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Abstract

The electrochemical intercalation of lithium into vanadium pentoxide (V2O5) was first 

reported in the 1970’s. Over the last 40 years vanadium oxides have continued to be the 

subject of much research due to their desirable physical properties. Initial results with bulk 

V2O5 and V2O5 gels demonstrated the potential for application as a cathode material for 

lithium batteries. Encouraging initial specific capacities exceeding 250 mAh/g were short 

lived as severe capacity fading issues prevented the widespread commercial application of 

V2O5 containing cathodes. Following on from the commercial release of the lithium ion 

battery, the development layered materials that reversibly intercalated lithium, and the 

resurgence in nanoscale materials and chemistries for Li-ion and alternative batteries, have 

opened new opportunities for examining how structure can affect cell performance. Recent 

decades have witnessed advances in the control of shape, structure and function of the Li-

ion battery materials. This review details the synthesis and structural properties of vanadium 

oxides, one of the model layered battery materials and reviews in detail the synthesis and 

structure of vanadium oxides and related polymorphs, bronzes and phases. Their 

electrochemical characteristics under a wide range of conditions are assessed and compared 

when used as positive electrode materials in Lithium and Lithium-ion batteries up to the 

present day. 
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1 From Lithium Batteries to Lithium Ion Batteries

Lithium batteries have been investigated for decades as a means of meeting our energy 

storage goals. There are several reasons why lithium was initially investigated as an anode 

material. Lithium is the lightest and most electropositive metal (–3.04 V versus standard 

hydrogen electrode). [1] The combination of these two characteristics results in lithium 

having a particularly favourable energy content, with a theoretical specific capacity of 3860 

mAh/g in comparison with 820 mAh/g for zinc and 260 mAh/g for lead. [2] The use of 

lithium in primary batteries was first investigated in the 1960’s and 70’s [3-5] however at that 

time aqueous electrolytes were being used. One of the first major issues which had to be 

overcome was the lack of a stable electrolyte medium for use with pure lithium. The practical 

use of lithium cells was not realized until after the development of suitable non aqueous 

electrolytes. In an effort to improve the electrochemical performance of these cells, new 

electrolytes were extensively studied. Initially, various insertion compounds were investigated 

as cathode materials for these lithium batteries. [6, 7] These materials host lithium ions within 

their crystalline structures during a state of discharge and the lithium ions are removed 

during a state of charge. Ideally this is a reversible reaction without any major phase changes 

to the cathode material. While these insertion compounds were being investigated as 

cathode materials, pure lithium was being used as the anode material. Problems associated 

with lithium corrosion and the formation of lithium dendrites within the cathode material

were a cause for concern. [8-11] These issues resulted in poor cycling efficiency and 

shortened cycle life. It became clear that it was necessary to replace the lithium metal with a 

lithium containing compound. 

Initially lithium alloys with other metals such as aluminium and tin were investigated 

for this purpose. [12] However, it was found that they suffer from severe morphological 

changes upon cycling due to large volume changes. [13] The electrochemical insertion of 

lithium into graphite was also investigated, [14] however severe problems due to exfoliation 

were encountered. [15] These issues lead to the development of the “rocking chair” concept.   

The concept was first reported by Lazzari et al in 1980 [16] and named by Armand [17]. It 

involves using two insertion compounds based on metallic oxides or sulfides as electrodes. 

The system described was a LixWO2/LiyTiS2 cell, with an average cell voltage of 1.8 V. One of 

the electrodes has to have been previously lithiated (in this case WO2), this electrode acts as 
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the main source of lithium in the cell and hence solves the issues associated with using pure 

lithium. While this method did represent an alternative to using pure lithium, the cell had a 

low energy density. Thus it was not very attractive for practical use. Over the years the 

“rocking chair” system has been called various names including the shuttlecock [18] and 

swing electrode system [19]. Today these types of batteries are simply called lithium ion 

batteries. The real breakthrough for lithium ion batteries came in the 1980’s when disordered 

carbon was identified as good candidate as an anode material and LixCoO2 was identified as 

a suitable cathode material. [20] In 1990, Sony announced the commercial availability of the 

first lithium ion battery based on a carbon (non-graphitic) anode and a LiMnO2 cathode. [21]

The electrochemical performance of these materials and their alternatives will now be 

discussed. 

2 Cathode materials for Lithium Ion Batteries

The capacity of lithium ion batteries is typically limited by the cathode. Therefore it is 

necessary to improve the capacity of the cathode in order to improve the performance of 

lithium ion batteries. It is for this reason that there is such a tremendous interest in finding 

improved cathode materials. As mentioned above insertion materials were quickly identified 

as suitable compounds for use as cathode materials. The first materials which were 

investigated were the chalcogenides. [22] TiS2 has been extensively studied due to its stable 

layer structure and electronic conductivity. [23, 24] In fact TiS2 was used as the cathode 

material in the first commercial lithium battery with LiAl as the anode material. [25] The 

battery was a coin cell for watches. While suitable for applications such as watch batteries 

these cells were not practical for larger devices. Following on from the chalcogenides, a lot of 

attention was given to metal oxides. Initial research focused on metal oxides such as oxides 

of molybdenum [26, 27], tungsten [28], vanadium [29], chromium [30] and manganese [31]. 

The possible use of LixCoO2 and LixNiO2 was first reported by Mizushima et al. in 1980 [32, 

33] and following on from improvements in non-aqueous electrolytes these compounds 

quickly became the most studied insertion materials for use as cathodes. 
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2.1 Lithium Nickel Oxide (LixNiO2) and Lithium Manganese Oxide (LixMn2O4)

The theoretical specific capacity of LixNiO2 assuming 1 Li per NiO2 may be removed is ≈ 275 

mAh/g, however a lower capacity is obtained in actual test cells. [34]  LixNiO2 was reported to 

have a larger initial specific capacity than LixCoO2, having values up to ≈ 200 mAh/g 

compared to ≈ 150 mAh/g obtained for LixCoO2, as can be seen in Fig. 1. [25] However, there 

are several reasons why this insertion compound has not received much practical use. The 

synthesis of LixNiO2 is much more difficult than LixCoO2 due to the formation of a nickel 

over-stoichiometric phase.[35, 36] Capacity fading is a severe issue for LixNiO2 [37, 38] and 

also the thermal stability of LixNiO2 is much lower than for other materials such as LixCoO2

and LixMn2O4 [39, 40]. It was reported that the cycle life of LixNiO2 cells is strongly dependent 

on the depth of discharge. [41] When the specific capacity was restricted to ≈ 90 mAh/g, a 

cycle life of 200 cycles was reported. However, when the specific capacity was restricted to 

130 and 200 mAh/g cycle lives of 98 and 12 cycles respectively were reported. This poor 

performance for deeper discharges is due to the formation of irreversible phases due to 

increased concentrations of lithium in NiO2.[42] The electrochemical performance of LixNiO2

can be improved by partial substitution of Ni with other metals such as cobalt and 

magnesium. Even low amounts (> 10%) of these metals can significantly improve the 

capacity fading issues. This improvement in cycling ability is due to the suppression of phase 

transitions which are observed for LixNiO2.

The performance of three dimensional spinel lithium manganese oxide has been the 

subject of a tremendous amount of research. [43-46] There are many advantages to using 

manganese over other materials such as cobalt and nickel including its lower cost and 

increased thermal stability. [47] However, electrochemically LixMn2O4 does not perform as 

well as the mentioned cobalt and nickel oxides. The theoretical specific capacity of LixMn2O4, 

with x = 1, is ≈ 148 mAh/g, experimentally this value is found to be closer to ≈ 120 mAh/g, 

as shown in Fig. 1. [34] LixMn2O4 offers a lower specific capacity; lower power and losses due 

to capacity fading are very high. [46, 48] It has been reported that the capacity fading issues 

are strongly reduced when LixMn2O4 is over lithiated to a Li(1+δ)Mn(2-δ)O4 composition. [49]

Orthorhombic LixMnO4 has also been investigated, due to its higher theoretical specific 
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capacity than LixMn2O4, however it has been reported that there is a gradual structural 

transformation during battery operation and after a few cycles the material behaves very 

much like LixMn2O4. [50, 51]

Fig. 1. Specific capacity for the first discharge and charge for LiNiCoO2, LiMn2O4 and LiCoO2

[25].

2.2 Lithium Cobalt Oxide (LixCoO2)

Lithium cobalt oxide is the most commonly used cathode material in lithium ion batteries 

today. [1, 2, 52, 53] There are several reasons why it was initially investigated. As pure lithium 

metal anodes were replaced with lithiated carbon, the cathode material had to have a 

sufficient working voltage to compensate for the voltage loss on the negative side. [25] Also,

the cathode material had to be capable of hosting a large mole fraction of lithium without 

significant structural disorder occurring. LixCoO2 was easy to prepare and fitted the needs 

and took precedence over the also suitable LixNiO2. [54] LixNiO2 had a potentially higher 

specific capacity however it was much more difficult to prepare. The electrochemical 

performance of LixCoO2 was reported to be quite good with an initial specific capacity of ≈ 

150 mAh/g being obtained after the first discharge and capacity values ranging from 140 –

145 mAh/g after subsequent cycles, as shown in Fig. 2. [25] There has been a significant 

amount of research on the many structural aspects of LixCoO2, including its delithiated 

phases and the optimization of its synthesis. [55-60] The cycling performance of cells 

comprised of a LixCoO2 and a pure lithium anode which were discharged to different

potentials is shown in Fig. 2. Figure 2 (a) shows a cell which was galvanostatically cycled in a 

potential window of 4.3 V – 3.5 V. [61] Cycles 1-5, 6-10 and 11-15 were at current densities of 

0.5, 1.0 and 3.0 mA/cm2 respectively. The additional cycles (16-70) were all performed at a 

current density of 0.5 cm2. Initially the specific capacity was ≈135 mAh/g, this decreased to ≈ 

128 and ≈ 90 mAh/g when the current density was increased to 1.0 and 3.0 mA/cm2

respectively, showing that the specific capacity values obtained at high discharge rates are 
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significantly lower than values obtained at lower rates. The remaining cycles show the 

stability of capacity retention in this potential window at 0.5 mA/cm2. After 70 cycles the 

specific capacity remains to be ≈ 125 mAh/g, corresponding to a ≈ 8 % loss in the initial 

capacity. If the lower limit is decreased from 3.5 – 2.75 V, capacity fading becomes a 

significant issue as shown in Fig. 2 (b). [62] Increasing the potential window from 4.3 – 3.5 V 

to 4.4 – 2.75 V has two significant effects. Firsly, there is an increase in the initial specific 

capacity from ≈ 135 to ≈ 174 mAh/g. This is due to a greater content of lithium being 

intercalated when discharged to a lower limit. The increase in capacity is short lived and the 

capacity quickly fades with increased cycling. After 50 cycles ≈ 51% of the initial capacity is 

lost. These results show that LiCoO2 can be a very stable cathode material but only if an 

appropriate potential window is used. Hence there is a lot of interest in finding cathode 

materials which can have stable capacity retention but for a larger potential window of 

operation. 

Fig. 2. Cycling performance of LixCoO2 in a potential window of (a) 4.3 – 3.5 V and (b) 4.4 –

2.75 V [62]

While the specific capacity values obtained for LixCoO2 are respectable, recent 

technological advances have highlighted that lithium ion batteries containing LixCoO2 will 

not be suitable for future portable devices. For example a decade ago mobile phones could 

be used for a few days without the need to charge them, however today’s smart phones 

require charging almost every day. A lot of research has been dedicated to the partial 

substitution of cobalt by other metals in an effort to improve the resulting specific capacity 

values. Metals like nickel, iron and aluminium have been investigated and have shown to 

increase the average discharge voltage. [63-66] There is still one major drawback for using 

LixCoO2 and that is the elevated price of cobalt. [52, 67] Approximately 40% of the world’s 

share of cobalt comes from the Democratic Republic of Congo, political issues in the late 

70’s caused the price of cobalt to skyrocket and it has remained to be very expensive to this 

day. The pricing issues and perhaps more significantly today the capacity issues of LixCoO2

have led to the need to find replacement cathode materials for enhanced lithium ion 

batteries. With the development of nanostructures many of the insertion materials which 
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were discarded in the past have found a revitalized interest. The application of vanadium 

pentoxide as a cathode material to replace the currently used cobalt oxides, and the history 

and performance of vanadium pentoxide from bulk crystalline V2O5 to its many 

nanostructures, will now be discussed. 

3 Crystalline Bulk Vanadium Pentoxide (V2O5)

Orthorhombic crystalline V2O5 consists of layers of VO5 square pyramids that share edges 

and corners. The crystal structure of V2O5 is illustrated in Fig. 3. The vanadium atoms form 

five bonds, one with the O1 atoms, three with the O2 atoms and one with the O3 atoms. 

These five oxygen atoms form distorted trigonal bipyramids around the vanadium atoms. 

The bipyramids are linked together by sharing corners in the x and z directions. In the y-

direction, there can only be weak van der Walls forces. These interlayer forces correspond to 

the longer V-O1 distances of 2.81 Å. The three arrangements of oxygen atoms in the

structure are shown in Fig. 3 (b). The O1 atoms form only one strong bond (V-O = 1.54 Å). 

The O3 atoms form two bonds (V-O =1.77 Å) with the angle V-O3-V = 125o. The O2 atoms 

form three bonds (mean distance V-O = 1.93 Å) with the bond angles 104o, 104o and 143o. 

Vanadium is desirable material due to its multiple valance states and consequently vanadium 

can form a variety of oxides. Vanadium pentoxide is a mixed valance material (V4+ and V5+) 

with particularly rich crystal chemistry. As a result of its multiple valence state V2O5 has 

versatile redox-dependent properties and finds wide applications in catalysis [68-71], 

electrochromism [72-75], and electrochemistry [76-79].

Fig. 3. (a) Projection of the structure of V2O5 (001). Small circles denote V-atoms, large circles 

O-atoms (b) the coordination around one vanadium atom [80].

3.1 The Intercalation of Lithium into Bulk V2O5

Vanadium oxides have been the subject of much research for over 40 years due to their 

desirable physical properties. Vanadium pentoxide is a typical intercalation compound as a 

result of its layered structure. The intercalation refers to the reversible intercalation of mobile 
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guest species (atoms, molecules, or ions) into a crystalline host lattice that contains an 

interconnected system of an empty lattice site of appropriate size, while the structural 

integrity of the host lattice is formally conserved. Guest materials include metal ions, organic 

molecules, and organometallic molecules. When guest species are incorporated into host 

lattices, various structural changes will take place, including change in the interlayer spacing 

and the formation of intermediate phases. [81] The pioneering research on the reversible 

intercalation of protons and alkali ions into the layers of vanadium oxide was first reported 

by Dickens et al. [82] The capability of these insertion reactions led to the investigation of 

vanadium oxides as cathode materials for lithium batteries.  When electron donating cations 

are intercalated into vanadium oxides, the vanadium oxides become good conductors 

showing both ionic and electronic conductivity. Theoretically, vanadium oxides are an ideal 

candidate for as an electrode material for electrochemical cells with the potential of high 

reversibility for both ions and electrons. [83] One of the first papers which investigated the 

potential application of vanadium oxides as a cathode material for lithium ion batteries was 

presented by Whittingham in 1976. [29] Prior to this work it was believed that V2O5 reacted 

with lithium to give a lower vanadium oxide and a lithium oxide. However Whittingham 

reported that cell reactions between lithium and vanadium oxide produced ternary LiхV2O5

phases. Cell reversibility is optimised when no chemical bonds are broken during discharge 

so the presence of these ternary phases made V2O5 an attractive candidate cathode material. 

It was observed that for small amounts of lithium (х < 0.13) the structure of the V2O5 crystal 

lattice is maintained. However as more lithium is intercalated the vanadium is reduced from 

V+5 → V+4, consequently bond breaking occurs resulting in structural distortion. Whittingham 

concluded that due to this structural distortion recharging was difficult and at that time the 

degree of reversibility could not be determined for certain. Initially, the intercalation of 

lithium into V2O5 crystal was examined by preparing lithium vanadium pentoxide bronzes. 

Several methods have been reported to prepare these bronzes including chemical lithiation 

of V2O5 by n-butyllithium in hexane [84] and the treatment of solid V2O5 with a solution of 

lithium iodide in acetonitrile [85-87]. The characterization of these bronzes gave the initial 

understanding of the intercalation of lithium into V2O5 and lead to the formation of LiхV2O5

compounds being prepared electrochemically by galvanostatic discharge of a V2O5 working 

electrode with a lithium foil counter electrode and a non-aqueous Li ion containing 

electrode. The various phases formed during the intercalation of lithium into V2O5 are the 
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subject of much research and continue to maintain interest today. [88-97] Electrochemical 

lithium intercalation occurs together with compensating electrons leading to the formation 

of vanadium bronzes as follows:

V2O5 + хLi+ + хe-
 LiхV2O5

3.1.1 Phases Associated with Lithium Intercalation

The various phases of Li intercalation within vanadium oxide were further explained 

by Delmas et al. [98] The electrochemical lithium intercalation into V2O5 showing the 

evolution of phases with degree of lithium intercalation is shown in Fig. 4. The structural 

behaviour of vanadium oxide with increased Li insertion is quite complex and can split into 

several different phases. The first α–phase (х < 0.01) has little effect on the V2O5 structure. 

This phase is followed by the є–phase (0.35 < х < 0.7) during which the vanadium oxide 

layers become more puckered. The δ–phase occurs when х =1 and it can be seen from Fig. 4

that at this phase there is a sudden decrease in cell potential. There are some slight structural 

modifications due to the intercalation of lithium ions (up to х =1) such as a puckering of the 

layers and an increase in the interlayer spacing of the layers of vanadium oxide, the basic 

layered structure is maintained. [99] If more than one lithium is discharged then serious 

structural changes occur which lead to the formation of the γ–phase (х =2). A “rock salt” 

structure is formed when even more lithium is intercalated. This compound is referred to as 

the ω–phase (х =3). The reversible cycling of this phase is also shown in Fig. 4. This shows 

that even V2O5 discharged to the ω–phase, lithium ions can be successfully inserted and 

removed, however the lack of any discrete phase transitions in subsequent discharge curves 

indicate that the ω–phase is an irreversible phase and the structural changes which occur 

due to discharging to this level cannot be undone. It was also reported that discharging V2O5

to the ω–phase resulted in a rapid loss in capacity values with increased cycling. A rapid loss 

in capacity is not a desirable property for a battery cathode material. Discharging to α and є–

phases does not affect the V-O bonds and are fully reversible. Intercalation of 0.5 Li per V 

corresponds to a specific capacity of ≈ 147 mAh/g, which is comparable to commercially 

used LiCoO2 cathode materials. The cycling stability of LiCoO2 when discharged to lower 
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potentials is far better than that of V2O5. [52] Several papers which focused on the 

intercalation of lithium at each phase all reported that α, є and δ-phases are reversible after 

the first discharge. [29, 84-87, 100]

Fig. 4. Various phases associated with the electrochemical intercalation of lithium into V2O5

[98].

3.1.2 The Effect of Bulk V2O5 Particle Size on Lithium Intercalation

Cocciantelli et al. investigated the effects on several different parameters on the 

intercalation of lithium ions into V2O5. [101] In order to compare the effect of particle size on 

electrochemical performance, they compared the as received bulk V2O5 (C- V2O5) with the 

product of a melt quenching process using the commercial oxide (Q- V2O5).  C-V2O5 had 

average particle sizes of 2 µm whereas Q- V2O5 had particle sizes ranging from 2 – 50 µm. It 

was reported that the electrochemical behaviour strongly depends on particle size. The first 

discharge curve for both samples up to the δ–phase (х =1) is shown in Fig. 5. A Q-V2O5 

electrode which was discharged to 2.8 V exhibited a much smaller specific capacity (≈70 

mAh/g) than a C-V2O5 electrode discharged to the same potential (≈130 mAh/g). This 

significant difference is capacity values is attributed to the size of the V2O5 particles which 

make up each sample. It takes more time for lithium to diffuse into larger particles.

Consequently, if the V2O5 particles are on average smaller then more lithium can be 

intercalated and larger specific capacity values are obtained. Cocciantelli et al. also proposed 

that the phase transitions associated with the intercalation of lithium ions are not as abrupt 

as Fig. 5 would suggest. Instead, they suggested that for various amounts of intercalated Li, a 

combination of phases may coexist. For example when х = 0.55, the α, є and δ-phases 

coexist. This is because the intercalation of Li ions is diffusion based, and during discharge 

some particles that make up the electrode closer to the current collecting substrate may 

begin the intercalation process at a later time than particles are closer to the electrolyte. 
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Fig. 5. First discharge curve for sample C-V2O5 and Q-V2O5 [101].

3.1.3 Intercalation to the δ–Phase

The structure of the δ–phase was further investigated by Cava et al. [86] In V2O5 the 

VO6 “octahedra” all have one long V-O bond as the V5+ ion is displaced toward one apex of 

the oxygen octahedron, making the coordination pyramidal. The result is that there are 

layers in the structure which are bound together only by the weak V-O bonds. It was 

reported that at high lithium contents (х >1) the weak V-O bonds are broken and 

neighbouring vanadium oxide layers shift and buckle to accommodate the inserted lithium 

ions. C.R. Walk et al. proposed that δ-LiхV2O5 should be an ideal material to provide long 

cycle life in lithium ion batteries. [99] They noted that the excellent high temperature stability 

(up to 75 ºC) and high rate capability of δ-LiхV2O5 make it a desirable candidate as a positive 

electrode in a lithium ion battery. The electrochemical performance of δ-LiхV2O5 was 

investigated by Garcia et al. [102] They reported a specific capacity value of ≈ 190 mAh/g 

after 20 cycles in a potential window of 3.2 – 1.8 V. The specific capacity increased to ≈ 290 

mAh/g when discharged / charged in a potential window of 3.8 – 1.8 V. Both tests were 

performed at a charge rate of C/10.

Commercial lithium vanadium pentoxide batteries were first produced by Panasonic 

in the early 2000s. These button cells are intended to be used as back up batteries for 

devices such as video cameras, memory cards and telephones. The cells consist of a V2O5

cathode and a Li anode, separated by a porous membrane. The electrochemical performance 

of these cells was investigated by Moss et al. [94] The first discharge curve is shown in Fig. 6

(a). In comparison with previous results, [89] a discharge to 2.0 V should correspond to a 

lithium content of LiхV2O5 where х = 2 corresponds to formation of the γ-phase. For these 

commercial cells the plateau corresponding to the γ-phase is not seen when discharged to 

2.0 V. The discharge and charge capacities for the first 50 cycles in a potential window of 3.4 

– 2.1 V are shown in Fig. 6 (b). The initial capacity of the battery was ≈ 35 mAh however after 

26 cycles the capacity was reduced to less than 15 % of the initial capacity. It can also be 

seen from Fig. 6 (b) that the charge capacities were almost identical to the discharge 
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capacities. This rapid decay in capacity values after a short number of cycles indicates that 

these commercial cells are useful for their intended purpose, i.e. as a back-up battery. 

