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W N e

Abstract: In this study, the nature of the electrical transport and structural changes resulting from
the systematic substitution of Al;O3 with K,O in 40P;05-(25—x)Al,03-35Nay O-xK,O, where x = 5.0,
7.5,10.0, 12.5, and 15.0 mol% (PANxK), is investigated. The impact of the changes in glass structure
and its correlation to electrical properties is presented. The mixed alkali effect (MAE) is observed
due to the presence of two different alkali oxides, resulting in a non-monotonic trend in the studied
glass properties. The infrared spectra show the shift and diminishing of the bands related to the
P-O-P/P-O-Al bridges with increasing K,O content and changes in bands related to depolymer-
ization of the glass network, which is confirmed by the trend of the Tg values. The minimum
value of DC conductivity is obtained for glass with x = 12.5 mol%. With the overall increase in
alkali content, the number of non-bridging oxygens increases, also affecting the conductivity values.
Frequency-dependent conductivity spectra analyzed by Summerfield, Baranovskii-Cordes and Side-
bottom scaling procedures revealed interesting features and signature of the MAE in the short-range
dynamics of the potassium and sodium ions, both for individual glass composition and glass series as
a whole. This study showed the impact of MAE and local glass structure on the electrical features and
the prevailing of one effect over the other as a function of the glass composition. MAE dominates in a
wider range, but with the significant increase in alkali content, MAE is consequently overpowered.

Keywords: glasses; ionic conduction; mixed-alkali effect; structure; impedance spectroscopy; scaling
procedures

1. Introduction

Aluminophosphate glasses have remarkable functional properties which make them
attractive for various fields of application, from optical and laser technology, and elec-
trochemical devices, to nuclear waste immobilization and biomedicine [1-3]. Generally,
the addition of aluminium oxide to phosphate glass increases the density, glass transition
temperature, elastic modulus, and refractive index, improves chemical durability, and
decreases the thermal expansion coefficient [4-8].

Furthermore, glasses containing two different alkali oxides have attracted considerable
interest because of their interesting transport properties. In particular, the systematic
replacement of one alkali oxide by another results in the non-monotonic change in ionic
conductivity, known as the mixed alkali effect (MAE) [5,9-17]. The mixed alkali effect
has been detected in various families of oxide glasses, including phosphate, borate [14],
silicate [16], and aluminosilicate [15] glasses.

The physical origin of the non-monotonic trend in ionic conductivity in mixed alkali
glasses has been extensively studied [11,18-22]. With the presumption of random distribu-
tion of different cation species in the glass matrix, ion jumps to a site adapted for another
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ion are hindered or blocked due to structural or energy mismatches, resulting in MAE in
transport properties. One of the widely used MAE descriptions is the dynamic structure
model (DSM) [23-27]. In DSM, an A ion will be prone to jump to a vacancy that was previ-
ously occupied by the same ion due to a correctly adjusted environment and will decline to
jump to a vacant site previously occupied by a B ion, where the environment has to relax to
accommodate the A ion. The probability of one ion being near a convenient site decreases
with decreasing concentration [10]. Above the glass transition temperature, the site mis-
match energies are considerably reduced due to the rapidly relaxing surroundings [28].
These ionic motions and structural relaxations in the glass network are responsible for
changes in transport and other properties [23-26].

It has been primarily sodium and lithium ions that have been studied in ionically
conducting aluminium phosphate glasses [10-12]. As a network modifier in phosphate
glasses, aluminium forms P-O-Al bonds. As aluminium content increases, more covalent
linkages are formed between Al and O, resulting in increased network strength [4,29].
Combining aluminium oxide with alkali oxide facilitates the incorporation of aluminium
oxide in a wide range of compositions, which makes these glass systems interesting from
an electrical property point of view.

This work aims to further investigate the quaternary glass system P,O5-Al,O3-NayO-
K,O that shows to be suitable for thermal device applications [5]. In this glass series, the
potassium oxide gradually increases at the expense of Al,O3, while keeping the sodium
oxide content constant at 35 mol%, which enables us to examine the potassium- and
sodium-ion conductivity in correlation to the structural changes resulting from the de-
polymerization process in glass networks upon changes in the Al;O3 content. In addition,
Impedance Spectroscopy was used to characterize these glasses in a wide range of tem-
peratures and frequencies. The scaling properties of conductivity spectra, examined by
application of Summerfield, Baranovskii-Cordes, and Sidebottom procedures, provided
additional valuable information on the short-range dynamics of ions as well as on their
translational movements (DC conductivity).

