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ABSTRACT

Glasses with the composition (11.5 — x) CaO — 23.5Li,O — 655i0,. x NiO mol.
% (0 < x < 11.5) were synthesized by melt-quenching method. And a number
of physical parameters have been established. The refractive index and energy
gap were also used to estimate the metallization criterion, where these glasses
have shown values fallings between high (insulators) and low (metals), indi-
cating that they are semiconductors. The XRD pattern shows the amorphous
nature of investigated glasses. A number of spectroscopic analyses of the
studied glasses were performed, in relation to NiO content, including Fourier
transform infrared (FTIR) and UV-Visible diffuse reflectance spectroscopy
(DRS). Due to compositional changes, FTIR measurements have revealed
structural changes in the glass network. Furthermore, with increasing NiO
content, the asymmetrical bands of silicate units increase. The creation of Ni-O-
Si bonds in the silicate matrix has been attributed to the introducing heavier
Ni*? as [NiO4]*~ tetrahedral species in substitution of the lighter silicon ion in
the [SiO4]*™ network, but it could also operate as a network modifier in glass
materials. The Ni*" ion may have behaved as a network intermediary, causing
more compact structure. The mechanism of charge transfer in the glass com-
positions under investigation is studied using broadband dielectric spec-
troscopy. For the first time, the relationship between the hopping time of free
ions and dc conductivity is illustrated. All of the glasses under investigation
have the same charge transport mechanism. The results suggest the semicon-
ducting nature of these glasses.
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1 Introduction

Lithium based-silicate glasses are widely recognized
as photosensitive glasses [1]. They are thermally,
chemically, and mechanically stable, making them a
perfect host for transition metal ions with intense
luminescence in the visible region [1, 2]. In amor-
phous matrices, nickel ions are very stable and
mainly occupy octahedral sites. The spectroscopic
properties of Ni*" ions in glasses are remarkable due
to their high stability, and various intensive investi-
gations into these materials are present in the litera-
ture [3-5].

In glass materials, a portion of Ni*' ions may
occupy tetrahedral positions, besides octahedral
occupation. Quantitative properties of modifiers and
glass formers, as well as their field strength, the size
of the ions in the glass matrix, modifier cation
motion, and other factors, all influence the concen-
tration of ions in tetrahedral or octahedral sites [6].
The octahedral nickel ions function as modifiers,
generating structural flaws, whereas the tetrahedral
ions combine with the basic glass network. The
physical properties of the host glass material, par-
ticularly its electrical properties, are likely to be
influenced by the movement of nickel ions between
these two sites [7]. The electron configuration of the
transition metal nickel ions causes the shell layer
being3d°4s’, transitions among Ni** ions d orbits are
more sensitive to matrix changes [8].

Nickel oxide has been the subject of several scien-
tific studies, particularly due to its remarkable opti-
cal, electrical, and magnetic properties [9]. NiO is a p-
type semiconductor prototype with a 3.6-4.0 eV
broad bandgap [10]. Before being employed in per-
ovskite solar cells (PSCs), nickel oxide was used as
the p-type hole transport layers (HTL) in dye-sensi-
tized solar cells (DSSCs) and organic photovoltaics
(OPV). NiOx has a high transparency due to its wide
bandgap (3.6 eV), deep valence band (— 5.2 to
— 5.4 eV), and high carrier mobility (0.1 cm*/Vs), as
well as good light, heat, and moisture stability,
making it a good candidate for hole transport layers
(HTL) in perovskite solar cells (PSCs). Using a low-
temperature combustion technique, copper-doped
NiOx (Cu:NiOx) achieved efficiencies of over 17.8%,
outperforming the traditional sol-gel-derived high-
temperature Cu:NiOx PCE of 15.5%. Thus, various
elements such as Cu, Li, Mg, Cs, and Co can be
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doped into NiOx to improve conductivity and PSC
efficiency by lowering interfacial resistance at the
HTL/perovskite interface [11].

The electronic features of NiO have benefited
anodes for lithium-ion batteries, electrochromic
coatings, solar cells, antiferromagnetic materials,
composite anodes for fuel cells, and chemical (gas)
sensors. NiO is also examined, into that, for appli-
cations such as electrochemical devices, supercapac-
itors, smart windows, and dye-sensitive
photocathodes [12].

