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ABSTRACT: This work reports new physical insights concerning the effect of |Raman Spectroscopy . it y ‘m. Dielectric Properties
red lead (Pb;O,) addition (10—35 mol %) on the structural, dilatometric,
dielectric, and conductivity properties of Sb,0;—SiO,:Pr,0; glasses for
potential solid-state electrolyte applications. The melt-quenched glasses were
scrutinized via Raman spectroscopy including a temperature-dependent
evaluation revealing progressive polymerization of the glass network up to 30
mol % Pb;0,, followed by depolymerization at 35 mol %. Harmonizing with the
structural evolution, thermal analysis by dilatometry showed that the thermal
expansion coefficients/softening temperatures first decreased/increased from 10
to 30 mol % Pb;O, and then increased/decreased for 35 mol % Pb;O,. The
dielectric properties and ac conductivity were measured over 0.02—1 MHz and
20—240 °C. An increase in Pb;O, from 10 to 30 mol % led to reduced dielectric
constant and conductivity, which is attributed to a more compact and
polymerized structure that limits ion mobility. Here, conduction is primarily polaronic, supported by mixed-valence Pb**/Pb*" and
Sb**/Sb** ions. At 35 mol % Pb;0,, network depolymerization introduced nonbridging oxygens and structural disorder, enhancing
the free volume and ion migration pathways. Consequently, ionic conduction, particularly of Pb**, becomes dominant, significantly
boosting the conductivity. Although Pb>" ions are relatively immobile compared to Li* or Na’, the insights gained offer a
foundational understanding and guide the development of similar glass systems doped with lighter and more mobile alkali ions for
practical battery applications.

B INTRODUCTION capacitors with RE ions are used for high-frequency and high-
voltage applications, offering stability and high breakdown
voltage, in energy storage systems such as supercapacitors and
batteries, as well as glass fibers for data transmission with low
loss over long distances.'” Overall, the ability to modify the
composition and structure of glass allows researchers to tailor
its dielectric properties for specific needs, making it a versatile
material in many cutting-edge technologies. Studies along
these lines have been carried out on a variety of glass materials
doped with different RE ions.””"*

As a nontraditional system, antimony silicate glasses
containing Pr** ions are expected to exhibit interesting changes
in dielectric properties when admixed with red lead (Pb;0,).
For instance, increasing the lead oxide content generally raises

The dielectric properties and ac conductivity of glass materials
over long ranges of frequencies and temperatures offer valuable
insights into their conduction mechanisms and structural
characteristics.' > These properties are critical in determining
the suitability of such materials for various applications, such as
electrolytes and electrodes in solid-state batteries, capacitors,
insulators, and electronic components, as well as in sensors for
measuring physical and chemical parameters, such as temper-
ature, humidity, and gas concentration. Glasses doped with
different rare earth (RE) ions (such as Pr, Nd, Er, Yb, etc.)
display distinct dielectric behavior due to their unique
electronic structures. The concentration of these ions
significantly affects the dielectric performance of the

materials.6~ 1! the dielectric constant (since its density increases), while a
Some key applications relating to dielectric studies on glass

materials doped with RE ions include: as insulators in Received: July 30, 2025 s

capacitors, transformers, and circuit boards because of their Revised:  September 6, 2025

high dielectric strength and low loss tangent and thin glass Accepted:  September 10, 2025 ‘%

sheets as substrates for integrated circuits and micro- Published: September 22, 2025 %

electronics.® Low-loss glasses are useful in radomes for

protecting antennas and preserving signal integrity. Glass
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higher silica content tends to lower it. These properties are also
frequency-dependent: at lower frequencies, the dielectric
constant is usually higher, and at hi%her frequencies, in
general, the dielectric constant decreases.”””'** Temperature
is another factor that affects the dielectric properties. As the
temperature rises, dielectric loss and conductivity tend to
increase. The dielectric constant of these glasses varies widely
depending on factors, such as the dopant RE ion
concentration, matrix composition, and external conditions.
These glasses also exhibit dielectric relaxation, where the
dielectric constant and loss change with the frequency. The
relaxation time is influenced by the type and concentration of
RE ions and the glass composition. Such studies are of interest
for numerous applications as mentioned above."*™'*** Under-
standing the insulating behavior and structure of glass materials
relies heavily on in-depth studies of their dielectric properties
and ac conductivity across wide regions of frequency and
temperature. Indeed, several researchers have successfully
investigated these aspects in various glasses and glass-ceramics,
which provided useful insights.'*~'%*°