2. Materials and Methods

A series of glasses with batch composition 40P;O5-(25—x)Al,O3-35Na; O-xK,O, with
x =15.0,75,10.0, 12.5, 15.0 mol% was prepared by melt quenching technique which is
described in detail in Ref. [5]. In summary, homogeneous mixtures of reagent grade
precursors were melted at 1350 °C for 30 min, quenched between graphite plates, and
heat-treated for 48 h at 350 °C to remove internal stresses.

Archimedes” method, using distilled water as the immersion liquid, was employed to
determine the glass density, p, at room temperature (RT) on the bulk samples. An average
density was determined by measuring three samples of each glass composition. As a
result, the molar volume of the glass is determined by Vy = M/p, where M is the average
molar weight of the glass. A Perkin Elmer Spectrum Two FT-IR Spectrometer was used at
RT to record the spectrum of powder samples in the 4000-400 cm ! region by using the
Attenuated Total Reflectance (ATR) technique.

Using an impedance analyser (Novocontrol Alpha-AN Dielectric Spectrometer) at
temperatures ranging from —90 to 240 °C, complex impedance was measured at frequencies
from 0.01 Hz to 1 MHz. Temperatures were controlled to within 0.2 °C of accuracy. The
complex non-linear least-squares (CNLLSQ) fitting procedure was applied to model the
experimental impedance data. DC conductivity was calculated using the resistance values
derived from the fitting procedures, R, and electrode dimensions (d is sample thickness
and A is electrode area), opc = d/(R x A).

A Keysight B2985A electrometer was used to measure thermally stimulated depolar-
ization current using Novocontrol WinTSC 2.04 software. All glasses were polarized at
210 °C for 35 min, applying a voltage of 200 V, and the temperature range in which the
depolarization current was measured was from —30 °C to 210 °C.
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3. Results & Discussion
3.1. Physical Properties and Structure of Glasses

The composition of glasses, [K]/[K+Na] ratio, density, p, molar volume, V)1, number
density of mobile ions, Ny, and molar O/P ratio values are listed in Table 1. With the
increase in K,O content up to 15.0 mol%, (increase in [K]/[K+Na] ratio), the glass density
decreases linearly from 2.63 to 2.59 g cm ™2, see Figure la, which is attributed to the
substitution of the heavier oxide Al,O3; with K;O. Simultaneously, the molar volume
increases with increasing KO content.

Table 1. Composition and selected physical parameters for 40P,05-(25—x)Al,O03-35Na, O-xK;O,
x=5.0,7.5,10.0,12.5 and 15.0 mol%, glasses.

Glass Composition (mol%) [K/K+Na] Density Tg Vm Ny (K* + Na*) x 1022 Molar
P,05-Al,03-Na, 0-K,0 Ratio (g cm—3) Q) (cm® mol-1) (cm—3) O/P Ratio
PAN5SK 40.0 20.0 35.0 5.0 0.12 2.63 413 39.33 1.23 3.75
PAN7.5K 40.0 17.5 35.0 7.5 0.18 2.62 409 39.41 1.30 3.69
PAN10K 40.0 15.0 35.0 10.0 0.22 2.61 404 39.49 1.37 3.63
PAN12.5K  40.0 12.5 35.0 12.5 0.26 2.60 395 39.58 1.45 3.56
PAN15K 40.0 10.0 35.0 15.0 0.30 2.59 381 39.66 1.52 3.50
a b
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Figure 1. (a) The density, p, and the molar volume, V), as a function of the [K]/[K+Na] ratio
and (b) IR-ATR spectra of glasses 40P,O5-(25—x)Al,03-35Na, O-xK, O, with x = 5.0, 7.5, 10.0, 12.5,
15.0 mol%.

