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Summary The technological interest in fast ionic conductivity in glassy materials is increased in last years for various solid
state electrochemical devices such as solid-state batteries, electrochronic displays, and sensors. The ion conductive glasses
have several advantages comparing with crystalline materials because of their easy preparation, their stability, the large
available composition ranges and reasonable cost. It is known that the investigation of conductivity spectra of ionic glasses
can reflect the basic features of the relaxation and transport mechanisms of the mobile ions and the high ion conductivity at
room temperature is the most important criterion which should be meet the fast ion conductive glasses. However, the
relaxation and transport mechanisms can be investigated also by acoustic methods, that can have some advantages comparing
to electrical ones as the high sensitivity, absence of contact phenomena and so on.

In the contribution we present some electrical and acoustical properties of glasses prepared in the system Cul-CuBr-Cu,O-
-(P,05+Mo00O;). The main purpose of the contribution is to contribute to the investigation of ion transport mechanisms in
these fast ion conductive glasses and to determine the relation between electrical and acoustical properties considering the
various glass compositions. The both electrical and acoustical measurements are also utilized to the study of relaxation
processes occurring in these glasses and to the ion activation energies determination.

Abstrakt V poslednych rokoch je zvySeny technologicky zaujem o sklenené materialy s vysokou hodnotou idnovej
vodivosti ato pre rdzne tuhé elektrochemické suciastky, ako su tuhé batérie, elektrochronické displeje a senzory. Skla
s ibnovou vodivostou maju v porovnani s krystalickymi materialmi niekol’ko vyhod vyplyvajucich z ich l'ahkej pripravy, ich
stability, velkého rozsahu mozného zlozenia a primeranej ceny. Je zname, ze skimanie vodivostnych spektier idnovych skiel
moze odrazat’ zakladné rysy relaxacnych a transportnych mechanizmov pohyblivych iénov a ze vysoka idnova vodivost pri
izbovej teplote je najdolezitejsim kritériom, ktoré by mali spliiat’ skla s ionovou vodivostou. Aviak relaxaéné transportné
mechanizmy mézu byt skiimané aj akustickymi metodami, ktoré v porovnani s elektrickymi mézu mat’ urcité vyhody, ako je
vysoka citlivost’, nepodstatna tloha kontaktov a pod..

V tomto prispevku predkladdme niektoré elektrické a akustické vlastnosti skiel pripravenych v sustave zlozenia Cul-CuBr-
Cu,0-(P,0s+Mo00O3). Hlavnym cielom prispevku je vysSetrit mechanizmy transportu iénov v tychto sklach s vyraznou
idnovou vodivostou a urcit’ suvis medzi elektrickymi a akustickymi vlastnostami pri uvazeni ich rézneho zlozenia. Tak
elektrické ako i akustické merania sa vyuzivaji sucasne k studiu relaxacnych procesov v sklach a k urceniu aktiva¢nych
energii idnov.

1. INTRODUCTION boundaries, isotropic conduction properties wide

compositional flexibility, easy fabrication and

Characterization of transport mechanisms in
glassy materials with substantial fast ionic
conduction is extremely important since the ion
transport  significantly affects their practical
performace. The ion conductive glasses, called also
glassy electrolytes play an important role in a
number of modern electrochemical devices, such as
solid-state batteries, electrochronic displays, and
sensors [1-3]. A considerable attention is given in
experimental study also because of fundamental
interest in their ion transport mechanisms that are
less well understood then in crystalline materials in
spite of the fact that transport mechanisms in
glasses with fast ion conductivity are permanently
investigated over last twenty years.

The advantage of glassy materials over
crystalline fast ion conductors include absence of

reasonable cost. Solid electrolytes present also
numerous potential advantages over liquid
electrolytes, including absence of liquid
containment and leakage problems, ability to
perahe with more highly reactive electrodes over a
wider temperature range and the possibility for
miniaturization using thin films processing
techniques.

The ion transport properties of many ion
conducting glasses, melts and crystals are similar
[4]. The most important criterion, which should be
met by the fast ion conductive glasses, is the high
ion conductivity at room temperature [5,6]. The ion
transport properties of conductors are directly
reflected in the electrical conductivity spectra [7,8].
However, the transport mechanisms investigated by
acoustical methods can have some advantages



compared to the electrical ones as high sensitivity,
absence of contact phenomena and so on [9-12].
Acoustical measurements made over a wide range
of frequencies and temperatures can characterise
different relaxation processes according to
corresponding transport mechanisms due to a strong
acousto-ionic interaction.