Overall, the dielectric properties of RE-doped lead antimony
silicate glasses are complex and depend on various factors as
mentioned above. A thorough understanding of these proper-
ties is essential for the design and optimization of devices that
utilize these materials. In this study, we have chosen Pr’* as
dopant in the antimony silicate glass system. Pr’*-doped
glasses are widely recognized for their near-infrared (NIR)
laser emission, which finds extensive applications in tele-
communications.' "> However, their dielectric properties
have been less explored, with only a few studies reported,” ™"
indicating ample scope for further research in this field.
Further, we choose to add a nontraditional lead oxide, viz., red
lead (Pb;0,) as an additional component in antimony silicate
glasses containing Pr’* ions. The incorporation of red lead
increases the density of these glasses, which is expected to
significantly affect their dielectric properties. Furthermore, the
inclusion of Pb;O, broadens the potential applications of these
glasses, such as radiation shielding, optically operated devices,
and electrolytes in solid-state batteries. Red lead is a
remarkable heavy metal oxide that disintegrates into PbO via
a-PbO, and B-PbO, polymorphs at approximately 600 °C.***°

In the a-PbO, structure, the lead atom is surrounded by
eight oxygen atoms arranged in an octahedral geometry. These
octahedra are linked through the sharing of the corners and
edges. In contrast, the f-PbO, polymorph exhibits a different
arrangement, where the octahedra share opposite edges and
corners. In B-PbO,, the corner-sharing octahedra are tilted,
resulting in two distinct Pb—O bond lengths: shorter bonds
(~2.17 A) and slightly longer bonds (~2.18 A). Additionally,
p-PbO, is a more stable polymorph that is resistant to
corrosion, even in acidic environments.>”*® This contributes to
the formation of the network with PbO,, groups and establishes
links with SiO, and SbOj; units. Both polymorphs of PbO, get
reduced to PbO upon electron capture, and the resulting Pb**
ions that act as modifiers, and introduce various imperfections
into the glass structure by breaking interconnecting bonds of
various structural units in the glass network.””*® As a result,
both Pb** and Pb*" ions are expected to have significant impact
on the insulating properties of antimony silicate glasses.
Recently, we reported a detailed investi§ation of the NIR
emission of Pr** ions in this glass system.” The objective of
this study is then to shed light into the structure—property
relationship by carrying out detailed studies on dielectric

properties that include dielectric constant, loss, electric moduli,
impedance spectra, and ac conductivity of Sb,0;—SiO,:Pr,0;
glasses as a function of Pb;O, concentration (10—35 mol %)
and to analyze the data in connection with structural variations
in the glass matrix using Raman spectra and also thermal
expansion measurements.

B MATERIALS AND METHODS

Glass Fabrication. The following chemical compositions
of the glasses with gradual decrement of Pb;O, from 35 to 10
mol % were chosen for this investigation. The details of the
composition are as follows: (40 — x)Pb;0,—49Sb,0;—(10 +
x)Si0,: 1Pr,0; with x = 5 (Pbss), 10 (Pbsy), 20 (Pb,,), and 30
(Pbyy). Glass materials were synthesized by using the melt-
quenching method. High-purity Pb;O,, Sb,0; SiO,, and
PrsO,, (Sigma-Aldrich) in appropriate proportions were
accurately weighed, mixed, and melted in platinum crucibles
at 1400 °C for 30 min. The molten mixture was rapidly cooled
in brass molds and annealed at 350 °C to minimize internal
defects such as voids, cracks etc. The amorphous nature of the
samples was confirmed by X-ray diffraction; the details of these
and other preliminary characterizations by techniques such as
optical absorption, IR spectroscopy, and X-ray photoelectron
spectroscopy (XPS) can be found in ref 29.

Measurements. For identifying structural variations in the
glass network due to the variation in the content of Pb;O,,
Raman spectra of these glasses were recorded. The spectra of
polished glass slabs were obtained at room temperature using a
Thermo Scientific DXR Raman microscope (10X objective;
532 nm laser operating at 10 mW). A Renishaw inVia Raman
System (integrated with a confocal optical microscope (30%
transmission, 250 mm focal length)) was used for recording
spectra at higher temperatures within 100—400 °C. The
Renishaw inVia Raman spectrometer is a high-performance
confocal spectrometer augmented with a Linkam temperature
stage, operating between —196 and 1500 °C. It combines a
research-grade microscope with an advanced spectrometer,
optimized for high-quality spectral data even from small
samples, supporting both point analysis and chemical imaging.
It consists of two low-noise, high-sensitivity CCD detectors
(viz, EMCCD and InGaAs). It contains three excitation
sources, viz., 355, 532, and 830 nm, and it is possible to record
the spectra from deep UV to near-IR regions with the minimal
fluorescence and resonance enhancement. The system
supports micrometer-resolution, 3D mapping, and advanced
imaging modes such as Stream Line, Stream HR, and True
Raman Imaging. Live Track enables real-time autofocus for
curved or uneven surfaces without prior topography scans,
ensuring accurate 3D and spectral data. In this study, the 532
nm laser with 10 mW power was used as the excitation source,
and the spectra were recorded with 50X MPlan objective lens
and 2400 L/mm grating. The spectra were captured witha 10's
acquisition time at four distinct elevated temperatures (100,
200, 300, and 400 °C) and processed with Origin Pro for
baseline correction and normalization.

