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Vanadium pentoxide xerogel films were grown by sol-gel method on pre-treated glass substrates, the gelation time was 14 days. The
crystallinity of the films was analyzed with X-ray diffraction (XRD), identifying the composit®y-nH,O before, and both vanadium
pentoxide xerogel and-V.0; phases after, being subjected to thermal treatment (47, 97, 147, 204, 237, 272, 297 Andi380g

15 minutes in each isotherm). The termal treatment reduces the degree of hydratiofsfigeh(2.1 to 1.4, besides the secondary phase
(a-V205) has lattice parameters very similar to the precursor powder (which deviate ab&it OrBe electrical conductivity presents

a semiconductor behavior in agreement with small polaron model, thermally activated and irreversible. The activation energies for three
consecutive cycles were studied and analyzed: a strong dependency between the degree of hidratatisitts aivation energy for high

and low temperature regions was foungdRaman Spectroscopy showed the influence of temperature in the vanadium pentoxide gel film,
presenting a phase transition from crystalline-amorphous for temperatures ab8@&tiRinferring that the water presence in the sample

is responsible in some way for the crystallinity of the material.

Keywords:V2Os xerogel; XRD; electrical conductivity;-Raman.

Pelculas del xerogel peakido de vanadio, fueron crecidas por ettmdo de sol gel sobre substratos de vidrio previamente tratados, el
tiempo de gelaéin fue de 14 ths. La cristalinidad de las pellas fue analizada con difraéci de rayos-X (XRD), identificando el composito
V205-nH;0 antes y las fases péxido de vanadio xerogel -V2Os, despés de ser sometidas a tratamieréottico (47, 97, 147, 204,

237, 272, 297 y 330 durante 15 minutos en cada isoterma). El tratamiegntmito reduce el grado de hidratacidel gel §) desde

2.1 hasta 1.4. La fase secundaria {/20s) tiene paametros de red muy similares a los del precursor en polvo (los cuales no sobrepasan
el 0.3%). La conductividad éctrica presenta un comportamiento tipo-semiconductor de acuerdo con el modelo déopeojaén,
termicamente activado e irreversible. Las efesgle activaéin para tres ciclos consecutivos fueron estudiados y analizados, émctoge

una fuerte dependencia entre el grado de hidratedel geln. con la energa de activadin, para las regiones de altas y bajas temperaturas.
Espectroscdp ,-Raman most la influencia de la temperatura sobre lasqeéhs del gebxido de vanadio, presentando una trarsiaile

fase de cristalino-amorfo para temperaturas superiore¥2g@firiendo que la presencia del agua en la muestra es responsable de alguna
forma de la cristalinidad del material.

Descriptores:Penbtxido de vanadio; XRD; conductividadéadtrica; micro-Raman.

PACS: 81.20.Fw; 61.05.cp; 73.61.-r

1. Introduction the protons diffusion in the aqueous phase that in large extent
are correlated to the method and growth technique. Many
The V» 05 has an orthorhombic, laminar type structure, com-giscrepancies are found in the literature about the electrical
posed by squared pyramids of oxygen and vanadium atomgynductivity of vanadium oxide films at room temperature,
on its bases, generating a high anisotropy that makes possibiiowing a strong dependency of many parameters, such as:
the ions and polymeric molecules insertion over the matrixne reduced quantity ions, the atmospheric relative hu-
material [1,2], forming stable phases with interesting propermdity, the gel hydration state:j, the aging and even the film

ties in the technological level. thickness [3].
The hydrated vanadium pentoxide®5 - nH,O has been

widely studied [3]; however, the exact nature and its struc- _Most of the films obtained from these gels present crys-
tural ordering is not even totally clear. The hydrated vanal@llographic orientations, corresponding to the (001), (003),
dium oxides are often described as nano-composites mat€204) and (005) planes [5], where the®linsertion over ma-
rials, they are made by a liquid phase (water moleculesS”X matgnal IS along_the crystallographic direction modify-
trapped in a lattice oxide. Strong interactions occur in or-"d the interplanar distances between basal planes.

der that oxide-water interface and the vanadium oxide gel The purpose if this work is to determine the water
behave like a monophasic system [4]. Because of this, thmolecules desorption influence over the structural, electrical
electrical properties, are dominated by the electrons hoppingnd molecular properties of2D5-nH, O (n=2.1) over glass,
between mixed valence vanadium*tvand \A*), while on  synthesized by the peroxovanadic acid route for 14 days gela-
the other hand, an ion conduction component arises due tion time by slow immersion on the solution.



