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Abstract: In this study, PbO–GeO2 glasses were melt-quenched at different nickel oxide concentra-
tions. XRD and DSC techniques were characterized whether the samples are glass or crystalline
materials. IR, Raman, and optical absorption techniques are used to obtain structural details. The IR
spectra have revealed that the glass network contained conventional structural units GeO4 and GeO6.
The Ni2+ ion octahedral transition exhibited luminescence spectra in the region of 1200–1500 nm;
it is due to 3T2 (3F) → 3A2(3F) transition. The glasses containing the highest concentration of NiO
have been found to have high values of luminescence efficiency and the cross-section. The dielectric
characteristics, such as the dielectric constant, loss, and a.c. conductivity (σac), were analyzed across
extensive frequency and temperature ranges, with a specific emphasis on the nickel oxide concentra-
tion. Analyzing optical absorption and dielectric properties of the samples, it has been found that
nickel ions’ majority occur in tetrahedral sites. It is proved that the dielectric constant and loss values
are highest for the sample N10 and ac conductivity due to dipoles being lowest for the sample N10. It
is revealed that the glasses are highly conducting due to the modifying action of Ni2+ ions so these
glasses are suitable for solid electrolyte uses besides their optical applications in NLO devices.

Keywords: lead germanium nickel oxide glasses; spectroscopic properties; dielectric properties

1. Introduction

Glass plays a crucial role in various applications and technologies, making it an
essential material in our daily lives. So, the glass industry was founded with the aim of
creating a wide range of compounds for everyday use. In all these materials, the most
important heavy metal oxide PbO in general behaves as a glass modifier. Upon entering
into a glass network, the structure of the material changes. The low crystallization value
and high moisture resistance are exposed by this information [1]. It has both a covalent and
an ionic nature, which allows it to function as both a glass maker and a modifier [2]. The
refractive index and melting point of materials are enhanced when lead oxide is introduced
to the glass former. These types of glasses are utilized in situations where shielding,
dispersion, and high refractive index are necessary [3]. The glassy nature is enhanced by
[PbO4] structural units whereas the network modifying action is due to [PbO6] structural
units of PbO. However, germanium oxide is commonly encountered in its vitreous state. It
is considered a classic glass former and is known for its exceptional optical characteristics,
including a refractive index (n~2.17). Moreover, it serves as an efficient transmitter in the
near-infrared (NIR) region [4]. Germanium oxide glasses are used for making optical fibers
and designing laser devices and in the field of nonlinear optics [5]. Since GeO2 glasses have
a high ionic conductivity, solid electrolytes are usually composed of them [6]. A structural

Inorganics 2024, 12, 215. https://doi.org/10.3390/inorganics12080215 https://www.mdpi.com/journal/inorganics

https://doi.org/10.3390/inorganics12080215
https://doi.org/10.3390/inorganics12080215
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0002-6336-822X
https://orcid.org/0000-0001-9341-1631
https://doi.org/10.3390/inorganics12080215
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics12080215?type=check_update&version=1


Inorganics 2024, 12, 215 2 of 16

analysis of germanium oxide indicates that it is composed of structural units made up of
GeO4 and GeO6 [7–9]. Depending on the type of bond between lead and oxygen atoms,
the modifier PbO will act either as a network former or a modifier. Because of Pb ion high
polarizability, a strong covalent Pb–O bond is formed between Pb2+ and O2− ions [10].
Lead germanate glasses are promising candidates for optical amplifiers, and for numerous
types of optical devices and high-speed optical switches containing nonlinearity [11].

The transition metal ions continue to be of interest for possible laser applications.
Numerous transition metal activators have shown promise, particularly those that have
led to successful lasers utilizing cation matrices. The existence and level of cations in glass
have a notable influence on the key physical, structural, and chemical characteristics of
these materials, encompassing electrical, magnetic, and optical properties [12,13].