Fig. 6. (a) Voltage-capacity curve of the first discharge of a commercial LiхV2O5 battery, (b) 

Cell capacities for increased number of cycles [94].

3.1.4 Intercalation to the γ –Phase

The electrochemical performance of γ-LiхV2O5 was investigated by Cocciantelli et al. [103]

The first 3 discharges and the first charge for V2O5 to the γ-phase are shown in Fig. 7. The 

first discharge curve exhibits plateaus at 3.4 V and 3.2 V corresponding to the α and є-

phases respectively. As х → 1 the potential drops steeply to 2.3 V followed by a smooth curve 

down to 2.0 V. The recharge from х = 1.8 and the second and third discharges are

characterized by a shortening of the plateaus at 3.4 V and 3.2 V and the formation of an 

additional plateau at 3.6 V. The second and subsequent discharges exhibit a less rapid drop 

at x = 1, with the formation of a smooth shoulder at = 2.7 V and for х ≥ 1, instead of a 

continuous variation, two quasi plateaux appear separated by a small potential decrease at х 

= 1.25. These results provide evidence of an irreversible evolution of the LiхV2O5 system when 

the first discharge is carried beyond x = 1, i.e. to the γ-phase. Study of further cycling shows 

that the behaviour of the system becomes reversible again for 0 ≤ х ≤ 1.8, provided the 

electrode potential is held above 2 V. It was reported that cycling in the 3.8 – 2.0 V range, 

corresponding to 0 ≤ х ≤ 1.8,  can increase the battery capacity with an increase in 

reversibility over a large number of cycles with comparison to discharging to α, є and δ-

phases. Cocciantelli et al. also reported that charging γ-LiхV2O5 above 3.5 V results in a 

different γ-LiхV2O5 phase with significant changes in cell parameters. [104] It was reported 

that the resulting increase in a-parameter and decrease in c-parameter as a result of 

charging above 3.5 V improves electrochemical performance compared with cells which are 

not charged to a potential as high as 3.5 V. 
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Fig. 7. First discharge (D1); charge (C1); second (D2) and third (D3) discharges of a LiхV2O5 cell

[103].

3.1.5 Intercalation to the ω –Phase

The electrochemical performance of ω-LiV2O5 was investigated by Delmas et al in 

1991. They reported that for the α, є and δ–phases, in the corresponding 3.6 – 3.0 V range 

very good reversibility of the LiхV2O5 electrode is obtained and almost 100% of the 

theoretical capacity is recovered at each discharge. As the amount of lithium increases (1 < х 

< 2) some structural reorganizations are observed. In this voltage domain (3.0 – 2.2 V) an 

irreversible transition occurs. This reaction is not however, complete, and even after a large 

number of cycles, a mixture of the various materials is recovered. This behavior shows that all 

the phases involved in these reactions are metastable. When the cell had been discharged to 

1.9 V a new material, ω-LiхV2O5 was irreversibly formed. This irreversibility is emphasized by 

the shape of the following charge that does not show any of the characteristic plateaus 

obtained with V2O5. Nevertheless, the lithium deintercalation from this material is completely 

reversible. The first 20 cycles are shown in Fig. 8 (a). The XRD patterns of crystalline V2O5 and 

ω-LiхV2O5 are shown in Fig. 8 (b). The resulting XRD pattern for ω-LiхV2O5 characterizes a 

very disordered structure as only a few broad diffraction lines are present. It was reported 

that the XRD pattern of ω-LiхV2O5 does not significantly change with increased cycling. No 

significant change is observed after electrochemical deintercalation or even after a large 

number of cycles. This result shows, unambiguously, that the new structure that characterizes 

ω-LiхV2O5 (Li3V2O5) is very stable as it is maintained even after removal of almost all of the 

intercalated lithium (Li0.2V2O5). In a similar finding to this the electrochemical intercalation of 

lithium to high mole fractions into manganese oxide (LixMn2O4) was also investigated. 

Initially, it was found LixMn2O4 suffered from severe capacity fading. The over lithiation of 

manganese oxide significantly reduced capacity fading of subsequent cycles. [49]

Fig. 8. (a) The first 20 cycles for ω-LiхV2O5 (b) XRD pattern for crystalline V2O5 and ω-LiхV2O5

[100].
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In order to show the practical possibilities of ω-LiхV2O5 as an electrode material for 

lithium ion batteries, long cycle life tests were also performed. The specific energy values 

obtained for the first 100 cycles in a potential window of 3.4 – 1.9 V are shown in Fig. 9.

Delmas et al. reported the energy density related to the electrochemical reaction to be very 

high. The initial value after the first cycle is ≈ 650 Wh/kg of V2O5 and after 100 cycles the ω-

LiхV2O5 electrodes were still maintaining a value of 450 Wh/kg. This corresponds to a ≈ 30 % 

loss in energy density after 100 cycles. In addition to this it was reported that this value can 

be considerably increased if the cycling domain is extended (800 Wh/kg of V2O5 between 1.9 

and 4.0 V). From these results and a later study also on ω-LiхV2O5, [89] which again showed 

good electrochemical performance, Delmas et al. concluded that ω-LiхV2O5 could be a 

suitable positive electrode material for lithium ion batteries. 

Fig. 9. Energy density values obtained for the first 100 cycles with ω-LiхV2O5 [100].

The electrochemical performance of ω-LiхV2O5 was revisited by Leger et al. in 2005. 

[105] The first and second discharge curves obtained in a potential window of 3.8 – 1.5 V are 

shown in Fig. 10 (a). The curves are nearly identical to those reported by Delmas et al. [100]

shown in Fig. 10 (a). Delmas et al. used a different potential window (3.4 – 1.9 V). Leger et al. 

noted that while the α, є, δ and γ-phases could be seen in the first discharge, the voltage 

plateaus associated with these phases are not seen in the subsequent charge and discharge 

curves. The second discharge curve maintains the same shape as the first charge curve, 

indicating that the lithium intercalation reaction takes place in a new and single phase, called 

the ω-LiхV2O5 phase. After the first discharge 0.4 Li moles of lithium are trapped in the ω-

phase and the second discharge does not allow the same amount of lithium to be 

intercalated as for the first discharge. After the first charge, the sample has the composition 

of ω-Li0.4V2O5 and after the second discharge the sample has the composition of ω-

Li2.65V2O5. This evidence that little of the lithium intercalated during the first discharge is 

removed during the first charge is proof that the ω-LiхV2O5 phase is indeed irreversible. A 

typical cyclic voltammogram of V2O5 is shown in Fig. 10 (b). The four main processes for Li 

insertion in the oxide are located at 3.4, 3.2, 2.35, and 1.95 V, corresponding to the two-
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phase regions α/є, є/δ, δ/γ, γ/ω respectively. One broad peak at 2.85 V appears during the 

anodic scanning which is in good agreement with the irreversible formation of the ω-phase. 

The evolution of the specific discharge capacity vs. number of cycles for ω-LiхV2O5 in a 

potential window of 3.8-1.5V is shown in Fig. 10 (c). The V2O5 electrode delivers a specific 

capacity of 450 mAh/g for the first discharge. This is not shown in Fig. 10 (c) as the first 

discharge is required to form the ω-LiхV2O5 phase as discussed earlier. Each subsequent 

charge and discharge is for ω-LiхV2O5, hence data from the second discharge on is reported 

in Fig. 10 (c) and (d). For the second discharge the specific capacity drops to 335 and 300 

mAh/g at C/20 and C/5, respectively. The discharge capacity remains practically stable 

around 320 mAh/g over 30 cycles at C/20. At higher rate, (C/5) the capacity does not 

stabilize with cycles but slowly decreases to reach 250 mAh/g after 50 cycles. This shows that 

faster discharge rates lead to significant capacity loss. This is due to the more severe and 

repeated structural changes involved in the transformation of the α-phase to the γ-phase. 

When the operating temperature of the cell was increased from room temperature to 55 oC 

and a discharge rate of C/5 was used, an more rapid decay in the specific capacity values was 

observed. The initial value of 370 mAh/g decreased to 240 mAh/g after 30 cycles. It took 50 

cycles for the sample discharged at the same rate at room temperature to decay to this 

value, indicating that high temperatures have a detrimental effect on the electrochemical 

performance of ω-LiхV2O5. 

Fig. 10. (a) First and second discharge-charge curves of LiхV2O5, (b) Cyclic voltammetric 

curves of LiхV2O5 (sweep rate 10 mV/s). Evolution of the specific capacity as a function of the 

number of cycles at (c) various temperatures and discharge charge rates and (d) various 

potential windows. [105]

The effects of varying the potential window of the specific capacity values of ω-

LiхV2O5 electrodes discharged at C/20 are shown in Fig. 10 (d). The sample cycled in a 

potential window of 3.8 – 2.5 V corresponds to discharging the ω-LiхV2O5 system in the 0 ≤ х 

≤ 2 range. For this sample the specific capacity decreases from an initial value of 280 mAh/g 

to reach 230 mAh/g after the 40th cycle. From Fig. 10 (d) it is clear that ω-LiхV2O5 electrodes 

discharged to a lower potential of 1.5 V perform better electrochemically, with stable specific 
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capacity values of ≈ 320 mAh/g being maintained over the first 30 cycles. Leger et al. 

reported that the electrochemical performance of ω-LiхV2O5 showed significant improvement 

over δ-LiхV2O5 and γ-LiхV2O5 and concluded that ω-LiхV2O5 constitutes one of the most 

promising rechargeable vanadium oxide forms for Li batteries.

3.1.6 Structural investigation of the ω- LiхV2O5 system with increased cycling

Leger et al. also investigated the structure of the ω- LiхV2O5 system after various numbers of 

cycles. [105] The XRD patterns of two electrodes with the ω-Li3V2O5 and ω-Li0.4V2O5

compositions are shown in Fig. 11 (a) and (b). These two compositions correspond to the ω-

LixV2O5 sample after the first discharge and charge respectively. In the α, є, δ and γ-phases of 

the LiхV2O5 system (x < 2) there is little change in the structure of V2O5, as mentioned earlier. 

When the sample is discharged to the ω-LiхV2O5 phase, significant structural changes occur. 

From the XRD pattern in Fig. 11 (a), it is clear that a disordered structure is obtained with 

broad peaks and some peaks of very weak intensity. For the ω-Li3V2O5 compound, the main 

typical diffraction lines located at 51.82° and 76.20° are broad and characterized by the 

interplanar distances of 2.05 and 1.45 Å and can be twice indexed as (240, 002) and (260, 

242), respectively, on the basis of a tetragonal symmetry. This is also the case for a smaller 

peak at 69.18° which can be indexed as (350,251). All the diffraction lines can be indexed on 

the basis of a tetragonal symmetry with the following unit cell parameters: a = b = 9.20 Å 

and c = 4.09 Å. The presence of the (020, 021, 011, 022, 122, 251) and (113) lines 

unambiguously demonstrates that ω-LiхV2O5 has a tetragonal symmetry and not a cubic one. 

Peaks belonging to less deeply discharged phases (δ and γ-phases) still appear after the first 

discharge. These additional peaks are progressively suppressed from the second 

galvanostatic cycle and with repeated cycles. Figure 11 (b) confirms the new tetragonal 

structure electrochemically formed during the first discharge is retained after the first charge. 

Only the two main peaks at 51.94° and76.36° are seen after the first charge and their 

intensities have been greatly reduced. The ω-Li0.4V2O5 compound also exhibits a tetragonal 

structure but with slightly smaller parameters a = b = 9.17 Å and c = 4.09 Å. This reduction in 

cell parameters after the first charge, i.e. after the removal of lithium ions confirms that 

lithium ions are responsible for the ordering of the structure.



20

The XRD patterns ω-Li2.65V2O5 after the 27th discharge and ω-Li0.4V2O5 after the 20th

charge at a C rate of C/5 are shown in Fig. 11 (c) and (d) respectively. At the end of the 27th

discharge the two major peaks (002,240) and (260, 242) and two peaks of weak intensities 

(021) and (622) can be seen in the resulting XRD pattern. This clearly indicates the initial 

tetragonal structure is preserved after 27 cycles, having unit cell parameters a = b = 9.21 Å 

and c = 4.11 Å. XRD data obtained after the charge process at the 20th cycle shows that the 

ω-Li0.4V2O5 compound has the following cell parameters, a = b = 9.17 Å and c = 4.08 Å. The 

unit cell parameters after 20 and 27 cycles are very close to the cell parameters measured 

after the first cycle. This indicates that ω-LiхV2O5 has very stable structural properties with 

cycling.  Leger et al. proposed that the improved electrochemical performance of ω-LiхV2O5

over δ-LiхV2O5 and γ-LiхV2O5 is due to the tetragonal symmetry of ω-LiхV2O5. This tetragonal 

symmetry only occurs when LiхV2O5 is discharged to at least 1.5 V, at this point the 

irreversible ω-phase is formed and there is a significant improvement in electrochemical 

performance.

Fig. 11. XRD patterns of (a) ω-Li3V2O5 at the end of the first discharge, (b) ω-Li0.4V2O5 at the 

end of the first charge, (c) ω-Li2.65V2O5 at the end of the 27th discharge and (d) ω-Li0.4V2O5 at 

the end of the 20th charge (g: graphite, gr: grease) [105].

4 Vanadium Pentoxide Gels

Initial reports provided evidence that bulk V2O5 displayed poor electrochemical performance 

when discharged to α, є, δ and γ-phases. V2O5 samples which were discharge to potentials 

corresponding to each of these phases showed rapid decay in specific capacity values for 

increased cycling. Discharging LiхV2O5 to the irreversible ω-phase changed the structure of 

the host vanadium oxide from orthorhombic to tetragonal and consequently, there was a 

significant improvement in electrochemical performance. In an effort to further improve the 

performance of V2O5 as a possible cathode material for lithium ion batteries a lot of attention 

was given to other forms of V2O5 such as V2O5 gels and more recently, V2O5 nanostructures. 

Vanadium pentoxide gels have been known for over a century and as such many synthesis 

techniques have been reported in the literature. The first was reported by Ditte in 1885. [106]
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Ditte heated ammonium vanadate in a platinum crucible and then added hot nitric acid to 

the resulting residue. This mixture was then poured into water and a red sol gel was formed. 

Following this similar experiments using hydrochloric acid were performed by Biltz in 1904. 

[107] V2O5 sols have been reported as far back as 1912. Wegelin et al obtained the sols 

through the thermohydrolysis of aqueous solutions of VOCl3. [108] Initial vanadium 

pentoxide sol gels were obtained from treatment of chemical compounds consisting of a 

vanadium oxide however further research would show that vanadium pentoxide gels can also 

be obtained directly from the oxide. For example Müller reported that vanadium pentoxide 

gels can be obtained by heating crystalline V2O5 to 800 oC and pouring the molten oxide into 

water. [109, 110] It was also shown that hydrogen peroxide reacts vigorously with crystalline 

V2O5 to give rise to a red gelatinous product. [111] In the last thirty years it has been shown 

that V2O5 gels can also be obtained through the hydration of amorphous V2O5.[112]

Amorphous V2O5 films obtained by vapour deposition [113] or V2O5 spheres as powder 

formed by O2-H2 flame fusion [114] can be ground with water to obtain vanadium oxide gels 

and also sols as more water is added. Research by Livage and colleagues using sol-gel 

chemical synthesis renewed interest in vanadium oxide gels in the 1970’s and 1980’s. [115-

117] For electrochemical applications, the two most employed vanadium oxide gel synthesis 

methods are acidification of a vanadate solution using ion-exchange resin with subsequent 

spontaneous polymerization of the resulting HVO3 solution [118] and hydrolysis and 

condensation of vanadium alkoxides [119, 120]. Electron microscopy shows that vanadium 

oxide gels they are made of ribbon like fibers as shown in Fig. 12.  

Fig. 12. TEM image showing the fibrous structure of vanadium pentoxide gels. [118]

4.1 Comparison of the Electrochemical Performance of Different Vanadium Oxide Gels 

with Crystalline V2O5

The initial electrochemical performance of crystalline V2O5, a layered V2O5
.nH2O xerogel from 

vanadic acid and an amorphous vanadium oxide gel from alkoxides was compared by Livage 

et al. [121] The first discharge curve for each of these samples is shown in Fig. 13. It was 

reported that the electrochemical behaviour of vanadium pentoxide gels (V2O5
.nH2O) as a 
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reversible cathode for lithium batteries is quite different from that of the crystalline oxide. 

The discharge curve of crystalline V2O5 exhibits several steps corresponding to the formation 

of different LiхV2O5
.nH2O phases as discussed earlier and also shown in Fig. 13 (a). When 

discharged to 2.0 V the initial specific capacity for crystalline V2O5 was reported to be ≈ 200 

mAh/g. The discharge curve of vanadium pentoxide gels is quite different. A single plateau is 

observed around 3.1 V (Fig. 13 (b)). A specific capacity close to 250 mAh/g was obtained at 

2.0 V corresponding to the reduction of all V5+ ions into V4+. Through cyclic voltammetry and 

XPS analysis, Özer also reported that V5+ is reduced to a lower valence state, V4+ by lithiation, 

and can be returned to the original valency through delithiation. [122] Livage et al. reported 

that the V2O5 xerogels from vanadic acid show good reversibility and with ≈ 70% of the 

initial capacity being recovered after 30 cycles (at a current density j = 0.05 mA/cm2). It was 

proposed that this improved behaviour of gels should be due to the weak interactions 

between V2O5 layers allowing the insertion of Li+ ions between the ribbons which make up 

the xerogel, rather than in the layers of vanadium oxide as for crystalline V2O5. It was also 

reported that for increased cycling the layered structure is lost and the material becomes 

amorphous. This process of V2O5
.nH2O xerogels from vanadic acid becoming completely 

amorphous with increased cycling was also reported by Anaissi et al. [123] Initially, the 

xerogel films consist of heterogeneous regions and as Li ions are intercalated, a gradual 

reorganization takes place and the several non-equivalent redox sites collapse into a uniform 

band-type structure. The electrochemical behaviour of amorphous thin films deposited from 

vanadium alkoxides is quite different from that of layered V2O5
.nH2O gels synthesized from 

vanadic acid. A continuous decrease of the discharge curve rather than a large plateau is 

observed (Fig. 13 (c)). In fact there is an almost completely linear discharge for gels prepared 

from alkoxides. The open circuit voltage and the capacity are slightly smaller than those of 

polyvanadic acid, at least during the first discharge. This might be due to the greater extent 

of reduction of V+5 to V+4 during the synthesis. 

Fig. 13. Discharge curve of vanadium oxides in Li/LiClO4-propylene carbonate/V2O5 cells; (a) 

crystalline V2O5, (b) layered V2O5
.nH2O xerogel from vanadic acid and (c) vanadium oxide gel 

from alkoxides. [121]
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4.2 Varying Water Content in Vanadium Oxide Gels

For electrochemical testing purposes vanadium oxide gels are deposited on current 

collecting substrates and as such can be treated as thin films. Initial electrochemical testing 

of these films was performed in a LiClO4-propylene carbonate electrolyte. [124, 125] One of 

the main issues when comparing electrochemical results of vanadium oxide gels which were 

prepared using different methods is that they can contain varying amounts of water. It was 

reported that the initial high water content of the V2O5
.nH2O gels (n = 1.6 – 2.05) is partially 

exchanged with the propylene carbonate in the electrolyte. Also any additional residual 

water might still limit the rechargeablitiy of the cells. The ability to intercalate lithium ions 

into vanadium pentoxide gels as given by the composition parameter х in LiхV2O5
.nH2O, has 

been reported to vary from 0.8 to 1.8 for discharge to 2.0 V (vs. Li). [124, 125] This variation in 

the amount of lithium being intercalated is most likely related to differences in hydration 

[118] and to solvent exchange, but also to differences in the preparation and post treatment 

of the gel. Different procedures might lead to variations in the degree of polymerization and 

in the average oxidation state of vanadium in the oxide. [126] TGA analysis of vanadium 

oxide xerogels gave a greater understanding of the water content present in the gels. As 

mentioned vanadium oxide gels typically consist of layers of ribbon-like units and this 

structure is stabilized by physisorbed and chemically bound water. According to DTA and 

TGA measurements three types of water are present in a dried V2O5
.nH2O gel. [115] Initially 

at ambient conditions n can vary from 1 – 1.6, when the gel is dried under vacuum or by 

heating to 100 – 120 oC, n is reduced to approximately 0.5 – 0.6. Below n = 0.5, the 

dehydration becomes more difficult. Most of the remaining water can be gradually removed 

by further heating. However a small amount is chemically bound to vanadium (about 0.1 H2O 

per V2O5) and is only liberated by heat treatment at temperatures above approximately 

320°C where the xerogel is converted to orthorhombic vanadium pentoxide. In order to 

comply with the strict anhydrous conditions in a lithium battery, the physisorbed water 

should be removed from xerogel electrode films before use. [126] This is typically done by 

heating the films to 100 oC in a vacuum oven overnight. 

4.3 Effect of temperature on electrochemical performance
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West et al. investigated the effects of heating vanadium oxide xerogels (from vanadic acid) to 

different temperatures on their electrochemical performance. [126, 127] It was reported that 

the resulting cycling curves are smooth without any discrete phases in contrast to the 

multiphase curves which are obtained with crystalline V2O5. Orthorhombic V2O5 has a 

crystalline structure; typically V2O5 gels have an amorphous structure. [127, 128] Hence there 

is no evidence of structural rearrangements induced by the insertion and removal of lithium 

ions. West et al. heated vanadium oxide xerogel electrodes to 100 oC in a vacuum oven and 

to 300 oC in air. These samples were then discharged to different potentials; the upper limit 

in each case was 3.8 V. The number of moles of lithium being intercalated into these samples 

with increasing number of cycles is shown in Fig. 14 (a). It was reported that for xerogel 

samples heated to 100 oC, the capacity retention is not very good as can be seen in Fig. 14

(a). For samples discharged to 1.5 V, only ≈ 50 % of maximum capacity is retained after 20 

cycles. There is a significant improvement in the cycling efficiency when the samples are 

discharged to 2.0 V. After 50 cycles ≈ 70 % of the maximum capacity is retained. As 

mentioned above the xerogel samples which were heated to 300 oC are more crystalline than 

samples heated to 100 oC. The samples heated to 100 oC were able to intercalate ≈ 1.4 moles 

of lithium whereas samples heated to 300 oC intercalated ≈ 1.8 moles of lithium, as seen in 

Fig. 14 (b). The increased crystallinity and reduced amount of water in the sample heated to 

300 oC results in these samples having greater capacities and performing better 

electrochemically when compared with samples heated to 100 oC. It was reported that as the 

vanadium oxide ribbons comprising the xerogel are identical in all of these materials, the 

conductivity along the length of the ribbons decreases with lithium intercalation in all cases, 

but that inter-ribbon conduction is facilitated in the material dried at 300 oC. In such cases, 

the ribbons are in much better layer-on-layer registry, and the amount of material inserted 

between the ribbons is smaller. 

