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Abstract The impedance of nanoporous cerium dioxide
with adsorbed water is investigated in the frequency range
10°-10* Hz at temperatures near the water—ice phase
transition. Here we show that the manifestation of impe-
dance peculiarities at phase transition is caused by the
dielectric constant of the matrix.

1 Introduction

In porous materials, including a number of biological
systems and fuel cell membranes, water is contained in
small volumes [1-4]. The structure and the dynamics of the
water in a confined space varies considerably compared
with conventional “bulk” water and this is manifested in
particular in the electrical transport processes. In these
systems, proton transport and mobility is comparable to
electron mobility in solids. In liquid water the hydrogen
energy bond in the second hydration shell of the H;O"
complex is less than ~0.1 eV. This leads to the “estafette”
water conductivity mechanism (i.e. protons are transferred
over the hydrogen bonds) [5].

When changing the relative humidity from 10 to 100 %
the resistivity of nanoporous oxides decreases by several
orders of magnitude due to the increase of the ionic con-
ductivity, and the specific capacity increases due to the
high value of the dielectric constant of water. This allows
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the use of such materials as a basis for the creation of
highly sensitivity humidity sensors.

Lowering the melting and the crystallization tempera-
tures of water, is a well-known phenomenon that has been
widely studied by calorimetry [6], nuclear magnetic reso-
nance [7], neutron and X-ray diffraction [8] and other
methods. In previous studies there is some data about
electric transport for a number of porous matrix-adsorbed
water systems, at temperatures near the ice—water phase
transition, where the conditions of protons transfer in the
system of hydrogen-bonded water molecules vary greatly
[9-12]. Such studies were carried out for powdery nano-
porous matrices based on aluminum oxide [9, 10], titanium
oxide [9], silicon oxide [11], nanoporous silicates [12] and
graphene oxide films [13].

Cerium dioxide is a material that is widely studied as it
is an important electrolyte for intermediate temperature
solid oxide fuel cells [14-16]. The efficient operation of
these devices necessitates high oxygen self-diffusion rates
in the electrolyte and cathode and as such doped CeO, is
beneficial as compared to traditional electrolytes such as
ZrO, [17-21]. Here we consider matrices of powdery
cerium dioxide, which is a multifunctional material for
today’s high-tech industries [22-24]. Additionally, cerium
dioxide is used as the abrasive material in the optical
industry, in integrated circuits, UV filters, solar batteries,
and gas sensors. A very important application of cerium
dioxide is in catalytic afterburning of exhaust gases sys-
tems of vehicles and the conversion of carbon monoxide.

In the transition to the nanocrystalline state, cerium
dioxide significantly changes its physical and chemical
properties. This is due to the fact that the reduction of the
size of CeO, nanoparticles leads to a noticeable increase in
the proportion of cerium in the Ce’" state. This reversible
change in the oxygen non-stoichiometry causes the unique
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opportunity to use CeO, in regeneration systems and to
detect gas media. In the present study we consider the
adsorption properties of the system nanosized powder
CeO,—water in the temperature range of +50 to —50 °C,
which is the temperature interval for practical application.

2 Experimental methodology

For the electrical-physical experiments CeO, nano-dis-
perse powder with grain size of ~20 nm was used. A
portion of powder was placed in a cylindrical measuring
cell, the body of which was made of electrical porcelain
and the contacts were made of copper pistons. The sample
was a compacted powder tablet of 5 mm in diameter and
thickness of 1.5 mm. The sample temperature was moni-
tored with an accuracy of ~0.2 K by a copper-constantan
thermocouple, placed inside the copper piston. Prior to the
measurements, the sample was kept in a saturated water
vapor to stabilize the indications of the resistance mea-
suring instrument.