The addition of K,O and a simultaneous decrease in Al,O3 creates weaker and less
packed glass network since the P-O-Al bonds are more covalent than P-O-P and P-O-K
bonds [5]. Furthermore, a decrease in Tg from 413 to 381 °C, which occurs with increasing
K5O content and the above-mentioned changes in the glass network, is yet another indicator
of the network depolymerization [5]. In aluminophosphate glasses with an O/P ratio
<3.5 the aluminium coordination is octahedral, whereas tetrahedrally coordinated Al is
abundant in glasses with an O/P ratio greater than 3.5 [7,30,31]. The studies on AlP-based
glasses that contain different types of alkali oxides and their mixtures, reveal that the
structural changes induced by the addition of aluminium to the glass can affect the ionic
conductivity of the glass [10,12,32]. IR-ATR spectra for all glasses are shown in Figure 1b
and the band assignation is given in the Table 2.

IR-ATR spectra of all studied glasses consist of a medium-intense wide band in
the range 800-1300 cm~!, a weak band in the range 700-800 cm~! and a strong broad
band between 400-700 cm~!. The wide band located in the higher wavenumber region,



Coatings 2023, 13, 185

4 of 14

above 800 cm ™!, contains several signals characteristic of symmetric and asymmetric

stretching vibrations of Q?, Q' and Q" phosphate units that are associated with differ-
ent alumina polyhedral units [33,34]. Signals attributed to asymmetric [6,35-39] and
symmetric [6,35,39,40] stretching modes of PO, ™ groups in metaphosphate chains are
found in the range 1150-1300 cm~1, whereas the band between 1060-1150 cm™! corre-
sponds to the symmetric stretching vibration of terminal PO32~ groups in pyrophosphate
anions [6,35,38,39,41]. Furthermore, the band in the spectral range of 965-1060 cm !
consists of signals assigned to the orthophosphate asymmetric [6,35,39,42] and symmet-
ric [6,35,40] stretching vibrations. The asymmetric stretching vibrations of P-O-P bridges
in Q? [6,35,39,41-43] and Q! [6,35,39,41-43] units form a strong band in the range of
810-960 cm ™! along with the signals corresponding to stretching modes of P-O-Al bridg-
ing bonds connecting PO, tetrahedra of Q? and Q! with AlO, tetrahedra [33,34]. In the
middle region, below 800 cm~!, the weak band with knee centred at ~690-750 cm ! is a
superposition of signals corresponding to the symmetric stretching vibration of P-O-P
and P-O-Al bridges in Q! (PZO7)4’ dimer units (~750 Cm’l), [6,33-36,39-41,43,44] as well
as to stretching modes of O-Al-O bonds in AlO;, tetrahedra (~690 cm™1) [7,33,34,41,45].
Additionally, the symmetric stretching vibrations of P-O-P in Q? units are located around
630 cm 1 [33-36,38,39,41-43]. Finally, the signals attributed to the bending of P-O-P and O-
P-O bonds in Q? and Q! units contribute to the strong wide band in the lower wavenumber
region together with the deformation modes of Q° units and stretching modes of octahedral
AlOq [6,35,36,38—44].

Table 2. IR-ATR assignation for the glass series 40P;O5-(25—x)Al,03-35Na, O-xK;0, x = 5.0, 7.5, 10.0,
12.5 and 15.0 mol%.

v/em~1 Assignation References
1150-1300 Vas (PO~) and vs (PO™) in Q? [6,35-40]
1060-1150 Vas (PO7) in Q! [6,35,38-40]
965-1060 Vas (PO~) and vs (PO~) in Q° [6,35,39,40,42]
g Vas (P-O-P)/v(P-O-Al) connecting POy tetrahedra in Q? 3
810-960 and Q! with AlO, tetrahedra [6,33-55,39,41~43]
N superposition of signals vs (P~O-P)/v(P-O-Al) in Q! units N 5
690-750 and v,g/s (O-Al-O) in AlO, tetrahedra [6,7,35-536,39-41,45-45]
630 vs (P-O-P) in Q? [33-36,38,39,41-43]
. P (O . 2 1 . 0
<630 bending (O-P-O/P-O-P) in Q/Q", deformation modes Q [6,35,36,38-44]