Nickel containing glasses gained special attraction due to their interesting optical
and dielectric properties; nickel exists in highly suitable Ni2+ ions, which mostly occupies
octahedral sites in glasses with high crystal field energy [14]. There is no accurate evidence
of change in its oxidation state during glass formation and annealing [15]. Visible and near-
infrared region Ni2+ ions can show many absorption bands. The Ni2+ ions in octahedral
configuration in a glass matrix can exhibit lasting action at about a 1.56 µm wavelength at
room temperature. This wavelength is very important in telecommunications [16]. The zero-
dispersion wavelength for GeO2 is 1.7 µm (higher than that of borate, phosphate, or silicate
glasses). The emission of laser beams in the near-infrared region is because of the existence
of Ni2+ ions in the PbO–GeO2 glass network [17]. In addition to being used in nonlinear
optical devices, these glasses were also used in the preparation of broad band optical
amplifiers, power limiters, optical amplifiers, ultrafast optical switches, and lasers [18,19].
The coordination of Ge would continuously change from GeO4 to GeO6 with the addition
of alkali oxides. Recently, the structural properties of germanate-based glasses have been
examined in Na2O-GeO2-TeO2 [20], MnO-GeO2-PbO2 [21], TeO2-GeO2-PbO [22], Na2CO3-
CaO-GeO2 [23], and Ga2O3-GeO2-BaO [24]. Among the reported germanate-based glasses,
the lead germanate matrix has received the most attention due to its excellent properties,
i.e., a relatively large glass-forming region, high transmittance in a wide wavelength region,
superior chemical durability, and thermal stability [25,26].

Very little work was reported about nickel oxide-doped lead germanate glasses; more-
over, work on the dielectric properties of dense glass systems like PbO–GeO2 glasses is
very strange. So, the present work is aimed to report spectral features and dielectric studies
of a nickel oxide-doped PbO–GeO2 glass system by means of spectroscopic techniques
and electrical measurements, thereby comprehending the environment of nickel ions and
explaining suitability of these glasses for specific uses as electrolytes.

2. Results

From the measured density values of PbO–GeO2 glass samples, various other physical
parameters such as polaron radius rp and nickel ion concentration Ni are calculated and
presented in Table 1. As the concentration of nickel oxide increases, the density of the
samples is also increased. The structural variations in the glass network are investigated by
physical properties of the samples.

Table 1. Summary of the data physical parameters of the PbO–GeO2: NiO glasses.

Glass Sample Density
d (g/cm3)

Molar Volume
Vm (cm3)

Nickel Ion Conc.
Ni (×1021/cm3)

Inter-Ionic Distance of
Nickel Ions

Ri (Å)

Polaron Radius
Rp (Å)

N0 5.56 0.520 -- -- --
N2 6.035 0.886 4.78 5.93 2.39
N4 6.054 0.586 9.60 4.70 1.89
N6 6.072 0.953 14.44 4.10 1.654
N8 6.08 1.008 19.29 3.72 1.50
N10 6.15 0.908 24.41 3.44 1.38



Inorganics 2024, 12, 215 3 of 16

Figure 1 illustrates the amorphous structure of the samples, as demonstrated by the
absence of Bragg peaks in X-ray diffraction patterns.

Figure 1. XRD patterns of PbO–GeO2: NiO glasses.

Figure 2 displays the differential scanning calorimetric traces of the PbO–GeO2 glass
system doped with nickel oxide, along with the glass-forming ability parameter (Kgl) and
the variation of glass transition temperature (Tg) as indicated in the inset. The pattern
demonstrates fluctuations in Tg in the temperature range of 490 to 510 ◦C with an en-
dothermic effect. Additionally, an exothermic effect is observed due to the crystallization
temperature Tc, which falls in the range of 615 to 630 ◦C. The DSC data in Table 2 illustrate
the changes in (Tg), (Tc − Tg), (Tm − Tc), and (Kgl) [27] of PbO–GeO2 glasses as they
are doped with varying nickel oxide concentrations. It has been observed that the glass-
forming ability parameter Kgl decreases as the concentration of nickel oxide increases. This
trend may be attributed to the alterations in the glass composition and structural properties
resulting from the addition of nickel oxide.