The temperature of the measuring cell was changed by
metered blowing of the camera with the cell pairs with
nitrogen from a cryogenic Dewar flask in the temperature
interval below 273 K or by heating the chamber above
273 K. Measurements conducted using the four-contacts
method in DC (as in [11]) demonstrated significant hys-
teresis in Volt-Ampere Characteristics (VAC), and the time
that needed to reach equilibrium current values (resistivity)
was several hours. This behavior is characteristic for sys-
tems representing an electrochemical capacitor [10, 12].
Thus, close to the electrode space charge is formed asso-
ciated with the migration of protons to the electrodes of the
cell in the layer of adsorbed water. The typical process of
relaxation of the proton migration, i.e. the presence of ionic
components, when switching on and off of the power
(voltage) supply is presented in Fig. 1.

Therefore, all subsequent measurements were performed
in the frequency range 10°-10* Hz, by using the phase-
sensitive (lock-in) microvoltmeter 232 P Unipan at drive
signal amplitude of 50 mV. In the present study, the results
of measurements taken only for the frequency 1 x 10° Hz
are presented, since the results obtained for other fre-
quencies are almost identical.

3 Results and discussion

Figure 2 shows the temperature dependence of the real part
of the impedance of the sample in InR — 1/T coordinates,
measured at a frequency of 1 x 10° Hz. Maximum signal
of the phase-sensitive voltmeter corresponds to zero phase
difference of the excited and the reference voltage, which
corresponds to the measurement of the real part of the
impedance of the sample.

Complete crystallization of water occurs at temperatures
near 230 K. The temperature dependence of the resistance
shows an Arrhenius behavior with the characteristic acti-
vation energy 0.21 eV at temperatures above 0 °C and
0.38 eV at temperatures below 0 °C. In the latter case, an
increase in the activation energy could be related to the fact
that the transport in the system ice plus water requires more
energy. The absolute values of the activation energy in
general are similar to those obtained in previous studies
[10], but there are some differences from the results of
[9-11]. In previous studies [9, 10], a rather sharp change
was observed in the impedance in the phase transition
water—ice in nanoporous Al,Oj.

Such a leap of conductivity in the phase transition in the
system silicon dioxide—water was previously determined
[11]. At the same time in the system titanium dioxide—
water in the possible phase transition interval no anomalies
were observed and the entire interval of temperatures
above and below 0 °C characterized by a single activation

Fig. 1 Time dependence of the 20+ (a)
voltage of the sample at: a -ON
and b OFF regimes of the power
(voltage) supply in a typical 15} A A
mode for measuring VAC N
(Rre.\'tricting > Rsample) > 10k
= A
0,5+
00F A
0 20 40

@ Springer

(b)
A L
A A A A 25F A
2,0+t
> A
> 15+
A
A
1,0+ AN
A a A
A A
Il Il Il 015 Il Il Il Il Il Il Il
60 80 100 0 20 40 60 80 100 120



J Mater Sci: Mater Electron

10
o
c 8r
6 -
1 L 1 L 1 L 1
0,0025 0,0030 0,0035 0,0040 0,0045
1/T, K™

Fig. 2 Plot of temperature dependence of the real part of the
impedance of the sample in InR — 1/T coordinates

energy of the charge transport ~ 1 eV [9]. This behavior of
temperature dependences of the electric transport, accord-
ing to previous work [9] may be related to the possible
influence of the large value of the dielectric constant of
TiO,, which causes a “structuring” effect on the dispersed
in nanopores water and the formation of less “mobile” grid
of hydrogen-bonded water molecules in the pores.

It is seen that when moving from SiO, to TiO,, which
corresponds to a conductivity jump smearing at the phase
transition, the dielectric permittivity is growing (SiOj:
3.5-4 [25]; Al,O3: 10 [25]; CeOy: 20 [26, 27]; TiO,: 25
[28]) for the same size of the nanopores, 15-20 nm.
Interestingly, only for CeO, a change in the activation
energy is observed, as for the TiO, peculiarities are com-
pletely absent.

4 Conclusions

On the temperature dependence of the conductance of the
nanoporous cerium dioxide with adsorbed water there are
no sudden changes and it is characterized by varying only
the activation energy of proton transport above and below
the temperature of the water—ice transition. Thereby, the
most suitable nanoporous oxides to be used as humidity
sensors, are those with a small dielectric permittivity.
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