For identifying the proportions of Pb** and Pb* ions in the
glass composition, X-ray photoelectron spectra (XPS) were
recorded using a PHI 5000 Versa Probe ULVAC instrument
equipped with a monochromatic Al Ka source operating at an
energy of 1486.6 eV with respect to the C 1s peak at 284.6 eV,
as discussed in ref 29.

The thermal analysis by dilatometry was carried out on the
glasses cast as rods using an Orton dilatometer (Model 1410B)

https://doi.org/10.1021/acs.jpcb.5c05304
J. Phys. Chem. B 2025, 129, 10193—-10205


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c05304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

operating in an ambient atmosphere at a heating rate of 3 °C/
min. The thermal expansion data obtained was employed to
determine the coefficient of thermal expansion (CTE) within
50—350 °C and the dilatometric or softening temperature (T)
through the instrument’s software.

For dielectric and ac conductivity measurements, both
surfaces of the glass samples were coated with thin gold
electrodes of approximately 6 mm in diameter using a sputter
coater SC7620 by Quorum Technologies. Measurements were
carried out using a Novocontrol Alpha-AN dielectric
spectrometer across a frequency range of 0.04 Hz—1.0 MHz
and a temperature range of 20—240 °C, with 5 °C intervals
(£0.2 °C accuracy). The resulting impedance spectra were
evaluated by using equivalent circuit (EC) modeling.

B RESULTS AND DISCUSSION

A brief summary of the results from the XPS, IR, and optical
absorption studies reported in ref 29 is presented herein first so
as to facilitate the analysis of the results of dielectric
measurements. The analysis via XPS in the various binding
energy regions within 136—144 eV (4f region of lead ions) and
528—544 eV (3d region of antimony ions) indicated a gradual
increase in the concentration of Pb*" ions (participate and
interconnect with SiO, units in the glass network) at the
expense of Pb?* jons (act as modifiers). Similarly, the
concentration of Sb*" ions that are gredicted to participate
in the glass network with Sb¥O, units’® has been observed to
increase gradually at the expense of Sb®" ions, which act as
modifiers. From the XPS studies, it was concluded that there is
an increasing degree of rigidity of the glass network with an
increase in the Pb;O, concentration in the glass matrix.”” The
IR spectral analysis also indicated a similar inference. We have
observed a gradual increase in the intensity of various
conventional symmetrical vibrational bands of SiO, and
SbY0, units, whereas the asymmetrical vibrational bands of
these units exhibited a decrease with an increase of Pb;0,
beyond 10 mol %.>

Raman Spectroscopy. Seeking additional insights and to
investigate further the structural properties, detailed measure-
ments were conducted herein by Raman spectroscopy. As a
starting point for comparing the various glasses, Figure 1
presents Raman spectra obtained at room temperature in the
wavenumber region 300—1400 cm™'. The spectra exhibit at
low frequencies a prominent band within 330—560 cm™'
(referred to as the D1 band), attributed to the bendin
vibrations of Si—O bonds in four-membered siloxane rings." >’
The intensity of this band was observed to decrease with
increasing Pb;O, concentration from 10 to 35 mol %. In this
region, the v, (doubly degenerate bending) vibrations of Sb—
O bonds are also possible.” Another band is located in the
region within 615—650 cm™' (D2 band), associated with
bending vibrations of Si—O bonds in three-membered siloxane
rings.'””' The intensity of this band appears to increase
proportionally with higher Pb;O, levels from Pby, to Pbs,
while it displays a shift toward higher frequencies. It is likely
that the v, (doubly degenerate bending) vibrations of Sb—O
bonds contribute to this region, along with potential overlap
from the vibrations of Pb—O bonds from PbYO, structural
units.””** A strong band that diminishes with Pb;O, content
from 10 to 30 mol % was also detected around 980 cm ™. This
band represents the symmetric stretching of Si—O~ (non-
bridging oxygen sites) bonds.” When Pb;0, is raised from 30
to 35 mol %, this band appears to dominate. This region may

Intensity (a.u.)