Table 2. DSC data of PbO-GeO2 glasses doped with different concentrations of NiO.

Glass Tg
(◦C)

Tc
(◦C)

Tm
(◦C)

Tc − Tg
(◦C)

Kgl =
(Tc − Tg)/(Tm − Tc)

N0 497 627 762 130 0.963
N2 499 625 763 126 0.913
N4 503 623 766 120 0.834
N6 505 622 769 117 0.796
N8 506 619 771 113 0.743
N10 504 615 772 111 0.707
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Figure 2. DSC patterns of PbO–GeO2: NiO glasses. The inset shows the variation of Tg and Kgl with
the concentration of NiO.

As shown in Figure 3, titled glass samples were investigated in the 350–1550 nm
wavelength range at room temperature. Between 700 nm and 820 nm, a prominent band
was observed in these spectra. The width and height are increased with increasing the
content of NiO in these spectra. Regarding influences of Ni2+ ions, a number of absorp-
tion bands are observed. In the visible and NIR regions, 1.0 mol% glass (N10) shows
six evidently resolved absorption bands at 1265 nm (Oh1), 1029 nm (Td1), 781 nm (Oh2),
623 nm (Td2), 495 nm (Oh3), and 421 nm (Oh4) [28,29]. When the concentration of nickel in-
creases, the intensity of octahedral bands is increased while tetrahedral bands are observed
to decrease.

We calculated optical band gaps (Eo) of samples from cutoff wavelengths by using
the relation

(αℏω)2 = C(ℏω − Eo) (1)

where α is the absorption coefficient (cm−1), èω is photon energy of incident radiation
(eV), Eo is the optical band gap energy (eV), and C is the band tailing parameter.

Figure 4 indicates that the Tauc plots and inset give optical band gap variation with
concentration. Using the linear portion as a reference, Eo values are determined as shown
in Table 3; the maximum Eo value is observed for the N2 glass sample.
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Figure 3. Optical absorption spectra of PbO-GeO2 glasses doped with nickel oxide.

Table 3. Summary of the data related to optical absorption spectra of the PbO–GeO2: NiO glasses.

Band Position
(nm) N2 N4 N6 N8 N10

Ni2+ band positions,
octahedral transitions (nm)

3A2(F) → 3T2(F)
1254 1258 1262 1265 1269

3A2(F) → 3T1(F) 769 771 774 781 784
3T2(F) → 1T2(D) 482 484 490 495 497
3A2(F) → 3T1(P) 403 408 415 421 425

Ni2+ band positions,
tetrahedral transitions (nm)

3A2(F) → 3A2(F)
1040 1038 1034 1029 1024

3A2(F) → 3T1(F) 635 631 628 623 620
Optical

band gap Eo (eV) 2.58 2.51 2.36 2.32 2.27
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Figure 4. Tauc plots of PbO–GeO2: NiO glasses. The inset represents the variation of the optical band
gap with the concentration of NiO.

The FTIR spectra have been depicted in Figure 5. These spectra exhibit two crucial
bands that correspond to the tetrahedral and octahedral vibrations of GeO2 at 1075 and
780 cm−1, respectively. Because of GeO6 and GeO4 units, asymmetrical stretching vibrations
regarding these bands are located [18]. One more band is observed due to bonding between
two tetrahedral groups at 642 cm−1 [19,30]. The PbO4 tetrahedral units are located at about
448 cm−1 [18]. Intensity of GeO6 and Ge–O–Ge of GeO2 bands decreased and shifted
gradually towards higher frequencies; similarly, GeO4 and PbO4 bands shifted towards
lower frequencies with increased intensity with the introduction of nickel oxide into the
glass network. The FTIR bands are shown in Table 4.

