil and punched into small disks

( Ø = 14 mm). Lithium foils were used as anodes and the elec-

trolyte solution was made of 1 M LiPF 6 in ethylene carbonate

(EC)/dimethyl carbonate (DMC) (1/1, w/w). The cells were tested
n a NEWARE multi-channel battery test system with galvanostatic

harge and discharge in the voltage range of 4.0–2.0 V. 

. Results and discussion 

To demonstrate the large-scale synthesis, ∼10 g product of the

D-V 2 O 5 was fabricated in this paper ( Fig. 1 (a)), which is un-

chievable for V 2 O 5 nanomaterials obtained by traditionally hy-

rothermal and solvothermal methods (generally less than 500 mg)

37–39] . Its crystallographic structure was characterized by X-ray

iffraction (XRD) and the corresponding pattern is displayed in

ig. 1 (b). The diffraction peaks can be indexed as the orthorhombic

 2 O 5 (space group: Pmmn (59), JCPDS card no. 41-1426), and there

re no impurity peaks. The details on the structure of 3D-V 2 O 5 

ere further examined by Rietveld refinement with the standard

rthorhombic structure using TOPAS software. The calculated pro-

le fits well with the measured pattern, and the refinement results

ndicate that two key factors R p (profile factor) and R wp (weighted

rofile factor) are below 15%, showing acceptable values of 10.4%

nd 12.3%, respectively, and lattice parameters are calculated as

 = 11.50920 Å, b = 3.56415 Å and c = 4.37649 Å. 

Figs. 2 (a) and S1 show low magnification scanning electron mi-

roscopy (SEM) images of the 3D-V 2 O 5 . Large porous clusters with

he size of around 10–15 μm (length) × 10 μm (width) are distin-

uished. With a close-up observation ( Fig. 2 (b)), the cluster is con-

tructed by interconnected V 2 O 5 nanorods (10 0–50 0 nm in length),

eaving a network of continuous pores. The transmission electron

icroscopy (TEM) image depicted in Fig. 2 (c) indicates that V 2 O 5 

anorods are tightly adhered together to form 3D stable architec-

ures. The Selected area electron diffraction (SAED) pattern shown

n the inset of Fig. 2 (c) can be identified as orthorhombic V 2 O 5 

n a [001] zone axis. Clear lattice fringes can be seen running

arallel to the edge of the nanorod in Fig. 2 (d). The spacing was

alculated to be 0.35 nm, which corresponds to the (201) plane

f orthorhombic V 2 O 5 (inset of Fig. 2 (d)). It is worth noting that

here are significant effects of oxalic acid concentration to preserve

he rod-like morphology and porous structure of the 3D-V 2 O 5 .

s illustrated in Fig. S2, the well-defined rod-like morphology

iminishes when large amount of oxalic acid (2.0 M) was used and

esults in a mixture of nanorods and nanoparticles, losing the orig-

nal uniformity. The structure of the nanorods is retained at a low

oncentration of oxalic acid (0.1 M), despite a slight difference in

he compactness is observed. As illustrated in Fig. S3, the inter-

titial pore space between the nanorods almost disappears. Such

ariation in surface morphology is due to the reduced amount of

aseous products formed during calcination. Without the massive

as evolution, volume shrinkage is pronounced and the nanorods

re packed densely to reduce the surface energy at high anneal-

ng temperature. As a comparative study, bulk V 2 O 5 sample was

lso prepared (i.e., annealing of commercial V 2 O 5 at 500 °C in

ir for 5 h), and its characterization is shown in Fig. S4. Contrar-

ly to the 3D-V 2 O 5 , the bulk V 2 O 5 only shows micron-sized ag-

lomerates, featuring the large solid cluster instead of 3D porous

rchitecture. 

Electrochemical properties of the 3D-V 2 O 5 were tested in

032-type coin cells using metallic lithium as the counter

lectrode at 298 K. Fig. 3 (a) shows the initial lithium inter-

alation/deintercalation curve and the subsequent two dis-

harge/charge profiles under the galvanostatic condition of 0.5 C

147 mA g − 1 ) current density. Obviously, there are three relatively

ong discharge and charge plateaus, corresponding to a series

f two-phase transitions. The plateaus located at 3.4 and 3.2 V

orrespond to one lithium insertion/extraction (V 2 O 5 ↔ Li 0.5 V 2 O 5 

 Li 1.0 V 2 O 5 ), while 2.3 V (discharge)/2.5 V (charge) is related to

nother lithium electrochemical reaction (Li 1.0 V 2 O 5 ↔ Li 2.0 V 2 O 5 ).

hese lithiation/de-lithiation activities are highly reversible,
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Fig. 1. (a) Digital photograph of the as-prepared 3D-V 2 O 5 with a weight of ∼10 g. (b) Rietveld refined XRD pattern of the 3D-V 2 O 5 . 