Fig. 14. cycling performance for V2O5
.nH20 samples heated to (a) 100 oC and (b) 300 oC [126].

Park et al. also investigated the electrochemical performance of V2O5 xerogels from 

vanadic acid heated to 300 oC and reported initial specific capacity values of ≈ 470 and ≈ 

565 mAh/g for samples discharge to the point where the composition of Li in LiхV2O5
.nH2O
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was х = 3.3 and х = 4.0 respectively. [128] These initial values are significantly larger that 

values obtained with LiCoO2 (≈ 170 mAh/g) [52] which is currently used in the majority of 

lithium ion batteries, however unlike LiCoO2, V2O5
.nH2O electrodes suffer from rapid capacity 

loss. [126, 127, 129, 130] The rapid decay in specific capacity was also reported by Lipton et 

al. [131] They reported that for coin cells with V2O5 xerogel working electrodes, cycled in a 

potential window of 3.75 – 1.5 V, the specific capacity of the second discharge is 73 % of the 

first and after 16 cycles, ≈ 44 % of the initial capacity is retained. The specific capacity of V2O5

xerogel electrodes can be lowered if lithium ions are retained in regions of the active 

material that become isolated during cycling. This would most likely happen as a result of 

the swelling and contracting associated with the insertion and removal of Li ions.

5 Vanadium Oxide Aerogels

Vanadium oxide aerogels are prepared by supercritical drying of vanadium oxide gels. First 

reported by Hirashima et al. in 1992, initial vanadium oxide aerogels were prepared from 

alkoxides by hydrolysis and then supercritical drying with an autoclave at 255°C and 210 atm 

for 1 hour. [132, 133] Upon supercritical drying a shrinking of the vanadium oxide gel occurs. 

The resulting aerogels have a fibrous structure, and they consist of micro-fibrils < 10 nm in 

diameter. It was also reported that the porosity of the V2O5 aerogels was more than 90%. 

Aerogels have also been prepared at low temperatures using liquid CO2 [120, 134-137] and 

ambient pressure methods [138]. For each method, the resulting materials possess the low 

densities and high surface areas typical of aerogels. [139] It has been shown that vanadium 

oxide aerogels represent a different host material than vanadium oxide xerogels. [136, 140, 

141] The first discharge curve showing discharge to a composition of Li4V2O5  for xerogel 

(from vanadic acid) and aerogel (supercritically cooled with liquid CO2), as reported by Le et 

al., is shown in Fig. 15. [134, 135] Initial electrochemical experiments showed that for aerogel 

4 Li per V2O5 could be reversibly cycled. V2O5 xerogels are also able to intercalate 4 Li per 

V2O5 however the xerogel samples have to be discharged to far lower potential to 

incorporate this amount of lithium. An aerogel sample must be discharged to a potential of 

≈ 2.75 V to reach a composition of Li4V2O5, whereas a xerogel sample must be discharged to 

≈ 1.80 V. It was proposed that the processing of the precursor xerogel to the aerogel causes 

the intercalation sites to be altered significantly. It has also been reported that through 
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chemical lithiation with n-butyl lithium aerogels with compositions of LiхV2O5 having values 

of х = 5.8 are possible. [142] The equilibrium voltage composition curves shown in Fig. 15

suggest that xerogels and aerogels have different mechanisms for lithium intercalation. The 

ability of aerogels to intercalate larger amounts of lithium at higher potentials may be due to 

their extremely high surface area, large interlayer spacing and the nearly amorphous 

structure of aerogels. [83]

Fig. 15. Equilibrium potential as a function of lithium composition for V2O5 aerogel and 

xerogel [134].

The cycling performance of V2O5 aerogel was investigated by Sudant et al. [143]

Samples were cycled in different potential windows with a discharge/charge rate of C and 

the resulting specific capacities with for increasing number of cycles is shown in Fig. 16. 

Although V2O5 aerogels do perform well electrochemically initially, like xerogels they also 

suffer from significant capacity fading issues [144-146]. Sudant reported capacity fading for 

different cut-off voltages. The greatest loss in capacity occurs in a potential window of 4.0 –

1.5 V. The specific capacity decreases from 300 to 200 mAh/g after 60 cycles for a rate of 1C. 

When the lower limit is increased to 2 V the capacity fading is not as severe and there is even 

better stability for discharge to 2.5 V. The specific capacity value of ≈ 125 mAh/g obtained in 

the latter case is small. Mansour et al. reported an almost 30 % loss in the initial specific 

capacity after 16 cycles for a V2O5 aerogel electrode discharged/charged at a C/5 rate in a 

potential window of 4.0 – 1.5 V. [147] Mansour et al. also examined the evolution of the 

oxidation state and atomic structure of V in V2O5 aerogel cathodes as a function of state of 

charge and cycling in a non-aqueous cell. It was reported that during discharge, the average 

oxidation state of V is consistent with the amount of Li inserted in the cathode (i.e. х in 

LiхV2O5). Initially, V5+ is reduced to V4+ in the intercalation range 0 < х < 2 and then V4+ is 

reduced to V3+ with additional intercalation of Li. Upon charging, V3+ is re-oxidized to V4+

and then to V5+ upon removal of Li. Mansour proposed that these results suggest that the 

origin of capacity fade is due to the formation of electrochemically irreversible phases such 

as LiVO3 and Li3VO4. The reasons for the deterioration of the electrochemical activity of the 



27

composite electrodes are quite straightforward: reduced surface due to the particle 

agglomeration and collapse of the porous morphology. [83]

Fig. 16. Cycling behaviour for V2O5 aerogel at 1C rate for different cut-off voltages (a) 1.5 V, 

(b) 2.0 V, and (c) 2.5 V [143]

6 Specific Capacity Fading

This review of the electrochemical performance of crystalline bulk V2O5, vanadium oxide sol-

gels, xerogels and aerogels has shown that in each case capacity fading is a significant issue 

which hampers the application of V2O5 as a cathode material for commercial lithium ion 

batteries. The capacity fading upon long term cycle life tests is a phenomenon frequently 

observed in intercalation materials. Usually there are two main reasons why this occurs. [146]

The first is related to the nature of the intercalation compound and the intercalation process. 

Irreversible reactions may take place in the electrode during cycling. Every form of V2O5

discussed so far undergoes some irreversible reaction upon intercalation of lithium ions. The 

structure of the intercalation compound may change with increased cycling. This may be a 

consequence of the formation of irreversible phases or over time the active material may be 

soluble in the electrolyte. The second common reason why capacity fading may occur can be 

considered as a mechanical cause and is associated with the loss of electrical contact within 

the composite electrode. The volumetric changes associated with the insertion and removal 

of lithium ions can cause cracking in thin film electrodes (for sol-gels, xerogels and aerogels) 

and the pulverisation of larger particles (for crystalline V2O5). This can lead to the isolation of 

regions of the electrode which will no longer be contributing to the electrochemical 

performance of the electrode being tested. It is for this reason that in many cases a 

conductive additive is added to the active material when preparing electrodes. Another issue 

is that over time the portions of active material may lose electrical contact with the current 

collecting substrate. This may happen again due to volume changes of the host material 

during cycling. It is an issue for all samples but it can have quite a significant effect on thin 

film electrode samples for sol-gels, xerogels and aerogels. As mentioned earlier these 

V2O5
.nH2O gels can contain large amounts of water (n ≈ 2). The gels are either drop-casted 
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or spin coated onto a current collecting substrate and then they must be heated to remove 

physisorbed water before they can be electrochemically tested. As a result of the dried 

coated films are very brittle, and delaminate easily from the substrate during handling and 

electrochemical testing. [126] In an attempt to improve the mechanical properties of these 

films without impairing their electrochemical properties, binders such as (poly)ethylene oxide 

are mixed with the vanadium oxide gels before drying on the substrate. Typically these films 

are more flexible than the pure gel films, and can be easily handled and incorporated into 

test cells without delamination. In order to improve the electrochemical performance of V2O5

novel approaches to the electrode architecture were required. Smaller particle sizes would 

overcome many of the issues associated with volume changes during cycling and would 

offer more diffusion sites for Li ions, potentially increasing capacity values. Interest in this 

would eventually lead to the investigation of vanadium oxide nanostructures as cathode 

materials for improved lithium ion batteries.   

7 Introduction to Nanostructured Materials

The properties of solid state materials mainly depend on their structure and morphology. 

[148] Nanostructured materials continue to be a thriving subject of scientific interest due to 

an outstanding range of properties that vary from their bulk counterparts, such as optical, 

electrical, magnetic, catalytic, chemical, structural, and electrochemical to name a few. [81, 

83, 149] Consequently nanostructures find applications in many fields such as nano-

electronics, batteries, sensing devices and nano-medicine. [150-163]  Today there is a wide 

range of chemical synthesis techniques to produce nanostructured materials of various 

shapes. Chemical reactivity as well as the physical properties of materials are dependent on 

the size of the structures; hence there is a lot of research comparing the properties of 

different nanostructures of the same materials. Nanostructures can take many different 

forms such as wires [164-166], rods [167-169], tubes [170-173], belts [174-176], platelets 

[177-179], spheres [180-182], urchins [183-185]; the form which is produced has a huge 

impact on the properties of the material. 

8 Nanomaterials for Lithium Ion Batteries
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The ongoing exponential increase in computer processing power has led to remarkable 

improvements in many devices such as mobile phones, laptop computers and more recently 

tablet computers. One of the major issues over the last few decades is that batteries are not 

keeping up with other technological advances. Furthermore, the emerging energy resource 

crisis and ecological concerns unambiguously show that energy storage is one of the great 

challenges in the current century. Now more than ever there is a very serious demand for 

improved batteries for portable consumer electronics, electrical vehicles and for the storage 

of renewable energy. Nanomaterials are being investigated as electrode materials in order to 

achieve the increase in energy and power densities required to meet growing demands. 

There are many advantages and disadvantages associated with the use of nanomaterials in 

lithium ion batteries as detailed by Bruce et al. [186] The advantages include (i) the ability to

enable electrode reactions to occur that cannot take place for materials composed of 

micrometer sized particles, (ii) the reduced dimensions lead to shorted Li diffusion paths 

which significantly increases the rate of lithium insertion / removal, (iii) the larger surface 

area allows a larger contact with the electrolyte and hence permits a high Li ion flux across 

the interface. The disadvantages include (i) nanostructures may be more difficult to 

synthesize and their dimensions may be difficult to control, (ii) the high contact areas 

between the electrolyte and electrodes may lead to more significant side reactions with the 

electrolyte. 

8.1 LiCoO2, LiMn2O4 and LiNiCoO2 Nanotubes as a Cathode Material for Lithium Ion 

Batteries

By far, the most common cathode active materials that are being researched and 

commercially used in lithium ion batteries are the lithiated transition metal oxides such as 

LiCoO2, LiNiO2, LiMn2O4, and their doped counterparts. [1, 52, 187-189] The performance of 

bulk particles of each of these compounds was previously discussed. Following the 

development of carbon nanotubes [170] there was an immediate interest in revisiting 

traditionally used cathode materials to determine if their nanostructure counterparts would 

offer improved performance. The electrochemical performance of nanotubes of LiCoO2, 

LiNi0.8Co0.2O2 and LiMn2O4 and were compared by Li et al. [190] The second discharge curves 

for all three of these compounds are shown in Fig. 17 (a). These samples were discharged to 
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3.0 V using a current density of 10 mA/g. The specific capacities of all three nanotube 

samples is higher than the initial capacities obtained with their bulk counter parts. The initial 

capacities for bulk LiCoO2, LiNiCoO2 and LiMn2O4 were ≈ 150, 200 and 120 mAh/g 

respectively. The specific capacities for the nanotube variants of these samples increased to 

≈ 180, 210 and 140 mAh/g respectively. 

Fig. 17. The electrochemical performance of nanotubes of LiCoO2, LiNi0.8Co0.2O2 and LiMn2O4

(a) second discharge curves, (b) cycling performance [190]

The cycling behaviours for the three nanotube samples for the first 100 cycles in a 

potential window of 4.3 – 3.0 V, at a current density of 10 mAh/g, is shown in Fig. 17 (b). 

Starting from the first cycle the discharge capacity decreased for each subsequent cycle. 

After 100 cycles the specific capacity value obtained for the nanotubes of LiCoO2, 

LiNi0.8Co0.2O2 and LiMn2O4 corresponded to a loss in initial capacity of 11%, 29% and 31% 

respectively. It is clear that the LiCoO2 nanotubes performed the best out of these three 

samples. After 50 cycles the specific capacity of the LiCoO2 nanotubes has decreased by 10% 

of its initial value but after that almost no further capacity was lost. The cycling performance 

of nanotubes of LiCoO2, LiNiCoO2 and LiMn2O4 is a significant improvement over their bulk 

counterparts. While LiCoO2 has shown stable capacity retention with increased cycling both 

LiNiCoO2 and LiMn2O4 have been shown to suffer from significant capacity fading issues. 

While LiCoO2 in particular exhibits stable capacity values with increased cycling, there is an 

ever growing need for enhanced cathode materials to meet increasing energy storage 

demands. [1] Hence alternative materials are being investigated. Vanadium oxides thin films 

and xerogels were extensively studied as a cathode material for lithium batteries. Following 

the development of the lithium ion battery [21] and carbon nanotubes [170] a lot of research 

was devoted to the fabrication of vanadium oxide nanostructures.

9 Introduction to Vanadium Oxide Nanostructures

Among the many nanostructures which have been developed over the last few decades, 

nanostructured vanadium oxides have been extensively studied. [52, 148, 191-198] Vanadium 
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oxides in general attract a lot of attention due to their interesting catalytic properties, their 

structural flexibility and electrochemical properties. [29, 199-205] Vanadium oxide nanotubes 

(VONTs) were first reported by Spahr et al. [206] in 1998 and since then there has been a 

tremendous amount of interest in their application across a wide variety of devices most 

noticeably as a cathode material for lithium ion batteries. [207-211] Nanostructured 

vanadium oxides of other various morphologies have also been reported including nanobelts 

[212, 213], nanowires [214, 215], nanorods [216, 217], nanourchins [218, 219], nanocogs[220]

and flower like nano shapes [221, 222]. Typically vanadium oxide nanostructures are 

synthesized via the hydrothermal treatment of aqueous solutions of vanadium (V) 

precursors.[148] The pH of the precursor mixture and temperature of the thermal treatment 

appear to be the main parameters to control the resulting morphology of V2O5 based 

nanomaterials. [218, 223-226] Vanadium oxide nanostructures have been employed in a wide 

range of applications including FETs [227, 228], sensors [212, 229], spintronic devices [230]

and nanolithography templates [231, 232]. As mentioned over the last 20 years there has 

been a tremendous amount of research into the nanostructures of the most commonly used 

cathode materials with the hope of improving electrochemical performance. For the same 

reasons there has also been renewed interest in vanadium oxide nanostructures for 

enhanced lithium intercalation, most notably for nanotubes. Nanotubes are particularly 

attractive as an electrode material for lithium ion batteries since they provide several access 

regions for intercalates such as lithium ions.[233-235] The synthesis and electrochemical 

performance of vanadium oxide nanotubes shall now be discussed. 

10 Synthesis and Discovery of Vanadium Oxide Nanotubes (VONTs)

Spahr et al. first synthesised VONTs by a hydro thermal treatment of a vanadium oxide 

precursor mixed with a primary amine. [206] Vanadium triisopropoxide and hexadecylamine 

were mixed together, hydrolysed and allowed to age. This resulted in a yellow lamellar-

structured composite of hydrolysed vanadium oxide and amine surfactant as shown below in 

Fig. 18 (a). The contrasting light and dark layers seen in Fig. 18 (a) are the expected layers of 

vanadium oxide however reported a layer thickness of approximately 3 nm was reported. 

This is a wider spacing than vanadium oxide on its own and it implies that there is a 
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widening of the layers due to hydrolysis and the intercalation of amine molecules between 

the vanadium oxide layers.

Thermal treatment resulted in a black powdered material consisting of clumps of 

VONTs as shown in Fig. 18 (b). Therefore a colour change from yellow to black is observed 

before and after thermal treatment respectively. The resulting VONTs were reported to be 

paramagnetic with a semi metallic conductivity presumably due to mixed valency vanadium 

centers. Such nanotubes also exhibited good conductivity, even when intercalated with a 

considerable volume fraction of organic species.[236] Figure 18 (b) shows the hollow core of 

the nanotubes as well as their open ends. The lengths of the VONTs were measured to be 

2000 nm with outer diameters ranging from 15 – 100 nm. Through TEM analysis it was 

observed that the walls of the VONTs consist of several concentric shells however a model 

for the formation of the VONTs during hydrothermal treatment was not yet presented.

Fig. 18. (a) TEM image of the resulting structure, after aging of hydrolysed mixture of 

vanadium triisopropoxide and hexadecylamine, (b) TEM image of VONTs after thermal 

treatment [206].

Spahr et al. developed on their initial study of VONT synthesis in 1999. [237] VONTs 

were prepared by stirring a solution of vanadium triisopropoxide and hexadecylamine in a 

molar ratio of 2:1 respectively in ethanol under an inert gas for 1 hour. After this time the 

mixture was hydrolysed stirred vigorously and then allowed to age for 2 days. Heating this 

mixture at 180 oC for one week at a pressure < 10 bar resulted in the formation of VONTs. 

According to their chemical analysis the as synthesised VONTs had a nominal chemical 

composition of VO2.45(C16H33NH2)0.34 indicating that a relatively large amount of 

hexadecylamine had been intercalated between the layers of vanadium oxide during the 

hydrothermal treatment. Details of the various vanadium oxidation states present in the 

synthesised VONTs were obtained through magnetic susceptibility measurements. These 

measurements revealed that the VONTs contained ~5% vanadium (IV) and ~95% (V) in the 

material. This indicates a slight reduction of vanadium (V) during the thermal reaction and 

accounts for the colour change before and after synthesis. Prior to being put in the oven the 

mixture is a yellow colour consisting of V2O5 with vanadium (V), after 7 days in the oven the 
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synthesised VONTs are black containing  Vy
4+Vz

5+Ox as well as the intercalated amine 

molecules. In general mixed-valence vanadium (IV,V) oxides are black. 

Measurements from TEM images indicated an interlayer spacing of approximately 3 

nm and this was confirmed by X-ray diffraction (XRD) analysis. The d-spacing of the first 

peak in the XRD pattern scanned in the {00l} region, i.e. 2θ < 20o, corresponds to the 

interlayer spacing of the VONTs. Spahr et al. reported an interlayer spacing of ≈ 3.27 nm for 

VONTs synthesised with hexadecylamine as shown in Fig. 19 below.

Fig. 19. Powder XRD pattern of VONTs synthesised with hexadecylamine [237].

11 Structural Characterisation of VONTs

In 1999 Krumeich et al. carried out the first in-depth structural investigation of 

VONTs. [238] They suggested that the synthesis of VONTs is extremely sensitive to the 

applied experimental conditions during hydrothermal treatment, including temperature, pH 

and the duration of time spent in the oven. The experimental procedure for synthesising 

VONTs was the same as used by Spahr et al. detailed above. Previously VONTs had only 

reportedly been synthesised using a hexadecylamine surfactant however Krumeich et al. 

investigated the synthesis of VONTs with primary amines in the range of (CnH2n+1NH2 with 4 

≤ n ≤ 22) and with α,ω-diamines in the range of (H2N[CH2]nNH2 with 14 ≤ n ≤ 20). It was 

proposed that the amines as templates which direct the formation of the vanadium oxide 

structure towards a desired target arrangement. They report the successful synthesis of 

VONTs with primary amines within a large size range, varying between 4 and 22 CH2 groups. 

It was suggested that the variety in chain lengths is somewhat more limited for diamine 

templates extending only between 14 and 20 CH2 groups, with shorter chain lengths leading 

to the formation of vanadium oxide fibres (n = 12) and shorter chain lengths resulting in the 

formation of lamellar structured composites with irregular shapes (n = 4). 

Various molar ratios of vanadium oxide precursor to primary amine were 

investigated. The molar ratios of vanadium oxide to primary amine used were 2:1, 3:1 and 4:1 
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respectively with the amounts of ethanol and water which are added to the mixture prior to 

aging kept constant in all cases. They reported that VONTs were successfully synthesised 

with molar ratios of 2:1 and 3:1, however, a molar ratio of 4:1 with the vanadium oxide 

precursor in excess led to the formation of lamellar structured products which were not 

nanotubes. The effects of varying the aging time as well as the duration of hydrothermal 

treatment were also investigated. It was found that VONTs were obtained at a temperature 

of 180 oC within 2 – 7 days. By extending the aging time prior to putting the mixture in the 

oven from 2 days to for example 4 days it is possible to shorten the reaction time in the oven 

at 180 oC to 2 days. It was also found that lower synthesis temperatures (140-160 oC) did not 

produce VONTs, instead lamellar structured composites were obtained. A temperature of at 

least 180 oC is required for the formation of VONTs. 

The interlayer spacing for VONTs synthesised with primary amines of various 

molecular lengths were measured from XRD patterns. Once again the layer distances were 

determined from the d values of the {00l} reflections in the XRD patterns. The results of these 

measurements are shown below in Table 1. It is immediately clear that the resulting 

interlayer spacing increases with increasing amine chain length. Krumeich et al. suggest that

when the primary amines are intercalated between the layers of vanadium oxide, it is the 

NH2 end of the amine which is directed towards the vanadium oxide layers. From XPS 

analysis it is shown that the NH2 group has become protonated and hence is electrostatically 

bound to reduced oxygen within the layers of vanadium oxide. It is in this manner that 

primary amine molecules are intercalated within the layers of vanadium oxide. Hence by 

measuring the resulting interlayer spacing of VONTs synthesised with primary amines of 

various chain lengths it is possible to get an idea of the arrangement of the amines within 

the vanadium oxide layers.

Table 1 Interlayer spacings of VONTs synthesised with a range of different primary amines.

(data from [238]).

The resulting interlayer spacings measured from XRD patterns are compared with 2 

times the corresponding amine length in Fig. 20 below. VONTs synthesised with primary 

amines in the range of 4 ≤ n ≤ 22 can be split into two groups. The first group is VONTs 
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synthesised with primary amines in the range of 4 ≤ n ≤ 11 the resulting interlayer spacing 

as measured from XRD is larger than twice the length of each corresponding amine 

molecule. This implies that the ends of the aliphatic chains must only touch or slightly 

overlap. The second group is VONTs synthesised with primary amines in the range of 12 ≤ n 

≤ 22. The measured interlayer spacings for VONTs prepared with amines in this range were 

all less than 2 times the corresponding amine chain length. This implies that a significant 

overlap of the aliphatic tails and/or large tilt angles must be occurring between the host 

vanadium oxide layers. If the amine molecules are orientated perpendicular to the vanadium 

oxide layers then the tilt angle is said to be 0o, for the layer spacings of group 2 to occur, it is 

believed that tilt angles greater than 50o would be required.