The Raman spectra of PbO–GeO2: NiO are shown in Figure 6. These spectra contained
symmetric Ge–O–Ge bands due to Q4 units of GeO4 in between the 420 and 450 cm−1

region [31], a vibrational band of Q3 units of GeO4 in the region 520–540 cm−1, a vibrational
band of GeO6 blocks at 620 cm−1 [32], and two weak bands due to Q2 and Q1 blocks of
GeO4 at 900 and 960 cm−1, respectively. PbO4 exhibited blocks at 280 cm−1. A high intense
vibrational band of localized Ge–O− stretching of the meta-germanate blocks at around
750 cm−1 and no bands are exhibited by NiO units. The information regarding the band
positions of Raman spectra can be found in Table 5.
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Figure 5. FTIR spectra of PbO–GeO2 glasses doped with nickel oxide.

Table 4. Summary of the band positions (cm−1) of various structural units in FT-IR spectra of
PbO–GeO2: NiO glasses.

Glass GeO4 Units GeO6 Units Ge–O–Ge Bending
Vibrations PbO4 Units

N0 1088 783 622 445
N2 1085 785 625 442
N4 1080 787 627 439
N6 1077 791 631 437
N8 1075 792 633 436
N10 1072 794 634 435

Photoluminescence spectra of PbO–GeO2: NiO glasses are shown in Figure 7. Pho-
toluminescence spectra of nickel oxide were recorded at 300 k with λexc = 800 nm. In the
wavelength region 1200–1500 nm, the spectra exhibited a wider emission for all the samples
due to the 3T2 (3F) → 3A2(3F) transition of Ni2+ ions. The intensities and line widths of the
band increase with nickel oxide concentration as shown in Table 6, while the peaks shift
toward higher wavelengths.
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Figure 6. Raman spectra of PbO–GeO2 glasses doped with nickel oxide.

Table 5. Summary of the data on band positions (cm−1) of Raman Spectra of PbO–GeO2: NiO glasses.

Glass PbO4
GeO4 (Q4)

Units
Geo4 (Q3)

Units
GeO6
Units

GeO−

Units
GeO4 (Q2)

Units
GeO4 (Q1)

Units

N0 282 433 524 621 750 901 959
N2 284 436 529 620 750 901 959
N4 286 440 530 619 750 901 959
N6 292 443 532 618 750 901 959
N8 294 446 534 618 750 901 959
N10 301 448 537 618 750 901 959

Table 6. Summary of data on photoluminescence of PbO–GeO2: NiO glasses.

Sample Emission Peak
Position (nm) Refractive Index σp

E (1033, cm2)

N2 1303 1.542 0.932
N4 1306 1.545 0.934
N6 1309 1.549 0.939
N8 1313 1.552 0.943
N10 1316 1.556 0.945
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Figure 7. Photoluminescence of PbO–GeO2 glasses doped with nickel oxide recorded at room
temperature (λexc = 800 nm).

The variation of ε′ verses temperature graphs of the glasses is shown in Figure 8.
At higher temperature and lower frequencies, slight increases in the dielectric constant
were observed and it increases abruptly with temperature. It should be high for glass
N10. Figure 9 shows the temperature versus tan δ graphs of glass samples at different
frequencies. The curves have shown a maximum value of tan δ for the glass N10. The σac
values are obtained by changing temperature using the following equation:

σac = ωε1ε0 tan δ (2)

where σac is ac electrical conductivity (S/m), ω is angular frequency (s−1), and ε1 is the
dielectric constant.

Figure 10 represents the plots of ac conductivity, σac, with 1/T and is drawn at 100 kHz
for all the glasses. The inset of Figure 10 explains the variation of activation energy with
changes in electrical conductivity σac. N10 has shown the lowest value of activation energy
as presented in Table 7.

Table 7. Data on dielectric parameters of PbO-GeO2: NiO glasses.

Glass A.E for Conduction (eV) σac (10−7) (Ω cm)−1

N0 0.43 0.56
N2 0.39 0.77
N4 0.36 1.08
N6 0.33 1.59
N8 0.29 2.54
N10 0.25 4.22
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Figure 8. The dispersion of the dielectric constant, ε′, vs. temperature at 100 kHz for the glasses
PbO-GeO2 doped with different concentrations of nickel oxide.