TIT [T T T T[T I T [F T T T[T T T [TT T [TTrIT

ST FETTTE FUTET FETTTE SUTTT FETET SATTE N

300 450 600 750 900 1050 1200 1350
Raman Shift (cm™)

Figure 1. Comparison of Raman spectra of Pb;O,—Sb,0;—
Si0,:Pr,0; glass ceramics mixed with different concentrations of
Pb;0, as recorded at room temperature with the Thermo Scientific
DXR Raman microscope operating at 532 nm with a power of 10
mW.

also accommodate the symmetric stretching (v;) vibrational
band of Sb—O bonds. Additionally, a weak feature around
1101 ecm™" is visualized, and this is identified as arising from
asymmetric stretching vibrations of Si—O—Si linkages.’

Elevated-temperature Raman spectroscopy of glass materials
provides insights into the thermal stability, phase behavior,
bond dynamics, and structural transitions, making it a powerful
tool to study the integit;f and evolution of the glass network
under thermal stress.”” " It is with this view that we have
performed Raman spectra of these glasses at elevated
temperatures. Figure 2a—d represent the Raman spectra
recorded for different glasses at different temperatures (100,
200, 300, and 400 °C) with the Renishaw inVia Raman
System. A summary of the Raman band positions observed at
various temperatures is provided in Table 1. Herein, we have
noticed a prominent band at about 151 cm™, which is likely
associated with Pb—O—Pb bending or lattice modes involving
Pb—O clusters.’®™** The intensity of this band is gradually
decreased with an increase of the Pb;O, content from 10 to 30
mol %. In this concentration range, there is a possibility for
fewer Pb—O—Pb clusters in favor of interconnected Pb—O
units or [PbO,] pyramidal units that reinforce Pb—O—Pb
bending modes and reduce the intensity of the 151 cm™ band.
Therefore, the decrease in the band intensity corresponds to
progressive polymerization and reduced collective Pb—O—Pb
vibrations. However, an abnormal hike is observed when the
content of Pb;O, is raised from 30 to 35 mol %. This
observation suggests a shift from a network former/modifier
balance to Pb—O cluster dominance, or even incipient phase
separation, which is well supported in the glass science
literature.**~**

With the increase in the temperature of the measurements,
changes are observed in the Raman spectra (Figure 2) as
follows. When the temperature is raised to 100 and to 200 °C,
in the spectra of all the glasses, the structural bands related to
vibrations of Pb—0/Sb—0 (650—750 cm™") are retained, and
the intensity of the Si—O~ (970—990 cm™) band exhibited
the lowest intensity in the spectrum of Pbs, glass and increased
when the content of Pb;O, is raised from 30 to 35 mol %.
When the temperature is raised to 300 °C, the Si—O~ band
still exhibited the lowest intensity in the spectrum of Pb;, glass

https://doi.org/10.1021/acs.jpcb.5c05304
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Figure 2. Raman spectra of Pb;0,—Sb,0;—Si0,:Pr,0; glasses mixed with various concentrations of Pb;O, recorded at (a) 100 °C, (b) 200 °C,
(c) 300 °C, and (d) 400 °C. Band positions are summarized in Table 1.

Table 1. Summary of the Data on Raman Spectra of Pr**-Doped Pb;0,—Sb,0,—SiO, Glasses”

glass Pb,, Pb,, Pbs, Pbs
vibrational bands / positions at 100 200 300 400 100 200 300 400 100 200 300 400 100 200 300 400
different temperatures “C °C °C °C °C “C °C °C *C °C “C °C “C °C °C °C
Pb—O—Pb bending 152 145 149 142 149 14§ 147 145 147 145 144 143 147 143 145 142
Si—O bond 472 474 483 485 473 478 477 478 472 484 482 484 472 475 474 476
(4-membered siloxane rings)/v,
Sb—O
Si—O bond 657 656 657 656 656 655 65S 655 653 653 653 653 652 651 651 651
(3-membered siloxane rings)/v,
Sb—0/Pb—0 vibs Pb™V O, units
Si—O~ vibs/v, 985 989 983 990 980 987 986 988 971 1000 982 988 977 987 986 986

Sb—O asymmetric stretchings of
Si—O-Si linkage

“The band positions are given in cm™.

and the maximal intensity in the spectrum of Pbs glass. The
Raman spectral analysis revealed that the glass network
remains structurally stable with increasing temperature up to
400 °C, particularly for compositions containing up to 30 mol
% Pb;O,. In this range, the glassy core of SiO, is largely
preserved, indicating a robust and thermally stable structure.
However, when the Pb;O, content exceeds 30 mol %, notable
changes in the local chemical environment were observed.
Specifically, the spectrum of the Pbj; glass showed a