412 C.L. LONDONO-CALDERON, C. VARGAS-HERMNDEZ, AND J.F. JURADO

TABLE |. Lattice parameter for the growth film @0s-nH>O), TABLE IV. Crystallite size for the film growth (secondary phase)
before and aftef* thermal treatment. and pure vanadium pentoxide.
LP® Numeric valué (A) Numeric valué* (A) cP Secondary phasdj Pure &)
c 12.480 10.620 001 643.906 2009.070
Ac 0.130 0.006 101 563.133 1210.975
@Lattice parameter 002 750.291 1170.782
302 331.350 511.667
TABLE II. Crystallite size for the growth film (YOs-nH,O), “Crystallographic planes
before and aftet* thermal treatment.
cH SC* (A) SC™ (A) TABLE V. Activation energies from pure vanadium pentoxide.
001 52.405 107.273
003 31.645 50.915 Region Eev)’ £ AE(eV)
004 58.640 _ High temperature 0.361 0.002
005 84931 _ Low temperature 0.231 0.001

- o @Activation energies.
aCrystallographic planegCrystallite size

TABLE VI. Activation energies from vanadium pentoxide xerogel

TABLE Ill. Lattice parameters for the pure vanadium pentoxide growth film for different cycles.

and film growth (secondary phase), after thermal treatment.

Cycle Number E(eV)® E.(eV)

LP® Pure &) Secondary phasd\j 1 0.295 0.265

a 11.514 11.523 2 0.328 0.276

b 3.566 - 3 0.377 0.292
c 4.369 4.381 2High temperature regiofLow temperature region.

“Lattice parameters.
and pressure of one atmosphere for fresh films between con-

. . secutive cycles.
2. Experimental details The molecular ordering was studied as a function of tem-
perature in-situ for a fresh sample, using a LabRam HR800
equipment of the Horiba Jobin Yvon make of high resolution,

\év't;]r:ygrzog;gx?géogiirﬁb%s)it%qnu; ?(ZSS tc;aTee&?B. és-g:; monochromatic radiation source of 473 nm, 5,5 mW power,
ydrogen p P P 2 mm of area exhibition in the 100-1200 cispectral range.

leased. The solution begins with an orange coloration durs iy ; g

: , . The sample was warmed up and stabilized during 15 minutes

ing the first minutes and then becomes a dark red after few :

. . . In each isothermal.

hours. As time goes by the bubbling slows, stopping progres-

sively. The obtained solution was left immobile during 14

days, time for which the solution had become quite viscoug. Results and discussion

and was magnetically stirred during 3 hours. Glass substrates

previously treated and cleaned by means of ultrasound werg1. X-Ray diffraction analysis

slowly immersed in the solution obtaining a thick layer (about _

of 1545 pm ), which were left to dry in room conditions dur- Figure 1 shows the diffractograms for the fresfOf - nH,O

ing 24 hours. films (14 gelation days) before and after being subjected to
Crystal structure of the material at room temperature wa$he thermal treatment. The spectrum fresh fim (Fig. 1a)

determined for the film before and after being subjectetfto  Presents a preferential growth for (001) plane accompanied

97,147,204, 237,272, 297 and 330C thermal treatment dur- by (003), (004) and (005) crystallites, which is in agreement

ing 15 minutes in each isothermal with an A8 Advance BukerVith the reported for these kind of films [5]. After being sub-

AXS equipment, Cu-K, monochromatic radiation source in jected to the thermal treatment, it presents two phases’ types

a range betweerf5< 20 <50°. which correspond to ¥O5-nH,O (for 001 and 003 peaks)
The electrical conductivity, as a function of temperature, @nda-V20O; [6] (see Fig. 2) for 001, 101", 002" and 302.

was measured by using the four-probe conventional Van der The lattice parameterfor the fresh film growth

Pauw method, in the temperature range between 346-505 K

We mixed \WbO5 Acros Organics mark witl99, 6% purity,

(V5,05 - nHy,0)
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FIGURE 1. X-Ray diffraction pattern at room temperature ofQ% 1000/T (K*)

xerogel, before (a) and after (b) thermal treatmentcforOs. FIGURE 3. Electrical conductivity vs. temperature function from

V205 sprinkle film. The dashed lines represent best fits .
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FIGURE 2. X-Ray diffraction pattern at room temperature of® FIGURE 4. Electrical conductivity vs. temperature function from
precursor in powder. V505 xerogel fresh film for; a) first, b) second and c) third consec-
utive cycles.