Fig. 2. (a) and (b) SEM, (c) TEM, and (d) HRTEM images of the 3D-V 2 O 5 (inset in (c): SAED pattern; inset in (d): magnified HRTEM image). 
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elivering discharge capacities of 267, 265 and 263 mAh g − 1 

uring the 1st, 2nd and 3rd cycle, respectively. Fig. 3 (b) displays

ts cycling performance at 0.5 C. The discharge capacity slightly

ecays during the first ten cycles and becomes relatively stable in

he subsequent cycles, which is found to be 248 mAh g −1 during

he 50th cycle, corresponding to a capacity retention of 93%. In

ontrast, as shown in Figs. 3 (b) and S5, the bulk V 2 O 5 exhibits a

arge polarization, presenting lower capacities (171 mAh g −1 during

he 50th cycle) and quicker capacity fading (capacity retention:

6%). Moreover, the cycling stability of the 3D-V 2 O 5 is also much

etter than the previously reported V 2 O 5 cathodes, e.g., 85%

apacity retention for reduced graphene oxide supported porous

 2 O 5 spheres at 0.3 C after 50 cycles [34] , 79% capacity retention
or porous V 2 O 5 yolk-shell microspheres at ∼0.2 C after 50 cycles

40] , and 60% capacity retention for honeycomblike V 2 O 5 /carbon

anotube networks at ∼0.3 C after 50 cycles [24] . 

The rate capabilities of 3D-V 2 O 5 and bulk V 2 O 5 at current den-

ities ranging from 0.29 A g −1 (1 C) to 5.88 A g −1 (20 C) are dis-

layed in Figs. 3 (c) and S6. The 3D-V 2 O 5 cathode exhibits aver-

ge discharge capacities of 248, 230, 207, 189 and 180 mAh g −1 at

ates of 1, 2, 5, 8 and 10 C, respectively. Even at very high rates

f 15 and 20 C, the voltage plateaus are still clearly discernible

Fig. S6) and satisfactory capacities of 154 and 127 mAh g −1 can

e obtained, respectively. Moreover, an average discharge capac-

ty can be recovered to 247 mAh g −1 after various C rates discharge

nd charge processes, indicating the good reversibility of the redox
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Fig. 3. Electrochemical properties of the 3D-V 2 O 5 and bulk V 2 O 5 . (a) Charge-discharge profiles of the 3D-V 2 O 5 at 0.5 C. (b) Cycling performance at 0.5 C. (c) Rate capability. 

(d) EIS and corresponding fitted equivalent circuit model (inset). (e) Long-term cycle life of the 3D-V 2 O 5 for 500 cycles at 20 C. 
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reactions. In a comparative study, the bulk V 2 O 5 shows lower ca-

pacities of 210, 191, 153, 107 and 78 mAh g −1 at rates of 1, 2, 5, 8

and 10 C, respectively, and has almost no electrochemical responses

at higher rates of 15 and 20 C. To elucidate the kinetics of the

electrochemical reactions on the 3D-V 2 O 5 electrode, electrochemi-

cal impedance spectroscopy (EIS) measurements were carried out

on the cell at the third fully charged state ( Fig. 3 (d)). The semi-

circle in high-frequency region represents the charge transfer re-

sistance ( R ct ) between 1 M LiPF 6 in EC/DMC (1/1, w/w) electrolyte

and the V 2 O 5 cathode, while the sloping line in low-frequency re-

gion stands for the Warburg resistance that corresponds to Li + dif-

fusion in the V 2 O 5 cathode. Thus, an equivalent circuit (inset in

Fig. 3 (d)) was built to explain the above EIS study. It is found that

the R ct for the 3D-V 2 O 5 is 136 �, while that for the bulk V 2 O 5 

is as high as 670 �, implying faster charge-transfer kinetics for

the 3D-V 2 O 5 . Moreover, the C-rate performance of the 3D-V 2 O 5 

is also excellent as compared to the state-of-art V 2 O 5 cathodes,

e.g., hierarchical sisal-like V 2 O 5 (105 mAh g −1 at 10 C) [41] , V 2 O 5 

hollow microspheres ( ∼60 mAh g −1 at 10 C) [42] , yolk-shell V O 
2 5 
ub-microspheres (87 mAh g −1 at 12 C) [43] , carbon nanotube mod-

fied V 2 O 5 porous microspheres (109 mAh g −1 at 10 C) [44] , and

raphene/V 2 O 5 cryogel composite ( ∼100 mAh g −1 at 10 C) [45] . To

urther demonstrate the advantages of the 3D-V 2 O 5 , its cycle life

t a high rate of 20 C was investigated ( Figs. 3 (e) and S7). In the

nitial stage, the discharge capacity is around 150 mAh g −1 , and re-

arkably, a capacity of 115 mAh g −1 is still obtained after 500 cy-

les (capacity retention: 77%), which passes beyond many V 2 O 5 

athodes, e.g., V 2 O 5 hollow microspheres ( ∼112 mAh g −1 at 10 C af-

er 500 cycles) [46] , monolithic interwoven V 2 O 5 nanobelts/carbon

anotubes architectures ( ∼113 mAh g −1 at 6.8 C after 500 cy-

les) [47] , demonstrating an outstanding high-rate and long-term

ycling performance. 

