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Lithiated Vanadium oxides with polyelectrochromic 

behaviour are here reported for the first time. The 

electrochrome was obtained by means of a simple and 

solvent-free solid state reaction. Clear XPS evidences indicate 

that the electro-generation of red color is due to the 10 

dismutation of surface-adsorbed O2
- species with subsequent 

formation of red colored V5+-O2
2- complexes. The reaction is 

switched electrochemically by oxidation of the surface V4+ 

centers.   

The electrochromic behaviour of V5+ and V4+ oxides is well 15 

known.1,2 The most commonly encountered Vanadium oxide is 

V2O5 that is yellow in its oxidised state (V5+) and can intercalate 

Li+ ions, when reduced to V4+ becoming blue. Vanadium oxides 

showing a red-orange colored phase, such as recently reported 

polyelectrochromic Mo and W doped Vanadium pentaoxide3,4, 20 

are much less common. 
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Figure 1. Typical CV of  EFS deposited on FTO glass and colour appearance in the 

different potential regions. Scan rate: 0.1 V/s. Electrodes setup: EFS on FTO as 

working, Pt plate as counter and aqueous Ag/AgCl as reference. Electrolyte: 0.5 M 40 

Lithium Bis(Trifluoromethanesulfonyl)Imide(LiTFSi) in Propylene Carbonate(PC). 

 

The practical uses of Vanadium oxides in electrochromic devices 

(ECD) have been however quite limited due to their low 

coloration efficiency, their partial water solubility (especially in 45 

acidic conditions)5 and the need of sophisticated deposition 

techniques such as Sputtering to obtain optically performing thin 

films6. We report a water insoluble electrochromic material based 

on Lithiated Vanadium oxides, with Li+ immobilized in the oxide 

structure, showing three different coloured states clearly 50 

detectable and electrochemically switchable, obtained by solid 

state synthesis. In a typical preparation, orthorhombic V2O5 

reacted with Li hydroxide at 400 °C in nitrogen atmosphere. The 

as prepared powder (PS) was characterized by means of XRPD 

analysis (see Fig. S1), revealing the presence of several phases. In 55 

addition to un-reacted o-V2O5, two Lithiated compounds were 

identified: Li0.3V2O5 (JCPDS No. 00-018-0755) and LiV3O8 

(JCPDS No. 01-072-1193)7. The use of Li0.3V2O5 as electrode 

material in lithium ion batteries is well known8,9, moreover 

recently, due to its very low water solubility, it has been 60 

employed also in aqueous Li-ion batteries10. On the other hand its 

use as electrochromic material is reported here for the first time. 

To enrich the mixture on Li0.3V2O5, a purification process, 

consisting in a simple precipitation in water, was necessary. PS 

powder was dispersed in ultrapure water and left to settle for 12 h 65 

then the supernatant was removed. The precipitate, reported 

hereafter as EFS (Electrochromic Fraction Sample), was dried in 

oven at 50 °C for 3 h. As evidenced by XRPD analysis, in 

comparison with PS (see fig S1), EFS resulted enriched on the 

Li0.3V2O5 and LiV3O8 phases. More details on synthetic 70 

procedures and structural-morphological characterization are 

given in the S.I. FESEM images of PS and EFS are shown in Fig. 

S2. Observing the PS micrograph (see Fig. S2a) several 

morphologies are recognisable, indeed sub-micrometric grains 

are covered by nanowires structures. Conversely, EFS (Fig. S2b) 75 

shows only one defined morphology quite homogeneous in size 

and shape, constituted by micrometric particles with nanometric 

sub-structures. EFS powder exhibited the advantage to be easily 

dispersible in aqueous media. For this reason, to prepare the 

electrodes for further spectro-electrochemical testing, 3.5 mg of 80 

EFS sample were suspended in 0.4 mL of water and drop-casted 

on FTO glass. 20 µL of solution were employed to coat a masked 

circular area of 8 mm diameter. FESEM cross sections registered 

from 10 different equivalent samples (not shown) indicate that 

the thickness of EFS film on FTO was of 1.4±0.3 µm with a 85 

T%(500 nm) of circa 30 %. The typical Cyclic Voltammetry 

(CV) of EFS film on FTO together with its colour appearance in 

the different potential regions, is shown in Fig. 1. Similarly to 
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V2O5 thin films1,2,11 two partially reversible redox processes are 

clearly visible at EPC(1)=-1.56 V, EPA(1) =-0.46 V, EPC(2) = -0.36 

V and EPA(2) = 0.76 V due to oxide phases interconversion12. 
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Figure 2. (A) UV-VIS absorption spectrum of FTO/EFS electrode after biasing at 

different potentials for 60s. FTO glass Baseline has been subtracted according to the 

following equation: T%EFS= T%FTO/EFS+(100-T%FTO). Cell setup and electrolyte is 20 

the same of Fig.1 (B) Modification of absorption spectrum in the 250-800 nm region 

by application of a positive (+1V) and negative (-2V) bias for 60 s with respect to 0 

V. Potentials are vs. Ag/AgCl. 

 

A net color change is easily observed by naked eye in 25 

correspondence of EPA(2) (blue to yellow) and EPC(1) peak (yellow 

to blue) while intermediate green color is electro-generated for 

EPC(1) < E < EPA(2) for the simultaneous presence of V5+ (yellow) 

and V4+ (blue) centers as confirmed by XPS analysis (see fig. S3). 