101

96

pronounced increase in the intensity of the band associated
with Si—O~ bond vibrations, suggesting a higher degree of
depolymerization of the glass network. This indicates that
beyond 30 mol % Pb;0,, the structural integrity of the glass
begins to deteriorate, likely due to enhanced mobility of Pb**
ions and reduced network connectivity. Overall, the extent of
thermal transformation is strongly dependent on the Pb;O,
content: while glasses with 10—30 mol % Pb;O, maintain

https://doi.org/10.1021/acs.jpcb.5c05304
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stability up to 300 °C, those with higher Pb,0, levels (such as

Pb,;) show early signs of structural reorganization.
Dilatometry. Figure 3 shows the thermal expansion profiles

obtained for the Pb;O,—Sb,0;—Si0,:Pr,0; glasses were
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Figure 3. Dilatometric profiles obtained for the Pb;O0,—Sb,0;—
Si0,:Pr,0; glasses with different concentrations of Pb;O,. The top
and bottom insets are plots of the CTE (within 50—350 °C) and T
values estimated, respectively, vs Pb;O, concentration in the glasses;
the solid lines are linear fits to the data for the samples with 10, 20,
and 30 mol % Pb;O, (equations and correlation coefficients, r,

displayed).

obtained with different concentrations of Pb;O,. The values
of the linear coefficient of thermal expansion (CTE) were
determined in the 50—100 °C, 50—200 °C, 50—300 °C, and
50—350 °C ranges and also dilatometric or softening
temperature, T, (the maximum registered temperature within
the expansion region). The different CTE and T, values
obtained are summarized in Table 2. The CTE estimates

Table 2. Summary of the Coefficients of Linear Thermal
Expansion (CTE, Estimated in the Temperature Ranges of
50—100 °C, 50—200 °C, 50—300 °C, and 50—350 °C) and
Dilatometric or Softening Temperature (T,) and Obtained
for the Pb;0,—Sb,0;—Si0,/Pr,0; Glasses

CTE (x107¢ °C™!)
glass  50—100 °C  50—200 °C  50-300 °C  50-350 °C T, (°C)

Pb,, 82 8.9 8.9 9.0 441
Pb,, 72 82 8.3 8.4 453
Pby, 7.6 8.1 7.9 8.1 471
Pbsg 7.9 83 8.4 8.5 465

obtained within the broad 50—350 °C range and the T values
are also plotted in the insets of Figure 3 as a function of the
Pb;O, concentration in the glasses for a graphical appraisal.
The results show the CTE first decreases while the
dilatometric point increases from 10 to 30 mol % Pb;O,,
with opposite behavior for 35 mol % Pb;O,, thus presenting an
inflection point at 30 mol % Pb;O,. The data clearly shows
that Pb,, glass exhibited the largest values of CTE with lowest
T,. In other words, the magnitude of degree of polymerization
of the glass network is gradually increased with an increase of
the Pb;O, content up to 30 mol % concentration, and for

further increase, the depolymerization is more pronounced.
This suggests that anharmonic/asymmetric vibrations of
various bonds are more active in the Pb;s glass compared to
that in other glasses.

Dielectric Properties and AC Conductivity. Thus far,
Raman and thermal expansion studies clearly demonstrated a
decreased degree of disorder in the glass network as the Pb;0,
content increased gradually from 10 to 30 mol % Pb;O, and a
larger degree of depolymerization in the Pbsg glass. Figure 4a
illustrates the variation of the real part of the dielectric
constant (¢’) of Pby, glass with frequency across different
temperatures, while Figure 4b depicts how &’ changes with
temperature at various frequencies. The data revealed that &’ is
notably higher at lower frequencies, especially at elevated
temperatures. As mentioned earlier, PbO acts as a modifier and
breaks the local symmetry of the glass network like any other
modifier oxide. The resulting depolymerized glass network
pave the way for the easy migration of free charge carriers and
causes an increase in space charge polarization,‘””44 a type of
polarization that results from the accumulation of mobile
charge carriers at the material interfaces particularly at the
electrode surfaces. This is dependent on the concentration of
the induced defects in the glass network. In glasses with a
lower concentration of Pb;O,, these mobile charges respond to
an external electric field but tend to become trapped near the
electrodes due to interface boundaries. This accumulation
leads to charge separation, contributing to an enhanced
polarization effect, which in turn causes a significant rise in
the dielectric constant at low frequencies.'>***