The transparent glasses and ceramics doped with
NiO have received interest for use in broadband
optical amplifiers and tunable lasers due to its broad
and extended emission in the wavelength spectrum
covering the whole optical communication windows
[13-15]. Both tetrahedral and octahedral positions in
the glass network are occupied by nickel ions, when
they are incorporated into base glass [16], and pro-
duce different colors depending on the equilibrium
between nickel ions in the sixfold NiOg and fourfold
NiO4 coordination [17]. Ion concentration in the
tetrahedral or octahedral positions is affected by the
composition and type of the host glass [18].

Among others, the Broadband Dielectric Spec-
troscopy (BDS) has recently been considered as a
very useful tool for probing charge carriers’ transport
as well as the different kinds of molecular dynamics
in all condensed matters. This is because it can probe
the molecular fluctuations and charge transport in
broad ranges of frequency and temperatures.

Nickel oxide plays a very well role in traditional
glasses in small amounts. Earlier researchers [19-21]
investigated the optical, redox (Ni/Ni*"), and mag-
netic properties of nickel-contained glasses with low
NiO contents. Also, Smith et al. [22] used neutron
diffraction to investigate the structural characteriza-
tion of bioactive glasses doped with 4.0 mol% NiO
and found Ni-O-5i bonding in the silicate network,
with one third of the Ni*" ion occupying a network
forming tetrahedral geometry and the other two
thirds occupying a fivefold coordination in the bio-
glass. Finally, Suresh et al. [23] studied the spectro-
scopic characteristics of lead-bismuth-silicate glasses
containing 0-1.0 mol. % NiO and found that Ni**
ions were present in the glass in both octahedral and
tetrahedral symmetries. According to the authors,
increasing the concentration of Ni** ion increased its
octahedral coordination, which dominated the tetra-
hedral coordination of Ni** ion in the glass. Because
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of the importance of Ni?* ions, we focused our
research on the effects of major quantities of NiO
could hardly be found in the literature on the struc-
tural, optical, and dielectric properties of calcium
lithium silicate glasses and the Ni** environment in
the glass matrix.

2 Materials and method
2.1 Glass synthesis

For the present investigation, the chemical composi-
tion of the glasses, based on (11.5 — x) CaO - 23.5
Li,O- 65 SiOy(mol. %) was studied with NiO/CaO
replacements (x NiO, where; 0 < x < 11.5). For
this purpose, ACS Reagent Grades, Li,CO3; (99.0%),
calcium carbonate (> 99.0%), nickel oxide powder
(99.7%), and SiO, (99.9%) were used. All reagents
were from Sigma Aldrich and used as received.

The glass samples were processed by the melt-
quenching method. Where, the appropriate quanti-
ties of Li,CO3, CaCO;, NiO, and SiO, solid reagents
were completely mixed in an agate mortar. Each
mixture was, then, liquefied in an alumina crucible in
the 1275 °C — 1350 °C temperature range in an auto-
matic temperature-controlled furnace for nearly 2 h.
The formed free transparent liquid glass melts were,
then, cast in a brass mold and successively annealed
at 400 °C in a muffle furnace to relieve the structural
stress.

Finally, each sample was cut into the desired
shapes and sizes and polished for further character-
ization. The details of the glass composition samples
and their labeling are given in Table 1. A photo of the
prepared glasses containing NiO is shown in Fig. 1.

Table 1 Chemical composition of lithium calcium silicate glasses
containing NiO

Glass Chemical compositions (mol. %)
samples - ) )
Li,O CaO NiO SiO,

GNO 23.5 11.5 - 56
GN1 23.5 8.63 2.87 56
GN2 23.5 5.75 5.75 56
GN3 235 2.87 8.63 56
GN4 23.5 - 11.5 56
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2.2 Characterization techniques

The XRD patterns of the powdered glass samples
were recorded by a Bruker-AXS D8 Advance
diffractometer with Cu/Ko radiation (A = 1.5406 A)
and Ni filtered at 0 < 20 < 80, and 35 mA and 45 kV
as generator settings with step size [ - 2Th. = 0.0530].

For describing material tightening and structural
changes of our samples, density (p) measurements
were required. The Archimedes principle was
employed to determine the densities, using distilled
water as the immersion liquid [24].