Fig. 20. Comparison between measured interlayer spacings and twice the amine chain 

length (dotted line) [238].

The tubular structure of the VONTs is evident from TEM images, as shown in Fig. 21. 

The walls of the VONT on either side of the hollow core appear as alternating fringes of light 

and dark contrast. Regions which appear darker in TEM images indicate a material with a 

high electron scattering potential, hence the darker regions in the Fig. 21 (a) and (c) are 

vanadium oxide layers whereas the brighter layers contain the intercalated amine molecules. 

Figure 21 (b) explains what is seen when VONTs are imaged in transmission mode. The 

concentric walls of the VONTs are only visible at the sides with a hollow core visible in the 

centre. Figure 21 (c) shows layers of vanadium oxide visible within the hollow core of the 

VONT.  Figure 21 (e) is a dark field image of the cross section show in Fig. 21 (a). The bright 

contrast indicates vanadium in the same location as in the bright field images. Furthermore 

the carbon map in Fig. 21 (f) shows the carbon atom, present in the amine molecules, are 

found between the layers of vanadium oxide. The cross sectional TEM images in Fig. 21 (d), 

(e) and (f) offer further information on the structure of the VONTs. From these images it 

appears as though the nanotubes are scrolled rather than being made up of concentric 

layers of vanadium oxide. 
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Fig. 21. (a) TEM of a typical VONT synthesised with dodecylamine, (b) schematic 

representation of how a concentric tube (left) and a scrolled tube (right) appear when 

imaged on TEM , (c) HRTEM image of the hollow core of a VONT, (d) cross section image of 

VONTs synthesised with hexadecylamine, elemental distribution images of  (e) vanadium  

and (f) carbon. [238]

12 Different Vanadium Oxide Precursors for Synthesising VONTs

12.1 Vanadium Triisopropoxide

Over the past decade several different methods for synthesising VONTs have been reported. 

This section highlights the most commonly used methods which have repeatedly been 

reported to successfully lead to the formation of VONTs. In general a vanadium oxide

precursor is mixed with either primary or secondary amines, this mixture is hydrolysed and 

then subject to hydrothermal treatment for an extended period of time (from 24 hours to 

upwards of 7 days). The biggest difference in the experimental methods used however, is the 

variety of vanadium oxide precursors that are used. As mentioned above the first reported 

VONTs were synthesised with a vanadium triisopropoxide precursor. [206, 238, 239]

Vanadium triisopropoxide was mixed with a primary amine or diamines in a molar ratio of 2:1 

in absolute ethanol and stirred for 1 hour. This resulted in an alkoxide-amine adduct which 

was then hydrolyzed with water and stirred prior to hydrothermal treatment. Other vanadium 

containing precursors as well as purpose synthesised vanadium oxide sol gels and xerogels 

have been shown to also lead to the formation of VONTs.

12.2 Vanadium Oxytrichloride and Vanadium Pentoxide

In 2000 Niederberger et al. reported the synthesis of VONTs via two non-alkoxide 

routes using both vanadium (V) oxytrichloride (VOCl3) and vanadium (V) pentoxide (V2O5) as 

vanadium sources and primary amines as templates or intercalates, respectively. [240] Both 

VOCl3 and V2O5 are interesting precursors because of their individual properties. VOCl3 is said 

to readily form compounds with nitrogen donors, such as primary amines, and it also 

condenses to form a hydrated oxide when mixed with water in the formation of a sol-gel. 
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The layered structure of V2O5 makes it ideal for the intercalation of various ions. [118, 241, 

242] The method used to synthesize VONTs from vanadium oxytrichloride was as follows. 

VOCl3 was mixed with a primary amine, water and an acetate buffer. The resulting precipitate 

was then allowed to age for 24 hours before being washed with ethanol. The dried powder 

was then added to 2-propanol and thermally treated at 180oC for 7 days. VONTs made from 

crystalline bulk V2O5 were prepared as follows. Bulk V2O5 powder was mixed with a primary 

amine and ethanol and allowed to stir for 2 hours. After this time water was added and the 

mixture was stirred for a further 48 hours before hydrothermal treatment again at 180oC for 

7 days. It was found that both VOCl3 and V2O5 can be used as vanadium sources for the 

synthesis of VONTs. These were the first precursor alternatives to the initially used vanadium 

triisopropoxide.  

Niederberger et al. noted that VONT synthesis from the V2O5 precursor could easily 

be scaled up for potential industrial purposes. By using a larger Teflon lined autoclave (750 

mL) and increasing the hydrothermal reaction time from 7 to 14 days they report that several 

tens of grams can be produced in a single synthesis. Shorter synthesis times lead to an 

increase in the amount of unreacted material and lamellar by product. Some general trends 

in the synthesis of VONTs which were independent of the vanadium oxide precursor used 

were noticed. At the time the precursors examined were vanadium alkoxides (from vanadium 

triisopropoxide), crystalline V2O5 and VOCl3. Their observations were as follows: (i) highest 

quality VONTs were formed when the molar ratio of vanadium to amine is 2:1, (ii) primary 

amines of different lengths vary the resulting interlayer spacings in the walls of the VONTs 

and have no effect on the resulting vanadium oxide phase obtained and (iii) the addition of 

alcohol prior to hydrothermal treatment is not essential in the formation of VONTs. 

Initially the most common method of synthesizing VONTs involved effectively making 

a vanadium alkoxide gel. After hydrolysing and aging and prior to hydrothermal treatment 

the vanadium triisopropoxide/amine mixture has a gel consistency. This is not the only gel 

route which leads to the formation of VONTs. Over the last decade there has been a renewed 

interest in vanadium oxide sol gels and xerogels for application as a precursor for VONT 

formation. So far several different gels have been reported to successfully produce VONTs. 

The details of these gels shall now be discussed.
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12.3 Crystalline V2O5 and hydrogen peroxide

Chandrappa et al. prepared V2O5.nH2O gels with crystalline V2O5 and hydrogen 

peroxide. [243] Crystalline V2O5 (1g) was dissolved in a solution of hydrogen peroxide (50 mL, 

30%). The resulting exothermic reaction leads to the partial decomposition of hydrogen 

peroxide which in turn leads to the release of both oxygen gas and the formation of 

vanadium (V) peroxo complexes. [242] After ≈ 10 minutes a clear orange solution is formed 

which after ageing for 24 hours becomes a red gel. This gel corresponds with V2O5.nH2O with 

n ≈ 300. Following this preparation the sol gel was mixed with hexadecylamine in a molar 

ratio of vanadium to amine of 2:1 and this mixture was hydrothermally treated using the 

same method as VONTs synthesised with alkoxides. It was concluded that the formation of 

VONTs was a three step process (i) preparation of the V2O5.nH2O gel (ii) the room 

temperature aging of the gel/amine mixture and (iii) the hydrothermal treatment of this 

mixture. In other work, Chandrappa et al. investigated the consequences of not adhering to 

these steps and altering their experimental method. [244] Instead of preparing the gel first, 

hexadecylamine was added initially to crystalline V2O5 and then hydrogen peroxide was 

added to this mixture. It was suggested that both the gelation process and the intercalation 

of hexadecylamine between the vanadium oxide layers occur simultaneously. This method 

results in a macroporous vanadium oxide, the pores of which are arranged in an irregular 

honeycomb-like morphology.

12.3.1 Comparison of VONTs from crystalline V2O5 and VONTs from crystalline V2O5

mixed with hydrogen peroxide

While VONTs which are synthesised using different vanadium oxide precursors may 

appear very similar when viewed on the TEM and SEM, their subtle differences become clear 

when they are statistically characterised. For example Kweon et al. compared VONTs 

synthesised with the “powder” method (PVNT) with VONTs synthesised by the sol gel 

method (SVNT). [245] PVNTs were synthesised through the addition of dodecylamine to 

crystalline V2O5 powder whereas SVNTs were synthesised by adding dodecylamine to a 

V2O5.nH2O gel prepared by adding hydrogen peroxide to crystalline V2O5. In both cases the 
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molar ratio of vanadium to amine was 2:1. From XRD analysis the resulting interlayer 

spacings were measured to be 2.78 nm for PVNTs and 3.04 nm for SVNTs. Their measured 

value for PVNTs was similar to values previously reported (2.74 nm) for VONTs synthesised 

via that route. [238]

Fig. 22. (a) XRD pattern for VONTs synthesised via different routes (b) FTIR spectra for PVNT 

and SNVT [245].

Further work on this suggests that the greater interlayer spacing can be attributed to 

water molecules being intercalated between the layers of vanadium oxide, in addition to the 

amine molecules [243], which is not the case for PVNTs. Furthermore it has been reported 

that the {hk0} reflections for SVNTs are dissonant, implying a slight distortion of the 

vanadium oxide layers in the nanotubes due to the presence of the intercalated water 

molecules. [245, 246] The resulting XRD patterns for PVNTs and SVNTs showing both {00l} 

and {hk0} reflections are shown in Fig. 22 (a). The differences between PVNTs and SVNTs are 

also evident in their resulting FTIR spectra, shown in Fig. 22 (b) The vibrations of various V-O 

type bonds are well known for FTIR spectra, in comparing PVNTs and SNVTs the bonds of 

interest are the bonds associated with V4+=O bonds, which occur at 971 and 999 cm-1. In 

their comparison Kweon et al. reported that the vibrations associated with these bonds 

appear stronger for SVNTs than for PVNTs. This implies that the intercalation of water 

molecules between the layers of vanadium may increase the concentration of V4+ present in 

the resulting VONTs. Also they found that the absorbing intensity of the H-O-H stretching 

vibration is much stronger for SVNTs than for PVNTs, which again is indicative of water 

intercalation in the SVNTs. 

12.4 Melt quenching method to prepare V2O5 sol gels

As mentioned earlier several sol gel methods have been reported in the literature as 

being appropriate vanadium oxide sources for VONT synthesis. Many of the older techniques 

which were initially used to prepare sol gels were revisited to determine if these sol gels were 
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suitable for VONT formation. Chen et al. used a melt quenching method to prepare V2O5

sols. [247] Crystalline V2O5 powder was heated at 800 oC in a ceramic crucible for 20 minutes 

to form a molten liquid. This molten liquid was then quickly poured into distilled water and 

stirred, resulting in a brownish solution. The solution was heated to its boiling point and then 

allowed to cool naturally. Once cooled the solution was filtered and allowed to age for 7 

days, after this time brown V2O5 sols were obtained. These prepared sol gels were then 

hydrothermally treated with amine molecules using the usual methods.  Also in 2004 Chen et 

al reported the use of NH4VO3 a vanadium oxide containing precursor. [248] NH4VO3 was 

mixed with a selection of primary amines and diamines in a molar ratio of 2:1 under stirring 

with water; ethanol was not added to the mixture. TEM images were shown to verify that 

NH4VO3 can be used as precursor to form VONTs. It was also noted that the starting 

materials were for the most part translated into the final materials, claiming an 80% yield of 

VONTs observed from repeated syntheses.

12.5 Preparation of a V2O5 Xerogel through Reflux and Distillation

Another successful gel route for the formation of VONTs was reported by Lavayen et 

al. [249]  Orthorhombic V2O5 was mixed with t-butyl alcohol at reflux for 6 hours to form a 

xerogel. After this time the mixture was allowed to cool and water was added to the resulting 

dark yellow solid. The remaining t-butyl alcohol and the additional water were removed 

through distillation. As the mixture was being heated, a red-brown colloidal V2O5 suspension 

formed which after aging at room temperature could be used as a precursor to form VONTs. 

This is the method that was used throughout this project to prepare xerogel but with one 

slight modification. The resulting V2O5 suspension was used as a precursor. However, in this 

work an additional step was added after distillation. The red brown V2O5 suspension which 

contains V2O5, t-butyl alcohol and water was heated for a longer period of time to evaporate 

off more of the t-butyl alcohol and water. The suspension was heated in a large glass vial 

until it had the texture of a wet paste. At this point the paste was smeared around the inner 

walls of the vial and allowed to cool naturally. After cooling, the paste becomes like a thin 

film along the inner walls which can then be scraped off and milled to form a fine dark blue-

gray powder. 
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12.6 Vanadyl (IV) acetate, (VO(Ac)2) precursor route

In each of the precursors mentioned above, initially vanadium is found in the fully 

oxidized V5+ state. During hydrothermal treatment there is a partial reduction of vanadium 

from V5+ to V4+. Wörle et al. suggested that this reduction might be the driving force for the 

scrolling of the layers of vanadium oxide to eventually form the nanotubes. [250] VONTs 

have also been successfully synthesised from a precursor that starts from the reduced V4+

oxidation state by using vanadyl(IV) acetate VO(Ac)2 as the vanadium source and 

dodecylamine as template. Vera-Robles et al. have shown that with VO(Ac)2 the inverse path, 

i.e. a partial oxidation of V4+ to V5+ in the presence of oxygen takes place, producing a mixed 

valence system which can then be used in the formation of VONTs. [251] The sol-gel used by 

Vera-Robles et al. was first prepared by Choudary et al. [252] Vanadyl (IV) acetate was 

prepared by refluxing vanadium (V) oxide in excess acetic anhydride for 1 h. The resulting 

solid product was then filtered, washed with CHCl3 and dried under vacuum at room 

temperature for 1 h. Dodecylamine was added to the resulting sol gel and the mixture was 

then hydrothermally treated with the typical volumes of ethanol and water being added. One 

difference however was the temperature at which the mixture was treated. Typically the 

hydrothermal treatment lasts for 7 days at 180 oC; however Vera-Robles et al. treated their 

samples for 7 days at 140 oC. This work proposed that it is mandatory to obtain a layered 

composite in order to obtain nanotubes. Firstly, they investigated the formation of a layered 

structure between VO(Ac)2 and dodecylamine. When ethanol was added to this mixture an 

olive green suspension was obtained. After the addition of water to this mixture hydrolysis-

condensation reactions start and, during aging, the formation of a V-O network is 

accomplished while, simultaneously, the amine molecules are interwoven between the layers 

of the developing network. In order to verify this, FTIR analysis of the layered composite and 

before and after hydrothermal treatment was performed as shown in Fig. 23.

Fig. 23. FT-IR spectra of (a) V4+-Ox layered composite, (b) VONTs. [251]
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The intercalation of amines is verified by the presence of bands at 2919 and 2850 cm-

1 (C-H bond stretching) and the band at 1595 cm-1 (assigned to amine protonation, N-H3+

bond bending). The formation of the V-O network can be seen from the bands which appear 

in the 1000-400 cm-1 region. The vanadyl V4+ group stretching mode is evident at 904 cm-1, 

thus signaling the vanadium (IV) oxidation state. [253, 254] In the FTIR spectrum before

hydrothermal treatment (Fig. 23. (a)) only peaks associated with the V4+ state were observed

but after hydrothermal treatment (Fig. 23. (b)) peaks associated with both the V4+ and V5+ 

states were observed. This is evidence that prior to hydrothermal treatment the vanadium in 

the VO(Ac)2/dodecylamine mixture is exclusively in the V4+ state. During hydrothermal 

treatment part of the V4+ forming the totality of the sample is partially oxidized to V5+. Hence 

the final crystalline arrangement of the VONTs is independent of the oxidation state of the 

vanadium source from which the reaction started. 

12.7 Physical Properties of VONTs Synthesised with Different Precursors

The structural characteristics of VONTs synthesised with the most commonly used 

precursors are listed in Table 2. In general it can be seen that there is little variance in the 

physical properties of the VONTs, the most obvious outlier being VONTs synthesised with 

vanadium triisopropoxide (VO(OPri)3) oxide. VONTs prepared with this precursor have the 

smallest inner and outer diameters and have the fewest number of layers present in the walls 

of the nanotubes. However these characteristics are not significantly different to VONTs 

prepared with the other precursors so it appears as though these physical properties are 

essentially independent of the vanadium source used in the synthesis of these VONTs.

Table 2 Structural characteristics of VONTs prepared with different precursors [255].

13 Different amines used for VONT synthesis

While there has been a lot of interest into finding appropriate vanadium oxide 

precursors there has also been some attention given to the various amines which can be 

added to a vanadium oxide source to form VONTs. Initially, VONTs were synthesised with 
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primary monoamines (CnH2n+1NH2 with 11 ≤ n ≤ 16). [238, 256] It was subsequently 

demonstrated that α, ω diamines (H2N[CH2]nNH2 with 12 ≤ n ≤ 20) could also be used as 

structure-maintaining templates for VONT formation. [257] It is now generally accepted from 

this work  that aliphatic amines in these ranges are appropriate for VONT formation, and in 

2001 Bieri et al. reported that aromatic amines can also be used to synthesise VONTs. [258]

They reported successfully synthesising VONTs with 3-phenylpropylamine. Vanadium 

triisopropoxide was mixed with 3-phenylpropylamine in a molar ratio of 2:1 in absolute 

ethanol (3 mL/g of vanadium precursor) and stirred for 1 hour. The resulting alkoxide-amine 

adduct was hydrolyzed with water (5 mL/g of vanadium precursor), stirred and allowed to 

age for 12 hours. The mixture was then hydrothermally treated in an autoclave for 6 days at 

180 oC. Hence the experimental method was similar to that used with aliphatic amines with 

the differences being a shorter aging time and a shorter hydrothermal treatment. The 

resulting VONTs were most similar to VONTs obtained through more traditional routes with 

comparable physical properties being reported. 

The same synthesis method was repeated using different aromatic amines and they 

found that in those cases VONTs were not formed. The other aromatic amines used were 

methylnaphthylamine or xylylenediamine. Bieri suggested that it is likely that the C chain of 

the aliphatic propyl group is necessary for the reaction to occur. From XPS results it can be 

seen that the N-atoms of the atoms are protonated in the VONTs synthesised with aliphatic 

amines. This implies that the high basicity of the NH2 group is required for the eventual 

formation of the tubes. 3-phenylpropylamine has a similar basicity to the more commonly 

used aliphatic amine and hence is appropriate for tube formation. To test this, other amines 

with reduced basicity were also hydrothermally treated with vanadium triisopropoxide as 

detailed above. These included the amino acids alanine, glycine and cysteine. It was reported 

that they also failed to support VONT formation suggesting that steric effects may limit the 

range of suitable amine templates. 

As previously mentioned in the case of aliphatic amines the possibility of synthesizing 

VONTs using aromatic amines by non-alkoxide routes has also been investigated. Sediri et al 

successfully synthesised VONTs by a hydrothermal treatment of crystalline V2O5 mixed with 

3-phenylpropylamine, [241] showing once more the flexibility available in the choice of 

vanadium sources for VONT formation. 
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14 The Effects of Varying Synthesis Parameters

14.1 Molar Ratio

The typical conditions for synthesizing VONTs include mixing a vanadium oxide precursor 

with amines in a molar ratio of 2:1 respectively, this mixture is then hydrolyzed and allowed 

to age for 2 days prior to hydrothermal treatment in a Teflon lined autoclave for 7 days at 

180 oC. These conditions have been refined and are now known to reliably produce VONTs. 

There has been much work done in getting to this point. Several research groups have 

investigated the effects of varying each of these parameters. The vanadium oxide/amine 

molar ratio is a crucial parameter for the large scale synthesis of VONTs. [238, 240, 245, 248, 

259, 260] In one of the first papers published on VONTs, Krumeich et al. used various molar 

ratios of vanadium oxide precursor to primary amine while attempting to synthesis VONTs. 

[238] The molar ratios of vanadium oxide to primary amine used were 2:1, 3:1 and 4:1 

respectively with the amounts of ethanol and water which are added to the mixture prior to 

aging kept constant in all cases. They report that VONTs were successfully synthesised with 

molar ratios of 2:1 and 3:1, however a molar ratio of 4:1 with the vanadium oxide precursor 

in excess led to the formation of lamellar structured products which were not nanotubes. 

Consistently, the most well defined VONTs were obtained when the molar ratio of vanadium 

oxide to amine was 2:1. They proposed that for cases when the molar ratio was 3:1, the lower 

template content increased the amounts of amorphous by-products. These findings were 

confirmed by Niederberger et al. who after also varying the molar ratio concluded that 

nanotubes of highest quality are typically formed if the molar ratio of metal to surfactant is 

2:1. [240]

14.2 Aging Time Prior to Hydrothermal Treatment

Krumeich et al. initially investigated the effects of varying the aging time as well as 

the duration of hydrothermal treatment. [238] It was found that VONTs were obtained at a 

temperature of 180 oC within 2 – 7 days. By extending the aging time prior to putting the 

mixture in the oven from 2 days to for example 4 days it is possible to shorten the reaction 
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time in the oven at 180 oC to 2 days. It was also found that lower synthesis temperatures 

(140-160 oC) did not produce VONTs, with the precursor which was used (vanadium 

triisopropoxide). Instead lamellar structured composites were obtained instead. A 

temperature of at least 180 oC is required for the formation of VONTs to occur. 

14.3 Duration of Hydrothermal Treatment

This work was continued by Chandrappa et al. who performed various experiments to 

investigate the effect of modifications to the hydrothermal treatment on the morphology of 

the final product. [255] Four samples were prepared (NT1 – NT4) at different temperatures 

and for different durations of hydrothermal treatment as listed in Table 3. Each of these 

VONT samples were synthesized with V2O5.nH2O gels prepared by mixing crystalline V2O5

with hydrogen peroxide, as detailed above. As a comparison VONTs were also prepared 

using crystalline V2O5 as the precursor as reported by Niederberger et al. [240], these VONTs 

are labelled as c-V2O5-NT in Table 3. Each VONT sample was characterized by powder X-ray 

diffraction as shown in Fig. 24. 

Table 3 Synthesis conditions and interlayer spacings for the resulting VONTs [255].

Fig. 24. X-ray diffraction patterns for each sample obtained under different conditions. [255]

The X-ray diffraction pattern of NT1 (Fig. 24 (a)) was typical of a layered compound. 