On the other hand the yellow to red-orange color transition is 30 

well visible for 1.5 V < E < 2. As described in more detail below, 

XPS analysis suggests that the formation of red-orange phase can 

be ascribed to an electrochemically-induced peroxide 

complexation (see Fig. 3 and scheme 1). As recently reported for 

Mo-doped and W-doped Vanadium pentaoxide3,4 and unlike pure 35 

V2O5 our Lithiated material shows a red colored phase; 

comparing literature data on O2
- XPS peak13,14, the presence of 

superoxide is well visible in all samples except the pure V2O5 

films15. Considering that superoxide cannot be further oxidized 

and that electrochemical oxidation can occur for V species in the 40 

reduced form as V4+ centers, the red color formation is a 

consequence of the well-known complexation of O2
2- in V5+ 

centers16 according to the following equation: 

 

 45 

 

Red phase generation is due to the dismutation of O2
- species on 

the surface to O2
2- and O2 promoted by the electrochemical 

generation of V5+ close to thin layer-solvent interface (scheme 1). 

 50 
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Scheme 1. Supposed mechanism of the electro-induced formation of red coloured 

state in Propylene Carbonate.  

 

Similarly to a recent report17 V5+ centers electro-generated close 

to surface-adsorbed O2
- could act as dismutation catalyst and 60 

complexing agent for peroxide. The electro-generation of red-

orange colored state, as the yellow one, is associated with the 

oxidation of V4+ to V5+ but with a certain kinetic delay; in fact 

surface V4+ species close to O2
-, because of the limited ion 

diffusion in solid thin layer, require longer time to be oxidised 65 

than the ones proximal to FTO. In order to confirm this 

assessment, an experiment was performed by applying a fixed 

+1.5 V potential for 60 s: how presumed the same red-orange 

color was obtained by simply oxidizing V4+ to V5+ for a longer 

time. Despite the expected loss of gaseous oxygen in scheme 1 70 

the formation of red color is reversible during repeated oxidative 

and reductive steps (see Fig. S6). This could be due to retention 

of O2 on the EFS thin film and to the possible formation of O2
- 

and O2
2- species from O2 and O2

-during negative potential steps. 

As additional evidence cyclic voltammetric experiment depicted 75 

in Figure 1 was repeated by bubbling Ar with no effect on the 

shape of CV and on the formation of the three colors. An 

explanation could be again that the released gaseous O2 is 

retained in the porous structure of the EFS. This experiment 

seemed also to suggests that the superoxide formation occurs 80 

most probably during the EFS preparation. 

UV-VIS spectra of EFS film on FTO glass in the red-orange (+1 

V vs. Ag/AgCl for 60 s), yellow-green (+0 V for 60 s) and blue 

colored states (-2 V for 60s) are shown in Fig. 2A. Figure 2B is a 

plot of ∆T% in the wavelength range of 250-800 nm during the 85 

transition from yellow to red (red line) and from yellow to blue 

(blue line). The 0 V spectrum is very similar to those reported in 

literature for thin layers of sputtered V2O5, supporting the 

assessment that our Lithiated material is essentially constituted by 

V5+ centers12,18. The transition from the yellow to blue state leads 90 

to a positive ∆T% in the 350 to 500 nm region, justifying the 

observed color change. The transition from the yellow to the red-

orange state, analogously to the measurements reported for W 

and Mo-doped V2O5 
3,4 is associated with a noticeable increase of 

∆T% in the 550-1500 nm range (see Fig. S4 for full range 95 

spectrum). This marked electro-induced increase of transparency 

in the red and NIR spectral region makes EFS thin films 

promising for application in infrared tunable optical filters as 

suggested by recent reports19. From Figure 2A it can be observed 

that in the 350-800 nm interval the maximum ∆T% was at 650 100 

nm therefore wavelength was choosed to have the maximum 

sensitivity in time-related opto-electrochemical measurements. 

The estimate of EFS switching times on FTO glass (see fig. S5 

for detailed electrodes and cell setup) was carried out by steps of 

positive and negative potentials, applied sequentially for several 105 

cycles according to the following program: E1= +1 V, E2= -2 V 

vs. Ag/AgCl; t1=t2=30 s. In Figure S6 the Transmittance Percent 

T%(650 nm) in PC/0.5 M LiTFSi is reported as function of time. 