In general, the effect of the temperature on the dielectric
constant is quite complex. Typically, raising the temperature of
glass materials leads to a noticeable reduction in the electronic
component of the dielectric constant, especially over a
temperature range of about 200 °C. Similarly, it appears that
the ionic polarization component does not influence the
dielectric constant to a significant change (up to about 10"
Hz) with such temperature variations. According to Debye’s
theory, even the contribution from dipoles is expected to have
minimal impact on the value of ¢’ at such temperatures beyond
the relaxation region. However, this study revealed a
substantial increase in &', which is most likely due to enhanced
space charge polarization. This can be attributed to the
increased degree of depolymerization within the glass net-
work, #6748 Among the glass samples examined, Pby, exhibited
the most pronounced rate of increase in &' at a given
frequency. However, we observed a gradual decline in €’ as the
concentration of Pb;O, increases beyond 10 mol % in the glass
matrix (inset of Figure 4a). This trend indicates an increased
degree of polymerization or an increased magnitude of
interconnectivity among the structural units of the glass
network, which restricts the mobility of charge carriers toward
the electrodes. Consequently, the dielectric constant &’
decreased with increasing Pb;O, content up to 30 mol %.
However, when the concentration of Pb;0, is raised to 35 mol
%, the dielectric constant exhibited a remarkable increase
(inset of Figure 4a), especially at a higher temperature,
indicating increasing degree of modifying action of lead ions. A
similar conclusion could be drawn from the Raman spectra and
thermal expansion studies, as discussed earlier.

In Figure Sa and b, the variations in &” (imaginary
component of dielectric constant) with frequency and
temperature for Pb,, glass are presented. The variations are
found to be similar to those of the real component of the
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dielectric constant. It may be noted here that the plots in
Figures 4 and 5 have not exhibited any considerable relaxation
effects probably due to the masking of such effects by
electrodes. Hence, to gain deeper insight into the dipolar
behavior of the glass, we adopted the electric moduli (M’ and
M") formalism because the variation of such coefficients either
with frequency or with temperature reasonably eliminates the
influence of electrode phenomena on relaxation processes.

Using real and imaginary parts of the dielectric constant, the
real (M') and imaginary (M") coefficients of electric moduli
are evaluated using the components of the dielectric constant
with the following equations

M/ — Sl(w)
(€(@))" + (¢"(w))* (1)

10198

and

e"(w)

T @)+ () @)

The variations in M’ and M” with the frequency and
temperature of Pby, glass are illustrated in Figure 6a and b,
respectively. These plots clearly exhibited dipolar relaxation
phenomena. In the M” versus frequency curves, the initial
segment corresponds to the oscillations of dipoles with larger
amplitudes, while the latter portion represents the regime
where dipole oscillations are confined within potential wells,
limiting their displacement. Using these graphs, the relaxation
time (7) at different temperatures is estimated and presented
in Table 3. Using the plots of In(z) vs 1/T (Arrhenius plots),
the activation energy (W;) for dipolar relaxation is calculated

M"(w)
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Table 3. Activation Energy (A.E.) and Key Dielectric
Parameters of Pr**-Doped Pb;0,—Sb,0,—Si0, Glasses

and summarized in Table 3. The results show that the
activation energy increased progressively with increasing
Pb;0, content up to 30 mol %. This suggests a reduction in

AE. for AE. for spreading o X . K
conduction, relaxation time, 7y,  dipoles, W factor a the ability of dipoles to reorient in response to the external
glass W (eV) (ms) at 240 °C (eV) (rads) electric field, implying that higher Pb;O, concentrations make
Pbyo 0.295 45.0 0.212 0.396 the glass network more rigid and less accommodating to
Pby, 0312 78.4 0.283 0.352 dipolar oscillations. However, a decrease in the activation
Pbs 0.354 272 0.425 0.262 energy was observed for glass Pbys (with respect to that of
Pbss 0315 120 0242 0323 Pbs,). This observation is consistent with the results of the
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Figure 7. Cole—Cole plots (M” vs M) drawn in the temperature range of 200—240 °C for the Pb;0,—Sb,0;—SiO,:Pr,0; glasses mixed with
different concentrations of Pb;O,: (a) Pbyy; (b) Pbygy; (c) Pbyy; and (d) Pbss.
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Raman spectral studies. In glasses containing Sb,0;, antimony
oxide is known to integrate into the glass network in the form
of SbO; pyramidal units that possess a lone pair of electrons at
the pyramid apex. These structural units have been reported to
possess a net-dipole moment, which plays a significant role in
the observed dipolar relaxation phenomena.

To elaborate further, Cole—Cole plots (M” vs M’) across
the temperature range of 200—240 °C are constructed and
illustrated in Figure 7a—d for all the studied glasses. These
plots exhibit semicircular arcs, with centers positioned below
the x-axis. The nondispersion of these curves in this
temperature range indicates the relaxation time is independent
of temperature. An angle, o, subtended between the x-axis and
the line connecting the arc centers to the origin, is clearly
visible. The presence of a nonzero « signifies the distribution
of dipolar relaxation times (7). Among the samples, Pb,, glass
(refer to Table 3) was found to have the largest a value,
indicating a broader dispersion of relaxation times. A nonzero
a typically points to the existence of multiple relaxation
processes or various dipoles possessing distinct dipole
moments.”” The broad distribution of relaxation times may
result from the interaction between individual relaxation
processes, where the relaxation of one site is dependent on
the prior relaxation of the other.