Two series of reflections can be observed (i) a {00l} set of reflections with high intensity 

corresponding to the stacking of the vanadium oxide layers within the VONTs and (ii) a {hk0}

set of reflections with lower intensity corresponding to the two-dimensional structure of the 

layers, which also gives an indication of the quality of the VONTs. The interlayer spacing of 

the VONTs can be determined from the d-spacing of the 001 peak observed in the 00l series 

(e.g. d001 =3.7 nm for NT1). It was proposed that the intercalated hexadecylamine molecules 

lay perpendicular to the oxide planes and the basal distance should be close to the length of 

the amine chain (dcalc (C16H33NH2)=3.3 nm) [261]. The resulting interlayer spacing observed 

for NT1 VONTs was slightly larger than the length of the amine molecule and also larger 
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than the interlayer spacing reported for c-V2O5-NT (3.2 nm) [240]. As the VONTs for samples 

NT1- NT4 were synthesised with V2O5.nH2O gels with water present in the crystal structure of 

the vanadium oxide source, Chandrappa et al. suggested that the larger interlayer spacing 

was due to the presence of water in the product synthesized from aqueous gels. Water 

molecules could be intercalated together with the protonated amines within the layers of 

vanadium oxide thereby increasing the interlayer spacing. The {hk0} set of reflections for NT1 

did not correspond to that of the c-V2O5-NT sample; therefore there is a difference in the 

structure of the vanadium oxide layers for the two products. When the sample was heated at 

180 oC for 4 days as was the case for sample NT3, the double set of {00l} reflections were no 

longer observed. Instead, just one set of reflections were observed which correspond with 

the c-V2O5-NT sample. However, once again the {hk0} reflections were different than for the 

c-V2O5-NT sample. From sample NT1 it was clear that 150 oC is too low a temperature to 

result in a d-spacing for the {001} peak similar to the c-V2O5-NT sample, but until the 

temperature is increased to 180 oC for 2 days, the corresponding d-spacing is not observed. 

Even after 4 days at 180 oC the resulting {hk0} reflections are still not consistent with the c-

V2O5-NT sample. This implies that after 2 and 4 days of hydrothermal treatment at 180 oC the 

VONT formation process has begun to occur, small quantities of VONTs can be observed on 

TEM but the majority of the products is a lamellar structure which has not yet formed 

VONTs. The reaction in the autoclave had to be performed for at least 7 days at 180 ºC in 

order to obtain nanotubes NT4 (Fig. 24 (d)) giving the same X-ray pattern as c-V2O5-NT (Fig. 

24 (e)). The {00l} and {hk0} series of reflections for NT4 corresponded with the reflections for 

the c-V2O5-NT sample.  TEM and SEM images confirmed that the majority of the sample 

heated at 180 oC for 7 days were VONTs. Chandrappa et al. concluded that the hydrothermal 

treatment has to be performed at 180 oC for at least 7 days to obtain solely VONTs. At lower 

temperatures and for shorter hydrothermal treatment times, some lamellar vanadium oxides 

incorporating amines are obtained that may act as intermediates during the formation of the 

VONTs.

15 VONT Growth Mechanism

15.1 Rolling Method 
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The discovery of carbon nanotubes in 1991 sparked a tremendous amount of interest in 

tubular structures. [170, 199, 262-277] Over the last twenty years various kinds of nanotubes 

have been reported. Nanotubes such as tungsten sulfide nanotubes [278-281], molybdenum 

disulfide nanotubes [282-285], boron nitride nanotubes [286-289], titanium oxide nanotubes 

[290-293], and tin sulfide nanotubes [294-296] with various synthesis techniques and 

different growth mechanisms have been reported. After Spahr et al. [206] first reported the 

synthesis of VONTs through the hydrothermal treatment of a vanadium oxide precursor 

mixed with primary amines there was a tremendous amount of interest in their growth 

mechanism. Understanding the formation mechanism for VONTs would be a significant 

breakthrough for all nanotube synthetic methods and could open even more fascinating 

possibilities for experimental and theoretical explorations for nanostructures in general.

One of the first growth mechanisms for VONTs was proposed by Chen et al [248]

following on from work their group had previously developed with WS2 nanotubes. When 

discussing the formation of WS2 nanotubes Li et al. proposed that, for a layered compound, 

if the interaction between neighboring layers could be reduced from the edges of the layer, 

while keeping the interactions of in-layer atoms or molecules, tubular structures (or 

nanotubes) might also form through the rolling of these lamellar structures. [279] It should 

be noted that Chen et al. synthesised their VONTs using NH4VO3 as a vanadium source 

however the same growth mechanism is likely to occur for VONTs prepared with each of the 

precursors detailed above. In each case the precursor is mixed with amines and water, this 

mixture is then allowed to age for a period of time, usually 2 days, before thermal treatment 

in a Teflon lined autoclave. Vanadium oxide is a layered structure and during the 2 days of 

aging the amine molecules are intercalated between the vanadium oxide layers. It was 

proposed that if, under certain conditions, the interlayer interaction between the layers of 

vanadium oxide could be diminished from the edges then the rolling of the layers of 

vanadium oxide into nanotubes should take place. They suggested that the hydrothermal 

treatment is the driving force for rolling of the lamellar sheets. Heidenreich et al. reporting 

that severe bending of graphite sheets occurs at high temperatures [297] as well as Ugarte et 

al. reporting curling graphite networks under electron beam irradiation [298] provided some 

evidence of lamellar structures beginning to roll when heated. Chen et al. named their 

proposed scheme for VONT formation the “rolling method” and explained that it could be 

divided into three main steps. (i) The surfactant molecules condensed into aggregations with 
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VO3
- to form lamellar structures. (ii) When treated under hydrothermal conditions, the 

condensation process continued and brought out more ordered lamellar assemblies. (iii) 

These lamellar sheets became loose at the edges and then rolled into themselves to finally 

form vanadium oxide nanotubes. This process is illustrated schematically in Fig. 25.

Fig. 25. Schematic presentation of the whole rolling mechanism for the formation of the 

vanadium oxide nanotubes: (a) the mixture of the NH4VO3 and the template molecules, (b) 

layered structures formed through the hydrothermal treatment, (c) the beginning stage of 

the rolling process, and (d) the formed nanotubes. [248]

In an attempt to confirm the rolling mechanism, the mixtures of NH4VO3 and amines 

were hydrothermally treated at 180 oC for various durations of time. These samples were 

then imaged on TEM to determine if the intermediate structures appeared to be following 

the rolling mechanism. The resulting images are shown in Fig. 26. For samples which were 

not heated for the full 7 days, a mixture of VONTs and unrolled lamellar structures were 

observed. The proposed VONT forming process can be seen in TEM images as shown in Fig.

26. The initial lamellar structure of the precursor/amine mixture prior to hydrothermal 

treatment is shown in Fig. 26 (a). After 1.5 days of hydrothermal treatment, the amorphous 

precursor became a crystallized ordered layered structure as shown in Fig. 26 (b). After 2.5 

days of hydrothermal treatment large vanadium oxide plates could be seen and most 

significantly some plates were found curling at their edges as shown Fig. 26 (c). Finally, after 

4.5 days of hydrothermal treatment, VONTs were formed as can be seen in Fig. 26 (d) and (e). 

The most direct evidence for the rolling mechanism was the presence of the intermediate 

plate like structures which begin to curl along their edges. 

Fig. 26. A suggested formation process for VONTs: (a) TEM image of the lamellar-structured, 

periodic assembly of surfactant and VO3
- of the precursor obtained by co-precipitation. This 

precursor was amorphous. (b) TEM image of the ordered layered structure after 

hydrothermal treatment for 1.5 days. (c) HRTEM image of the beginning stage of the rolling 
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process obtained after hydrothermal treatment for 2.5 days (d) and (e) HRTEM image of the 

formed nanotube after hydrothermal treatment for 4.5 days. [248]

15.2 Comparison with BaV7O16·nH2O Structure

In 2002 Wörle et al. proposed a theory on the structure of the walls of synthesised 

VONTs. Inspired by previous work on BaV7O16·nH2O bronzes [299] and initial characterization 

of VONT XRD patterns. Initial analysis of the structure of the VOx layers through XRD 

characterisation by Krumeich et al. [238] pointed to a structure consisting of VO4 tetrahedra 

and VO5 square pyramids simultaneously. This theory was supported by later work by Dobley 

et al. [300] The resulting VONT XRD pattern could be indexed with a tetragonal basal plane 

with a = 6.144  Å and an interlayer spacing of c = 26.6 Å. Dobley et al. noted that the a 

parameter is similar to that, a = 6.160 Å and c = 21.522 Å, of BaV7O16.nH2O [299], synthesized 

hydrothermally, where six of the vanadium atoms are in octahedral coordination and the 

seventh is in a tetrahedrally coordinated site. Following on from this work Wörle et al 

proposed that flexible V7O16 layers are the common structural element of VONTs. [250]

VONTs were prepared using the alkoxide route with primary and secondary amines. A model 

for the structure in the tube walls was constructed on the basis of a previous study, from this 

a theoretical XRD pattern was determined and this was compared with the XRD pattern 

obtained from VONTs synthesised with dodecylamine. The proposed VONT wall structure is 

composed of V7O16 layers between which amine molecules are embedded, as illustrated in 

Fig. 27 (a). The layers of V7O16 comprise of two sheets of square VO5 pyramids and VO4

tetrahedra that connect these sheets. All of the apices of the square pyramids point out of 

the layers. The amine molecules are connected to the vanadate layers via their protonated 

amino group. The arrangement of the dodecylamine molecules within the vanadium oxide 

layers cannot be unambiguously determined from the experimental data and thus only one 

possibility is shown. 
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Fig. 27. (a) Structural model for the layer structure in the tube walls of C12-VOx-NTs. (b) 

Experimentally measured and simulated XRD pattern of C12-VOx-NT. [250] (c) Growth 

mechanism for VONTs with a flexible V7O16 layer. [301]

From previous findings it was proposed that the alkyl chains of the amines do overlap 

to some extent. [238] Wörle et al. found that their simulated XRD pattern of VONTs, 

calculated with a structural model based on the VOx layers present in V7O16, fit very well with 

the observed pattern. The two XRD patterns are compared in Fig. 27 (b). It can be seen that 

there is indeed a close correlation between the simulated and experimental patterns.

Through their analysis Wörle et al. suggested that V7O16 layers serve as the framework of the 

structure while amine molecules are embedded in-between. For diamine templates they 

suggest that it is the length of the alkyl chain that directs the structure towards either a 

nanotubular or a crystalline phase. It was concluded that, in comparison to other nanotubes, 

like those of carbon or of WS2, the structure of the VONTs is much more complex. There are 

not only the rather complicated vanadate layers in the inorganic part of this composite but 

also organic layers of amine molecules filling up space between the vanadium oxide layers. 

Petkov et al. presented a model for the structure of vanadium oxide layers with in 

VONTs. VONTs were synthesised through the hydrothermal treatment of a solution of 

vanadium (V) triisopropoxide and primary amines as detailed above. The as synthesised 

VONTs were then characterised through the atomic pair distribution technique (PDF). 

Different vanadium oxide structural models were created and the resulting simulated data 

was compared with experimental data to determine the best fit. Initially a model based on 

the 14-atom unit cell of crystalline V2O5 was used, as shown in Fig. 28 (a). The experimental 

PDF data obtained from as synthesised VONTs is shown as circles and the simulation data is 

shown as a solid line. The crystalline V2O5 model did not reproduce the experimental data 

well, especially in the region beyond the first PDF peak. Petkov proposed that VONTs may 

not be considered as built of single layers of square pyramidal V-O5 units that occur in 

crystalline V2O5. Since the nanotubes were obtained via a sol-gel route, this work also used a 

model based on the structure of V2O5 .nH2O gel in the analysis. This model also failed to 

reproduce the experimental data as can be seen in Fig. 28 (b). The unsuccessful outcome of 

this simulation led Petkov to believe VONTs are not built of double layers of square 

pyramidal/octahedral V-O5 units that occur in V2O5.nH2O gel. Following on from these 
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unsuccessful simulations, models which allowed two different types of vanadium-oxygen 

coordination: tetrahedral V-O4 and square pyramidal V-O5, were used.

Fig. 28. Comparison between the experimental PDF for V2O5 nanotubes (circles) and model 

PDFs (solid line) for (a) crystalline V2O5,(b) V2O5.nH2O gel and (c) BaV7O16.nH2O [301]

The investigation of these coordinations in the VONTs was prompted by previously 

proposed theories. [238, 250, 300] This combination of vanadium-oxygen coordinations is 

present in BaV7O16.nH2O and as such this structure was the basis of another simulation 

model. BaV7O16.nH2O can be viewed as an ordered assembly of double layers of 

pyramidal/octahedral vanadium-oxygen units with a small number of V-O4 tetrahedra 

embedded into the layers. The stacking of the layers in BaV7O16.nH2O occurs in two 

modifications triclinic and tetragonal. It was noted that from the two modifications only the 

triclinic one showed good promise in the PDF fitting process. Hence a model based on that 

modification was used and only vanadium and oxygen atoms were considered in the model 

calculations. The simulated data from this model was in good agreement with the 

experimental data as shown in Fig. 28 (c). Through this comparison of simulated and 

experimental data, the layers of vanadium oxide in VONTs were suggested to arrange in a 

pattern very similar to that observed with BaV7O16.nH2O, i.e. double layers of 

pyramidal/octahedral vanadium-oxygen units with a small number of V-O4 tetrahedra 

embedded into the layers. 

The flexible layers of V7O16 which are reported to make up the layers of vanadium 

oxide within VONT walls were further described by Hellmann et al. [302] Hellman described 

the the VO-layer as consisting of two sheets of edge sharing VO6 octahedra which are 

coupled in zig-zag chains. The octahedra are slightly distorted and elongated basically taking 

the shape of square pyramids with their apices pointing in opposite directions in the two 

sheets. In addition, rather isolated V-ions in tetrahedral coordination are located between 

neighbouring chains as illustrated in Fig. 29 (b). As suggested by Wörle et al., [250] Hellmann 

assumes that the planar unit cell is V7O16. The organic molecules serve as structure directing 

template and are sandwiched between the VO-planes in order to stabilize the tubular 
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structure, as illustrated in Fig. 29 (a). Hellman et al. suggest that scrolled VONT walls as 

illustrated in Fig. 29 (a) may consist of one or two curved vanadium oxide layers. 

Fig. 29. (a) Cross section schematic representation of a VONT showing amine molecules 

between curved VO layers (b) Scheme of the VO double layer which consists of two sheets of 

zig-zag chains of edge sharing square pyramids (red) linked by tetrahedrally coordinated 

vanadium sites (blue). [302]

Recent direct investigation of curvature accommodation in layered nanofibers of 

vanadium oxide demonstrated how the role of the amine organic bilayered template 

intercalated in the van der Waals gap between the vanadium oxide lamina, helped to 

accommodate flexure and curvature.[303]

Fig. 30. Panels (a) and (b) show representative curved nanofiber structures, computed with 

bending angles of (a) 20° and (b) 30°. Surfactant molecules are colored blue and yellow to 

distinguish between molecules bound on opposite substrate faces. The alkyl chains of the 

molecules are shown as bonds with a terminal sulfur sphere while the V2O5 (010) substrate is 

shown as green vanadium and red oxygen spheres. Surrounding periodic image cells are 

colored gray. Panel (c) shows a schematic representation of the analytical model for a curved 

nanofiber, with parameters described in the text. Panel (d) shows the experimental HRTEM 

image with measured bending angle of 22 ± 2°.

Molecular dynamics simulations for optimized thiol-functionalised layered vanadium 

oxide nanofibers show how substrate-induced surfactant packing effects may provide a 

tolerance for bending and curvature accommodation in the stacked hybrid films. The most 

useful insight from the point of view of future experiments is that the intercalated film can 

tolerate the observed moderate ∼20° substrate curvature, preserving a stable layered 

configuration without delamination.  Compared to the analysis provided in Fig. 29, 

curvature-induced changes in film stability are very small and much lower in magnitude than

the electronic strain inherent in bending crystalline V2O5(010), estimated to be least 25 
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kcal/mol per V2O5 unit cell or >31 kcal/mol per alkyl chain in Ref [304]. Structural models 

allow two types of vanadium-oxygen coordination. Tetrahedral V-O4 and square pyramidal 

V−O5 replicate the structure within vanadium oxide nanotubes, but does not account for the 

organic intercalants influence on the overall net charge. Stacked bilayers comprising V−O5

octahedra perfectly described noncurved vanadium oxide structure. This organic ‘velcro’ 

however, is a requirement for the accommodation of curvature in thiol−V2O5 nanofibers.

15.3 The effect of the V4+/V5+ Ratio within the Vanadium Oxide Layers

Bulk crystalline V2O5 can successfully be used as a precursor for the formation of 

VONTs both used as received and through the use of various gels derived from the bulk 

material. From studying the colour change from the starting material to the synthesised 

VONTs, the FT-IR spectrum and the TGA curve of VONTs, it could be concluded that the 

oxidation states of vanadium in VONTs could not all be the same as that in crystalline 

vanadium pentoxide. [247] The VONTs in this study were synthesised via a melt quenching 

method detailed above using a crystalline V2O5 precursor. Crystalline V2O5 has a high content 

of V5+ so Chen et al. performed XPS analysis of VONTs in order to obtain some information 

about the oxidation state of the vanadium element after hydrothermal treatment. It was 

found that for the as-synthesized VONTs, the maximum of the V2p3/2 peak is located at 

156.70 eV (Fig. 31), which is quite similar to that of V4+. Chen et al. concluded that this 

confirms that a great proportion of vanadium existed in the VONTs in lower oxidation states.

Fig. 31. V 2p core-level XPS spectrum of VONTs showing peaks associated with the V4+

oxidation state [247]

This initial confirmation of the partial reduction of V5+ to V4+ during the formation of 

VONTs sparked much interest in the importance of the (V4+/V5+) ratio on the VONT growth 

mechanism. Sun et al. suggested that the difference in the (V4+/V5+) ratio plays an important 

role in the formation of the nanoscale structure of the VONTs and in determining the local 
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crystal structure of the VONT walls. [305] The VONT walls are composed of vanadium oxo-

anions and thus carry a neutral or negative charge. Sun et al. propose that V5+ effectively 

neutralizes this charge whereas V4+ does not and as a result the total anionic charge density 

on the vanadium oxide layer is a direct function of the V4+ content. The higher the anionic 

charge on the VONT wall, the larger the amount of cationic amine molecules that can be 

attracted to the VONT wall. Sun et al suggest that the electrostatic interaction between the 

anionic V4+ sites and the cationic ammonium surfactants (from the intercalated amine 

molecules) is much stronger than the dative bonding between neutral V5+ sites and the 

neutral amine head group. 

Yu et al. performed XPS analysis on VONTs which were synthesised directly from 

crystalline V2O5, [306] the results of this analysis are shown in Fig. 32 (a) and the fitted-curves 

about V 2p3/2 and V 2p1/2 are illustrated in Fig. 32 (b). It was observed that no peaks from 

elements other than C, O, N and V are observed on the survey spectrum and the core level 

binding energies of V 2p3/2 and V 2p1/2 spectra are located at 516.2 eV and 524.0 eV, 

respectively. The V 2p3/2 peak of the sample is divided into two peaks at the binding energies 

of 517.4 eV and 516.1 eV, assigned to V5+ and V4+, and the V 2p1/2 peak of the sample is 

divided into two peaks at the binding energies of 524.2 eV and 522.3 eV, assigned to V5+ and 

V4+, respectively. [307-309] This XPS analysis supported the initial finding by Chen et al. [247]

and confirmed that during the formation of VONTs there is a partial reduction of V5+ to V4+.

Fig. 32. VONT XPS spectrum (a) full survey spectrum (b) core-level spectrum of V2p [306].

15.3.1 Bottom Up and Top Down Chemical Approaches to Synthesising VONTs

As mentioned above Vera-Robles et al synthesised VONTs from a VO(AC)2 precursor. 

[251] They presented this synthesis as a “bottom up” process through the oxidation of V4+ → 

V5+ as opposed to the more commonly used “top down” process through the reduction of 

V5+ → V4+. From XRD analysis it was proposed that the nanotube walls are identical no 

matter what the oxidation state of the precursor is. It was suggested that, depending on the 

precursor used, the reduction of V5+ or the oxidation of V4+ is not precisely the crucial step in 
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the formation of the VONTs; instead it is the achieving of an appropriate (V4+/V5+) ratio 

which causes the scrolling of the vanadium oxide layers to occur. Once again following the 

theory proposed by Wörle et al., Vera-Robles et al. assumed that the tube walls are formed 

by V7O16 layers consisting of two sheets of VO5 square pyramids with apexes pointing toward 

opposite directions and joined by VO4 tetrahedra with the protonated C12-NH3
+ species 

bound to the V7O16 layers by means of the -NH3+ group. A formation mechanism was 

proposed for their “bottom up” method for synthesizing VONTs as follows, and as can be 

seen in Fig. 33. (i) a lamellar composite is first obtained by the reaction between the V-O 

framework and dodecylamine during aging, (ii) during hydrothermal treatment of the V(4+)-O 

species a layered composite is partially oxidized to V5+ by the oxygen dissolved in the 

reaction medium, thus decreasing the (V4+/V5+) ratio, as long as the pH is kept in between 

3.0-3.5. As the (V4+/V5+) ratio diminishes, the layers begin their deformation. When the ratio 

is about 1.0 a complete scrolling is triggered allowing nanotubes to form. Simultaneously, a 

substantial expulsion of the amine from ≈ 72% to ≈ 36% out of the interlayer region is 

found.

Fig. 33. Schematic representation of VONT formation for the “bottom up” synthesis 

approach. The (V4+/V5+) ratio is adjusted through the partial oxidation of V4+→ V5+. Thus

decreasing the content in V4+ and increasing the V5+ until the (V4+/V5+) ratio is ≈ 1. [251]

For the “top down” approach it was proposed that it is the intercalation of the amine 

molecules within the vanadium oxide layers that causes the partial reduction of V5+ → V4+. In 

the “top down” method the amine has two functions: to act as a structure maintaining 

template and to act as the reducing agent that generates V4+ species. By adjusting the 

(V4+/V5+) ratio through the partial reduction of V5+ → V4+ to a ratio of approximately 1.0 the 

scrolling of the vanadium oxide layers occur and VONTs are formed. It was concluded that 

regardless of which vanadium oxide precursor is used, obtaining a (V4+/V5+) ratio of 

approximately 1.0 is the key parameter in the formation of VONTs. This (V4+/V5+) can be 

adjusted through an appropriate control of the mixtures pH prior to hydrothermal treatment 

as well as through the use of the optimum vanadium/amine ratio for the precursor mixture. 
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It has been shown that when the (V4+/V5+) ratio is not suitably balanced nanotubes are not 

produced. [304] Instead 2 dimensional nanobelt like structures are formed.

Lastly, vanadium oxide layered materials grown by previously mentioned methods 

can utilize their scrolling characteristics to create nanotubes, but also use methods of self-

assembly during this process to create nano-urchin structures. The first report of urchin-like 

nanostructures by O’Dwyer, et al. demonstrated how a high-density spherical nanotube 

radial arrays of vanadium oxide nanocomposite can be successfully synthesized by a simple 

chemical route using an ethanolic solution of vanadium tri-isopropoxide and alkylamine 

hexadecylamine for 7 days at 180 °C [183, 218]. The growth process of the nano-urchin 

occurs in stages, starting with a radial self-organized arrangement of lamina followed by the 

rolling of the lamina into (Fig. 34). The tube walls comprise layers of vanadium oxide with the 

organic surfactant intercalated between atomic layers. 