and stretching modes of octahedral AlOg

The gradual replacement of Al,O3 with K,O leads to the narrowing of the bands and
a decrease in the number of bands attributed to vibrations of phosphate units connected to
alumina units. This change is especially pronounced in the high-wavenumber region where
three bands centred at ~1180 cm ™1, ~1105 cm ™! and ~1030 cm ™! become well distinguished
for higher K,O content (x > 10 mol%). This further indicates that the addition of K,O causes
cleavage of P-O-Al bridging bonds and the depolymerization of phosphate chains which
in turn produces more non-bridging oxygen and P-O-K bonds. This result agrees well
with the thermal properties of these glasses and a decrease in their Ty value as shown in
Table 1. In addition, the shift of the band related to P-O-P/P-O-Al bridges in Q1 and
Q? units from ~920 cm ™! to ~890 cm~! with increasing K,O content can be correlated
with the breaking of these bonds and formation of the weaker P-O-K bonds. The gradual
narrowing of the band around 705 cm ! related to the vibrations of P-O-P/P-O-Al bonds
and diminishing of the signal at ~690 cm ! related to AlOy tetrahedra also suggests that an
increase in KO amount depolymerizes phosphate network by breaking the P-O-P and
P-O-Al bridging bonds. At last, the rapid rise in the sharp band between 480-580 cm ™!
related to the deformation of Q° orthophosphate units also points to the depolymerization
of the glass matrix. The changes observed in the IR-ATR spectra upon the substitution
of Al,O3 for KO are consistent with the results of Raman studies of the given glasses [5]
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and indicate depolymerization of the glass network upon the increase in K,O content.
Moreover, a study of sodium and potassium AIP glasses showed that AI** is mainly six-
coordinated when Al,O3 concentration is low, while it is mainly four-coordinated at higher
concentrations [7,10,31]. In the PANxK glasses, the Al;O3 concentration is relatively high,
ranging from 10 to 20 mol%. Therefore, we can conclude that AlO4 units constitute the
dominating aluminium polyhedra in these glasses.

3.2. Ionic Conductivity-Long Range Transport (DC)

The conductivity isotherms of the glass PAN5K are shown in Figure 2a and are typical
spectra for all PANXK glasses. Typically, isotherms exhibit two features: a plateau at
lower frequencies corresponding to DC conductivity and dispersion at higher ones. The
dispersive behaviour is more pronounced at lower temperatures and lower frequencies and
shifts to the higher frequencies with the increase in temperature. As shown in Figure 2a, the
low-frequency region of the spectra shows a slight decrease in conductivity above 180 °C
in addition to the above-mentioned spectral features. This effect is called the electrode
polarization and results from the accumulation of the potassium and sodium ions at the
blocking gold electrodes.

(@) (b)

Or
e ‘ O Experimental data
5 100 [ —Fit by EC model

CPE

-60°C [> -30°C

14 0°C O 30°C O 60°C
A 90°C v 120°C & 150°C
180°C 210°C O 240°C 0
1 1 1 1 1 1 1 1 1 | 1 1 1 1
-2-1 01 2 3 4 56 0 25 50 75 100
log (v/ Hz) Z'| GQ

Figure 2. (a) Conductivity spectra and (b) Nyquist plot of the PAN5K sample @30 °C. The symbols
(open squares) denote experimental values, whereas the solid red line in (b) corresponds to the best
fit. The corresponding equivalent circuit model, comprised of the parallel combination of the resistor
(R) and the constant-phase element (CPE), is used to fit an individual spectrum’s data.

