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Vanadium pentoxide gels have a layered structure, where V-O ribbons are separated by water that permit to intercalate a
wide range of various ionic and molecular species into these gels. They have both ionic and electronic conduction. The ionic
part is defined by proton diffusion and the electronic one by the electron hopping between vanadium ions of different valence

states.

In this review the results of a complex study concerning the physical properties of a wide range of vanadium based hydrated
compounds such as HaVi2_;Me;03145-nH20 (Me = Mo, Ti, Cr), Me2V12031+5-nH20 (Me = Li, Na, K, Rb, Cs), and

MeV12031+5-nH20 (Me = Mg, Ca, Ba) are presented.

The basic attention is given to the description of structure, synthesis, electrical properties, and valence conditions of metal

ions in the xerogels.
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PACS: 73.25.+1, 81.20.Fw, 82.70.Dg

1. Introduction

Transition metal oxides have been intensively stud-
ied because of their possible practical applications.
Among them the vanadium oxides are important be-
cause the atom of vanadium has a non-occupied 3d
electronic shell that causes the existance of various
vanadium oxides and vanadium-oxygen based com-
pounds. These materials can be separated into four
groups: vanadium oxides, substitution and inculcation
phases, glasses, and hydrates. The first three groups
are studied rather well [1-3]. During the last twenty
years the physical chemistry of vanadium hydrates has
been developing intensively. From the physical point of
view one of the most interesting features of these com-
pounds is their unusually high conductivity in compar-
ison with crystalline, amorphous V205, and glasses on
its basis. The results of studies of properties of vana-
dium hydrates such as structure and chemical composi-
tion are summarized in [4-6].

In this paper the review of the last years study
of these compounds performed in the Semiconductor
Physics Institute (Vilnius, Lithuania) is presented.

© Lithuanian Physical Society, 2006
© Lithuanian Academy of Sciences, 2006

2. Synthesis and structure

For the first time the preparation method of the hy-
drated V205 was described by Diillberg [7]. This
method was based on the reaction between NagVO,4 and
strong mineral acids. As aresult of this reaction the red-
brown sediment was produced and identified by Diill-
berg as the hydrated vanadium pentoxide Vo05-nH2O.
Similar method is described in [8] where the vana-
dium hydrates were produced by interaction between
HCI or H3SO4 and the solution of NaVO3 or KVOs.
However, using these methods one cannot be sure that
the produced hydrates do not contain metals Na or K.
This problem was solved by Miiller [9]. He suggested
two methods. The first of them is the interaction of
V205 and hydrogen peroxide and the second one is the
fast quenching of the molten V,Os into distilled water.
Usually these two methods are used until now.

The fibres can be presented as flat tapes of 1000 A
length and 100 A width [13] (see Fig. 2). As an ex-
ample we will describe the first preparation method in
accordance with [10]. This method is based on the sol—
gel technological process [5]. The vanadium pentoxide
powder is dissolved in the hydrogen peroxide at 273 K
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Fig. 1. Structure of (a) orthorhombic vanadium pentoxide [12] and (b) its xerogel [3].
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Fig. 2. Structural layers of vanadium pentoxide xerogels [13].

because this reaction is exothermic. Then the solution is
heated at 353 K for 2 h for the dissociation of the vana-
dium peroxide complexes. Obtained gels are deposited
on the substrate and baked at room temperature in air.
Similar sol—gel technology is used for the preparation
of the vanadium hydrates containing various metals and
doping elements (see, for example, [10]).

X-ray study of the structure of hydrated V2Os5 was
first described in [11]. The structure has a layered char-
acter where V2Oj; layers are formed by cross-linked fi-

bres separated by water molecules. The structure of
these fibres could be related to the V-O chains ob-
served in bulk orthorhombic vanadium pentoxide [12]
(see Fig. 1). The interlayer distance ¢ depends on the
water content in the hydrate. X-ray diffraction, DTA
(differential thermal analysis), and GTA (gravimetri-
cal thermal analysis) investigations of gels show that
at room temperature the interlayer distance ¢ = 11.55 A
that corresponds to the first phase V2O5-1.6 HoO of the
hydrate. This phase slowly disappears with tempera-
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ture and at ~393 K the second V205-0.5 H2O phase
is observed. It presumably corresponds to the removal
of weakly bonded water. The interlayer distance c =
8.75 A in this case. Up to ~573 K the chemically
bonded water is removed from the xerogel and the crys-
tallization of the vanadium pentoxide takes place. So,
the dehydration process of the gels may be written as