Fig. 34. Schematic illustration of the morphology evolution and the growth mechanism of 

vanadium oxide nanourchin. (a–f): SEM images of the as-synthesized nanostructures at 

different growth stages.

Compared with hollow structures and other morphologies designed to increase 

overall surface area, the urchin-like architecture provides an option to incorporate higher 

surface area nanomaterials in a defined volume with some degree of nanostructure density 

control. Typically, the formation of urchin-like structures is driven by the minimization of 

interfacial energy so that a balanced arrangement of constituent nanostructures forms an 

energy-minimized arrangement. In the vanadium oxide nano-urchin, for example, anisotropic 

laminar structures were first formed and self-assembled into spherical aggregates in a 

radially manner under the influence of amine-based structural templates. Subsequent rolling 

of the lamina in a manner similar to that found for individual vanadium oxide nanotubes 

produce the resulting nano-urchin structure. There are now many examples of urchin based 

superstructures made from multivalent transition metal oxides.
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16 Electrochemical Characterisation of VONTs as a Cathode Material for Lithium Ion 

Batteries

16.1 Initial Electrochemical Characterisation

The initial electrochemical characterisation of VONTs was performed by Spahr et al. in 1999. 

[237] The VONTs used were synthesised by hydrothermal treatment of a mixture of a 

vanadium triisopropoxide and hexadecylamine. In order to ensure the VONTs were in good 

electrical contact with the current collecting substrate a slurry was made with the VONTs, a 

binder (polytetrafluoroethylene) and a conductive additive (carbon black). When calculating 

the specific current and the specific charge only the mass of the active material on the 

working electrode, i.e. the VONTs, was taken into account. Spahr et al. also performed the 

same cyclic voltammetry tests on VONTs which had the amine molecules removed from the 

layers of vanadium oxide. The VONTs were refluxed in a saturated solution of NaCl in ethanol 

for 24 h in order to remove the hexadecylamine template. During discharge, lithium ions are 

intercalated between the layers of vanadium oxide present within the VONT walls. However, 

this is also where the amine molecules are located hence Spahr et al. compared the 

electrochemical performance of VONTs with and without intercalated amines present. 

Fig. 35. (a) Cyclic voltammograms of VONTs with and without amine template (b) The first 

three voltammetric cycles of the template-free VONTs [237]

Cyclic voltammograms of VONTs with and without the structure maintaining amine 

template in the potential range between 1.2 and 4.0 V vs. Li/Li+ are shown in Fig. 35 (a).  The 

cathodic current observed for VONTs with amine template at potentials lower than 2 V vs. 

Li/Li+ corresponds to the electrochemical insertion of lithium into the nanostructured 

material as follows:

𝑥𝐿𝑖+  + 𝑥𝑒− + 𝑉2𝑂5  ⇄  𝐿𝑖𝑥𝑉2𝑂5
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The corresponding oxidation process for VONTs with amines begins at about 3 V vs. Li/Li+, 

indicating a kinetically hindered reoxidation of the material. Spahr et al. reported that the 

shape of the cyclic voltammogram changed drastically when the template was removed from 

the nanotubes. The electrochemical intercalation of Li ions occurred at potentials more 

negative than 3 V vs. Li/Li+. In addition to this two other reduction processes could be seen 

in the cyclic voltammogram, as shown in the solid line in Fig. 35 (a). It was observed that  Li+

insertion was fairly reversible, as can be seen from the corresponding broad oxidation peak 

with a maximum at about 2.7 V vs. Li/Li+. The first three voltammetric cycles of the template-

free VONTs are shown in Fig. 35 (b). A significant change in shape of the voltammogram with 

cycle number was observed and it was proposed that this is an indication of a change of the 

material during cycling and consequently the material has lost electroactivity to some extent. 

The most likely reason for this is the amorphization and/or other structural changes of the 

material upon cycling. Further evidence for an irreversible change occurring with the 

nanotubes is the irreversible oxidation peak appearing in the first voltammetric cycle at a 

potential of about 3.8 vs. Li/Li+, which only occurs for the first cycle. It was concluded that the 

significant difference in specific charge as well as in the shape of the voltammograms for 

VONTs with and without templates indicates that the organic amine molecules are involved 

in the electrochemical cycling of the former, or at least contribute to a partial passivation of 

the nanotubes.

The specific charge of the VONTs for increasing number of cycles was investigated 

through potentiodynamic measurements at 50 µV s-1 in a potential window of 1.5 to 4.0 V vs. 

Li/Li+. It was noted that for VONTs with amines for the first five cycles, a rather stable specific 

charge of about 120 mAh g-1 was obtained. After ten cycles the specific charge had gradually 

decreased number to less than 100 mAh g-1. From potentiodynamic measurements of 

VONTs without amine template a specific charge of ≈ 170 mAh g-1 was obtained for the first 

cycle. After 10 cycles this value had dropped significantly to ≈ 100 mAh g-1, as shown in Fig. 

36. From these results it can be concluded that initial electrochemical testing of VONTs 

showed poor performance with rapidly decreasing capacities. 
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Fig. 36. Dependence of the specific charge on the cycle number obtained from 

potentiodynamic measurements at 50 µV s-1 in the potential window from 1.5 to 4.0 V vs. 

Li/Li+. [237]

16.2 The Effects of Thermal Treatment on Electrochemical Performance

The electrochemical performance of as-synthesised VONTs heated to different 

temperatures was investigated by Li et al. [207] Spahr et al. had previously shown that as-

synthesised VONTs suffered from rapidly decreasing specific capacities so Li et al. 

investigated the effects of annealing the VONTs to different temperatures with an aim of 

improving their electrochemical performance. The VONTs were synthesised using a method 

proposed by Niederberger et al [240], using crystalline V2O5 as the precursor. The as-

synthesised VONTs were washed with ethanol and then dried at 80 oC (sample #0). A series 

of VONT samples were materials treated at different temperatures under static air or flowing 

argon and the resulting influence of the temperature on the structure and cycling 

performance of the nanotubes was also investigated. The annealing conditions for the 6 

samples used in this study are detailed in Table 4. Working electrodes were fabricated by 

preparing a mixture of VONTs, acetylene black, acting as a conductive additive and PTFE, 

acting as a binder. Galvanostatic tests were performed with a current density of 80 mA/g in a 

series of different potential windows.

Table 4 Annealing conditions for VONTs. [207]

It was found that VONTs heated to 200 and 400 oC in air collapse and lose their 

nanotube structure. This is most likely due to the removal of amine molecules which act as a 

structure maintaining template. VONTs heated to the same temperatures in Ar gas 

maintained their nanotube morphology. The specific capacities for the heat treated VONTs, 

cycled in a potential window of 1.5 – 4.0 V, are shown in Fig. 37. Variations in heating 

conditions affected the capacity values of the cathodes, with the thermally treated VONTs 

showing better performance than the as-synthesised material. The poor performance of the 
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as-synthesised sample can be clearly seen by the rapidly decreasing specific capacity values. 

The initial specific capacity of the as-synthesised VONTs was ≈ 175 mAh/g after just 10 

cycles this value had dropped to ≈ 37 mAh/g, corresponding to a ≈ 79% loss in the initial 

specific capacity. After 30 cycles the loss was ≈ 86%. Sample #1 and #2, which were heated 

to 200 and 400 oC in static air both exhibited a dramatic improvement in cycling 

performance. After 30 cycles their specific capacities corresponded to a ≈ 48% and 33% loss 

in their initial capacity respectively. Figure 37 (b) shows the specific capacity values obtained 

for samples #0, #3 and #4, which were annealed to 80 oC under static air and to 200 and 400 

oC under flowing argon gas respectively. Sample #3 and #4 exhibited rapid capacity fading 

having lost 89% and 75% of their initial capacity after 30 cycles. The improved performance 

of the thermally treated VONTs is due to a partial removal of amine molecules from within 

the VONT structure. The intercalated amines impede the intercalation of Li ions, resulting in 

poor electrochemical performance. By heating the VONTs and partially removing some of 

the amine molecules the specific capacity of the VONT samples is significantly improved. 

Fig. 37. Dependence of discharge capacity of VONTs treated at different temperatures under 

(a) static air and (b) flowing argon gas (c) for different annealing times. (d) Cycling behavior 

for as-synthesised VONTs (sample #0) at different cut-off voltages. [207]

Li et al. also investigated the effects of annealing time on the electrochemical 

performance of the VONTs. As mentioned, thermally treating the VONTs leads to a partial 

removal of intercalated amines. In to determine if longer annealing times would remove 

more amines and consequently further improve electrochemical performance, a series of 

VONT samples were thermally treated for different durations of time. Samples #3, #5 and #6 

were annealed under flowing argon gas at a temperature of 200 oC for 1 hour, 6 and 10 

hours respectively. The first 10 cycles for these samples are compared with the as-

synthesised VONTs (sample #0) in Fig. 37 (c). Sample #6 (10 hours) performed better than

sample #5 (6 hours). It was proposed that this was due to the removal of a greater amount of 

amines for longer annealing times. However sample #3 (1 hour) performed the best out of all 

four samples. It was suggested that the removal of the amines at longer times decreases the 

basal spacing of the vanadium oxide layers and results in more compact structures, with 

worse electrochemical performance. 
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The effect of varying the potential window for discharging/charging on the 

electrochemical performance of as synthesised VONTs is shown in Fig. 37 (d). The three 

potential windows chosen were 1.5 – 4 V, 2.0 – 4 V and 2.5 – 4 V. From Fig. 37 (a) it was clear 

that the discharge capacity of the VONTs decreases rapidly with increasing cycle number 

between 1.5 V and 4.0 V. Increasing the cut-off voltage to 2.0 V shows less capacity fading, 

and there is even better stability for discharge to 2.5 V. However the capacity obtained with a 

cut off voltage of 2.5 V is quite small at approximately 62.4 mAh/g. Li et al. concluded that

post treatment of as synthesised VONTs can improve their electrochemical performance. 

VONTs heated to 200 and 400 oC in air no longer maintain their nanotube structure due to 

the removal of amines however VONTs heated to the same temperatures in argon gas did. 

The VONTs which were thermally annealed in Ar gas did show an improvement over the as-

synthesised VONTs however they also suffered a rapid decay in specific capacity with 

increased cycling. 

16.3 VONTs Containing Poly (ethylene oxide)

In an attempt to improve the cycling performance of as-synthesised VONTs Mohan et 

al. investigated the performance of VONTs containing poly (ethylene oxide) (PEO). [310]

VONTs were synthesised using the alkoxide route first reported by Spahr et al [206] with one 

extra addition to the experimental method. PEO was added to the mixture of vanadium 

triisopropoxide and amines prior to hydrothermal treatment. XRD analysis revealed that 

structurally as synthesised VONTs and PEO-VONTs were very similar with {00l} reflections 

occurring at approximately the same angle for both samples. FTIR analysis indicated that the 

peaks associated with the stretching and bending modes of various C-H vibrations were not 

as intense for the PEO-VONTs as they were for the as synthesised VONTs. This implies that 

there is a smaller amount of intercalated amines for the PEO-VONTs than there are for the 

as-synthesised VONTs. From TEM images it was observed that as-synthesised VONTs are 

frequently grown separately with some being grown together whereas PEO-VONTs are 

frequently grown together and are formed as bundles. The fact that PEO-VONTs are more 

frequently in bundles could result in an improved electrical connection between the VONTs, 

resulting in more of the VONTs actually participating in discharge and charge processes. As 
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synthesised VONTs and PEO-VONTs were galvanostatically cycled for 50 cycles in a potential 

range of 2.0 – 4.0 V with a current density of 20 mA/g. The results of these tests are shown in 

Fig. 38.

Fig. 38. Cycling property of VONTs and PEO-VONTs for the first 50 cycles [310]

The as-synthesised VONTs showed an initial specific capacity of 185 mAh/g, whereas 

the PEO-VONTs exhibited an initial specific capacity of 142 mAh/g. Hence initially the as-

synthesised VONTs performed better than the PEO-VONTs. However the specific capacity for 

the PEO-VONTs decreased at a slower rate than the as-synthesised VONTs. The PEO-VONTs 

have a specific capacity of 95 mAh/g after 15 cycles corresponding to 66.9% of its initial 

capacity. Mohan et al. proposed that the decreasing capacity in the PEO-VONTs might be 

due to decrease in average vanadium oxidation state. After 10 cycles the PEO-VONTs begin 

to outperform the as synthesised VONTs and continue this improved performance for the 

remainder of the 50 cycles.   Mohan et al. suggested that the improved performance of the 

PEO-VONTs with increased cycling may be due to the increasing of Li+ ion 

insertion/extraction into the PEO-VONTs. The PEO-VONTs contain less amines than the as-

synthesised VONTs as was seen from TGA analysis. This reduced amount of amines within 

the vanadium oxide layers led to a slightly improved performance over as-synthesised 

VONTs. If there was a greater amount of amines removed there would be a more significant 

improvement. 

16.4 Recent Electrochemical Characterisation of As-Synthesised VONTs

More recently, the electrochemical performance of as-synthesised VONTs was 

investigated again by Popa et al. in 2011. [311] The VONTs were synthesised using the 

alkoxide route first reported by Spahr et al. [206] The specific capacities and amounts of Li 

intercalated into the VONTs for the first 20 cycles are shown in Fig. 39. For these tests the 

potential of the electrochemical cell was maintained constant until the current reached a 

previously established limit (C/t rate). Subsequently, the potential was decreased (when 
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discharging) or increased (when charging) using 5 mV steps. The rate used was C/100, that is, 

complete discharge in 100 hours. 

Fig. 39. Potential versus specific capacity and the Li amount x in LixVONT obtained from 

potentiostatic studies on VONTs [311]

The discharge curves show slight changes of the slope at potential values of 2.4, 2.6, 

and 2.8 V. Popa et al. suggested that the absence of an obvious plateau in these curves is the 

clear indication of that there is no discrete phase formation during cycling. The shape of the 

first three cycles of the potentiostatic experiment is different from the proceeding ones. It 

was proposed that this difference may arise from a slightly different intercalation processes 

occurring in the first three cycles compared to the later ones. One possibility is that initially, 

Li+ ions inserted in a quite disordered way between the layers of vanadium oxide. With 

increased cycling the Li+ ions might then diffuse to find favourable sites in the interlayer 

spaces of the structure, affecting the vanadium oxide structure. Figure 39 shows the effect of 

cycling on the specific discharge capacity. After the first cycle, the specific capacity is ≈ 130 

mAh/g, which corresponds to a Li-intercalation level of 0.66. The specific capacity value 

decreases then rapidly with cycling. This is in agreement with previously reported results for 

as-synthesised VONTs.  After 20 cycles the specific capacity has dropped to ≈ 62 mAh/g. This 

corresponds to a 52% loss in specific capacity from the initial value after just 20 cycles. This 

decrease may be the result of side reactions, or maybe Li ions sites are blocked by amines. 

Once again from these results in can be concluded that as-synthesised amine containing 

VONTs do not retain a suitable fraction of their initial specific capacity with increased cycling. 

The specific capacity values decrease rapidly and this is most likely due to the amine 

molecules within the layers of vanadium oxide within the VONTs walls occupying Li+ ion 

intercalation sites. 

17 Ion Exchange of Amine Molecules with Diamine Molecules

During discharge lithium ions are intercalated between the layers of vanadium oxide present 

in VONT walls. This is the same location that the structure maintaining amine templates are 

intercalated into prior to hydrothermal treatment. It is therefore conceivable that the initial 
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poor performance of the VONTs was due to the presence of amines within the vanadium 

oxide layers. Initial attempts to remove the amines by refluxing the as synthesised VONTs in 

saturated solution of NaCl did little to improve their electrochemical performance. Initial 

reports that monoamines (primary amines) within synthesised VONTs could be exchanged 

with diamines (secondary amines) while still maintaining their tubular structure lead to the 

investigation of the exchange of amines by metal cations with the aim of improving 

electrochemical performance. The exchange of monoamines with diamines was first reported 

by Krumeich et al. [238] VONTs were prepared using a vanadium triisopropoxide precursor 

with monoamines. The exchange reactions were performed by stirring a suspension of the as 

synthesised VONTs (about 100 mg) in 25 mL of ethanol with an excess of the exchanging 

diamine H2N[CH2]nNH2 with 2 ≤ n ≤ 20 (about 1 mole equivalent with respect to the amount 

of monoamines in the tubes, i.e., two monoamine molecules are exchanged against one 

diamine molecule) for 12 h at room temperature. VONTs synthesised with a series of 

monoamines with varying molecular chain lengths underwent exchange reactions with 

diamines of various lengths. The interlayer spacing before and after the exchange reactions 

were measured from XRD data. The results of this work are summarized in Table 5 below.  

It was proposed that the scroll like structure of the VONTs gives them a high 

structural flexibility as indicated by the readiness of exchange reactions as shown in Table 5. 

VONTs after the exchange reactions appear to have an interlayer spacing that is dependent 

on the exchanged diamine instead of the initially intercalated monoamine and most 

importantly the tubular structure is maintained. Krumeich et al. concluded that as the amines 

act as structure maintaining templates it was not possible to synthesize a pure, tubular 

vanadium oxide. With regard to electrochemical applications the functionalization of the 

tube walls by substitution of the protonated organic template by alkali or alkaline-earth 

metal cations holds a more promising approach. This proposed theory would be further 

investigated by Reinoso. 

Table 5 Results of exchange reactions of intercalated monoamines with diamines [238].   
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18 Ion Exchange of Amine Molecules with Metal Cations in VONTs

18.1 Structural Characterisation

The controlled uptake and release of metal cations by VONTs was first reported by 

Reinoso et al in 2000. [312] Initially VONTs were synthesized by hydrothermal treatment of a 

solution of vanadium triisopropoxide and a primary amine as detailed above. The as 

synthesised VONTs were then mixed with a metal salt in a molar ratio of 1:4 respectively and 

stirred in a mixture of ethanol and water. EtOH and water were mixed in a 4:1 (v/v) ratio with 

1 ml/mg of VONTs. After stirring the resulting black powder was washed with ethanol and 

hexane and then allowed to dry in air. Reinoso et al. reported that the exchange behavior of 

VONTs synthesised with dodecylamine was excellent with respect to the preservation of the 

tubular structure as well as the readiness of the intercalation. The full range of salts which 

were investigated is listed in Table 6. The wide range of salts which can be used in exchange 

reactions while still maintaining the nanotube morphology demonstrates the structural 

flexibility of the VONTs. As was the case when Krumeich et al. exchanged primary amines 

with diamines, [238] VONTs before and after metal cation exchange reactions had different 

interlayer spacings,  as shown in Table 6. The as synthesised VONTs were produced with 

dodecylamine and had an inter-layer distance of 2.8 nm. 

Table 6 Interlayer spacings for VONTs after treatment with a variety of different salts [312].

Reinoso et al. reported that the intercalation of various metal cations, i.e., alkaline, 

alkaline-earth and transition metals into VONTs synthesised with dodecylamine by exchange 

against the template is possible. Through TEM observations they noted that these reactions 

do not significantly affect the tubular morphology. As can be seen from Table 6 the removal 

of the intercalated amine by treatment with metal salts leads to a considerable reduction of 

the interlayer spacing. In the case of Na+ the interlayer spacing varies from 2.8 nm to 1.1 nm. 

It was proposed that the decreased interlayer spacings indicate the successful (partial) 

removal of the primary amine template. For the incorporation of Na+ cations several salts 

containing Na were used. It was found that the measured interlayer spacing values varied 

from 0.96 nm to 1.12 nm. Reinoso et al. proposed that the intercalation of alkaline metals 
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other than Na+ and K+ is not possible. Attempts to treat as synthesised VONTs with diluted 

RbCl and CsCl lead a destruction of the VONTs and the formation of a lamellar product. It 

was found that several early transition metal cations such as Fe2+, Co2+, Ni2+ and Cu2+ can 

easily be exchanged with a reasonable preservation of the VONT structure. The most

prominent structural change for all of these reactions is significant decrease of the distance 

between the vanadium oxide layers within the VONT walls. It was reported that the structure 

within the vanadium oxide layers remains unaltered as indicated by the unchanged {hk0}

reflections seen in XRD patterns before and after exchange reactions. In spite of the 

unaltered atomic structure of the vanadium oxide layers, the arrangement of these layers 

was found to differ significantly from the layers present in amine-containing VONTs. These 

defects could be clearly seen when cross-sectional TEM images of the VONTs after exchange 

reactions were taken, as shown in Fig 40. 

Fig. 40. Cross-sectional TEM image of Na-VONTs. [312]

After exchange with Na+ the vanadium oxide layers have become grouped into packs 

of three or more layers. As well as this nearly square arrays with larger inner diameters are 

sometimes observed. The partial removal of amine leads to a stiffening of the layers and to 

an increased attractive force between the layers of vanadium oxide and consequently a 

modified tubular morphology of the exchange product. Combustion test methods and 

inductively coupled plasma/optical emission spectroscopy were used to perform elemental

analysis tests on VONTs before and after exchange reactions to determine the amount of 

amines which were being exchanged. VONTs synthesised with dodecylamine had 0.27 mol 

amine/ mol vanadium whereas VONTs in the Na+ exchange product had 0.19 mol Na and 

0.06 mol amine/mol vanadium. These values correspond to an amine exchange of 70%. The 

exchanges with K+, Mg+, Ca+ and Sr+ yielded very similar results. Reinoso et al. noted that it 

was not clear whether the remaining amount of template was essential for the preservation 

of the nanotube shape or not. Individual VONTs were found in the exchange product which 

measurably had different interlayer spacings within the same VONT. It was proposed that in 

these cases only a part of the amine has actually been removed. 
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18.2 The Reversibility of Ion Exchange Reactions

Reinoso et al. also went on to investigate the reactivity of Na-VONTs towards various metal 

salts. [312] Starting with the exchange product of VONTs treated with NaCl, it was reported 

that a part of the Na+ cation can successfully be substituted with various other metal cations, 

including K+, Mg+, Ca+ and Sr+. It was proposed that the number of negative charges in the 

VONTs appears to be practically constant during the exchange reactions, since this number is 

always ≈ 0.25 mol of metal cation per mol of vanadium as mentioned above. This constant 

number of positive charges per vanadium atom indicates that the number of binding sites 

with the layers of vanadium oxide for guests appears to be constant and ionic. Also during 

exchange reactions there seems to be no change in the oxidation state of vanadium within 

the tube walls. It was also reported that the exchange reaction with Na+ is partially reversible.  