To understand the greatly improved lithium storage properties

f the 3D-V 2 O 5 , the electrode kinetics was studied in details using

yclic voltammetry (CV) technique. Fig. 4 (a) and (b) shows the CV

urves of the 3D-V 2 O 5 and bulk V 2 O 5 at different scanning rates

0.1, 0.2, 0.3 and 0.4 mV s −1 ). Several obvious pairs of redox peaks

re consistent well with the voltage plateaus in discharge-charge
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Fig. 4. CV curves of the (a) 3D-V 2 O 5 and (b) bulk V 2 O 5 evaluated at various scan rates, and (c) and (d) the relationship of the current of the oxidation peak marked by a 

circle in (a) and (b) and the square root of scan rate. 

Fig. 5. The high resolution XPS spectra of the V 2 p region in 3D-V 2 O 5 cathode examined at the first discharge (a) and charge (b) states. (c) SEM and (d) HRTEM images of 

the 3D-V 2 O 5 cathode after long-term cycle (500 cycles at 20 C). 



20 Q. Li, D. Chen and H. Tan et al. / Journal of Energy Chemistry 40 (2020) 15–21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N  

5  

C  

U  

L  

o  

l

S

 

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curves ( Fig. 3 (a)). Oxidation peaks at around 2.5 V (marked by a

circle in Fig. 4 (a) and (b)) were selected as an example to analyze

the apparent chemical diffusion coefficient of Li-ions (D ( Li + ) ) . As

shown in Fig. 4 (c) and (d), the peak current ( i P ) exhibited a linear

relationship with the square root of the scan rate ( v 1/2 ), indicat-

ing a typical diffusion-controlled process [48] . Then, D L i + can be

determined by the following Eq. (1) : 

i p = 

(
2 . 65 × 10 

5 
)
n 

3 / 2 SD 

1 / 2 
L i + C L i + v 

1 / 2 (1)

where n represents the charge-transfer number, S represents the

contact area between electrode and electrolyte, and C L i + repre-

sents the concentration of Li + in the V 2 O 5 cathodes. Based on

the slope values in Fig. 4 (c) and (d), the C L i + is calculated to be

6.2 × 10 −13 and 3.2 × 10 −13 cm 

2 s − 1 for the 3D-V 2 O 5 and bulk

V 2 O 5 , respectively. It is clear that the 3D-V 2 O 5 evinces a faster

Li-ion diffusion rate, which has mainly benefited from its highly

porous architecture that ensures efficient electrolyte transportation

and the interfacial contact between the electroactive nanorods and

the electrolyte as well as the 3D framework that facilitates more

efficient Li + transport across the entire electrode. 

Additionally, to shed more light on the reaction mechanisms

of high-rate lithium storage in 3D-V 2 O 5 , some ex-situ character-

izations were carried out. Figs. S8 and 5(a) and (b) exhibit the

X-ray photoelectron spectroscopy (XPS) analysis of the 3D-V 2 O 5 

at different states. As seen from the high resolution XPS spectrum

of the V 2 p region at the first discharge state ( Fig. 5 (a)), the peak

was fitted almost entirely to V 

4 + signal (2 p 3/2 : 516.5 eV), which

corresponds to the formation of Li-intercalated Li 2 V 2 O 5 . When

the cathode was charged to 4.0 V ( Fig. 5 (b)), the V 

4 + signal dis-

appears and completely converts to pristine V 

5 + (2 p 3/2 : 517.4 eV),

demonstrating the outstanding lithium storage reversibility of

3D-V 2 O 5 . Moreover, post-mortem SEM and HRTEM examination

of the cycled 3D-V 2 O 5 cathode ( Figs. 5 (c) and (d), S9 and S10)

indicates that the 3D porous architecture and the crystallinity of

V 2 O 5 can be well maintained after a long-term cycling (500 cycles

at 20 C), implying the perfect accommodation of the strain and

volume variation during the repeated (de)lithiation processes. 

4. Conclusions 

In summary, a facile and environmental-friendly method was

developed to prepare 3D-V 2 O 5 in large-scale. This paper also

highlights the feasibility of this novel electrode material to be

transferred into real practice through the aforementioned synthe-

sis method. In this synthesis, oxalic acid serves dual roles, which is

responsible for the reduction of vanadium ions and the formation

of porous architecture by releasing of CO 2 gas during the annealing

process. The 3D porous structure provides continuous mass trans-

portation with a reduced diffusion barrier and interconnected Li + 

transport network, thus results in enhanced lithium storage prop-

erties. A series of electrochemical measurements demonstrates the

viability of the 3D-V 2 O 5 as high-performance cathode for LIBs. For

examples, discharge capacity of 248 mAh g −1 is retained after 50

cycles at 0.5 C, corresponding to a capacity retention of 93%. Even

at very high rates of 15 and 20 C, satisfactory capacities of 154 and

127 mAh g −1 can still be obtained, respectively. The electrochem-

ical performances of the 3D-V 2 O 5 surpass the conventional bulk

V 2 O 5 , which is attributed to the significant enhancement in charge

transfer kinetics and Li-ion diffusion rate. While these results

position the 3D-V 2 O 5 as the prospective commercial cathode,

it more generally holds significance in the context of materials

design for advanced LIBs. 
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