The complex impedance plot typical for investigated glasses consists of a depressed
semicircle and additionally, for the temperatures at which the electrode polarization effect
occurs, a low-frequency segment. The equivalent circuit representing such a depressed
semicircle is a parallel combination of resistor (R) and constant-phase element (CPE). The
experimental data are in excellent agreement with the theoretical curves, see Figure 2b,
obtained by software [46]. Figure 3a shows the dependence of DC conductivity at various
temperatures as a function of the [K]/[K+Na] ratio. In the PANxK glass series, where
the amount of Na,O is held constant, and K,O varies between 5 and 15 mol%, it can be
observed that the conductivity changes non-monotonically showing a minimum for the
sample with 12.5 %mol K,O. This suggests that the addition of a second alkali ion, K,
causes a significant reduction in the mobility of the Na* ion. Such reduction in ion mobility
occurs whenever the second alkali ion differs in size from the first one, resulting in a
negative mixed alkali effect (MAE) [22]. Moreover, with the increase in the total amount of
alkali ions, the above-mentioned depolymerization of the glass network increases, resulting
in more non-bridging oxygens (NBOs). Therefore, it is likely that NBOs act as cation traps
causing mobile cations to bind, thus negatively affecting mobility and overall conductivity.
However, for the glass sample with the highest amount of K,O (PAN15K), there is a slight
increase in DC conductivity, as a result of the overpowering effect of the charge carrier
concentration over MAE. Furthermore, with the increase in temperature, the conductivity
values within the glass series get almost equal leading to the reduced MAE. This result
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confirms that with the increase in temperature, the site mismatch energies are considerably
reduced due to the rapidly relaxing surroundings of mobile ions. An interesting feature
is observed in the optical properties of this glass series where thermo-optical coefficient
(dn/dT) also decreases as a function of the K,O/Al,O5 ratio. The relation between electrical
and optical properties is not yet clear but it is probably connected to electronic polarizability
as discussed by Filho et al. [5].

—l-30°C —@—60°C —A—90°C —¥—120°C

—@-150°C 180°C —— 210°C —@— 240°C
1.05
. (a) (b) 116 L opc@30°C (c)
-6 6—&—o—0—9 —
—>——p » » X 4}

- - T ~-11.8} 11.00

T 8¢ —o ¢ o § T m
Sr 120}
o V—v c -6r o =
g Yy = ] Jo.952
= AL . ~ < 22} o
o —10 Q 9 <
S L -8r-mpansk S _124
= > —m— PAN 7.5K = TF Jo.90
o k) —m— PAN 10K o :
12 .\'\.\./. 10 [ ® PAN 125K -12.6 |
—19 T = pan 15k Epc
1 1 1 1 1 1 _128 1 1 1 1 085
0.1 0.2 0.3 2.0 2.4 2.8 3.2 0.15 0.20 0.25 0.30
[K]/ [K+Na] 1000 7'/ K™! [K]/[K+Na]

Figure 3. (a) DC conductivity at various temperatures as a function of the [K]/[K+Na] ratio. (b) Arrhe-
nius plot of DC conductivity of 40P;O5-(25—x)Al,03-35Na,0-xK,0, x = 5.0, 7.5, 10.0, 12.5, 15.0 mol%
glasses and (c¢) DC conductivity at 30 °C and activation energy for DC conductivity as a function of
[K]/[K+Na] ratio.

Arrhenius temperature dependence of the DC conductivity is evident for all glasses,
implying that the ionic transport is characterised by the activation energy. For each glass,
the activation energy of the DC conductivity, Epc, is calculated from the slope of log(cpcT)
versus 1000/ T, Figure 3b. The values for DC conductivity @30 °C for all glasses are between
215 x 10712 (Q cm)~! and 2.17 x 10713 (Q cm)~!, and activation energy changes from
0.88 to 1.02 eV, as the concentration of KO is increasing, see Figure 3c. As mentioned
earlier, the lowest conductivity value, and hence the highest activation energy, is obtained
for the glass with 12.5 mol% of K,O. In comparison, glass with the composition 46.0Na,O-
8.6A1,03-45.4P,05 has an activation energy of 0.69 eV [10], which is lower than that for
the glass PAN15K, 0.96 eV, where the total amount of alkali ions is 50 mol%, and Al,O3
is 10 mol%. Moreover, the DC conductivity of the mixed alkali glass is always smaller
than the conductivity of a binary glass with the same total alkali content, as shown in glass
composition y[xLiO—(1—x)Na;O]-(1—-y)B,03, investigated by Cramer et al. [32].

A detailed analysis of the frequency dependence of conductivity and its scaling prop-
erties was undertaken in the next step to gain more insights into alkali ion transport in this
glass system.