The concept of relaxation processes is shown to
provide a general basis for understanding both
spectra in terms of the ion dynamics. In glassy
electrolytes, the mobile ions encounter different
kinds of site and ionic hopping motion and
relaxation processes connected with charge
mobility so that jump relaxation model has to be
modified accordingly [7].

Cu’ conductive ions have similar electronic
configuration and smaller ionic radii in comparison
with Ag" conductive ions. The conductivity of
glasses is affected not only by the type of
conductive ions, but also strongly depends on
»glass  forming™ oxide. Phosphate glasses
containing Cu’ conducting ions are good ionic
conductors with room temperature conductivity of
the order 10~ Q'cm™. The highest conductivity has
been recorded in systems containing large fractions
of cuprous halides, such as Cul or CuBr [13,14].
Moreover, if two different kinds of halide anions
are mixed into cation conducting glasses, a positive
deviation of the electrical conductivity from the
additivity rule can be observed (mixed anion effect)
[13].

In this contribution we present experimental results
of acoustical and electrical investigation of two sets
of glasses prepared in the system Cul-CuBr-Cu,O-
(P,O5+Mo00Os) with purpose to study ion transport
mechanisms in these fast ion conductive glasses
and to find both the role of glass forming system
and the role of cuprous halides producing Cu" ions.
The relation between acoustical and electrical
properties  considering the  various  glass
compositions was determined, too.

2. EXPERIMENTAL PROCEDURE
2.1. Glass Preparation

Glasses in the system Cul-CuBr-Cu,O-
(P,OstMo00;) were prepared from commercial
reagents (Fluka) according to previously described
procedures [13]. Batches of 15 g were melted under
a dry argon atmosphere to avoid the oxidation of
Cu’ during melting and mixed in appropriate
portion (see Tab. 1 and Tab. 2) in silica ampoule at
933 K for 90 min. The glass melts were rapidly
quenched by pressing them between two brass
plates to a final thickness of = 1-2 mm. The
resulting discs of 20 mm in diameter were kept
between the plates until their temperature decreased
to room temperature. Losses in weight during
melting were < 1 %. To check the reproducibility of

the results, all glasses were prepared three times.
Two systems of glasses were prepared to
investigate both the role of glass-forming system
and the role of cuprous halides produced additional
Cu' ions keeping their total ratio 60 mol. % to 40
mol. %.

Table 1. Starting compositions (in mol.%) of glasses
prepared in the System 1.

Glass Composition (in mol.%)
sample Cul CuBr Cu,0 P,0O5 MoO;
1P 25.000 - 56.250 | 18.750 -
IPM 25.000 - 46.875 | 9.375 | 18.750
BPM - 25.000 | 46.875 | 9.375 | 18.750
M 25.000 - 37.500 - 37.500

Table 2. Starting compositions (in mol.%) of glasses
prepared in the System I1.

Glass Composition (in mol.%)

sample Cul CuBr Cu,O P,O4 MoO;

IBPM 2 | 21.875 | 3.125 | 46.875 | 9.375 | 18.750

IBPM 3 | 18.750 | 6.250 | 46.875 | 9.375 | 18.750

IBPM 5 | 15.625 | 9.375 | 46.875 | 9.375 | 18.750

IBPM 1 | 12.500 | 12.500 | 46.875 | 9.375 | 18.750

IBPM 4 | 6.250 | 18.750 | 46.875 | 9.375 | 18.750

2.2. Electrical Measurements

The temperature and frequency dependencies
of electrical conductivity (dc and ac in the
frequency range from 50 Hz up to 1 MHz) were
measured using FLUKE PM 6306 impedance
analyser in the temperature range of 140-380 K.
The measured complex impedance allowed us to
obtain the bulk dc and ac conductivity of glass
samples by means of the usual impedance analysis.
Gold electrodes were sputtered on to the samples
surfaces for electrical investigation.

2.3. Acoustical Experiments

The acoustical attenuation was measured using
MATEC attenuation comparator for longitudinal
acoustic wave of frequency 13, 18 and 27 MHz
generated by quartz transducer in the same
temperature range as electrical measurements. The
quartz buffer was used to separate the signal from
quite short sample (Fig. 1).