Even when all sites share an identical relaxation time (7),
their mutual coupling causes an effective extension in the time
domain, thereby leading to the observed spread in relaxation
behavior.”" Furthermore, even identical dipoles embedded in
different local potential environments can contribute to
relaxation time distribution, leading to a broader spread of
relaxation behavior.>”

Assuming that the effective electric field within these glasses
behaves as a Lorentz field, the relationship between dipole
density N (number of dipoles per unit volume), dipole
moment g, and dielectric constants at low and high frequencies
(&, and &, respectively) can be described using the modified
Clausius—Mossotti—Debye relation:>

g —1 & — 1 47Nu*
e+2 e +2 kT 3)
On rearranging the terms, we get
& — & 47Np*
(e, +2)(gy + 2) T ok (4)

Converting this into electric moduli formalism, we get
47TN/42 _ MO - Ms T

3k (1+42M)(1 +2M,) (s)

where M, = el and M, = ei Here, M, and M, represent the
s 0

electric moduli at the lower and higher frequencies,
respectively. Since, in the studied glass samples, the ions and
dipoles within the glass network can be reasonably
approximated as point entities and their concentration is not
excessively high, the applicability of the eq S remains valid for
these systems. The term Nu? on the right side of eq 4 indicates
the collective strength of dipoles. By substitution of the values
of M, and M, into eq 5, 4zNu*/27k is evaluated at T = 513 K
for various concentrations of Pb;O, The variation of this
quantity with Pb;O, content exhibited a nonlinear behavior, as
represented in Figure 8. Such behavior of the plot confirms the
spreading of relaxation times or the existence of dipoles

possessing different dipole moments within the studied glass

matrices.

18.0 1

14.0 |

AnNu*/27k

2.0 : : :
10 20 30 40
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Figure 8. Variation of the quantity 47Nu*/27k evaluated at T = 513 K
with Pb;O, content.

Figure 9a and b illustrate how frequency affects the real and
imaginary components of the impedance of Pb;s glass at
different temperatures. The real part (Z’), which represents
pure resistance, shows an almost linear decrease with
frequency. On the other hand, the imaginary part (Z”)
increases linearly with frequency up to approximately 1 kHz,
indicating the presence of inductive reactance (Lw). Beyond
this frequency, Z” begins to decrease inversely with frequency,
demonstrating a capacitive behavior characterized by (1/Cw).
A similar frequency-dependent impedance pattern is observed
in the other glass samples, as well.

To further analyze the impact of temperature and Pb;O,
content on impedance magnitude, Nyquist plots (Z” vs Z')
were generated for Pb,, glass at various temperatures, as shown
in Figure 10a,b. With increasing temperature, the area enclosed
by these curves diminishes significantly, indicating a reduction
in impedance with temperature.

A comparative study of impedance across all glass samples at
240 °C is depicted in Figure 11. This comparison revealed that
the area under the Nyquist plots increases progressively with
Pb;O, content up to 30 mol %, suggesting that impedance
increases as the Pb;O, concentration rises to this concen-
tration. When the content of Pb;0, is raised from 30 to 35 mol
%, a decrement in the area enclosed by the curve is noticed.
This trend is consistent with earlier findings, where a higher
Pb;O, content up to 30 mol % was found to enhance the
degree of polymerization in the glass network, thereby
increasing its electrical resistivity, and for further increase, a
decrement in the impedance is possible as mentioned in the
Raman spectral analysis. It may be noted here that a similar set
of plots for y-MnO, on lead anodes was presented by Minakshi
et al.>® Their study demonstrated that, in the low-frequency
region, the Nyquist plots exhibited a near-vertical line
approaching 90°, thereby evidencing enhanced ion transport
properties and improved electrodeposition behavior.>?

Figure 12a and b illustrate the variations in ac conductivity
(0,.) of Pby glass as functions of frequency and reciprocal
temperature (1/T), respectively. At lower frequencies, o,
displayed a linear dependence on 1/T, while at higher
frequencies and lower temperatures, the conductivity appeared
to be nearly independent of temperature. Similar behavior was
observed for the other samples as well. The inset of Figure 12a

https://doi.org/10.1021/acs.jpcb.5c05304
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Figure 10. Nyquist plots (Z” vs Z) generated for Pb, glass at various temperatures: (a) 160—190 °C and (b) 200—240 °C.

shows the dependence of o,. on the Pb;O, content, where a
gradual decline in conductivity was noted as the Pb;O,
concentration increased from 10 to 30 mol % and a slight
increase was observed beyond this concentration.