It was found that the addition of crown ethers was necessary in order to replace the Na+

cations in Na-VONTs to incorporate amines again. The resulting exchange product produces 

VONTs intercalated with dodecylamine again with their original interlayer spacing. However 

the elemental analysis indicated that approximately half of the Na+ cations had been 

replaced by amines.  It was concluded the removal of the amine template via exchange 

reactions with metal cations demonstrated the outstanding structural integrity of VONTs. 

The ability to essentially functionalize the layers of vanadium oxide within the walls of the 

VONTs could improve the electrochemical performance of VONTs leading to increased cycle 

life.

19 Electrochemical performance of VONTs exchanged with metal cations

19.1 Na-VONTs 

The initial electrochemical characterization of Na-VONTs was reported by Nordlinder et al. in 

2001. [313] In contrast with the earlier report by Spahr et al. [237]  showing the poor 

performance of VONTs as a cathode material Nordlinder presented results showing stable 

and in some cases increasing capacity while cycling. In this study VONTs were synthesised 

with vanadium triisopropoxide and primary amines including dodecylamine and 

hexadecylamine. The as-synthesised VONTs were then subject to cation exchange reactions 

with NaCl salt using a method proposed by Krumeich et al. [238] Working electrodes were 
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fabricated using both as-synthesised VONTs and the exchange reaction product, i.e. the Na-

VONTS. In both cases the VONT powder was mixed with carbon black and ethylene 

propylene diene terpolymer binder (5 wt % in cyclohexane) in the proportion 80:10:10 (by 

weight). The electrolytes consisted of 1 M solutions of salt dissolved in ethylene 

carbonate/dimethyl carbonate (EC/ DMC) 2:1 by volume. Norlinder et al. used three different 

salts in this study to determine if different salts have any effect on the electrochemical 

behaviour of the VONT structures. The three salts which were used were lithium 

tetrafluoroborate (LiBF4), lithium hexafluorophosphate (LiPF6) and an imide salt lithium 

bistrifluoromethylsulfonylimide (LiTFSI). The cells were cycled between 1.8 and 3.5 V (vs. 

Li/Li+) with a current loading ranging from 25 to 100 mA/g. 

Fig. 41. Discharge capacities for cells cycled with three different salts in the electrolytes: 

LiTFSI (O), LiBF4 (Δ), LiPF6 (□). The inset displays the first discharge/charge cycle for the cell 

cycled with LiTFSI-electrolyte. [313].

It was reported that VONTs containing intercalated amine molecules generally have 

lower capacities than Na+ exchanged VONTs and proposed that this could be due to their 

higher molecular weight. Hence the results shown in Fig. 41 are for Na-VONTs. In contrast to 

the intercalation of Li ions into bulk crystalline V2O5, which shows the various phase 

transitions associated with increasing Li content, cycles with VONTs are absent of staging. 

This is common with amorphous and noncrystalline materials. This behaviour can be seen in 

the inset of Fig. 41. Also the discharge/charge curves have a tendency to plateau around 2.5 

V. The cell performance is highly dependent on which salt was used when preparing the 

electrolyte. Cells containing LiBF4 and LiPF6 electrolytes show increasing capacities over time 

as can be seen in Fig. 41. The capacity increases for approximately the first 25 cycles after 

which it begins to decrease.  The Na-VONT electrodes which were cycled with electrolyte 

containing LiTFSI showed a completely different behaviour. The initial capacity is ≈ 220 

mAh/g and is the highest value they achieve. This value slowly decreases with increasing 

number of cycles and after 100 cycles it has dropped to ≈ 170 mAh/g, corresponding to 

about a 30% decrease from the initial value. Although the best results were obtained for cells 

run in electrolyte containing LiTFSI, the practical use of LiTFSI is rather limited because at 
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high potentials (≈ 3.5 V) is has been shown to cause severe corrosion of the aluminium 

current collector. [314]

Norlinder et al. performed in situ XRD measurements of Na-VONTs during the first 

cycle and observed that no large structural changes occurred during charge and discharge.  

The {003} reflection was carefully studied at different potentials as shown in Fig. 42 (a). The 

peak position did not shift significantly, indicating that the interlayer distances do not 

change notably during cycling. VONT samples which had undergone 100 cycles were also 

examined ex situ by XRD. The XRD patterns of Na-VONTs before and after 100 cycles in 

electrolyte containing LiTFSI are shown in Fig. 42 (b). The {003} reflection was clearly visible 

even after 100 cycles, indicating that the tubular structure remains largely intact. The {003}

reflection is observed at an angle of 2θ ≈ 9.9o for the uncycled Na-VONT. The same 

reflection for Na-VONTs after 100 cycles is seen at a higher angle of 2θ ≈ 10.3 o. This shift in 

peak position corresponds to a decrease in the interlayer spacing of approximately 0.35 Å. It 

was proposed that this shifting of peak positions after considerable cycling may be an effect 

of small rearrangements in the interlayer structure during cycling. No additional peaks could 

be seen in the {hk0} XRD reflections indicating that no significant rearrangements of the 

vanadium oxide structure occur even after prolonged cycling. 

Fig 42. (a) In situ XRD patterns recorded during the first discharge (dch) and charge (cha) of 

a cell using LiBF4 salt in the electrolyte. (b) Ex situ XRD patterns for (i) Na-VONTs cycled 100 

times with LiTFSI salt in the electrolyte (ii) Uncycled Na-VONTs [313].

Nordlinder et al. reported that Na-VONTs showed reversible charge and discharge 

cycles for at least 100 cycles. This was a significant improvement over initial electrochemical 

testing of as-synthesised VONTs containing amine templates. Spahr et al. reported a ≈ 40% 

decrease in capacity after just 10 cycles whereas Nordlinder reported a ≈ 30% decrease in 

100 cycles. This was the first paper to show that VONTs are viable as a cathode material for 

lithium ion batteries. Similarly Dobley et al. initially reported on the electrochemical 

performance of VONTs which were the products of exchange reactions with MnCl2. [300]

These Mn-VONTs were then galvanostatically discharged in a potential window of 2.0 – 4.0 

V. After the first discharge the resulting capacity was calculated to be 140 mAh/g. It was 
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reported that Mn-VONTs retain their morphology but observed that some cracking of the 

layered VONT walls can be seen on TEM.  

19.1.1 XPS Study of Na-VONTs discharged to Different Potentials

Continuing previous work, in 2003 Nordlinder et al. used X-ray photoelectron 

spectroscopy (XPS) to investigate the redox behaviour of Na-VONTs. [315] Once again Na+

exchanged VONTs were used because of their superior properties over the as-synthesised 

material. The V 2p XPS results are shown in Fig. 43. Figure 43 (a) is for the pristine Na-VONTs 

and Fig. 43 (b) - (e) are for Na-VONTs discharge to various potentials. A typical two-peak 

structure can be seen in the spectra, originating from the spin-orbit splitting of V 2p3/2 at 

514-518 eV and V 2p1/2 at 522- 526 eV. In Fig. 43 the solid lines represent the individual 

peaks and the total fit and the experimental data is represented by dots. When the 

electrodes are discharged, the shape of the V 2p peaks changes significantly. In fact the peak 

is shifted toward lower binding energies. To interpret the changing of peak shapes, the 

experimental spectra for samples discharged to 2.5 V were deconvoluted with two Voigt 

functions, one representing V(V) at ≈ 517.5 eV and the other representing V(IV) at ≈ 516.2 eV 

(Fig. 43 (a-c)). For the samples which were discharged to 2.0 and 1.8 V, a third peak had to be 

included. This third peak can be attributed to the presence of a new oxidation state. 

Nordlinder et al. proposed that during discharge there is a partial reduction of V(IV) to V(III). 

Also the relation between the areas of the fitted peaks can then be seen as a measure of the 

different oxidation states of vanadium. 

Fig. 43. XPS V 2p spectra for the pristine electrode (a) and electrodes discharged to 3.0 (b), 

2.5 (c), 2.0 (d), and 1.8 V (e). [315]

Nordlinder concluded that as lithium ions are intercalated into the Na-VONTs the V 

2p peak weight shifts toward lower energies. XPS measurements show a coexistence of V(V), 

V(IV), and V(III) when the Na-VONTs are discharged to ≈ 2.0 V. This indicates that some of 
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the vanadium may be inaccessible to reduction. It was proposed that this is partly 

responsible for the increase in the capacity seen over the first 20 charge/discharge cycles, 

which had previously been reported. This partial reduction of V(IV) to V(III) at potentials 

below 2.0 V and the presence of a mixture of three different oxidation states was supported 

by later work by Augustsson et al. [316]

19.2 Defect Rich Na-VONTs

Sun et al. reported that by varying the synthesis conditions it was possible to produce 

defect rich VONTs to compare electrochemically with pristine VONTs. [305] The VONTs were 

synthesised using traditional methods with vanadium triisopropoxide with one addition to 

the experimental method. Prior to hydrothermal treatment a volume of 2-propanol was 

added to the hydrolysed mixture of precursor and amines. It was reported that 2-propanol 

serves as a mild reducing agent. By increasing the amounts of precursor and decreasing the 

amounts of reducing agent Sun et al. found that defect rich VONTs with many cracks in the 

vanadium oxide walls can be synthesised. Both the pristine and defect rich VONTs were then 

subject to Na ion exchange reactions. In this work sodium hexafluorophosphate was used as 

a source of Na ions instead of the NaCl salts which were previously reported to be used by 

Nordlinder et al. 

For cyclic voltammetric tests the voltage was swept at a rate of 1 mVs-1 between 1.5 –

4.0 V versus Li+/Li. The resulting cyclic voltammograms (CVs) for the well-ordered and defect 

rich Na-VONTs are shown in Figs 44 (a) and (b). Sun et al. observed that the CVs for the well-

ordered Na-VONTs contained several oxidation and reduction peaks and proposed that this 

behavior is similar to crystalline orthorhombic V2O5 with multiple oxidation-reduction 

couples. The defect rich Na-VONTs however exhibit only one prominent reduction peak at ≈

2.6 V. This behavior is similar to results obtained from vanadium oxide materials derived 

from the sol-gel method. This reduction peak appears reversible as no change was observed 

after several cycles. In contrast to this however the CVs of the well-ordered Na-VONTs 

significantly change as cycling continues. Also the potential for the oxidation peak is more 
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positive for the defect rich VONTs than for the well-ordered ones. Sun et al. noted that a 

more detailed study was required in order to explain this. 

Fig. 44. (i) Cyclic voltammograms for Na-VONTs (30 min exchange time) (a) well-ordered

VONTs (b) defect rich VONTs. (ii) Specific capacity values for various VONT samples (c) the 

effects of ion exchange time (d) comparison of well-ordered and defect rich VONTs prepared 

at the optimum ion exchange time. [305]

The responses of the well-ordered and defect rich Na-VONTs to galvanostatic testing 

were also presented. The electrodes were discharged/charged at a rate of ± 60 mA/g in a 

potential window of 1.5 – 4.0 V, versus Li+/Li. It was proposed that the specific capacity of 

VONTs can be affected by many factors. Initially the effect of ion exchange time on the 

specific capacity was investigated. Three samples of defect rich VONTs were treated for 

different ion exchange times. These times were 10 min, 30 min and 3 hours. The effect that 

this had on their specific capacity values for the first 4 cycles is shown in Fig. 44 (c). All three 

samples show an increase in specific capacity after the first cycle and then a small decrease 

as cycling continues. Out of the three samples the 30 min sodium exchanged sample exhibits 

the highest specific capacity values and the slowest rate of capacity decrease. The differences 

in specific capacity with ion exchange times are related to the amount of residual amine 

surfactant still embedded between the vanadium oxide layers after ion exchange. When the 

three samples were examined using thermogravimetric analysis it was found that the 

greatest mass loss occurred for the sample with the shortest ion exchange time, indicating 

that longer ion exchange times result in a more complete surfactant removal. The shortest 

exchange time leaves more organic amine molecules present within the vanadium oxide 

layers. It was proposed that the amine molecules block access to sites on the vanadium oxide 

layer that the lithium ions would occupy and as a result these VONTs have the lowest 

capacity out of the three samples tested. It was found that the sample treated for 3 hours 

performs worse that the sample treated for 30 min. The sample treated for 3 hours had the 

greatest amount of amine molecules exchanged as it was treated for the longest duration of 

time. The increased amount of removed amines resulted in this sample having the highest 

initial specific capacity value. However, looking at Fig. 44 (c) it is clear that the 3 hour sample 
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has the steepest decrease in specific capacity after cycling. During charging when the lithium 

ions are being removed there is not enough surfactant molecules remaining between the 

layers of vanadium oxide to maintain its structure and consequently a fraction of the 

intercalated lithium ions remain within the structure. This reduces the number of Li ion 

occupation sites and lowers the specific capacity of additional cycles. Similar behaviour has 

been reported for other vanadium oxide nanostructures which do not contain organic 

templates such as nanorods and nanofibers. [83, 317-319] During cycling, Li ions can become 

trapped between layers of vanadium oxide within regions of the nanostructure due to a local 

collapsing of the layers, without any significant structural changes occurring to the 

nanostructure as a whole. This reduces the maximum amount of lithium which may be 

reversibly intercalated and consequently results in capacity fading. 

Sun et al. also proposed that the atomic and nanometer-scale structure of the 

VONTs also have a significant effect on the resulting specific capacity values. Well-ordered

and defect rich VONTs were treated for the optimum time of 30 minutes and their specific 

capacity values are compared in Fig. 44 (d). It was found that the defect rich Na-VONTs had 

substantially higher specific capacity values than the well-ordered Na-VONTs. The values 

achieved for the for the well-ordered Na-VONTs were in agreement with previously reported 

values, in the range of 200 mAh/g. [313] The defect rich Na-VONTs however achieved values 

above 300 mAh/g and represented a significant advance and its viability as a cathode 

material. A slower decrease in specific capacity for the defect rich Na-VONTs as compared to 

the well-ordered structures was observed. From elemental analysis it was reported that the 

amount of amines embedded within the layers of vanadium oxide of the well-ordered Na-

VONTs after ion exchange for 30 minutes was about 10% higher than the defect rich Na-

VONTs. 

19.2.1 The Influence of Amines on Lithium Insertion

These results clearly show that the amount of amine molecules present within the 

layers of vanadium oxide within the tube walls dramatically affects the electrochemical 

performance of the VONTs. This supports the initial electrochemical characterisation of as-

synthesised amine containing VONTs which demonstrated poor performance and rapidly 
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decreasing specific capacity values. [206]  Once again Sun et al. suggested that the poorer 

performance of the well-ordered Na-VONTs was due to the presence of a larger amount of 

amines. The intercalated amine molecules reduce the specific capacity values in two ways: 

They reduce the available surface area for redox reactions, and they can also form 

aggregates which may block accessibility of the lithium ions to sites on the vanadium oxide 

layers. Within the layers of vanadium oxide present in the VONT walls, the only surface areas 

which are not accessible to lithium ions are the areas which are actively covered by 

surfactant molecules. The results of these ion exchange time experiments indicate that a 

certain amount of amine molecules are needed within the vanadium oxide layers to serve as 

spacers and prevent the collapse of the gallery spacing during electrochemical cycling. Also 

these results suggest that perfectly ordered structures, while aesthetically appealing, may not 

be the most optimal structures for many electrochemical applications. O’Dwyer, et al. 

investigated how the structure of nanotube and nanourchin of vanadium oxide was 

influenced by amine uptake as a structure-influencing template, and simultaneously tested 

its effect of lithium insertion and removal characteristics. 

By forming nano-urchin, it was demonstrated [320] that the reduced amine uptake 

during synthetic functionalization when making nanotubes in radial arrays such as nano-

urchin improves the Li ion insertion properties, resulting in higher specific capacities for the 

same phase of material. The primary difference is the degree of amine functionalization, 

which is less for urchin structures synthesized from isopropoxide-based precursors. The 

differences in specific capacity are most probably related to the quantity of organic 

interlaminar surfactant. We know that the nanotubes of the nano-urchin possess a 

considerable volume of unreacted and pure V2O5 throughout its mostly scrolled laminar 

morphology, resulting in less residual surfactant between the VOx layers compared to 

xerogel-based nanotubes. This is a direct result of a lower degree of surfactant 

uptake/electrostatic binding and consequently provides a more open pathway for Li+

interlaminar intercalation/diffusion giving higher capacities.

Fig. 45. Nano-urchin and nanotubes of V2O5 grown using a primary amine template. 

Minimizing the density of amine between V2O5 lamina markedly improved the ability of the 

nanotube to intercalate a higher capacity of Li-ions.
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High-resolution TEM studies revealed the unique observation of nanometer-scale 

nanocrystals of pristine unreacted V2O5 throughout the length of the nanotubes in the nano-

urchin (Fig. 45 (right)). Electrochemical intercalation studies revealed that the well-ordered 

xerogel-based nanotubes exhibit similar specific capacities (235 mAh g-1) to Na+-exchange 

nanorolls of VOx (200 mAh g-1). The nanotubes of the nano-urchin 3-D assemblies, however, 

exhibit high charge capacities exceeding 437 mAh g-1, which demonstrates the benefit of 

template removal and nanostructuring of the crystalline phases in V2O5 structures.

19.3 K-VONTs and Ca-VONTs

Following on from their initial electrochemical characterisation of Na-VONTs Nordlinder et 

al. investigated the electrochemical behaviour of K+ and Ca2+ VONTs and compared them 

with Na-VONTs. [321] The ion exchanged VONTs were tested electrochemically in 

electrolytes using two different kinds of lithium containing salts, one containing LiBF4 and 

the other containing an ionic liquid LiTFSI. It was reported that the performance for these ion 

exchanged VONTs showed significant capacity even after 100 cycles as shown in Fig. 46. The 

average capacity for these VONTs was between 120 and 150 mAh/g. As was the case for the 

previously reported Na-VONTS there was an increase in the capacity of the initial 10 – 20 

cycles, as shown in Fig. 46 (a) and (b). While it is not yet clear what governs this behaviour 

some theories were proposed. One proposed explanation was that the insertion of Li ions 

into the VONTs is diffusion limited and consequently this might lead to an increase in the 

capacity as the lithium ions diffuse further into the host material. Another possibility was that 

the cations between the layers of vanadium oxide, i.e. the exchanged metal cations, may be 

electrochemically active and participate in the discharge/charge process. Nordlinder et al. 

reported that the as-synthesized VONTs, i.e. the VONTs still containing the amine template, 

have maximum capacities of ≈ 80 mAh/g, when cycled with both a LiBF4 and LiTFSI based 

electrolytes. If the capacity is calculated with respect to the weight of vanadium instead of 

the total weight, the as-synthesized material is still not as good as the ion-exchanged 

material. It was proposed that VONTs with embedded dodecylamine may have less space for 
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intercalated Li+ ions because the amine molecules are bulkier than the metal cations. The 

amine molecules have a hydrocarbon chain attached to the positively charge N ion. This 

could explain the poor electrochemical performance of as-synthesised VONTs.

Fig. 46. (i) Discharge capacities for the ion-exchanged material cycled 100 times with (a) the 

LiBF4 and (b) LiTFSI based electrolyte. (ii) Discharge capacity as a function of cycle number for 

different discharge rates for cells cycled with (a) the LiBF4 and (b) LiTFSI electrolyte. Applied 

currents of 5, 25, and 50 mA/g correspond to C/30, C/5, and C/2 rates, respectively. [321]

To investigate the materials’ response to the applied current, a range of constant 

currents were used on each cell. In this manner the cells were cycled at different rates and 

the results are displayed in Fig. 46 (c) and (d). The three different rates which were used were 

5 mA/g (C/30), 25 mA/g (C/5) and 50 mA/g (C/2). After each cell had been cycled at 50 

mA/g, the current was then reduced to 5 mA/g again. Once again this procedure was 

performed using both LiBF4 and LiTFSI electrolytes. The cells were allowed to rest for at least 

24 hours before a new rate was applied. During the resting period the potential dropped to 

the equilibrium potential (around 3.4 V). At the initial C/30 rate all cells have an increasing 

capacity over the initial ten cycles with capacity values between 150 and 180 mAh/g. When 

the rate was decreased to C/5, stable capacities were achieved with values ranging between 

120 and 160 mAh/g. The capacities at the C/2 rate were between 100 and 140 mAh/g when 

the rate was then increased back to C/30 the capacity values increase back to values similar 

to their initial values. Hence all materials seem to regain most, or all, of their initial capacity 

when returned to the C/30 rate.

In a previous study on Na-VONTs Nordlinder et al. noticed a larger dependence of 

the type of electrolyte used on the electrochemical behaviour of the VONTs. An electrolyte 

with LiTFSI salt resulted in a more stable cycling behaviour than if LiBF4 or LiPF6 were used. 

However in this study Nordlinder reported that in this investigation the same distinct trend 

was not observed. It was proposed that the reason for this was that it is difficult to exactly 

reproduce the cycling behaviour for the VONTs noting that the composition of the electrode 

and the assembly of the two-electrode cell seem to have a large influence on the 

electrochemical performance. The working electrodes in the previous study consisted of a 
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different type of current collector and they contained less active material. Both the type of 

current collector used and the mass loading of the VONTs could have affected the result 

because the lithium insertion into the nanotubes may be diffusion limited. It was concluded 

that how the electrodes are constituted is important and their effect on the performance 

must be further investigated. 

19.4 The Effect of Varying the Potential Window on Ca-VONTs

Nordlinder et al. revisited calcium exchanged VONTs in 2006 and examined the effect 

of varying the potential window in which they are discharged and charged. [322] The first 

discharge and charge of a Ca-VONT in a potential window of 1.4 – 3.6 V with a current 

loading of 25 mA/g is shown in Fig. 47 (a). Weak plateaus in the discharge curve at 2.8 and 

2.6 were observed indicating the absence of the formation of discrete phases. It was noted 

that there is an asymmetry in the shape of the discharge and charge curves indicating that 

both processes involve significantly different structural rearrangements. The Ca-VONTs were 

cycled galvanostatically, with a current loading of 25 mA/g, in a range of different potential 

windows including: 1.2 – 3.8 V, 1.4 – 3.6 V, 1.6 – 3.4 V and 1.8 – 3.2 V. The results of these 

tests are shown in Fig. 47 (b). As expected, Nordlinder reported that the capacity increased if 

the potential window was extended. When a potential window between 1.2 – 3.8 V was used, 

the capacity was found to decrease rapidly with time. For this potential window the specific 

capacity decreased from ≈ 250 mAh/g to ≈ 125 mAh/g after just 30 cycles. This was most 

likely due to destructive side reactions and/or phase transitions. In a potential window of 1.6 

– 3.4 V the specific capacity increases slightly over the first 30 cycles and in a potential 

window of 1.8 – 3.2 V the specific capacity remains constant for the first 30 cycles at about 

130 mAh/g. The best performance was obtained in a potential window of 1.4 – 3.6 V. In this 

window the specific capacity obtained was reasonably stable at about 175 mAh/g. In 

summary, Nordlinder et al. reported that Ca-VONTs cells can be discharged to 1.5 V and 

charged to 3.5 V while still maintaining reversible battery operation without significant 
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decreasing of the specific capacity. Choosing an appropriate potential window for 

discharging / charging VONTs is crucial to their performance. 