By observing Figure S6 one can easily note that in general the 

bleaching process, occurring during electrochemical oxidation, is 110 

slower than the coloring process. In fact, according to the 

definition given in the S.I., we found Switching Time for 80 % 

Bleaching STB to be 11.2 s and for 80 % Coloring STC to be 3.7 

s, having a maximum ∆T%(650nm) of 15.2. The contrast and 

switching times detected can be considered really good for a 115 

secondary electrochrome, in particular if it is taken into account 
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the very simple method used for its preparation: simple drop 

casting from a water suspension of the active material. The 

stability of bleached and colored states over repeated cycles is 

interesting: ∆T% between first and last cycle of ca. 2 % (See Fig. 

S6). The coloration efficiency for EFS on FTO glass, was 5 

estimated with the setup shown in figure S5, finding a η of  -29 

cm2C-1; this value is very similar to those reported in literature for  

V2O5 thin films produced by rf sputtering1,2. 

XPS spectra of EFS on glass FTO before potential application 

(black line) and after biasing for 60 s at +2 V (red line) or -2 V 10 

(blue line) are shown in Figure 3 (O1s lines) and Fig. S3 (V2p 3/2 

lines). The multiplet splitting of the V2p 3/2 peak (Fig. S3a) 

indicates the presence of both V5+ (517.8 eV) and V4+ (516.6 eV) 

species20,21 in the as prepared EFS. The application of positive or 

negative potentials affects the V5+/V4+ ratio due to 15 

electrochemical interconversion of the two species. The area 

related to the V4+ species decreases from 38.17 to 14.38 eV after 

biasing with a potential of +2V (Fig. S3b) while increases to 

49.50 after biasing a -2 V (Fig S3c). The O1s core level peak in 

as prepared EFS (Fig.3, A and B, black lines) splits into two 20 

peaks at 530.7 and 532.7 eV binding energies, ascribed to the the 

crystal lattice oxygen ions O2- and to the chemisorbed superoxide 

O2
- species, respectively13,22. The formation of the latter is caused 

by the stabilization of oxygen molecules on coordinatively 

unsaturated cation sites15. After biasing EFS at +2V, a 25 

reorganization of oxygen species occurs at crystal surface 

together with an increase of V5+/V4+ ratio (Fig. 3 A). The area of 

the band at 532.7 eV (black curve) is significantly decreased and 

the area of the band at 530.27 eV (red curve) is significantly 

increased, due to the elimination of adsorbed O2
- species and the 30 

formation of new vanadyl V5+=O groups in the crystal lattice, 

respectively. After biasing EFS at -2V (Fig. 3B) a decrease of 

adsorbed O2
- species is also observed (532.7 eV, black curve) 

together with an increase of lattice O2- (530.06 eV, blue curve) 

but with the appearance of a new type of oxygen O- species 35 

(531.6 eV, blue curve) adsorbed on the surface. According to 

XPS analysis of the as prepared EFS, it could be hence asserted 

that its surface is rich of O2
- species (Fig. 3A,3B; black curve).  

 

Figure 3. O1s X-ray photoelectron spectra of EFS on glass FTO collected from the 40 

sample before (black curves, part A and B) and after the application of +2V (red 

curve, part A) and -2V (blue curve, part B) for 60 s. 

 

Actually, recent reports15 have showed that superoxide species 

O2
- are formed on the surface when metal species are not 45 

completely oxidized: this is the case of Li0.3V2O5, the main EFS 

component, in which Vanadium oxidation state is +4.85 instead 

of 5 as for pure V2O5. When EFS is biased at negative potential (-

2V) the following reactions occur as confirmed by the changes on 

the XPS spectra:  50 

O2
- + e- →2O- 

O- + e- → O2- 

V4+ + O2- ↔ V4+=O 

The reduction of V5+ species to V4+ (Fig. S3c) is coupled with the 

reduction of superoxo O2
- to O- species13 and with a subsequent 55 

reduction of O- to O2- species23; finally a recombination occurs 

between V4+ and O2- species leading to the formation of new V4+-

O groups at the surface of the oxide24. These reactions have been 

evidenced by the significant decrease of the intensity of the band 

of O2
- species at 532.7 eV (Fig. 3B black curve) and by the 60 

appearance of a new band centered at 531.6 eV (Fig. 3B blue 

curve) related to the O- species. The intensity of the band 

centered at about 530 eV (blue curve) increases with the 

reduction of O- species to O2- and the formation of V4+=O groups. 

Conclusions 65 

The triple-color electrochromism of a mixture of Lithiated 

Vanadium oxides has been observed and explained here for the 

first time. The material was obtained by a simple and solvent-free 

solid state synthesis followed by precipitation in water. 

Polyelectrochromic thin films of tunable thickness can be easily 70 

produced via drop casting method on FTO glass. XPS analysis 

evidenced that the uncommon electro-generated red color phase 

is due to dismutation of surface superoxide, with complexation of 

peroxide in freshly generated V5+ centers. To produce the red 

colored state upon electrochemical oxidation a thin layer of V2O5 75 

must contain on his surface a certain quantity of V4+ leading to 

superoxide formation in contact with atmosphere O2. Lithiation 

or doping of Vanadium oxide structure with W or Mo are both 

effective methods to produce surface defects and thus to activate 

the red color state.  80 
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