decreases with the thermal treatment (see Table 1) due to a
gel hydration reduction; while the crystallite size for each3 > Electrical characterization
peak of the diffractogram increases (see Table Il). The Co-"""

hen method and the Scherrer formula were used [7], with the;jgre 3 shows the electrical conductivity as a function of
respectively correction of the instrumental FWHM,; beSideS’temperature for YO5 powder percursor, evidencing a semi-
the crystallite sizes averags.T nm) are in agreement with  conquctor behavior in agreement with the small polaron
recent reports [8]. The interplanar distankg; value found  model [10]. In the figure, two regions with different activa-
for the film before the thermal treatment2(8 A) is valjd tion energies (E) were differentiated (see Table V), which
for n~2.1 [9]; and after thermal treatmemto, = 10.8 A, gre explained by the presence of bound polarons trapped
with n~1.4 using the Van der Waals diameter for the watergy yanadium sites associated with oxygen vacancies (low
molecule (2.7A) [3]. temperature region) and free polarons hopping between the
The lattice parameters for the,®@s, for the secondary other vanadium sites (high temperature region). A compari-
phase and YO5; powder precursor are shown in Table Ill, son between the activation energies observed above and be-
the differences don’t overcome3%. The film treated ther- low 370 K, could give a rough estimate of the needed energy
mally does not crystallize in thecrystallographic direction; for ionization of localized defects. It iE ~ 0.13 eV, a value
maybe due to a strong linkage of water molecules in thatn agreement with previous reports [10].
direction. The crystallite size (see Table IV) for the film From V,Os5-nH, O film growth (see Fig. 4), the electrical
growth(vanadium pentoxide secondary phase) and pure poveonductivity presents two contributions: ionic and electronic.
der V,Os, are in a value average of 572 and 1i26espec- The first constituted by the aqueous phase, while the second
tively. by mixed valence vanadium ions. It would be expected that
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ergy. The crystallite sizes (001 and 003) with the thermal
treatment, contribute to the increase of the activation ener-
gies too.

The hysteresis between consecutive cycles in the electri-
cal properties, suggesting that water molecules leave the ox-
ide matrix is irreversible for thermal treatment up to 260

|
144
993

283

3.3. Raman spectroscopy analysis

Intensity (u.a)

Figure 5 shows th@-Raman spectrum of 305-nH,O film

at room temperature. The records showed the normal vibra-

tional modes of this material in 144 and 193 thcorre-

sponding to the lattice vibrations: 283, 408 and 993 ¢m

assigned to the V=0 vibrations modes, the first two as the

200 400 60 800 1000 1200 bending and stretching of the third; 487 and 693 ¢énfor
Raman Shift (cm™) V-O-V of bending the first and stretching the second; 300

FIGURE 5. y-Raman spectra of theXDs-nH,O film obtained for ~ and 529 cm! agree with \4-O bending and stretching re-

gelation time of 14 days. spectively [12]. The bending vibrational lattice V-O-V-O-

V... of long range located at 144 crhshows a small band

at 157 cnt!, which is assigned by Cazzanetit al., [13]

to lattice vibrations subjected to compressive deformations

along thea direction.

Raman bands presents slight shifts on the positions re-
ported for polycrystalline vanadium pentoxide, we believe
this is mainly due to effects of the water molecules inser-
tion on the matrix material. Additional to this, there are new
bands at 875, 931 and 1020 th which are frequently re-
ported for \bO5 in amorphous phase [12,13] and correspond
to V4*t=0 and VV+=0, for the last two respectively. The
presence of these bands suggests the existence of both phases
(crystalline-amorphous) due to deformation induced by wa-
ter molecules within the oxide matrix. The correlation of the

T . f— T . T T T T above results evidences four types of phasesOvhH,O
200 400 600 800 1000 1200 . . . . .
Raman Shift (cm™) crystalline with and without compressive deformation, amor-

phous structure (both detected pyRaman) andn-V,05
FIGURE 6. pu-Raman spectra of 305-nH2O film at several (detected by XRD).
temperatures: a) 2C, b) 47C, c) 97C, d) 147C, e) 204C,
f) 237°C, g) 272C, h) 297C and i) 330C during 15 minutes for
each isothermal.