573 K

V505 - 1.6Hy0 == V505 -0.5H,0 5 V,05. (1)

A more detailed study of the dehydration by means of
IR spectroscopy method shows that the hydrated vana-
dium gels by nature are polyvanadic acids the chemical
formula of which can be written as HyV12031-nH2O
or (H30)2V15031-nH20 [10]. All three formulas
V205-TLHQO, H2V12031-7”LH20, and (H30)2V12031-
nHsO are used in the literature.

3. Physical properties
3.1. Electrical conductivity

3.1.1. General

One of the features of hydrated vanadium com-
pounds is their unusually high conductivity in compar-
ison with crystalline, amorphous V205 and glasses on
its basis. For the first time the semiconducting proper-
ties of vanadium pentoxide gels were described in [14].
Now it is established that the conductivity of hydrates
consists of two components — electronic and ionic. The
electronic part is determined by electron jumps between
various valence vanadium ions and the ionic one is due
to proton diffusion [15, 16]. Synthesis and studying of
physical properties of various compounds on the basis
of vanadium pentoxide gels, performed in the last years,
allows describing and understanding in more detail the
kinetic phenomena in this class of substances.

Hydrated vanadium compounds are the typical ma-
terials obtained by “soft” chemistry methods [5] that
allow to prepare the films of various thicknesses in a
simple way; V-0 layers thus are oriented in parallel to
the substrate. Electrical conductivity measurements in
parallel (0-) and perpendicular (o)) directions to lay-
ers have shown the presence of significant anisotropy.
At room temperature o) = 1.3-1073 S/m and o— =
44 S /m, when the reduced vanadium ions content given
by the ratio C' = V4+ /(V4 + V5T) (V4 and V37 are
the concentrations of V4* and V°7 ions respectively) is
equal to 0.097 [15]. Electrical conductivity of gels in-
crease with C, that illustrates Fig. 3 [15]. The general
features for the conductivity dependence on 1/7 for all

In(cT)

1T, 107/K

Fig. 3. Electrical conductivity versus temperature for vanadium xe-

rogels containing various reduced vanadium ions content C': a at

0.097, b at 0.059, c at 0.039, d at 0.023, e at 0.013. Curve f was
obtained with a polymerized gel (C' = 0.005) [15].

C values are similar: there are low and high temper-
ature ranges (LT and HT respectively), where In(o7')
varies linearly with 1/7, and an intermediate tempera-
ture range, where the slope of In(¢T") = f(1/T) curve
changes continuously. Using the small radius polaron
conductivity theory, the activation energy of the con-
ductivity for HT range may be written as

Fyr= ——— —J, ()

where Wp is the energy of polaron creation, Wp is
the so-called Anderson’s disorder energy, and .J is the
transfer integral [17]. From the results presented in
Fig. 3, Eyr = 0.35-0.18 eV that practically is equal
to the results for amorphous and crystalline VoOs [18—
20]. For the LT range Err = 0.043-0.103 eV. In this
case the activation energy may be written as

Eir = % —-J. 3)
A detailed theoretical treatment has been given by
Schnakenberg [21] and the conductivity versus temper-
ature may be written as

. 2Wp hl/()
ol = Dyyexp [— I tanh 4kT}
9
X exp [—WDQT J} ; 4

where D is a constant characteristic of the material and
polaron hopping and 1 is a mean optical phonon fre-
quency. In the Table 1 the values of Eyr, Ert, Wp,
hvg, and ~ (the constant of the electron—phonon cou-
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Table 1. Values of Ewr, Evt, Wp, hig, and +y for various
reduction ratios C of the vanadium ions [14].

C EHT, eV ELT, eV Wp, eV hllo, eV Yy

0.005 0.35 0.103 0.49 0.052 9.7
0.013 0.25 0.069 0.37 0.035 10.4
0.029 0.26 0.076 0.37 0.040 9.8
0.039 0.23 0.065 0.33 0.037 8.9
0.059 0.22 0.050 0.34 0.034 10.0
0.097 0.18 0.043 0.28 0.026 10.8

pling) for various reduction ratios C' of vanadium ions
are presented [14].