Sy (L (1)
p - w1 o W2 pwalen

where W; and W, denote the sample’s weight in air
and distilled water, respectively, and p,,, denote the
density of deionized water at room temperature
(1.0 g/cm®). From the measured densities, the molar
volume (V) of the studied samples was calculated
using Eq. (2):

Vi=>_ xiMi/p, (2)

where x; is the molar fraction, M; is the molecular
weight of each (i) component and p is the sample
density [25]. Table 1 shows the measured molar
volume and density values. Density (p), molar vol-
ume (V,,), and other physical parameters like ionic
concentration (N), polaron radius (r,,), and inter ionic
distance (r;) are estimated using the measured values.
A Vickers microhardness test was performed using
(a SHIMADZU, HMV-2) instrument, adopting a
0.1 kg load on a flat glass surface. For all samples, the
loading time was set to 20 s. Hardness values were
recorded as an average of at least five indentations
for each sample. The Vickers microhardness value
(Hy) was determined using the following formula:

HV (Kg/mn?) = A(P/L2), (3)

where A represents a geometrical constant equal to
1854.5, P is the applied load (g), and L is the average
diagonal length (mm). By multiplying the obtained
values by a constant value of 9.807, the values were
converted from kg/mm? to MPa.

Fourier transform infrared absorption spectra
(FTIR) were recorded at room temperature in the
wavenumber region of 400 — 4000 cm™! by an infrared
spectrophotometer (JASCOFTIR-430, Japan). Each
sample has been mixed with KBr at a weight ratio of
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Fig. 1 Photo of the synthesized glass samples

1:100 before being pressed into a homogenous pellet.
To eliminate moisture, the infrared absorbance mea-
surements were performed at room temperature and
shortly after producing the pellets.

The diffuse reflectance spectra (DRS) of the sam-
ples have been studied from 300 to 2500 nm by the
JASCO UV-VIS-NIR Spectrophotometer model
V-670. The conductivity and dielectric parameters
were performed using a high-resolution alpha ana-
lyzer (Novocontrol Technologies, GmbH & Co. KG).
The measurements were carried out over a broad
range of frequency [0.1 Hz-20 MHz] and isother-
mally at different temperatures ranging from 35 to
150 °C. The measuring temperature is stabilized with
an accuracy of £ 0.1 °C using Quattro temperature
controllers employing pure-nitrogen gas as the heat-
ing agent.

3 Results and discussion

Among different components of CaO — Li,O — SiO,
glass composition, SiO; is a well-known glass former
that is predicted to collaborate in the glass matrix
with tetrahedral [SiOy /2]0 units, while the SiOy tetra-
hedral form shares all four oxygen atoms [26]. As
demonstrated in the equilibrium process below,
adding Li,O (glass modifier) to silicate glasses causes
the creation of non-bridging oxygens (NBOs) and
other silicate structural groups inside the glass
matrix.

2Q — QU 4 QD (i = 3,2,1) 4)

The concentration of such structural units is affec-
ted by temperature, pressure, and the type of modi-
fiers. The glass network is depolymerized by the Li*
ions via the equilibrium reactions mentioned below
[27].

a) 2[Si02)]” + LirO — 2[SiO)2)]~ + 2Li), (5)

b) 2[SiO\22)02]2 + LirO — 2[SiO(1 2033~ + 2Li™).
(6)

The coordination of Ni*' causes many structural
changes when nickel oxide is incorporated into these
glasses. Nickel ions can be in a tetrahedral or octa-
hedral coordination state. The glass network is gen-
erally affected by nickel ions with octahedral
coordination together with calcium ions, resulting in
a large number of non-bridging oxygen and intersti-
tial impurity sites. Certain glass compositions may
include nickel ions in the Ni** state. In glass systems,
nickel cations prefer octahedral over tetrahedral sites
in glass because octahedral environments have
higher crystal field stabilization energy [28].

3.1 X-ray diffraction

The X-ray diffraction patterns of the selected glass
samples (GNO, GN2, and GN4) are presented in
Fig. 2. The obtained results show that the glasses
have an amorphous structure and that there is no
evidence of crystalline phases of the produced
samples.
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Fig. 2 XRD patterns of the selected glass samples (GNO, GN2,
and GN4)

3.2 Physical properties

The density of the glass material is affected by factors
such as structural compaction, changes in the glass
matrix geometrical structure, changes in the glass
forming ions coordination, and variations in the
diameters of the interstitial holes. As a result, the
density is proportional to how closely the ions and
ionic units in the network are packed together. Fig-
ure 3 illustrates the correlation between density and
molar volume in glass samples with different NiO
contents. It is observed in Table 2 that the density of
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prepared glasses is affected by the amount of NiO
present. It was noted that the sample densities
increased from 2.4794 to 2.6251 g/ cm3, and the molar
volume decreased from 21.1848 to 20.8251 mol/cm?,
respectively. The progressive density rise is due to
the partial replacement of CaO with lower density
(334 g/cm®) by NiO with higher density value
(6.67 g/cm®). Furthermore, density can be increased
by replacing higher molecular weight NiO
(74.71 g/mol.) with lower molecular weight CaO
(56.08 g/mol.) [29]. However, the molar volume of
the glass matrix is reduced when CaO is replaced by
NiO, resulting in compactness and rigidity.