3.3. Scaling Properties of Conductivity Spectra and the Short-Range Transport

When the time-temperature superposition principle (“TTSP”) is valid, the conductivity
spectra possess a temperature-independent shape and can be superimposed to a “master
curve”. The TTSP implies that the temperature increase causes an acceleration of the
dynamic processes in the glass and thus a shift on the frequency axis toward higher values.
The validity of the TTSP for the real part of the complex conductivity o’ can be expressed
by a function ¢’ /opc = f(v/vp), where vy is an individual scaling parameter for each
conductivity isotherm. The frequently used Summerfield scaling procedure is expressed

as [47]:
o (v, T) B v
( opc(T) >_f<T0'DC(T)>

M
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The validity of Summerfield indicates that temperature does not affect conduction
mechanisms other than accelerating (as temperature increases) or decelerating (as tem-
perature decreases) the dynamics of charge carriers. Figure 4 shows conductivity spectra
scaled according to this procedure. As the K;O content in the glass system increases, there
is an observed gradual increase in deviation from the Summerfield scaling. Deviations
from Summerfield scaling are associated with the change in the number density of charge
carriers and/or the number of pathways available for conduction transport with temper-
ature [47,48]. In our study, it is possible to obtain a master curve for the sample PAN5K,
which contains the least amount of potassium ions. However, with increasing the con-
centration of potassium ions the MAE increases, and ions which are differently thermally
activated participate in the conduction process, resulting in an inability to construct the
conductivity master curve. One should bear in mind that, in the studied glass system,
the overall charge carrier concentration is changing, the ratio between potassium and
sodium ion is never reaching the value of 1, which has an impact of the nature of MAE
and scaling properties which are different from that of typical MAE glasses represented in
literature [10-12,18,19]. Moreover, in glasses with varying charge carrier concentration, it
was found that the superposition of individual master curves using Summerfield scaling
does not yield a super master curve. In the glass system xNayO—(1—x)B,0O3, investigated
by Roling et al. [49], a super master curve was not obtained, and an additional shift along
the x-axis was needed. Furthermore, in the glass system [xLi;O—(1—x)NayO]-0.7B,0;3,
Summerfield super master curve was not obtained [32].

e 30°C e 60°C e 90°C o 120°C
e 150°C e« 180°C ¢ 210°C o 240°C

(a) PAN 5K (b) PAN 7.5K (c) PAN 10K
1.2[ 1.2[ 1.2[
2 08l 3 0.8 3 o0sf
T & ¢
s 5 5
2 o4t g 04 E 04}
0.0 0.0 0.0
6 7 8 9 10 11 6 7 8 9 10 11 6 7 8 9 10 1
log[(vHz " ope T-Q-em-K™)] log[(vHz " ope T-Q-cmK™)] log[(vHz ") ope T-Q-em-K™)]
d) PAN 12.5K
1.2<( ) 1.2_(e)PAN15K
q
. Q
S 08F 8 o8t ‘.‘
L © &
2 04t : 3 04} “@‘
0.0 0.0 »vm”"‘""p
6 7 8 9 10 11 6 7 8 9 10 M
log[(vHz " ope T-Q-cm-K™")] log[(vHz Wope T-Q-cmK™)]

Figure 4. Conductivity spectra scaled according to Summerfield scaling procedure for (a) PAN5SK,
(b) PAN7.5K, (c) PAN10K, (d) PAN12.5K, and (e) PAN5K glasses.

The inability to construct the master curve might imply that the spectral shape remains
identical but the shift along x-axis is required or that the shape of the frequency-dependent
conductivity changes with temperature. Additionally, “structural peculiarities” could
result in different conduction pathways, giving rise to the deviation from the Summerfield
scaling [50], hence smaller deviation is observed in the glass sample with the lower amount
of potassium ions, PAN7.5K. To further probe the origin of the deviation from Summerfield
scaling, it is instructive to include an additional scaling factor for the frequency scale, which
depends on temperature [50,51]. The scaling relation:

0'/(1/, T)\ v "
( opc(T) >_f(TUDC(T) <t ) @
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known as Baranovskii-Cordes relation contains the temperature-dependent scaling factor
(Figure 5). The factor « indicates the type of interaction between charge carriers, charge
carriers and glass matrix, and it was found that it increases as the strength of these interac-
tions increases. Therefore, it depends on both, the alkali oxide concentration and type of
the alkali ions present in the glass [52], and the values required for the superposition of
the isotherms decrease with increasing alkali oxide content [53]. In this study, the « value
varies from 0.02 for PAN5K to —0.58 for PAN12.5K, following a non-linear trend, which
could also be related to the impact of MAE on the dynamic of ions in the glass system.
Murugavel et al. [52] showed that with the increase in alkali oxide concentration, « value
decreases, which implies that interionic interactions are not a decisive factor determin-
ing the scaling properties of the AC conductivity spectra, but structural peculiarities are
responsible for deviations from Summerfield scaling procedure.
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Figure 5. Conductivity spectra scaled according to Baranovskii-Cordes scaling procedure for
(a) PANSK, (b) PAN7.5K, (c) PAN10K, (d) PAN12.5K, and (e) PAN15K glasses.