3.1.2. Concentration and mobility of the carriers

The first data on the carrier concentration in the vana-
dium pentoxide xerogels have been obtained from the
low frequency current fluctuations measurements in the
frequency range from 20 Hz to 10 kHz [22]. The con-
centration of the carriers was calculated from the em-
pirical formula for the noise such as f~!, for which the
spectral density of the noise

S(f) ~aft, )

where o = 2-103 is the so-called Hooge constant [23].
The calculated values of the concentration are in the
range 10%3-6-10%* m—3. However, it is shown that for
the hopping conductivity, which takes place in the xe-
rogels, the values of the Hooge constant are close to 1
[24], that allows to speak about a higher concentration
of the carriers.

The first data on the concentration and mobility of
carriers of a current for vanadium hydrated compounds
are presented in [25-27] where from three independent
experiments — the measurements of the frequency de-
pendences of the conductivity (G) and capacity (C) of
the polyvanadium-molybdenum acid thin films, the in-
vestigations of the Cole—Cole diagrams, and the mea-
surements of the time dependences of the transitive cur-
rents I(¢) — the mobility of carriers along (u—) and
across (u|) the V-0 layers have been determined. The
results are summarized in Table 2. The concentra-
tions of carriers are identical for all samples and equal
to (1.2 £ 0.8)-10%> m~3. In Fig. 4 the temperature
dependences of mobility 4 and concentration n for
the HaV19Cra031.7-8.6 H2O xerogel are shown [26],
whence it follows that the concentration practically does
not depend on the temperature. In Fig. 5 the tempera-
ture dependences of the conductivities across (o 7") and
along (0=T') the V-0 layers are presented [26]. The
conductivity activation energies are AE) = (0.205 +
0.006) eV and AE_ = (0.209 + 0.010) eV. The mo-
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Fig. 4. Carrier mobility and concentration along V-O layers versus
temperature for HoV10Cr2031.7-8.6 H2O xerogel [26].
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Fig. 5. Temperature dependences of the conductivity across (o)1)
and along (0=T) the V-0 layers for HoV19Cr2031.7-8.6 H2O xe-
rogel [26].

bility activation energy, determined from Fig. 4, is
AE,r = (0.217 £ 0.008) eV. Within the limits of er-
rors the activation energies of the conductivity and mo-
bility are the same. Hence the temperature dependence
of conductivity basically is defined by the temperature
dependence of mobility.
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Table 2. Carrier mobility in polyvanadium-molybdenum acid xerogels along (u=) and across (i)
the V-0 layers [25-27].

Method of the measurements

Mobility, m?/(V's)

H2V11.5Mo09.5030.7-8.4 H20

H2V10M02031_7'8.6 HQO

G(f) and C(f) measurements py=2-10712

Cole—Cole diagrams ) = 141072 = 0.9-107'2

1(t) measurements py=1410"" , p_=0910"%
3.1.3. Anisotropy of the conductivity Y. | v 0O_.nH.O

From Fig. 5, the anisotropy coefficient, defined as 1 275 2
K==, ©6) 2r
i
is equal to ~3.5-103. As mentioned in 3.1.1, the Or
electronic part of conductivity is defined by the elec- |
tron jumps between the various valence vanadium ions -2
[15, 16]. In the polar materials, such as the transitional |
metals oxides, with the strong electron—phonon cou- -4
pling, the small radius polarons are formed at tempera- -6k
tures 7' > © /2, where O is the Debye temperature. For
the nonadiabatic case, the probability P for the elec- -8
trons to jump over the distance R may be written as -2 -1 0 1 X, E
1

Wp — Whp

2kT ’ ™

P =vexp|—2aR —
where v is the frequency of the jumps and « is the decay
of the wave function. On the other hand, the hydrated
compounds are two-phase systems (electronic and pro-
tonic), for which the total resistivity p may be written
as [28,29]