The activation energy for ac conduction (W,) was
determined from the slopes of the log o,  versus 1/T plots
in the higher temperature range. The value of W, is found to
be the largest for the Pbs, glass and decreased beyond 30 mol
% Pb;O, as shown in Table 3. This trend implies a
strengthening of the internal structure of the glass network
(up to 30 mol % of Pb;O,), which increasingly restricts the
mobility of charge carriers. As previously discussed, increasing
the Pb;O, content from 10 to 30 mol % leads to a more

10201

polymerized and thermally stable glass network. This stability
is attributed to the strong and interconnected SiO,-based
framework, which effectively limits the mobility of charge
carriers. Consequently, electrical conductivity decreases within
this concentration range due to reduced ionic movement and
tewer available pathways for charge transport. However, at 35
mol % Pb;O,, the glass begins to exhibit signs of
depolymerization, as evidenced by a noticeable decline in the
intensities of Si—O and PbQO, vibrational bands in the Raman
spectra and pronounced structural degradation at elevated
temperatures. These changes point to a disruption in the
network connectivity and an increase in the mobility of Pb**
ions, indicating a transition from a robust, thermally stable
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Figure 11. Comparison of impedance for the Pb;O,—Sb,0;—
Si0,:Pr,0; glasses mixed with different concentrations of Pb;O, at
240 °C.

matrix to a more disordered and thermally sensitive structure.
This shift results in a significant increase in electrical
conductivity as the Pb;O, content rises from 30 to 35 mol %.

In the composition range of 10—30 mol % (Zone 1), the
compact and polymerized glass network restricts ionic mobility
but the presence of mixed-valence Pb>*/Pb* and Sb**/Sb>*
ions supports small polaron conduction through electron
hopping. Due to the limited number of hopping sites and the
rigid structure, polaronic conduction is the dominant
mechanism in this range, although the overall conductivity

remains low. At 35 mol % Pb;O, (Zone 2), the network
undergoes depolymerization with the formation of more
nonbridging oxygens and increased structural disorder. These
changes create greater free volume and conduction channels,
facilitating the enhanced mobility of Pb** ions. While polaron
hopping may still contribute due to continued redox activity
and Pb clustering, ionic conduction becomes the predominant
transport mechanism. This transition accounts for the marked
increase in electrical conductivity observed in this higher
concentration range. This mechanism suggests that glasses
containing 30—35 mol % Pb;O, are suitable for use as solid-
state electrolytes in batteries. However, Pb** ions are larger in
size and heavy, with low mobility compared to those of Li* and
Na* ions. Nevertheless, this mechanism is useful for
fundamental understanding and may inspire the design of
analogous glass systems doped with mobile alkali ions (e.g.,
Li*, Na*) for practical battery applications.

Bl CONCLUSIONS

Raman spectroscopy results combined with dilatometric
studies indicated that increasing of Pb;O, from 10 to 30 mol
% in a Sb,0;—Si0,:Pr,0; glass leads to progressive polymer-
ization of the glass network, resulting in a compact and rigid
structure. Beyond 30 mol % (at 35 mol %), the glass network
underwent depolymerization, forming more nonbridging
oxygens (NBOs) and increasing structural disorder. The
dilatometric analysis harmonized with the structural appraisal
as it revealed that the thermal expansion coeflicients first
decreased from 10 to 30 mol % Pb;O,, indicating an increase
in glass rigidity in this regime, followed by an increase the CTE
for 35 mol % Pb;O, On the other hand, the softening
temperatures first increased from 10 to 30 mol % Pb;O,,
implying a glass strengthening effect, but then decreased at 35
mol %, characterizing the looser structure indicated to be
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depolymerized relative to 30 mol % Pb;O,. The dielectric
constant and ac conductivity decreased with increasing Pb;O,
up to 30 mol % due to restricted ionic mobility in the compact
structure. Conduction in this range is primarily through small
polaron hopping facilitated by the mixed valence states of
Pb**/Pb** and Sb**/Sb’*. At 35 mol % Pb,0,, ionic
conduction dominates due to network depolymerization,
enhanced free volume, and formation of conduction channels.
This shift significantly increases electrical conductivity,
indicating a transition from polaronic to ionic transport.
Glasses with 30—35 mol % Pb;O, show promise as solid-state
electrolytes due to improved conduction characteristics.
Despite Pb*"’s low mobility compared to alkali ions, the
insights gained are valuable for designing future alkali-doped
glass systems (e.g, with Li* or Na*) for practical battery
applications.
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