Although the master curves were obtained by the Baranovskii-Cordes scaling pro-
cedure, we see in Figure 6 that the super master curve was not obtained, which is not
surprising due to changes in the number density of charge carriers” as well as structural
changes in the glass network. However, the super master curve can be obtained by shifting
each master curve along the x-axis, with sample PAN5K taken as a referent one. With the
increase in potassium concentration and the decrease in Al ions, master curves are shifted
to the lower x-axis values. The master curve of the sample PAN12.5K shows a maximum
shift value which could be related to the MAE and short-range dynamics of the potassium
and sodium ions. This is in good agreement with the previously discussed effect on the DC
conductivity trend, see Figure 3¢, and the simultaneous decrease in Al,O3 concentration in
the glass series.
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Figure 6. Master-curves of the conductivity isotherms using the Baranovskii-Cordes scaling procedure

for studied glass series. Inset: individual master curves of all glasses shifted along the x-axis to
overlap with the reference master-curve of PAN5K glass.

To address the simultaneous change in the typical hopping distance of the mobile
species by changing their number density, a different scaling procedure was proposed by
Sidebottom [48,54]. This scaling procedure is expressed in the form:

!

o, T) =f< gole 1/> 3)

opc(T) opc(T)
where gy and Ae represent the permittivity of free space and dielectric strength determined
from the permittivity spectra as a difference between low-frequency static permittivity
plateau, ¢'s, and constant value at higher frequencies, ¢ . When it is not possible to
determine Ag, from the experimental permittivity spectra due to the early onset of electrode
polarization, dielectric strength can be calculated from the conductivity spectra using
the relation: Ae, - opc/(fogo), where fo denotes the onset frequency of conductivity
dispersion defined at 20pc. As expected, Sidebottom scaling yields conductivity master
curves for all samples, see Figure 7, and no additional shift is needed to obtain the super-
master curve, see Figure 8.
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Figure 7. Conductivity spectra scaled according to Sidebottom scaling procedure for (a) PAN5K,
(b) PAN7.5K, (c) PAN10K, (d) PAN12.5K, and (e) PAN15K glasses.
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Figure 8. Construction of super master-curve of the conductivity isotherms using Sidebottom scaling

procedure for studied glass series.

Further, to gain insights into the spatial scale of the dynamics of the charge carri-
ers in this glass system, their hopping length known as Sidebottom length, L, has been
calculated [55]:

2 61(]3 UDCT
Nvg* fo
where f denotes the onset frequency of conductivity dispersion defined at 20pc, Ny is the
number density of mobile ions (see Table 1), g is the charge, T is temperature, and kg is the
Boltzmann constant. Figure 9 shows the variation of Sidebottom length as a function of the
[K]/[K+Na] ratio.
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Figure 9. Variation of Sidebottom length as a function of [K]/[K+Na] ratio.

With increasing [K]/[K+Na] ratio from 0.12 to 0.30, the Sidebottom length decreases
from 1.38 to 1.17 A. These values are typical for glasses with moderately high amounts of
alkali oxide [55]. We can observe that with the increase in alkali content, there is a decrease
in Sidebottom length, L. Furthermore, the increase in alkali concentration and decrease
in Sidebottom length indicates a greater influence of depolymerized structure and MAE
on the dynamics of the charge carrier ions, and not the charger carrier concentration itself.
Moreover, with the increase in the concentration of charge carriers, sodium and potassium
ions, ranging from 1.23 x 10?2 cm~3 for PAN5K to 1.52 x 10?2 cm 3 for PAN15K sample,
there is still a drop in conductivity, alluding to the negative influence of the mixed alkali
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effect on the conductivity property, and the significant influence of the glass structure
especially increased concentration of NBOs at a higher concentration of alkali oxides.