1—
p=rpyr, (8)

where p4 and pp are the resistivities of the A and B
phases respectively (in our case these are the resistivi-
ties of the electronic and protonic parts of the conduc-
tivity). From (7) and (8), as it has been shown in [30],
the conductivity o; of both the single vanadium pentox-
ide crystals and hydrates in the ¢ direction (the crystal-
lographic directions a, b, and c for the single crystals
or the direction along and across the V-0 layers for the
hydrates) may be written as

VR exp-2a(R; — (R))]
03 = < >R'L <R2> )

where R; is the hopping distance in the 7 direction,

©)

(o) = (0q0p0.)"/3 for the crystals and (o) = (U:U:O'H)l/g

for the hydrates (o= and o are conductivities along and
across the V-0 layers accordingly), (R) = (a + b +
¢/2), and (Ry) = (abc/2)?/3. Figure 6 presents the
dependence of the logarithm of reduced conductivity
Y; = In((R2)0;/ (o) R?) on the distance between vana-

Fig. 6. Logarithm of reduced conductivity (Y;) dependence on the
distances between vanadium ions (X;) for the xerogels V2O5-nH20
and oxides V205 [30].

dium ions X; = R; — (R) in the ¢ direction [30]. It is
clear that as for the single crystals and xerogels the men-
tioned dependence is exponential in accordance with
(9), the anisotropy of the conductivity in both cases can
be explained by the anisotropy of the tunnelling term
exp(—2aR) in the expression (7) for the probability P
of the electron jump over the distance R.

3.1.4. Conductivity and phase transitions

The conductivity dependence on the temperature,
which Fig. 1 illustrates, corresponds to the temperature
range 23-250 K. The results of the conductivity inves-
tigations at the highest temperatures are described in
[31,32]. It has been shown that for My V15030 7-nHsO
(M = Li, K, Na) and MV203¢.7-nH20 (M = Mg, Ca,
St, Ba) xerogels at the temperature in the interval 332—
351 K the conductivity activation energy changes from
0.26-0.31 eV to 0.57-0.68 eV (see Fig. 7). It can be
explained by the partial dehydratation of the samples.
More detailed investigation of this phase transition is
presented in [33]. As mentioned in 3.1.3, the proba-
bility P for the electron to jump over the distance R
may be written as formula (7). In the transition metal
oxides the wave functions are strongly localized. In
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Fig. 7. Average conductivity dependences on the tempera-

ture of M2V12030.7-nH20 (M = Li, K, Na) (curve /) and

MV12030.7-nH20 (M = Mg, Ca, Sr, Ba) (curve 2) xerogels
[31,32].

this case the jumps only between the nearest ions are
taken into account. It is the so-called autolocalized (A)
small polaron case [34]. If the concentration of the de-
fects is less than the critical concentration of the metal—
insulator transition, the additional electrons can be oc-
cupied and the bonded (B) polarons are formed [34].
The transition between autolocalized and bonded po-
larons occurs at the critical temperature Tx which can
be determined from the equality of the electron jump
probabilities (Eq. (7)) for A and B polarons [33]:

_ Ean—Ep
N 2Oék‘Rii(C_1/3 — 1) ’

Tk (10
where Fa and Ep are the activation energies of the
conductivity for A and B polarons, R;; is the distance
between the nearest ions, « is the decay of the wave
function, and C is the reduction ratio of vanadium ions.
Using the values Tx ~ 350 K, Ex ~ 0.63 eV, Ep ~
0.29 eV (see Fig. 7), R;; =2.43 A, and C' = 0.07, from
equation (10) one gets o = 1.97 A that corresponds to
the « values for the transition metal oxide [35].

3.1.5. Conductivity versus humidity

As mentioned in 3.1.1, the conductivity of hydrates
consists of two components — electronic and ionic. The
electronic part is determined by electron jumps be-
tween various valence vanadium ions and the ionic
one is due to proton diffusion, while the ionic con-
ductance depends upon the partial pressure of water
[16]. Therefore it is clear that the total conductiv-
ity also depends on humidity conditions of the en-
vironment. The results of similar investigations are
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Fig. 8. Conductance dependences on the relative humidity for (a)
H2V11Ti03o_3'nH20 and (b) H2V11 M0031A2-TLH20 (b) xerogels
at 286 K [38].