The concentration of Ni*" ions in the interior of the
produced samples was determined wusing the
formula:

_ mol%ofdopantxglassdensityofx AvogadroNo.

(7)

Averageofglassmolecularweight

The following relationships were applied to esti-
mate the polaron radius (r,), internuclear distance (r;),
and field strength (F).

=), ®

)= (%), 9
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Table 2 Physical properties of the prepared glasses

10601

Sl. no Physical parameter (units)

Glass samples

GNO(x = 0) GNI(x = 2.87) GN2(x = 5.75) GN3(x = 8.63) GN4(x = 11.5)

1 Average molecular weight (g/mol) 52.5255 53.0602 53.5968 54.1333 54.6680
2 Density (p) (g/cm®) 2.4749 2.5250 25509 2.5798 2.6251
3 Molar volume(cm3/mole) 21.1848 21.0140 21.0109 20.9835 20.8251
4 Microhradness(MPa) 4197 4428 4511 4536 4979
5 Ni?* jon concentration (N) (10*%ions/cm®) - 0.1645 0.3297 0.4954 0.6652
6 Inter-ionic distance (r;) (z&) - 8.4709 6.7191 5.8660 5.3172
7 Polaron radius (r,) (A) - 3.4137 2.7078 2.3640 2.1428
8 F (x 107 ecm™2 - 5.0357 8.0037 10.5025 12.7804
9 OPD(g. atm/l) 0.07789 0.07851 0.07853 0.07863 0.07923
- z (tetrahedral and octahedral coordination), causing
F(lem™) = 5 - (10) he o b 36
rp) the glass structure to become more compact [36].

The oxygen packing density (OPD) in (g.atm/1) of
glass was evaluated using the formula below, which
indicates the distribution of oxygen atoms in the
prepared glass network [29, 30]:

Oxygenpackingdensity = 1000 x O/V_, (11)

where ‘O’ denotes the presence of a number of oxy-
gens in the oxide glass component and V,, is the
molar volume. Table 2 contains the OPD values. This
suggests that the glass structure is becoming more
densely packed. Table 2 shows the measured physi-
cal properties of the investigated glasses as a function
of Ni content. With increasing Ni*" ion content, the
oxygen packing density (OPD) and field strength (F)
increase, indicating that structural characteristics
improved [31]. As a result, the decrease in the values
of internuclear distance (r;) and polaron radius (r,)
with increasing dopant ion concentration (N) sup-
ported the rigidity of the glass structure [32].
Hardness is an important mechanical attribute of
materials, which is described as a material’s resis-
tance to scratching and indentation in a variety of
situations [33]. Glass microhardness is a bond-sensi-
tive property that indicates chemical bonding[34, 35].
As shown in Table 2, the prepared glass microhard-
ness was determined and reported as 4197, 4428,
4511, 4536, and 4979 MPa for samples GNO, GN1,
GN2, GN3, and GN4, respectively. It is clear that as
the NiO content increased, microhardness increased
dramatically. This increase could be attributed to the
Ni** ion acting as a network intermediary

3.3 Fourier Transform Infrared
Spectroscopy (FTIR) spectra

In general, FTIR analysis is a helpful non-destructive
tool for evaluating compositional and structural
changes of glass materials because it provides
important information about the distribution of
structural groups inside the glasses [37]. The effect of
nickel oxide on the structural properties of the CaO-
Li,O-5i0O, glass system was examined by obtaining
FTIR spectra in the range of 400-1400 cm ™!, as shown
in Fig. 4a. Because the record bands between 400 and
1400 cm~! are wide and asymmetric, with the
exception of a few shoulders, the experimental
spectra must be performed (divided into their com-
ponent bands). As a result of this deconvolution, all
bands in the FTIR spectrum become more distinct,
making it easier to identify their functions. Every
component band in a structural group is associated
with a specific type of vibration. Furthermore, indi-
vidual component bands develop their own unique
characteristics, such as a center associated with a
specific type of bond vibration. In addition, the
number of such bonds in a structural unit is related to
its comparative area [38]. Several vibrational modes
of the basic glass are depicted in Fig. 4b. The main
characteristic of the silicate network is confirmed by
the FTIR absorbance spectra bands of all the prepared
glasses, possibly attributable to the presence of SiO,
as a major constituent. The FTIR deconvolution
spectrum for nickel-free glass (GNO) that was
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Fig. 4 a FTIR spectra of all studied glasses b Deconvoluted FTIR spectra of GNO glass