Figure 9. The variation of dielectric loss with temperature at 10 kHz frequency for the glasses
PbO-GeO2 doped with different concentrations of NiO.
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Figure 10. The variation of ac conductivity with 1/T at 100 kHz of PbO–GeO2 glasses doped with
nickel oxide. The inset represents the variation of ac conductivity regarding the activation energy.

It is verified that the σac increased as activation energy (A.E) decreased, following the
Arrhenius equation.

σac = σ0e − Ea/KT (3)

where σac is ac electrical conductivity (S/m) and σ0 is conductivity at zero Kelvin.
Ea is activation energy (eV), T is temperature, and K is the Boltzmann constant.
The variation of the 4πNµ2/27 K value with nickel oxide concentration is shown in

Figure 11.
εs − ε∞

(εs + 2)(ε∞ + 2)
T =

4ΠNµ2

27K
(4)

where εs is the low-frequency dielectric constant, ε∞ is the high-frequency dielectric con-
stant, Nµ2 is the strength of dipoles (C2m−1), and K is the Boltzmann constant.

Figure 11. Dependence of 4πNµ2/27 K on concentration of nickel oxide.
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Nµ2 is the strength of dipoles. For various concentrations of nickel oxide, the values
of εs and ε∞ subsisting in the above equation and 4πNµ2/27 K are calculated at 393 K. The
curve has shown a rising trend with nickel oxide concentration.

3. Discussion

In the PbO–GeO2 glass system, the presence of GeO2 in conjunction with GeO4
tetrahedra within the network of the glass can lead to the conversion of a few tetrahedral
units into GeO6. There is typically one GeO6 octahedron separated by one GeO4 tetrahedron
that shares one oxygen corner. Studies on GeO2 glasses have revealed interactions between
the GeO5 structural units and germanium ions, where four bonds are of shorter length
(ranging from 1.76 to 1.85 Å) and one bond has a longer interatomic distance of 1.92 Å.

The stretching of GeO4 tetrahedra of a Ge–O bond is induced by the modifier PbO.
As a result, the presence of Pb ions leads to the formation of three-membered rings in the
vicinity of GeO4 tetrahedra. The results revealed that Ge ions also participated in the glass
structure with germanium dioxide network units. In addition, the infrared spectra have
shown that there are bonds between GeO4 and PbO4, PbO2, PbO5, and PbO6 structural
units [33]. Lead oxide is a glass modifier; it forms Ge–O–Ge linkages by entering into the
glass structure along with NBOs and dangling bonds. When lead ions form four covalent
bonds with oxygen atoms, they can form structural units called [PbO4] and [PbO2]. [PbO5]
and [PbO6] are produced by the lead ions and form Ge–O–Pb linkages whereas the Ni2+

acts as a network modifier. Transition metal ions, including Ni2+, are known to influence
the structural, optical, and electrical properties of glasses significantly. Ni2+ can act as a
network modifier by occupying interstitial sites and creating non-bridging oxygens (NBOs),
thus altering the glass matrix’s connectivity and properties. In our study, Ni2+ ions are
introduced into the PbO–GeO2 glass network, primarily occupying octahedral sites. The
observed spectroscopic features and the dielectric properties of the glasses support this
conclusion. Our findings are consistent with previous research that highlighted similar
roles for transition metal ions in glass systems [34].

Usually, the density of glass samples depends on glass structure, size of grains, coordi-
nation number of glass-forming ions, size of interstitial spaces, etc. The density of samples
is increased with the content of NiO, indicating its higher compactness for the N10 sample.