However, for the acoustical attenuation
measurements only three samples with thickness =
2 mm (shaded in Tab. 1 and Tab. 2) were chosen.
The samples for acoustical  attenuation
measurements were cylindrical in shape (area ~ 1
cm?’, thickness 2 mm) and end-faces were
polished to be flat and parallel.
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Fig. 1. Experimental arrangement for acoustic
attenuation measurement.

3. RESULTS AND DISCUSSION
3.1. Dc conductivity

The representative results of measured d.c.
conductivity (sample IBPM2) as a function of
temperature are illustrated in Fig. 2. As all of the
temperature dependence of dc glass conductivity
can be fitted by the equation
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Fig. 2. Arrhenius plot of dc conductivity for glass IBPM2.

where E, is the activation energy, kis the
Boltzmann constant and 7 is the absolute
temperature, the temperature dependencies of dc
conductivity indicates two transport mechanisms
with activation energies E,;, and E,, for higher and
lower temperatures, respectively. Because the pre-
exponential factor oy is a function of temperature
the factor oT is used in Arrhenius plots of dc
conductivity. The difference in temperature
dependence of all investigated glasses for the
interval of higher temperatures can be seen in
Fig. 3. Activation energies calculated from
conventional Arhenius plots of dc conductivity for
all glass samples are summarised in Tab. 3.
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Fig. 3. Arrhenius plots of dc conductivity for both

systems [(a) System I; (b) System II] of glasses for
temperatures allowing the determination of activation
energies E,;.



Table 3. Summary of activation energies calculated from
Arrhenius plots of dc conductivity for glasses of both
systems.

Glass Eal EaZ Glass Eal EaZ
sample | (eV) | (eV) | sample | (eV) | (eV)
1P 0.29 | 0.50 | IBPM 2 | 0.18 | 0.39
IPM [ 039|040 | IBPM3 | 0.27 | 0.40
BPM | 0.36 | 0.38 | IBPM 5 | 0.33 | 0.40
M 024 1032 | IBPM 1 | 0.34 | 0.40
IBPM 4 | 0.25 | 0.38

All the prepared glasses have high ionic
conductivity at room temperatures (102 — 10™
Q'm"). The samples of Systems II that contain
always the same molar amount of glass-forming
components exhibit very close values of activation
energies FE,, characterising the transport
mechanisms at lower temperatures. The same
activation energy E,; have also samples IPM and
BPM of System I but containing the same
concentrations of Cu,O-(P,0s+MoO;) components.
However, the activation energies E,; characterising
ion transport at higher temperatures depends on the
ratio of Cul to CuBr responsible for Cu' ion
concentrations and indicates both similar role of
both components in the process of Cu" mobile ion
governing the conductivity and mixed anion effect.

The both activation energies determined from dc
measurements as a function of glass composition
for mixed Cul/CuBr halides containing the same
mol. % of glass-forming components [Cu,O-
-(P,05tMo00;)] are illustrated in Fig. 4. As we can
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Fig. 4. Activation energies E,; and E,, as a function of
glass composition for Cul/CuBr.

see the investigated glasses exhibit a strong mixed
cation effect manifesting in the activation energy
E,; of the dc conductivity. Because the activation
energies E, are practically constant over a wide

range of glass composition of Cul/CuBr halides for
the same glass forming system, they could be
attributed to the same mobile Cu” ions and/or anion
distribution in the network connected only with
glass forming system.

The infrared study of Cu' ions conducting glasses
in the similar systems [13, 15] showed that these

glasses contain mainly POi’ and MoOi_

tetrahedral anions groups and cuprous halides as
well as their mixtures do not affect significantly the
dominant phosphate and molybdate oxide structural
units of glasses.

For movement of Cu’ ions in glass structure

also the nature of anion distribution in the network
is important. Structure of investigated glasses
changes significantly with increasing
MoO;/(P,05+Mo003) ratio [16]. With increasing
content of MoQO; in glasses increases the number of
non-bridging oxygens (NBO) which is associated
probably with increase in polarizability of oxygen
atoms. It was also found that the concentration of
Cu' ions originated from CuX halides is practically
constant, only at the transition from molybdate
glasses over phosphate — molybdate to phosphate
glasses the concentration Cu’ ions originated from
modificator Cu,O increases. But on the other hand
the dc conductivity decreases, that can be caused by
the increasing negative charge on NBO that reduces
the motion (transport) of Cu’ ions and resulting
effect is then the lower conductivity [17]. Mixing of
cuprous halides in these systems causes a negative
deviation in the activation energy from the
additivity rule, which corresponds with the positive
deviation in electrical conductivity.
It is also interesting to note the variation of the
activation energy on the Cul/CuBr molar ratio in
both systems under study. The E, for the
phosphate-molybdate forming system significantly
varies with substitution of cuprous halides.