obtained, in which x = 0 mol % NiO is presented in
Fig. 4b. In this figure, the appearance of the following
bands may be seen around ~ 402, ~ 457, ~ 776, ~
945, ~ 1025, and ~ 1150 cm~!. The super position of
many bands of the antisymmetric stretching vibration
of the O-Si-O bonds of the SiO4 tetrahedral units
with different oxygen ions that form bridges or bonds
is related to the wide, strong band at about 945-1150
cm~!. The bands were attributed to Q* (four bridging
oxygen ions),Q*(three bridging oxygen ions per sili-
con), Q*(two bridging oxygen ions),Q!(one bridging
oxygen ion), and Q°(without bridging oxygen ions) of
SiOy4 units, which are assigned in the 945-1150 cm~ !
range [39, 40], whereas the band at 776 cm~! was
related to the Si-O-Si symmetric stretches of non-
bridging oxygen atoms between tetrahedral. These
regions can also have a band due to the distorted
octahedral structure of NiOs. The bending/rocking
vibrational band of Si-O-Si units was predicted in
the 402-457 cm~! spectral range. A stretching vibra-
tional band due to Ni-O-Ni linkages is also expected
in the 402457 cm~! spectral region. Because of the
rocking/bending vibrations of the Si-O-Si units [1],
this band appears to have merged with the other.

In addition, as the nickel oxide content in the glass
matrix increases, IR spectra of the produced glasses
reveal that all asymmetrical bands develop instead of
symmetrical bands, and the Ni*' ions appear to
coexist in both 4- and 6-fold coordination in the
current glass samples, and partially occupying the

interstitial location. The transformation of Ni**

@ Springer

octahedral sites to tetrahedral sites causes the glass
network to polymerize, resulting in a more compact
glass structure. Table 3 shows the assignments of
several band positions in the IR spectra.

3.4 UV-visible diffused reflectance
analyses

Diffused reflectance spectroscopy (DRS) was
employed to evaluate the optical properties of the
prepared glass samples. The results are shown in
Fig. 5a. The optical properties through DRS of the
prepared glass samples indicate that absorption edge
for nickel-free glass is observed at 236 nm, and for
the initial substitution of NiO/ CaO, the absorption
edge exhibited gradual red shift (shift longer wave-
length), and for further increase of NiO content, the
absorption edge exhibited gradual blue shift (shift
longer wavelength). The energy bandgap of the
samples has been determined using the Kubelka-
Munk (KM) relation theory and is given in Eq. (12)
[41].

FR) = : (12)

where F(R) denotes the Kubelka-Munk function and
R denotes the percentage of reflectance. The plot

between (F(R)hv)?> and h v gives the band-gap ener-
gies (E,) of the studied glass samples as displayed in
Fig. 5(b). For the investigated glass samples, the
obtained optical band-gap energies were calculated
to be 1.79, 1.82, 1.84, 1.86, and 2.01 eV, as shown in



Table 3 Summary of assignments of various bands in IR spectra of Li,0—CaO-SiO,:NiO glasses

Band(cm™") IR assignment References

402-457 Asymmetric bending vibrations of SiOy4 units stretching vibrational of Ni-O—-Ni linkages [26, 63]

776 Si—O symmetric stretching vibrations [26, 64]

1100-1150  Asymmetric stretching vibrations of O—Si—O bonds in SiOgtetrahedra with four bridging oxygen ions per [26, 64]
silicon (Q%)

1050-1100  Asymmetric stretching vibrations of O—Si—O bonds in SiOg4tetrahedra with three bridging oxygen ions per  [26, 64]
silicon (Q%)

1000-1050  Asymmetric stretching vibrations of O—Si—O bonds in SiOgtetrahedra with two bridging oxygen ions per [26, 64]
silicon (Q?)