1020

Intensity (u.a)

Figure 6 shows:.-Raman spectra of ¥05-nH,O at dif-
ferent temperatures. Up to A2, the normal vibration modes
of amorphous phase and the bending mode fpiOv/are in-
while the water molecules leave the matrix material, thehibited, showing a high sensitivity to temperature and infer-
ionic component reduces its value by reducing the numbering a significant sensitivity of KO with pyramids that share
of charge carriers increasing the electrical resistance for eaaine oxygen atom. The bending normal vibrational modes for
of the cycles with the same way for activation energy (seehe lattice disappear about @Z, which are associated with
Table VI). From the activation energies obtained, we can saghanges in the wide-range correlation between the amount of
that intermediate states exist between the conduction and vlasic units that composes the band according to Cazatelli
lence band, which slightly depend on the water moleculegl. and are in agreement with disorder produce for thermal
present in the lattice and is in concordance with the reportedffects, while at this temperature the stressed lattice vibra-
for this type of films grown by other methods [9,11]. tions are predominant and the ® molecules introduced on
We observed a strong dependence between the energjyese are strongly bonded. At about 22 the band cor-
for ionization of localized defects, with the number of mea-responding to ¥+=0 rises again, suggesting the presence
surement cycle. It is probably due to desorption ofCH of an amorphous phase. For 2@2 the band V+=0 ap-
molecules (verified by X-ray diffraction results) which oc- pears and ¥ =0 increases its intensity, whereas for V-O-V
cupied oxygen vacancies, reducing the energy necessary fetretching vibrations disappear after its amplitude is reduced
exciting thermally charged carriers doing more predominansignificantly with temperature. Near 33D, almost all the
the ionic contribution, as water molecules leave the materiavibrational modes of vanadium pentoxide crystalline are in-
those vacancies are more and the contribution to electricdlibited, except those associated to lattice stressed bending,
conductivity is due to polarons, increasing the activation enthe stretching ones to V=0 and;\O, implying that the in-
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serted water molecules on the pyramids that share two oxy4. Conclusions

gen atoms are practically null. At this temperature the vibra-

tional modes of the amorphous phase prevail, inferring largd Ne film growth \,0;-nH, O for the sol-gel method, showed
structural disorder on the lattice due to the water desorptiogtability in the solvent amount @) with the gelation time
and the thermal effects that create vacancies on the oxidél4 days), while thermal treatment evidenced the emergence
The emergence of the amorphous phase for the high tempe?f & new phased-V;0;), which seems to be energetically
atures region, satisfactorily explains the increase in the eledore stable with desorption of water. The degree of hydra-
trical conductance due to the presence of a larger number & of the gel composite decreases and is evident for (001),
mixed valence vanadium ions, making it much more predom(003) peaks shift for XRD-diffractograms and this generated
inant the electronic conduction for this region than the ionican increase in the activation energies for many consecutive
conduction by the aqueous phase leaving the film. When théycles due to the oxide matrix leave, inducing a decrease
material is taken back to room temperature, the vibrationaPf ionic component in the electrical conductivity. These re-
modes are observed to correspond to crystallin®/ due sults showed hysteresis in the thermal processes, suggesting
to the reversibility in the process of.l desorption, which that the water desorption is irreversible (between the room
also allows the composite to maintain their crystalline strucieémperature and 25C) and did not induce changes in the

ture to return to room temperature. molecular order. _
The desorption of water molecules by the film presents a

_It is_impprtant to note from Fig. 6 that the variation of the eyersible character betwe2s) and 330C, presumably due
main vibrational modes over temperature was less than 1%g H,0 laminar adhered (and not linkage) over oxide matrix
inferring the presence of water molecules as a composite. sirycture, characterized by a order-disorder transition. The

The Full Width at Half Maximum (FWHM) calculated by films brought to that temperature do not crystallize in lthe
Gaussian settings as a function of temperature for the vibre&rystallographic direction, which is likely due to big disor-
tional modes specific to the vanadyl oxygen (V=0), presemgers that the water molecules generate or by strong linkages
three points of relevant interest: for temperature§and ~ between them in that particular direction.

237 C, which are close to the reported values for which the

level of gel hydration decreases #&-0.5 for T=120C and  Acknowledgments

n=0 for T=25C°C [14], inferring possibly that the release

of H,O is stronger and irreversible for temperatures betweeiThis work was supported by Universidad Nacional de
100 and 156C, where crystallization of the new preferential Colombia- Manizales.

direction becomes more evident. According to [15] changes

in the FWHM, for the normal vibrations of V=0 are associ-

ated with changes in the films crystalline quality.
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