The absence of sharp Bragg peaks indicates that the samples are in short-ranged
structured materials (amorphous in nature). The glass-forming ability (Tc − Tg) decreased
as the content of nickel oxide increased. So, it is proved that the lowest nickel oxide content
is preferred for suitable glasses. It is inferred that glass samples with lower values will
have less thermal stability. The decrease in interatomic distance, cross-linking, and closely
packed structure are the reasons for such a behavior. Further, it is justified that the Ni2+

ions mostly acted as a modifier in (Oh) configuration as the NiO content is increased.
According to Tanabe–Sugano notation, the transitions of the d8 ion of nickel are

mentioned below: 3A2(F) → 3T2 (F) (Oh1), 3T1 (F) (Oh2), 1T2 (D) (Oh3). The 3A2(F) → 1T2
(D) corresponds to a spin forbidden band at 570 nm while the band at 530 nm is due to 3A2
(F) → 3T1 (P) tetrahedral transition [35]. The increasing intensity in the octahedral bands
with an increase in the mol% of NiO proved the presence of octahedrally bonded Ni2+ ions
in a large number rather than the tetrahedrally bonded Ni2+ ions.

The optical band gap decreases as nickel oxide concentration increases. With an
increase in doping levels, Ni2+ ion donor centers in a large number are produced. So, the
excited states of local electrons superpose with the unfilled 3d states of nearby Ni2+ sites.
This causes the nickel oxide band to extend into the main band gap to a greater extent.
From N2 to N10, the band gap has fallen due to the shift of cutoff wavelengths to a higher
wavelength side.

The GeO6 band intensity is increased with an increasing concentration of nickel oxide.
This indicates that nickel ions are located in the glass structure in an octahedral fashion. In
addition to the wavelength shift of the octahedral bands, nickel oxide doping also increases
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the wavelength shift. This shift in the band position indicated higher bond length of the
Ni–O bond.

The IR spectra indicate the presence of symmetrical and anti-symmetrical bands
corresponding to germanate structural units. The nickel oxide concentration is inversely
proportional to the intensity of symmetric (GeO6) units. Due to Ge–O–Ge symmetric
vibrations, the intensity of bands decreases and anti-symmetrical bands due to (GeO4) have
increased as shown in Table 4. These results suggested decreasing entropy in the glass
network with a hike in nickel oxide content.

It has been observed that Ge-O–Ge bonds of Q2 and Q1 units of GeO4 show weak
asymmetric stretching at about 900 and 960 cm−1 in Raman spectra. It was observed that
the meta-germanate Ge–O− unit stretching modes showed a strong vibrational band at
around 750 cm−1.

In the region 430 and 520 cm−1, GeO4 exhibits symmetric Ge–O–Ge bands due to the
Q4 unit and a vibrational band of the Q3 unit. Additionally, a vibrational band of GeO6
and PbO4 blocks are observed at 620 and 280 cm−1. No bands are exhibited by nickel
oxide. The intensity of asymmetric stretching vibrations of GeO6 units is increased at the
expense of symmetric stretching vibrations regarding GeO4 units in the Raman spectra.
The concentration of nickel oxide increases and evidently suggested disorder in the glass
network decreases.

In general, octahedral nickel ions produce photoluminescence, and tetrahedral nickel
ions have no photoluminescence. In the green, red, and near-infrared (NIR) wavelength
ranges, the octahedral Ni2+ ions produce luminescence bands [36]. For our samples,
λexc = 800 nm and the band ranges from 1200 to 1500 nm and the meta-center shifts towards
a higher wavelength with an increase in nickel oxide content. The Stokes shift increases
between higher and lower bands. The value of the emission cross-section σE

p has been
computed and tabulated. Increasing the content of nickel oxide, the value of σE

p is found to
increase gradually from N2 to N10, proving the increase in luminescence efficiency.

Electronic, ionic, dipolar, and interfacial polarizations are the different types of po-
larizations. These polarizations can influence the relative permittivity ε′ and interfacial
polarization is a response to the structure of glasses. The value of interfacial polarization
depends on the dielectric parameters (ε′, tan δ). These are found to slightly increase and
σac decreases with temperature for any frequency. The activation energy for conduction
decreased with the increase in nickel oxide content (Table 7), which proved the increase in
the value of interfacial polarization.