950-1000 Asymmetric stretching vibrations of O—Si—O bonds in SiOg4tetrahedra with one bridging oxygen ions per [26, 64]
silicon (Q")

900-950 Asymmetric stretching vibrations of O—Si—O bonds in SiOgtetrahedra without bridging oxygen ions per silicon [26, 64]

Q"

Table 2. A slight increase in band-gap energy has
been observed with increasing the NiO content.
Incorporation of NiO in these glasses leads to several
structural changes based on the coordination of
nickel ions [28]. In tetrahedral coordination, it would
enter the [SiO4]* network as a [NiO4]*~ species, but
depending on the availability of oxygen in the envi-
ronment, it might also act as a network modifier in
octahedral coordination. The entrance of heavier Ni*"
]*" tetrahedral unites in substitution of
*

ion as [NiO4
lighter Si*" ion in [SiO4]*” matrix caused the creation
of Ni—-O-Si links in the silicate network structure [29].
There are many variables to consider, including the
refractive index (n), molar refraction (R;), molar
polarizability (o), and reflection loss (R;) of the
glasses that have been calculated by using equations
[42, 43], and their values are provided in Table 4.

nr—1 E

I ) =14/ 1
(n2 + 2) 20° (13)

E
Ry_Vyu|1— 2—3} (14)
3

m=| —— | Rm, 1
* (41INA) ( 5)
Ry = Ryy/Vin. (16)

The refractive index of glass is a significant char-
acteristic for elucidating the structure of glasses. It is
dependent on the specific ions present in the glass
besides the polarizability of the cations. The value of
refractive index decreases, indicating that the number

of non-bridging oxygens decreases [43-45]. The
molar refraction is the combination of the contribu-
tions of the oxygen ionic and cationic refractions [44].
With the addition of NiO, the molar refraction values
decrease (Table 4). In the present glass samples,
nickel ion appears to exist in both 4- and sixfold
coordination and partially occupies the interstitial
sites. In general, non-bridging oxygen ions are not
formed by tetragonally positioned Ni** ions, whereas
octahedrally positioned ions are, like any other
transition metal ions in the glass network, may act as
modifiers [46].

In most cases, the metallization criterion M is used
to obtain information about the non-metallic entities
of glass materials [47]. M values are completely
dependent on R;, values, i.e., lower Ry, values corre-
spond to higher M values. It can also be used to
explain the behavior of materials (insulator, semi-
conductor, and metallic). These M values are influ-
enced by the materials refractive index and optical
bandgap [48, 49]. The Dimitrov and Komatsu relation
is used to calculate the M values of the prepared
glasses, as in Eq. (17).

ue B "

Essentially, If M has a large value, 1, a material is
called an insulator, and if M has a small magnitude, it
is called a metal [48, 49]. In our glasses, M values
changed from 0.2990 to 0.3170, see Table 4. This
means that M values are in between large values
(insulators) and small ones (metals). As a result, the
produced glasses function as semiconductors.
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«Fig. 5 a Diffuse reflectance spectra (DRS) of all the prepared
glasses b band-gap energy measurements of all the prepared
glasses

3.5 Dielectric and electrical investigations:

The complex permittivity [defined as &*(V) =
g (U)—ie”(v),] € is the real part, and €” is the imagi-
nary part or dielectric loss, (i = /-1 and v is the fre-
quency), was obtained. The dissipation factor (tan & =
€”/¢’), complex conductivity o* = 0o’ + ic”, and
electric modulus, M* = M’ + iM” are determined
and interpreted according to their interrelationships
as detailed in Refs. [50-53]. The frequency depen-
dence of the parameters: ¢, tan 3, M”, and ¢’ will be
considered here. These three parameters are interre-
lated with each other according to

i " 1 1 G*

* = —1 = = = 18

ETemE iwZ*Cy, M*  iwe,’ (18)
8I/

t 5 = R 19

an = (19)
£

8/2 + 82 ’ (20)

o = ge , (21)

= 8.854
%1072 As V™' m™) and o is the angular frequency (o
= 2mv).

Figure 6 represents graphically the permittivity (')
versus frequency at different temperatures for the
NiO-free sample (GNO). Three different trends are
noticed all over the frequency range under investi-
gation. At the higher frequency range, starting from
20 MHz to about 100 kHz, the permittivity values are
collapsed together and have nearly no effect, neither
of frequency nor of temperature. This is due to the
fact that at such higher frequencies, all fluctuations

where &, the permittivity of free space (g
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and polarizations lag behind the alteration of the
electric field. This agrees very well with what has
been found recently [54, 55]. Further, a decrease in
frequency shows a splitting out of the permittivity
values with a remarkable effect of both temperature
and frequency. The bend-like behavior in this case is
originated from the well-known interfacial polariza-
tion. This phenomenon is supposed to be due to the
space-charge polarization that developed at the grain
boundaries. This kind of interfacial polarization
generates a potential barrier, and therefore, the ions
(cations and anions) accumulate at the grain bound-
aries. This interfacial polarization can be explained
according to Maxwell-Wagner-Siller (MWS-type)
polarization that is usually found in the heteroge-
neous medium. The considered medium here con-
tains conducting grains separated by grain
boundaries of lower electrical conductivity just like a
net of micro-capacitors [51, 52, 56, 57]. These bending
is remarkably shifted towards higher frequencies