described in [36—43]. The dependences of the bulk
conductance G on the relative humidity at 286 K are
shown in Fig. 8 for Ho V11 TiO3g 3-nH2O (Fig. 8(a)) and
H>V11Mo003; 2-nH»0 (Fig. 8(b)) [37]. The experimen-
tal points of InG = f(¢) (p is the relative humidity)
were fitted to a linear function

InG=a+b-¢p, (11)

where a = —13.85 £ 0.08, b = 0.045 £+ 0.001 for
H2V11M0031,2'7LH20 and a = —8.42 + 021, b =
0.031 £ 0.001 for H2V11TiO3¢.3-nH20 xerogels. The
sensitivities of the conductance, which are defined as
d[In G|

do
when T = const, are 0.045 (% RH)~! for V-Mo and
0.031 (% RH)~! for V-Ti xerogels [37-42].

8=

; (12)
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Fig. 9. Sensitivity a dependence on the oxide resistivity In pox [43].

The bulk resistance of vanadium xerogels depends
on the relative humidity ¢ as an exponential function
[36-43]

p = poexp(—ayp), (13)

where pg (the resistivity at ¢ = 0) and sensitivity
a are constants. Figure 9 shows the dependence of
« Oon pPo for H2V12,xMO$031iy-nH20 and H2V12,z
Cr;031+4-nH>0 hydrates [43]. As shown in [43], the
resistivity pg is connected with the electronic (p.) and
protonic (pp) parts of the total resistivity and then the
dependence of sensitivity o on pe and p, may be writ-
ten as

a=Inp.—Inp,. (14)

The electronic and protonic parts of the total conductiv-
ity have activation character with some activation en-
ergies AE, and AFE,. The activation energy AE of
the total conductivity depends on the relative humidity
. As shown in [43], this dependence can be expressed
through AE, and AE; as

AE(p) = AE. + p(AE, — AE).  (15)

The values of AFE, and AE, for the HyV19Cr2031.7-
nHO are determined in [42] and they are 0.22 £
0.01 eV and 0.31 + 0.02 eV respectively.

3.1.6. Switching phenomenon
The experimental results of investigation of the switch-

ing phenomenon in thin layers of the vanadium pentox-
ide based xerogels are presented in [44,45]. The typical
switching characteristic of Ho V12039 7-nH20O xerogel
is shown in Fig. 10 [45]. Upon applying some criti-
cal voltage U;, named switching voltage, the conductiv-
ity of a sample sharply increases, therefore the voltage

6~

Current, mA
w
T

2 - U2
1 - R
)\/’V’_I/IJ/ ] i
0 2 4 6 8 10 12
Voltage, V

Fig. 10. Switching characteristic of HoV12030.7-nH20 xerogel af-
ter electrical forming [45].

jump decreases down to the value Us and the current
through the sample simultaneously grows. It is neces-
sary to note that this characteristic is observed only after
a primary forming of the sample by appplying a voltage
pulse with a capacity of the order of 0.1 J. Without the
primary forming the voltage—current characteristic is
linear when the electric field of strength up to 10> V/m
is applied, and afterwards the deviation from linearity is
observed that is caused by the Joule heating. At raising
the environment temperature the switching voltage de-
clines and upon achieving the temperature 7' > 336 K
the phenomenon of switching is not observed. Disap-
pearance of switching at 336 K allows one to assume
that the impurity vanadium dioxide, which is formed
as a result of the electrical forming of the sample, is
responsible for the switching phenomenon in xerogels
[45].

4. X-ray photoelectron spectra

Research results of X-ray photoelectron spectra of
xerogels are described in [46-54]. It is known that
this method allows determining the valence states of
ions. It is established that partial dehydration of xe-
rogels, reduction of oxygen, and lower valence metal
ions occur after bombardment of the xerogels by argon
ions. In Table 3 the results of changes of the concen-
tration and valences depending on the bombardment
duration are presented for M'V{5030 7-nHyO (MU =
Ba, Sr, Ca, Mg), M}V1iM0,03; 7:nH20 (M! = K,
Na, Li), and H2V11TiO393-nH20 xerogels [49-54].
As follows from the table, after 30 seconds of bom-
bardment, in all compounds alongside with ions of
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Table 3. Changes of concentrations of various ions in xerogels during bombardment by Ar™ ions.