3.4. Depolarization Measurements

In Figure 10, the thermally stimulated depolarization current density of measured
glasses is shown. For a better visualization of the spectra, an enlargement of the low-
temperature range is presented. As mentioned, all samples were polarized at 210 °C for
35 min, applying a voltage of 200 V. All measured glasses show a peak of thermally active
depolarization current in the range from 46 to 76 °C.

10
— PAN 5K
——PAN 7.5K
sl ——PAN 10K
——PAN 12.5K

=—=PAN 15K

Current density / nA cm™

0 1 1 1 1
40 60 80 100 120

T/°C

Figure 10. Thermally stimulated depolarization current density of PANxK series of glasses from
thermally stimulated depolarization measurements.

The observed peak can be assigned to the depolarization of the bulk glass due to
K* and Na* ion transport [56]. The current density values are the highest for the sample
PANS5K, to compare, the conductivity is the highest for the same sample. By introducing
KO up to 12.5 mol%, the peak temperature increases and the current density drops,
alluding to the negative influence of mixed alkali oxides on electrical properties. With the
further increase in potassium ion concentration, the current density decreases, reaching a
minimum for the sample PAN12.5K. Then, the sample PAN15K shows an increase in current
density, implying overpowering effect of the overall concentration of alkali ions. Regarding
the temperature of the depolarization peak, with an increase in potassium ions, and
consequently the overall alkali concentration, temperature values show an increasing trend
in the glass series. With an increase in potassium ion concentration, higher temperatures
are necessary to obtain a depolarization peak due to the larger radius of potassium ions,
and slower transport throughout the glass network than more mobile and smaller sodium
ions [57].

4. Conclusions

In the studied glass system of 40P, O5-(25—x)Al;03-35Na; O-xK,O where x = 5.0, 7.5,
10.0, 12.5, 15.0 mol%, structural and electrical properties are investigated and interpreted.
With an increase in the proportion of potassium ions, i.e., an overall increase in the con-
centration of alkali ions, depolymerization of the network occurs, resulting in a higher
concentration of non-bridging oxygens (NBOs). An overall increase in the concentration
of alkali ions leads to a decrease in conductivity, due to the mixed alkali effect (MAE),
and a minimum is reached for glass with a total amount of alkali ions is 47.5 mol% (glass
PAN12.5K). The electrical characterization in a wide temperature and frequency range
shows that the mobility of potassium and sodium ions in these glasses is affected by cation
traps related to an increase in NBO concentration, as a result of structural changes that
occur with the decrease in Al,O3. As for the scaling properties, Summerfield scaling is not
found valid for all glasses; there is an increase in deviation as the K,O amount increases.
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This effect could be related to the significant amounts of different types of alkali ions and
their differently thermally activated mobilities. With the incorporation of a temperature-
dependent factor (Baranovskii-Cordes scaling), individual conductivity master curves
were obtained, but a super master curve was not yielded. To obtain a super master curve
additional shifts are needed. In the latter procedure, the maximum shift value is observed
for glass sample PAN12.5K, confirming the influence of the mixed alkali effect on short-
range dynamics of the potassium and sodium ions. Sidebottom scaling procedure showed
its universality by obtaining master- and super master-curves without additional shifts.
The characteristic hopping length of mobile ions, known as Sidebottom length, gradually
decreases with the increase in K,O concentration in studied glasses. Results from TSDC
measurements follow the conductivity trend, showing the minimum current density for the
sample PAN12.5K, and the shift of the depolarization peak to higher temperatures with an
increase in potassium ion concentration. In conclusion, two effects influence the properties
of the PANXK glass series: (i) the mixed alkali effect and the increase in non-bridging
oxygens and (ii) overall alkali concentration. With the increase in potassium concentration,
there is an increase in the extent of mixed alkali effect, a greater number of NBOs affecting
the cation transport by bonding the alkali ions causing a decrease in overall DC conductiv-
ity up to 12.5 mol% K,O. However, for the glass with the highest amount of K,O (PAN15K),
there is a slight increase in DC conductivity, as a result of the overpowering effect of total
charge carrier concentration over mixed alkali effect and cation mobility. The conductivity
trend is additionally confirmed with depolarization current measurements.
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