Fig. 47. (a) First cycle galvanostatic curves for a Ca-VONT electrode (b) Charge capacity over 

30 cycles for varying cutoff potentials [322]

20 Lithium Vanadium Oxide Nanotubes

In 2010 Cui et al. reported the successful synthesis of lithium vanadium oxide nanotubes. 

[323] These were the first synthesised lithium containing VONTs to be reported. Inspired by 

the poor electrochemical performance of as synthesised VONTs which had been previously 

reported [237] Cui et al. investigated the synthesis of lithium VONTs with the primary aim of 

improving the performance of VONTs as a cathode material. The synthesis of these Li-VONTs 

was similar to a method previously used by Chandrappa et al. [243] with an additional step in 

the experimental procedure. LiOH.H2O was dissolved in deionized water and added to the 

vanadium oxide precursor gel prior to the addition of amines. Traditional VONTs were also 

synthesised for electrochemical comparison with Li-VONTs. Their synthesis was the same 

except the LiOH.H2O was not added to the mixture prior to thermal treatment. The as 

synthesised Li-VONTs appeared very similar to traditional VONTs in TEM images and from 

XRD measurements. The differences between the two types of VONTs could be seen from 

XPS measurements. XPS analysis revealed that the Li-VONTs are indeed composed of V, O, 

Li, C and N. C and N belong to the organic template indicating that the amine molecules and 

Li ions co-exist within the layers of vanadium oxide present in the walls of the tubes. From 

cyclic voltammetry it was found that the cathodic and anodic peaks for the two samples 

occur at approximately the same potentials. It is clear that the redox current of Li-VONTs is 

much higher than that of VONTs. Cui et al proposed that these results indicated that Li-

VONTs have higher capacity and faster kinetics towards Li+ ions insertion/extraction 

compared to VONTs.
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Fig. 48. (a) the first cyclic voltammogram curves for VONTs and Li-VONTs (b) the initial 

discharge capacities of VONTs and Li-VONTs. The inset in (b) shows the cycling performance 

of the two samples. [323]

Galvanostatic tests were performed in the potential range of 1.0 – 4.0 V (vs. Li/Li+) at 

a constant current density 30 mAg-1. The first discharge for VONTs and Li-VONTs is shown in 

Fig. 48 (b). The two samples show almost the same discharge behaviours, however there is a 

significant difference in their specific capacity values. For the mentioned potential range and 

current density, the initial specific capacity of Li-VONTs is about 457 mAh g-1, which is 

considerably higher than that of VONTs (336 mAh g−1). This result was in good agreement 

with the cyclic voltammetry result. The cycling performance for the two samples over the first 

10 cycles is shown in the inset of Fig. 48 (b). The significant improvement of the Li-VONTs 

over the VONTs is made evident when the specific capacities over the first 10 cycles are 

considered. The results show that the discharge capacity of Li-VONTs still retains a high 

capacity of 270 mAh g-1 after 10 cycles, which is much higher than the capacity of VONTs 

(140 mAh g-1). However Cui et al. observed that in both cases discharge capacity of the two 

samples degraded drastically. It was proposed that the improved electrochemical 

performance of Li-VONTs may be due to the incorporation of lithium-ions into the host 

lattice by strong ionic bonds, which had been previously shown to improve the structural 

stability and electronic conductivity of other vanadium oxide structures. [324, 325] Cui et al. 

concluded that the resultant Li-VONTs exhibit high discharge capacity and good cycling 

performance compared to VONTs. While these results indicate a significant improvement on 

the electrochemical performance of VONTs compared with initial reports, the rapidly 

decreasing capacity values do not suggest that long term battery operation (500+ cycles) is 

viable with these structures. 

21 Ferric ion exchanged vanadium oxide nanotubes

21.1 Preparation of Fe-VONTS

Initially as synthesised VONTs suffered from rapidly decaying capacities with increased 

number of cycles. The poor performance was attributed to the presence of amine molecules 

within the layers of vanadium oxide. Cation exchanged VONTs showed improved 
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performance with stable values of ≈ 150 mAh/g being reported for the first 10 cycles. The 

fabrication of ferric ion exchanged VONTs (Fe-VONTs) was reported in 2012. [326] Zhou et al. 

were aware that amine templates have no contribution to electrochemical performance and 

impede the fast transport of lithium ion in VONTs and as such wished to remove as much of 

the amine molecules as possible while still maintaining the nanotubular morphology. Fe-

VONTs were investigated with the principal aim of improving the electrochemical behaviour 

of the VONTs. Initially VONTs were synthesised using a technique first reported by 

Chandrappa et al. [243] The as-synthesised VONTs were then subject to a ferric ion exchange 

process. FeCl3·6H2O was dissolved in water and added to a suspension of VONTs in 

water/ethanol. The mixture was allowed stirred, washed and dried. The resulting precipitate 

consisted of Fe-VONTs. The interlayer spacings of VONTs and Fe-VONTs were measured 

from XRD analysis to determine the effects of the ion exchange reaction. It was found that 

after ferric ion exchange the distance between vanadium oxide layers within the VONTs 

decreased from 2.79 nm to 1.15 nm indicating the effective (partial) removal of the amines. 

This partial removal of amine templates was further verified by FTIR and XPS analysis. As 

seen with ion exchange reactions with metal cations, after the exchange reaction there is still 

a quantity of embedded amines within the vanadium oxide layers. It is believed that it is 

necessary to have some amines between the layers to maintain the nanotube structure. 

21.2 Electrochemical Characterisation of Fe-VONTs

In order to demonstrate the electrochemical properties of the samples, galvanostatic 

charge−discharge and cyclic voltammetry (CV) tests were performed on VONTs and Fe-

VONTS. In both cases the VONTs and Fe-VONTs were cycled in a potential window of 1.5 – 4 

V. The first charge and discharge curves for VONTs and Fe-VONTs at a series of different 

current densities are shown in Fig. 49 (a) and (b). The chosen current densities for these tests 

were 50, 80, and 100 mA g-1. The current density was varied to determine its effect on the 

electrochemical performance of the VONTs. The discharge and charge curves for both the 

VONTs and Fe-VONTs are smooth charge with the absence of any significant plateaus. There 

are 2 slight plateaus observed for the as-synthesised VONTs at about 1.6 and 2.2 V. There is 

however a significant difference between the specific capacity values obtained for VONTs 
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and Fe-VONTs. The first discharge specific capacities of VONTs at 50, 80, and 100 mA g-1 are 

253, 242, and 225 mAh g-1, respectively. In contrast to this Fe-VONTs deliver higher specific 

capacities of 311, 294, and 259 mAh g-1 at the corresponding current densities. The values 

obtained for Fe-VONTs are in the order of ≈ 50 mAh g-1 higher at each current density than 

those obtained for the as-synthesised VONTs. 

Fig. 49. First charge−discharge curves at different current densities for (a) VONTs and (b) Fe-

VONTs, (c) Cycling performance of VONTs and Fe-VONTs under different discharge current 

densities, (d) The initial cyclic voltammogram curves for VONTs and Fe-VONTs [326].

The specific capacities for VONTs and Fe-VONTs for the first 50 cycles at the current 

densities mentioned above are shown in Fig. 49 (c). The results over the first 50 cycles clearly 

demonstrate the superior performance of Fe-VONTs over the as-synthesised VONTs. In both 

cases, increasing the current density leads to a quicker loss of specific capacity. The rapid 

decrease in specific capacity of the as synthesised VONTs is clearly demonstrated once again. 

The initial specific capacity of the VONTs of ≈ 150 mAhg-1 rapidly drops to below 50 mAhg-1

after 25 cycles and after 50 cycles has a value of about 33 mAhg-1. This is consistent for each 

of the current densities used. The corresponding capacity loss ratios at each current density 

are all over 85%. Losing 85% of their capacities over 50 cycles indicates once again that as-

synthesised VONTs are not a viable cathode material for commercial lithium ion batteries. 

For Fe-VONTs, after 50 cycles at the current densities of 50, 80, and 100 mA g-1, the specific 

capacities are slowly reduced to 178, 141, and 121 mAh -1 respectively. The corresponding 

capacity loss ratios for these values are 42.8%, 52%, and 53.3% respectively. The Fe-VONT 

sample cycled at the smallest current density showed the lowest % loss in capacity. All three 

Fe-VONT samples were still maintaining significant specific capacity values after the first 50 

cycles and are in stark contrast to the as synthesised VONTs. The rapidly decreasing capacity 

values which plague the as-synthesised VONTs are not seen in the case of the Fe-VONTs.

The initial cyclic voltammetry curves of the VONT and Fe-VONT samples at a scan 

rate of 0.5 mV s-1 are shown in Fig. 49 (d). The downward cathodic peaks associated with Li 

ion insertion are located at 2.02 and 2.71 V for VONTs and at 2, 2.4, and 3.04 V for Fe-VONTs. 

The upward anodic peaks associated with Li ion extraction are located at 3.48 V for VONTs 

and at 3 and 3.28 V for Fe-VONTs. As observed from the curves, Fe-VONTs exhibit more 
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pronounced redox peaks and larger peak areas than those of VONTs, and the potential 

positions of redox peaks are closer to each other for Fe-VONTs than for VONTs. These 

results demonstrate that Fe-VONTs possess faster kinetics toward lithium ion insertion / 

extraction and higher capacity than VONTs. Zhou et al. concluded that the improved 

electrochemical performance can be attributed to the effective removal of amine template 

without destroying the tubular morphology and the multi-walled structure. Furthermore, the 

ferric ion exchange process leads to the increase in the proportion of pentavalent vanadium, 

which also has contribution to the improvement of electrochemical capacity. The improved 

Fe-VONTs have shown dramatically higher capacity and significantly better cyclic capability 

than the as synthesised VONTs. 

22 Vanadium Oxide Nanostructures for Lithium ion Batteries

As previously mentioned many vanadium oxide nanostructures have been reported including 

nanobelts, nanorods, nanowires, nanourchins, nanospheres and flower like structures. As the 

electrochemical performance of V2O5 nanotubes has been reviewed in detail, the 

performance of the other nanostructures will now be summarised and compared. V2O5

nanobelts are synthesised by the hydrothermal treatment of a mixture of orthorhombic V2O5

and H2O2, as detailed by Li et al. [213] The mixture was thermally treated for 2 days at 180 oC. 

The specific capacities for obtained for the first 6 discharges are demonstrated in Fig. 50 (a). 

These cells were cycled in a potential window of 4.0 – 1.5 V with a constant current density of 

0.2 mA/cm2. The initial specific capacity of ≈ 288 mAh/g quickly fades to ≈ 191 mAh/g after 

the sixth discharge. This corresponds to a ≈ 34 % loss in the initial specific capacity after just 

6 cycles, indicating that capacity fading is a significant issue for V2O5 nanobelts cathodes for 

Li ion batteries. Centimeter long V2O5 nanowires were reported by Zhai et al. [327] The 

synthesis of these nanowires was quite similar to the nanobelts reported by Li et al. V2O5

nanowires are also synthesised by the hydrothermal treatment of a mixture of orthorhombic 

V2O5 and H2O2 however the molar ratio of deionised water and V2O5 is different and the 

mixture is thermally treated at an increased temperature of 205 oC for 4 days. The cycling 

performance of V2O5 nanowires electrode at a current density of 50 mA/g in a potential 

window of 1.5 and 4.0 V is shown in Fig. 50 (b). The initial discharge capacity of the V2O5

nanowires was reported to be as high as 351 mAh/g. The specific capacity quickly decreased 
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with increasing of cycle numbers. After 20 cycles the specific capacity had decreased to ≈ 

175 mAh/g, this corresponds to a ≈ 50 % decrease in the initial capacity value. Hence similar 

to V2O5 nanobelts, nanowires also suffer from significant capacity fading.  

The template free hydrothermal synthesis of V2O5 nanorods was reported by Reddy 

et al. [328] Initially a V2O5 xerogel was obtained through melt quenching of orthorhombic 

V2O5. The resulting xerogel was then thermally treated in an autoclave for 15 days at 180 oC, 

before being washed with deionised water and then dried at 300 oC for 10 hours. 

Galvanostatic testing on the resulting nanorods was performed at a current density of 0.4 

mA/cm2 in a potential window of 4.0 – 1.5 V. The first discharge capacity of the as-prepared 

vanadium oxide nanorods was reported to be 385 mAh/g. The specific capacity values 

obtained for 50 complete cycles are shown in Fig. 50 (c). After the first discharge the specific 

capacity increased slightly to ≈ 411 mAh/g after the fourth cycle. After this the specific 

capacity values began to fade, however the capacity fading observed for the nanorods was 

not as severe as reported for nanowires and nanobelts. After 20 cycles there was a ≈ 20% 

decrease in the initial specific capacity (≈ 50 % decrease after 20 cycles for nanowires was 

reported) and after 50 cycles there was a ≈ 40% decrease in the initial specific capacity. This 

improvement in the cycling performance of V2O5 nanorods is most likely due to the long 

thermal treatment at high temperature (180 oC) and the 10 hours of drying at an even higher 

temperature (300 oC). This thermal treatment removes the majority of physically and 

chemically bound water from the nanorods which has been shown to improve 

electrochemical performance. [118] The synthesis of V2O5 nanourchins was first reported by 

O’Dwyer et al. [183] V2O5 nanourchins are high density radial arrays of V2O5 nanotubes which 

are synthesised by hydrothermal treatment of an ethanolic solution of vanadium tri-

isopropoxide and hexadecylamine. The first discharge curve obtained for a V2O5 nanourchin

sample is shown in Fig. 50 (d). The discharge response obtained for the nanourchin sample is 

quite similar to that of orthorhombic V2O5, with each phase transition associated with 

increasing lithium content visible in the discharge curve. The specific capacity for the 

nanourchin sample after the first discharge has a value of 437 mAh/g, which is larger than 

the capacity values obtained for nanowires, nanorods and nanobelts samples. No data has 

been reported for the cycling performance of nanourchins so the degree of capacity fading 

for these samples is not known. 
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Recently the synthesis of dense and spherical nanostructured V2O5 particles was 

reported by Lin et al. [329] A one-step synthesis of the nanospheres was achieved via 

ultrasonic spray pyrolysis of an ammonium metavanadate precursor solution at various 

synthesis temperatures ranging from 500 to 700 oC. V2O5 nanosphere samples were 

galvanostatically cycled at a current density of 442 mA/g in a range of different potential 

windows. The results of these tests are shown in Fig. 50 (e). It was reported that the potential 

range significantly affects the cycle performance of the cathode. In a potential range of 4.0 –

1.5 V the initial specific capacity of ≈ 400 mAh/g decreases to ≈ 200 mAh/g after 30 cycles, 

corresponding to a ≈ 50 % loss in the initial capacity. The cyclability significantly improves 

when the lower limit is increased from 1.5 V – 2.5 V. In a potential window of 4.0 – 2.5 V, the 

cathode exhibits an initial discharge capacity of 135 mAh/g and this value remains 

reasonably constant over the first thirty cycles. Also recently the synthesis and 

electrochemical performance of copper doped V2O5 nanoflowers have been reported by Yu 

et al. [330] Their synthesis involves the hydrothermal treatment of a mixture of orthorhombic 

V2O5, H2O2, NH4H2PO4 and Cu(NO3)2.4H20. The mixture is then thermally treated at 180 oC for 

2 hours, washed with distilled water and ethanol and then annealed again at 400 oC for 2 

hours. The specific capacity values obtained for the first fifty cycles at a current density of 

58.8 mA/g, in a potential window of 4.0 V – 2.01 V, are shown in Fig. 50 (f). The initial specific 

capacity of ≈ 266 mAh/g decreased to ≈ 226 mAh/g after 50 cycles, this corresponded to 

just a 15% loss in the initial capacity. The Cu doped V2O5 samples exhibit improved 

electrochemical performance compared to other V2O5 nanostructures. Recently doped V2O5

nanostructures have been attracting a lot of attention in hopes of overcoming the capacity 

fading inherent with un-doped nanostructures. V2O5 samples doped with metals such as 

silver [331, 332], niobium [333, 334], titanium [216, 333], tantalum [335, 336] and manganese 

[230, 300] offer the possibility of further improving the electrochemical performance of 

various V2O5 structures and will be the subject of further research in the years to come. 

Fig. 50. Electrochemical performance of various V2O5 nanostructures (a) nanobelts [213], (b) 

nanowires [327], (c) nanorods [328], (d) nanourchins [183], (e) nanospheres [329], (f) 

nanoflowers [330].
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23 Conclusions and outlook

Our dependency on Li-ion and emerging alternatives in the next decade will likely require 

enhancements in the performance and stability of Li-ion battery chemistries, and those of 

alternatives such as Li-S and Li-air approaches. Cathode material development is critical for 

battery performance advances. Knowledge of cathode materials structure, accommodation 

of various cations such as Li, but also Mn2+, Mg2+ and Al3+ for example, will likely drive 

further development at the juncture of materials chemistry, solid state chemistry and battery 

electrochemistry. The development of large-scale Li-ion batteries, particularly for EV/HEVs

requires materials that can deliver higher power density, excellent rate capability and cycle 

life and importantly, improved safety characteristics that are critical for safe usage.

Reducing the active dimensions of cathode materials has gone a long way toward 

improving the rate and cycling performance, and the reader is referred to other review 

articles that summarise materials and Li-ion battery performance aspects that are outside the 

scope of this review [337-341]. In these cases, the nanostructuring of materials is likely to 

help filter chemistries, structures and electrode composition that are tuned for batteries with 

defined power and energy density requirements. The ability to scale electrode materials size 

can confer enormous benefits in charge rate enhancement for increased power and storage 

capacity for greater energy density, once the increase surface area does not facilitate 

unwanted chemical side reactions with the electrolyte.

Layered materials were some of the first materials used in Li and Li-ion battery tests 

and today, nanoscale analogs of some of these materials are being reinvestigated. The redux 

of layered materials has been driven by advances in the synthesis of 2D crystalline materials 

such as graphene and transition metal dichalcogenides such as MoS2, Ta2S and many other 

materials [342]. The many structural, chemical and electrochemical aspects of V2O5 outlined 

in this review highlight the influence of layered materials structure and morphology on 

intercalation mechanisms. The ability to controllably alter the morphology and the crystal 

structure of layered materials and other cation-accommodating phases might prove 

insightful for the development of alternative bronzes of 2D layered materials currently being 

synthesized.  The somewhat negative influence of organic templates on electrochemical 

performance highlighted here is also worth considering in case where such moieties are 

needed to control nanomaterial size and assembly on electrodes.  
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V2O5 is still receiving considerable interest as a positive electrode material [343-351].  

Even in xerogel or thin film form, it serves as a model material for morphology-related 

effects in cation insertion and removal characteristics that influence the cycling stability, and 

its chemistry in certain anionic electrolytes is very well understood. The presence of defects 

and vacancies strongly influences the properties of transition metal oxides [352] such as

electrochemical capacity and reactivity, ambipolar conductivity and transport, and electrode 

potential.

Atypical insertion capacities are now well known in V2O5. When the stoichiometries of 

LixV2O5, with x > 3 are found that the process is not described by non-faradaic intercalation

[353, 354]. Swider-Lyons et al. [355] demonstrated that proton-stabilized cation vacancies, as 

formed by roasting the polycrystalline powder in an O2/H2O atmosphere, allowed capacities 

beyond theoretical maximum based on intercalation into a pristine crystal. This observation 

has now been observed in MnO2 and other materials and it is feasible that it may be 

obtained in bronzes or variants of V2O5 and other layered materials where solid state ionic 

protocols can rationally control the number of useful vacancies or defects in this regard.  

With the resurgence in Li-ion batteries research and promising developments in 2D layered 

materials, intercalation (non-faradaic, into the lattice), pseudocapacitance (faradaic, charge 

transfer due to ‘intercalation’ of Li within the van der Waals gaps in some layered materials)

and defect-mediated higher storage capacities may offer some routes towards better 

performance in battery and supercapacitor materials.
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Primary amine Layer spacing (nm)

butylamine 1.66

hexylamine 2.00

octylamine 2.24

decylamine 2.50

undecylamine 2.62

dodecylamine 2.77

tetradecylamine 3.02

hexadecylamine 3.35

octadecylamine 3.48

eiscosylamine 3.67

docosylamine 3.80

Table 1

Outer diameter Inner diameter Length

Precursor (nm) (nm) No. of layers (µm)

V2O5·nH2O gels 50-130 30-40 5-25 1-10

VO(OPri)3 15-150 5-50 2-30 1-15

VOCl3 80-100 20-35 11-14 0.8-1.5

V2O5 70-100 20-45 6-11 1-2

Table 2
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Hydrothermal process

Samples T (oC) Times (days) d001 (nm)

NT1 150 2 3.7

NT2 180 2 3.7;3.2

NT3 180 4 3.2

NT4 180 7 3.2;3.0

c-V2O5-NT 180 7 3.2

Table 3

Sample no. Tann (oC) Annealing time (h) Annealing medium

#0 80 – Air

#1 200 1 Air

#2 400 1 Air

#3 200 1 Ar

#4 400 1 Ar

#5 200 6 Ar

#6 200 10 Ar

Table 4
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as-synthesized monoamine VOx–NT diamine exchanged VOx–NT

layer distance 

[nm]
layer distance [nm]

monoamine 

template
(XRD data) diamine XRD ED

hexylamine 2.00
1,12-

diaminododecane
1.84

1.5-

1.6

undecylamine 2.62
1,12-

diaminododecane
1.83

1.8-

2.0

hexadecylamine 3.35
1,12-

diaminododecane
1.86 1.60

butylamine 1.66 ethylendiamine 1.58

hexylamine 2.00 ethylendiamine 1.30
1.0-

1.1

undecylamine 2.62 ethylendiamine
1.60-

1.70

1.3-

1.4

hexadecylamine 3.35 ethylendiamine 1.50

octylamine 2.24 1,20-eicosandiamine 3.50

hexadecylamine 3.35 1,6-diaminohexane 1.52

Table 5
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Salt Inter-layer distance

[nm] (XRD results)

NaCl 1.1

NaOH 0.96

NaI 1.12

KCl 0.97

MgCl2 1.27

CaCl2 1.1

SrCl2 1.11

FeCl2 1.08

CoCl2 1.09

NiCl2 1.13

CuCl2 1.13

SmCl3 1.2

TbCl3 1.15

NaCl + KCl 0.96

NaCl + 

CaCl2
1.11

Table 6