Xerogel Ton Duration of bombardment (min.)
0 0.5 2 5 10
M"V15030.7-nH20 V5t 89at.% S57at% 4lat% 36at%  35at%
Vit 11at% 40at% 50at%  49at%  50at.%
V3t 0 at.% 3 at.% 9 at.% 15at.%  15at.%
ML5V19Mo020s;1 7-nHoO VAT 95at.% 78at% 6lat%  S8at%  55at%
Vit 5at.% 18at.% 32at%  33at%  35at%
V3t 0 at.% 4 at.% 7 at.% 9 at.% 10 at.%
Mo®t  100at% 95at%  76at%  70at% 67 at.%
Mo*t  0at% 5at.% 24at.%  30at% 33 at%
H>V11TiO30.3-nH20 Vot 86at% 67at% S3at% 38at% 38at%
Vit 14at.% 30at% 38at%  48at% 48 at.%
V3t 0at.% 3 at.% 9 at.% 14at% 14 at%
Ti*t 100at.% 100at.% 100at.% 100at.% 100 at.%

Table 4. Reduction of the oxygen concentration in
xerogels after 10 min bombardment by Ar™ ions.

Xerogel —AO, %
M"V15030.7-nH20 13
M4 V10Mo02031.7-nH20 22
H2V11Ti030,3-nH20 24

vanadium of valence four and five the V3 or V4+
ions are formed alongside with molybdenum of va-
lence six. Thus their concentration increases with du-
ration of bombardment and after 10 minutes tends to
saturation. It is accompanied by a reduction of oxy-
gen in the samples that is presented in Table 4. From
Table 3 the reduction ratio of xerogels concentration
C¢=0C,, /(C,, +C,;,)atthe moment of time ¢ =
0 is equal to 0.05 for M} V19Mo031.7-nH20, to 0.11
for M1V 12030 7-nH20, and to 0.14 for Hy V11 TiO30.3-
nHsO xerogels. This should support that the conduc-
tivity of the specified groups of compounds should in-
crease with the growth of quantity C, and that appears
to be a true result [55]. From all the investigated xe-
rogels on the basis of vanadium pentoxide the greatest
reduction ratio C,,, /(C,,, + C ;) = 0.24 and con-
sequently also the greatest conductivity possess the hy-
drates of VoOs5 containing up to 9.5 mole % of GeO-

[56].

5. Conclusions

The gels on the basis of polyvanadic acids possess
unique physical properties which are possible to adjust
over a wide range that allows one to find for them lots
of applications in various areas of technology. On the
basis of vanadium oxide gels the TTF; V505 and Bz,—
V205 (Bz is benzidine, £ > 1) compounds are pro-

duced, which are the first molecular bronzes of transi-
tional metal oxides [57]. The electric conductivity of
the last one at room temperature equals 2.8-10% S/m.
Moreover, nanotubes on the basis of vanadium pentox-
ide have been synthesized rather recently by using the
sol-gel technology [58-60].
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HIDRATUOTV VANADZIO JUNGINIU ELEKTRINES SAVYBES

V. Bondarenka, A. PasiSkevicius

Puslaidininkiy fizikos institutas, Vilnius, Lietuva

Santrauka

Vanadzio pentoksido geliai turi sluoksniuota sandara, kur V-O
sluoksniai atskirti vandens molekulémis. Tai leidZia iterpti tarp
sluoksniy jvairius jonus bei molekules. Elektrinis geliy laidumas
turi du sandus — elektronini, atsirandantj dél elektrony Suoliy tarp
jvairiavalenciy jony, ir protonini, kurj lemia protony difuzija.

Pateikti  hidratuoty = vanadZio  junginiy, tokiy  kaip
H2V12_xMex031i5-7’LH20 (Me = MO, Tl, CI’), M62V12031j:5'
nH20 (Me = Li, Na, K, Rb, Cs) ir MeV120314+5-nH20 (Me =
Mg, Ca, Ba), kompleksiniy tyrimy rezultatai.

Pagrindinis démesys skirtas hidraty sandaros, sintezés, elektri-
niy savybiy ypatybéms ir metaly jony valentingumui.