The progressive rise in modifying ion concentration generates wrong bonds in the
glass network. These defects cause rather easy movement of charges, thereby enhancing
interfacial polarization and hence increasing the values of dielectric parameters.

Figure 10 depicts the variation of ac conductivity with the content of nickel oxide; the
curves produced a maximum for pure glass and minimum for x = 1.0 mol%. The trend of
the curves justified the electronic conductivity and a fixed value of ionic conductivity due to
Pb2+ ions and Ni2+ ions. As the nickel oxide content increases, more Ni2+ ions are released
into the glass network. The hopping polarons, which participate in conduction, are grabbed
by Ni2+ ions in pairs. This combination of cation–polaron pairs diffuse as single neutral
units. Movement of these neutral units cannot result in electrical conductivity so the ac
conductivity decreases as the content of NiO is increased from 0.2 to 1.0 mol%. The ionic
conductivity of Pb2+ ions is constant in a high-temperature region. As a result of Austin and
Mott’s quantum mechanical tunneling model, the low-temperature part of conductivity
can be explained [37]. From the results of dielectric properties, it is suggested that the
significance of insulating nature is decreased with increasing content of nickel oxide.

4. Experimental Procedure

The following chemical formulas were used to synthesize the glasses for this study:

N0: 40PbO-60GeO2
N2: 40PbO-59.8GeO2: 0.2NiO
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N4: 40PbO-59.6GeO2: 0.4NiO
N6: 40PbO-59.4GeO2: 0.6NiO
N8: 40PbO-59.2GeO2: 0.8NiO
N10: 40PbO-59.0GeO2: 1.0NiO

High-purity chemicals of PbO, GeO2, and NiO (all are in mol%) are taken in powder
form in a suitable proportion and well grounded. In a controlled furnace, properly stirred
mixtures were melted at 1000–1100 degrees Celsius until bubble-free liquid was obtained
for about 1 h. As a result, the bubble-free melt was poured into rectangular brass molds
and instantly annealed at 350 ◦C for four hours in another furnace for avoiding air cracks
in the samples. At last, glass samples are obtained. The Philips expert system was used
to obtain the XRD patterns of glass specimens. The programmable VIBRA HT kit was
utilized to conduct density measurements, employing Archimedes’ law and O-xylene as the
buoyant liquid. The optically polished samples have dimensions of 1 cm × 1 cm × 0.1 cm.
A high-precision NIR spectrophotometer was used to obtain optical spectra. FTIR spectra
were obtained using a standard spectrophotometer by a powdered sample of KBr pellets.
The Raman spectra, photoluminescence spectra, and DSC traces are produced on standard
instruments. The glasses were silver-coated for measuring electrical parameters. The
coating was then exposed to a blower until it was dried. The electrical parameters were
taken on a prominent LCR meter. The precision in determining the ε′ is 1

103 and that of loss
is 1

104 .

5. Conclusions

40PbO–60GeO2: NiO glasses were prepared with different concentrations from 0.2
to 1.0 mol%. The XRD and DSC patterns indicated no crystalline phases. The IR and
Raman spectral analysis revealed that the entropy of the glass network decreased with
increasing content of nickel oxide. The investigation into the optical absorption, ESR, and
photoluminescence peaks has demonstrated a growing occurrence of Ni2+ ions within
tetrahedral sites. The values of susceptibility and magnetic moments of the glass samples
have indicated Ni2+ ion transformation from octahedral to tetrahedral sites. The electrical
parameters ε′ and tan δ have increased and σac increased whereas the activation energy has
decreased, which proved their decreasing insulating nature with an increasing concentra-
tion of nickel oxide. Our observations are in agreement with prior studies on similar glass
systems, where the introduction of transition metal oxides like NiO has been shown to
enhance ionic conductivity due to the creation of non-bridging oxygen ions, which facilitate
the movement of charge carriers. Therefore, an ionic conducting glass may be useful in
solid electrolytes based on the studied glass system.
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