(became faster) as the temperature increased
p
10*
3 Temp°C
L kN = o2
o 75
% v 100
10°F 125
> 150
8'
10?
Innn--..%ﬁm&t!!ngggi
101 il il
10" 10" 10° 10° 107
Freq. [Hz]

Fig. 6 Frequency dependence of permittivity, €, of the GNO glass

at indicated temperature

Table 4 Optical parameters of the glass samples for different NiO contents

Glass sample Optical bandgap Refractive index

Molar refraction Molar polarizability ~Reflection loss

Metallization criterion

(Eope-)(eV) (n) R, (cmP/mol) am(x 10%2) (Rr) M)
GNO 1.79 2.833 14.85 5.89 0.7010 0.2992
GN1 1.82 2.818 14.67 5.82 0.6981 0.3017
GN2 1.84 2.809 14.64 5.81 0.6968 0.3033
GN3 1.86 2.799 14.58 5.79 0.6948 0.3050
GN4 2.01 2.732 14.22 5.64 0.6828 0.3170
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confirming the dynamic nature of the process. The
lower frequency range shows a linear increase in
permittivity, €, and hence of dielectric loss, ¢ (not
shown here). The rate of change of ¢’ and €” increases
remarkably as the temperature increases, confirming
that the main response here is due to the charge
transport (conductivity) which reduces the influence
of any dynamic relaxation. This confirms the previ-
ously stated linear relationship between ¢’ and elec-
tric conductivity in Eq. (21).

Figure 7 depicts the calculated loss tangent, tan 9,
and electric-loss modulus, M as a function of fre-
quency for three selected compositions, GNO, GN2,
and GN4, as shown in Table 1. The space-charge
polarization is appeared in these two parameters at
higher frequencies than in the case of the permittivity
spectrum. On the other hand, the peak shifted
towards a lower frequency and its intensity became
higher with the addition of nickel oxide. This may
reflect the increase of the accumulated ions at the
boundary accompanied by the slowness of their
fluctuation. Several dielectric and electric-active pro-
cesses can be detected as peaks in the modulus rep-
resentation[50]. The frequency dependence of electric
modulus loss shows that the conductivity contribu-
tion is converted into a peak. The conductivity peak
is characterized by a lower density and a faster
hopping mechanism (i.e., shifted towards higher
frequency) as the calcium oxide is completely
replaced by the nickel oxide. The space-charge

M
10°

10" 10'

Fig. 7 Frequency dependence of the dissipation factor, tan &
(closed symbols) and electric-loss modulus, M"(open symbols) at
30 °C for the GNO, GN2, and GN4 glass samples at 35 °C
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polarization separated remarkably in the modulus
presentation and dissipation factor from the con-
ductivity contribution peak. So, it appears in these
two parameters at higher frequencies than in the case
of the permittivity spectrum.

3.6 Electrical investigations

The charge carriers’ transport process, and hence, the
dc conductivity,oy., is governed by the ability of the
free ions to overcome the randomly distributed
energy barriers. The highest energy barrier that must
be overcome to achieve an infinite cluster of hopping
sites determines the onset of dc conductivity [58]. The
determined ¢’ and M" are presented in Fig. 8 against
frequency for the NiO-free sample as a representative
example.

The real part of the complex conductivity (some-
times called ac conductivity), ¢’, is characterized by a
plateau-like behavior at the lower frequency range.
This frequency-independent conductivity value
determines the dc conductivity,cq. directly. The
characteristic frequency, v.—at which dispersion sets
in and turns into a power law at higher frequencies—
is related to the hopping time [according to T, =
1/(2nv;). The conductivity spectrum represented
here follows the empirical Jonscher power law very
well [59, 60].