Most models describing the ion dynamics in
mixed alkali glasses focus on the long range
diffusivities of the ions. The reduced diffusivities in
mixed alkali glasses as compared to single alkali
glasses are attributed to interactions between
dissimilar ions, to phase separation or to cation sites
of different size[11,18,19].

The two, or more kinds of contributions to
conductivity spectra from different sites of mobile
ions are hardly identified from dc measurements.

3.2. Ac conductivity

The set of frequency dependencies of ac
conductivity measured at various temperatures
(conductivity spectra) is illustrated in Fig.5 for
glass sample IBPMS as representative of System II
and in Fig.6 for sample IPM as representative of
System 1. The obtained ac conductivity
measurements correspond to the complete
conductivity spectra obtained from glassy samples



[4,7]. However, because of limited frequency range
due to the limited availability of microwave and
radio, representing higher frequencies, only two
regimes (II and III) of conductivity spectra due to
hopping motion separated by breaks and
represented by different slope on individual curves
could be recognised, the regime II only at low
temperatures yet.

While the glass sample IBPMS5 similarly as
other samples of System II exhibits one slope of
brakes, the glass sample IPM as well as all samples
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Fig.5. The frequency dependence of a.c. conductivity at
various temperatures for sample IBPM 5.
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Fig.6. The frequency dependence of a.c. conductivity at
various temperatures for sample IPM.

of System II exhibits evidently another brake on the
ac conductivity spectra indicated another transport
hopping process. It is interesting, that the samples
containing only one kind of halides (System I)
exhibit evidently another transport mechanism
comparing with samples containing two kinds of
halides (System II). Only one slope with sharper

brake on the conductivity spectra registered in
samples of System II is probably due to the limited
frequency range so that an other hopping
mechanism could be registered over the used
temperature and frequency range This fact supports
also the position of breaks on dc conductivity
measurement curves, characterising the transition
from one kind of hopping process to another.

It is known that in mixed alkali glasses, the
crossover from dc to dispersive conductivity
extends over a broader frequency range then in
single alkali glasses [11]. It should be equivalent
also to considerably higher static dielectric constant
of mixed alkali glasses as compared to single alkali
glasses. However, it seems that is not our case.

Low frequency plateaux in regime III and
dispersive regime II are due to the hopping motion
of the mobile ions and are obviously explained in
terms of jump relaxation model [20] and/or
modified version of jump relaxation model [7].
Considering the spectra of Fig. 6, mainly the high
frequency part (regime II) caused by hopping
motion of the mobile Cu' ions, we can find that
different kinds of ions are responsible for the two
slopes of spectra in regime II for some glasses. The
high-frequency part of the spectra can be then fitted
by the relation [4]

o(w)=0(0)+ A(l + Lj_ K + B(l + Lj_ E
wt

1 wt,
2

where o(0) is the dc conductivity, time #; denotes
the beginning of dispersive regime (¢;,=1/v;, where
v; is corresponding frequency). The exponents p;
and p; can be determined from experimental results
(conductivity spectra). While in regime III all
successful hoppings are supposed contribute to
o(w) in regime 11, at angular frequency @ = 27v,
only those hops are seen which are still successful
at time ¢ = 1/v. However, in the case of only one
kind of sites the last term of Eq.(2) is equal  zero.
A consistent explanation for the observation of the
two or more contributions to Eg. (2) can be given
by the jump relaxational model [13] including
essential features of the dynamic structure model
[21]. This model considers A" cations occupying
A sites, then leaving these sites and moving
through the glass. The empty A sites can act then
as good targets for another A" ions. But subsequent
relaxation of the glass network can remove empty
A sites and replace them with C sites represented
poor targets. Such processes allow A" ions to enter
to C sites, and to reconvert them into A sites.
However, another kinds of sites — wrong B sites
(wrong targets) can be present. This model
introduces then mismatch energy for processes
involving ions moving into poor or into wrong

kinds of sites. The existence of empty A and B



sites can also explain the observed mixed halide
effect.