10

10°¢

10°°

o' [S/em]

10-10

125I | 2 150I
10° 10°
Freq. [Hz]

41072

Fig. 8 Frequency dependence of the real part of complex
conductivity, o’ (open symbols) and electric-loss modulus,
M’ (closed symbols) of the GNO sample at indicated
temperatures. The line is fit of Eq. 22 to the data
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& (V) = ou {1 + <1H (22)

Ve

The exponential n takes values between 0.5 and 1.
Using Eq. 22, one can estimate both dc conductivity,
G4c, and the characteristic frequency, v.. These two
parameters are related to each other according to the
well-known empirical law of Barton-Nakajima-—
Namikawa, (BNN law): c4. ~ V.. On the other hand,
no decrease from cg. is noticed at lower frequencies,
indicating the absence of any effect due to the elec-
trode polarization. Figure 8 shows clearly the fre-
quency position of the peak maximum of M” as
represented against frequency, (vm) exactly at the
same characteristic frequency, v., and shifted
towards higher frequencies with heating at the same
rate. This confirms that the dynamic peak on the
electric modulus loss expresses the dynamic of the
charge transport and, hence, the conductivity contri-
bution. Empirically,

Ve~ VM~ —, (23)

with which vy is the radial frequency corresponding
to maximum peak position in the imaginary part of
the electrical loss modulus. However, v. = (1/1,) is
the characteristic time that defines the attempt rate of
the charge carrier to overcome the highest energy
barrier that limiting thecy, thereby enabling the
physical interpretation of v, within the random bar-
rier model [61, 62]. Figure 8 represents the frequency
dependence of the real part of conductivity, o’, for
the three selected samples at two different tempera-
tures, namely, 35 °C and 150°C. The conductivity
spectrum, o’(v), is dominated in the lower frequency
range by the underlying physical mechanism of
charge transport. The absolute values of dc conduc-
tivity deduced from the fitting of Eq. 22 to the data
vary over more than 5 decades with temperature and
upon systematic structural variation of the investi-
gated composition. The temperature dependence
ofcy, (semi-log scale), which is a directly observable
quantity characterizing charge transport, consistent
with the Jonscher equation (Eq. 22) is shown in the
inset of Fig. 9. One has to conclude that, although the
dc conductivity increases exponentially with tem-
perature, the GN4 glass sample has the highest val-
ues all over the measuring temperatures. Similar
behavior is found for the temperature dependence of
the characteristic frequency, v, and modulus
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10°

— 10°
£
9
2
"o

107°

10™

10" 10" 10° 10° 10’
Freq. [Hz]

Fig. 9 Frequency dependence of the real part of complex
conductivity, o’: at 150 °C (open symbols) and at 35 °C (closed
symbols) for the GNO, GN2, and GN4 glass samples. The inset
shows the temperature dependence of the dc conductivity, cdc

frequency of the maximum position, vy This con-
firms, once again, the idea that the main topic in this
range of frequency and temperature of the composi-
tions under investigation are originated from the
charge transport mechanism rather than the interfa-
cial or any other fluctuations. The main two param-
eters characterizing charge transport, i.e., o4. and v,,
are directly observed during the fitting of Junscher’s
empirical equation to the data, which are graphically
illustrated against each other (as shown in Fig. 10).

-7 T T T T T T

8}

9}

log (o4 [S/cm])

-1 0 1 2 3 4 5 6
log (v [Hz])

Fig. 10 The dc conductivity, o4, as represented against
characteristic frequency, ve, for the GNO, GN2, and GN4 glass
samples at different temperatures ranging between 35 °C and
150 °C. The solid line is a linear regression using all data points
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BNN relationship holds for all the considered com-
positions and all the data collapse into one chart,
indicating that the mechanism of charge transport is
similar for all considered glasses.

4 Conclusions

A calcium lithium silicate glass system containing
NiO was successfully synthesized. Furthermore, the
structural, optical, and electric properties of the pre-
pared glasses were also investigated. Powder X-ray
diffraction patterns confirmed the glassy nature of all
the prepared glass samples. Various physical prop-
erties of these glasses are examined. FTIR absorption
spectra are characterized by intense absorption bands
between 400 and 1400 cm™'. Because of composi-
tional variations, FTIR measurements have revealed
structural changes in the glass matrix. Furthermore,
with an increase in nickel oxide content, these results
show the occurrence of octahedral Ni** ions at the
expense of tetrahedral ions. The optical properties
through DRS of the prepared glass samples indicate
the existence of nickel ions both tetrahedral and
octahedral positions. With increasing NiO content, a
slight increase in optical band-gap energy has been
observed, which is attributed to the Ni** would join
the [SiO4]*™ network as [NiO,]*~ unites in tetrahedral
coordination. Electrical investigations of the glass
system show that the dc conductivity increases
exponentially with an increase in temperature, and
the relation between characteristic frequency and dc
conductivity follows the empirical BNN model, and
the mechanism of charge transport for the investi-
gated samples is the same. The results suggest the
semiconducting nature of glasses.
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