However, the Eq. (2) that can fit the experimental
details does not imply the existence of only two
kinds of target sites, ,,good* one and ,,bad* one [4].
A range of intermediate quality sites can be also
present, but this is hardly distinguished from
experimental conductivity spectra in spite of same
attempts of theoretical explanations of experimental
dates [22, 23].

3.3. Acoustic attenuation spectra

The additional informations can be obtained
from acoustical spectra. The measurements of the
temperature dependence of acoustic attenuation at
the frequency 13 MHz indicate in all investigated
samples one broad attenuation maxima at higher
temperature, in which we can distinguish at least
two separated peaks. At higher frequency (18 and
27 MHz) the peaks are very well recognized and at
frequency 27 MHz there are registered in the case
of sample IBPM5 even three peaks at higher
temperatures (Fig. 7), and one another at lower
temperatures.
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Fig. 7. Temperature dependence of acoustic attenuation
measured at frequencies 13 and 27 MHz for sample
IBPMS.
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Fig. 8. The separated peaks of broad attenuation maxima
measured in all investigated samples at 27 MHz

frequency.

The positions of separated peaks are different for
every sample (Fig. 8) and their shift with increasing
frequency is evident (Fig. 7).

The peaks at the broad maxima of acoustical
attenuation spectra (Fig. 7) indicate at least two
basic possible transport mechanisms with the
activation energies very close to those determined
in dc electric measurement (Tab.3). The attenuation
spectra can be explained by the assumption that
temperature peaks are caused by the relaxation
processes of ions in connection with different kinds
of sites. Low temperature peaks are usually related
to the faster ion transport and high temperature
peaks are related to slower mobile ions. However,
additional third mechanism is indicated by acoustic
measurements comparing with dc measurements,
but in accordance with some ac measurements of
conductivity spectra. It should be noted, that
another peak was registered also at temperatures
under 200 K.

All glasses we studied using acoustic
spectroscopy exhibit an Arrhenius — type relaxation
between the peak temperature and the applied
frequency,

V=V €Xp ('Ea/kBTpeak) B (3)

where E, is the activation energy, kp is Boltzmann
constant, T,., is the temperature of the peak
maximum, v is frequency and v; is preexponential
factor.
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Fig. 9. The temperature dependence of pre-exponential
factor at various frequencies for all samples calculated
Jor T, corresponding to E,;.

If we look at the acoustical attenuation spectra (see
Fig. 7 and Fig. 8), in the aspect of the modified
jump relaxation model, the various peaks observed
at different temperatures can involve the movement
of Cu’ ions through hopping processes over
different sites.

Using the activation energies calculated from
the Arrhenius plots of the dc conductivity and the
temperatures corresponding to the peaks which
characterise the  acoustical  attenuation
measurements at various frequencies (13, 18, and
27 MHz) (Tab. 4) we have found the values for
pre-exponential factor v, (Fig. 9), which depends
on temperature.

Table. 4. Summary of activation energies
calculated from T, of acoustic attenuation
measurements.

Glass sample EZ, (eV) EZ, (eV)
IPM 0.39 0.40
BPM 0.36 0.38

IBPM5 0.33 0.40

We suppose at first approximation a linear
(vp = w'T + const.) temperature dependence of the
pre-exponential factor. It seems, that the ratio of
Cul and CuBr halides can be responsible for
various values of the pre-exponential factor.

4. CONCLUSIONS

The experimental investigation of ion conductive
glasses in system Cul-CuBr-Cu,O-(P,0s+MoQ;)
proved that acoustical spectroscopy in like manner
as electrical conductivity spectroscopy can be very

useful technique for transport mechanisms study
and showed the coherence between the acoustical
and electrical properties in fast ion conductive
glasses. The influence of chemical composition on
ion transport mechanisms was exhibited and
activation energies of same transport mechanisms
were determined using both dc electrical
measurement and acoustical attenuation spectra.. It
seems that the same mechanisms can influence
electrical and acoustical losses in ion conductive
glasses. The acoustical attenuation measurements
are also seems even to be more sensitive can then
distinguish ~ between individual  transport
mechanisms that are connected with relaxation
processes of mobile ions.

Further investigation measurements of glass
samples with different compositions in  wider
temperature and frequency range as well as with
suitable shape for acoustical measurements should
be done for better understanding of ion transport
mechanisms, that can also help in finding the
temperature dependence of the preexponential
factor for various types of the investigated ion
conducting glasses.
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