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A B S T R A C T   

Borophosphosilicate glasses with varying sodium ion concentrations were investigated for their, structural, 
thermal, and electrical properties. All the obtained glasses were transparent except the glass with the highest 
sodium content, which exhibited translucency due to inhomogeneities. Increasing sodium content led to reduced 
boron and silicon content while maintaining a constant B/Si ratio, indicating progressive depolymerization of the 
glass network. Confocal microscopy, scanning electron microscopy, and atomic force microscopy showed ho-
mogeneous and granular structure for samples with lower sodium content, but higher sodium content resulted in 
visible agglomeration/nanocrystallization. X-ray diffractograms showed amorphous nature for most samples, 
with samples doped with the highest concentrations of Na2O showing several broad reflections suggesting 
nanoscale crystallinity. Fourier-transform infrared spectroscopy revealed shifts in dominant bands with 
increasing sodium content, indicating depolymerization of the borate network. An observed decrease in glass 
transition temperature and thermal stability with increasing sodium content was attributed to depolymerization 
and formation of non-bridging oxygens. Impedance spectroscopy revealed two relaxation processes associated 
with the transport of Na+ ions through two different regions. DC conductivity and activation energy predomi-
nantly increased with the sodium ion content at high temperatures.   

1. Introduction 

Borate glasses are characterized by low melting temperature and 
exhibit interesting properties such as chemical resistance, optical 
transparency, and electrical insulation in their pure form, making them 
highly desirable materials for a variety of applications including solar 
energy converters, optical fibers, electronics, and radiation shielding 
[1-4]. The glass network of borate glasses is composed of two types of 
coordination with oxygen atoms, resulting in trigonal and tetragonal 
units. The small B3+ ion allows to fit precisely into the triangular void 
created by the contact of three oxide ions, leading to the formation of 
BO3 units. These units, arranged in triangular configurations, offer 
various glass structure combinations such as di-, tri-, tetra- and penta-, 
facilitated by the introduction of appropriate modifiers and linked by 
B–O–B bonds. BO3 units serve as the basic building blocks of all 
borate-based glasses, and the addition of a network modifier can 

additionally improve the physical and structural properties of these 
glasses [4-6]. Alkali ions, including: Na+, Li+, K+, Rb+, and Cs+, act as a 
modifier in the borate network. However, their adequate concentration 
can change the dielectric material into ionic semiconductor [7-10]. The 
ionic conductivity of glasses results from the hopping of monovalent 
cations under the influence of an applied electric field [11,12]. Na–B–O 
glass systems may exhibit high ionic conductivity therefore they can be a 
good candidate for solid electrolytes for new generation 
sodium-batteries [13-15]. It is worth mentioning that soda-borate 
glasses are highly hygroscopic, therefore doping with other 
network-building oxides like SiO2 will be beneficial to improve chemical 
resistance and mechanical stability [16,17]. 

One of the well-studied glasses are soda-lime-silicate glasses [18-21]. 
Their electrical properties depends on the Na2O content, reaching 
approximately 3 × 10− 3 Scm− 1 at 300 ◦C for a 50 mol% content. This 
increase could be attributed to the structure changes caused by higher 
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concentration of modifier oxide, which enhance the mobility of the 
monovalent cations [22]. The impact of the modifications of glass 
structure and composition on conductivity behavior in silicate glass 
system remain of great interest. The studies of the effect of substituting 
CaO for Na2O in silicate glasses, demonstrating that it modifies the glass 
network and increases conductivity values not only by the higher mobile 
ion content but also because of an improvement of its mobility [23]. 
Research on the influence of changes in the silicate glass matrix while 
maintaining a constant content of alkali ions showed that the conduc-
tivity of glasses doped with, among others, Ca, Mg, Ge are reduced [24, 
25]. A similar effect was observed in the case of substitution with Ti, Ge, 
Zr, Sn and Ce cations. The decrease in conductivity was related to the 
impact of the added cations on the mobility of moving Na+ ions [26]. 
Depending on the dopants, silicate glasses are characterized by high 
melting point, glass transition, chemical resistance and good mechanical 
parameters. They are often the basic element of glasses used in everyday 
life [18,22,24,27,28]. For this reason, it is worth considering their 
addition to borate glasses to improve their target properties. In a review 
summarizing the progress made thus far in the quest for sodium glasses 
with high ionic conductivity for emerging battery technologies, it be-
comes apparent that many glasses and glass-ceramics exhibiting such 
conductivity, apart from SiO2, also incorporate glass-forming oxides like 
P2O5 [14,17,29-32]. There are suggestions that the presence of the 
amorphous or crystalline phosphate phase could significant enhance the 
ionic conductivity of the glasses therefore it was also included it in the 
structure of the studied materials [14,17,29-33]. 

Presented findings highlight the significant influence of sodium 
doping on the structural, thermal, and electrical properties of bor-
ophosphosilicate glasses, emphasizing the importance of understanding 
composition-property relationships in this glass system. Therefore, the 
aim of this study is to determine the ionic conductivity of mentioned 
glass system doped with high sodium ion content. Furthermore, a 
thorough structure analysis, correlated with thermal behavior, is pro-
vided to enhance understanding of the ion transport mechanism. 

2. Experimental 

Five glass samples were prepared by melt-quenching technique with 
different chemical composition xNa2O–2P2O5-(98-x)[2B2O3–SiO2], with 
x = 49, 43, 40, 37 and 31 in mol%. The batch materials used in glass 
melting were Na2HPO4 (≥99.5 % Sigma Aldrich), Na2CO3 (99.9+ % 
ChemPur GmbH), H3BO3 (Alfa Aesar 99.5 %) and SiO2 (99.9 %, ABCR 
GmbH & Co.). The mixed batch materials were ground in an agate 
mortar, then melted in alumina crucible in air at a temperature of 950 ◦C 
for approximately 30 min. The glasses were poured onto a brass plate 
preheated to 250 ◦C and stamped to obtain flat samples. To remove 
internal stresses, the glasses were annealed at a temperature of 330oC for 
10h with a heating and cooling rate of 3oCmin− 1. 

The compositions of the obtained samples were determined using a 
Scanning Electron Microscope (SEM), FEI Company Quanta FEG250 
with an Energy Dispersive X-ray Spectrometer (EDX GENESIS Apex 
Apollo X60 Spectrometer). EDX measurements were performed in three 
different areas of fresh cross-sections for each sample. The obtained 
results were similar, and average values were used to estimate the metal 
contents. The boron content was estimated by keeping the Na/Si and 
Na/P ratios constant. The content of all metals is shown with an accu-
racy of ±3 %. All figures and calculations in this paper are made using 
the analyzed compositions. The morphology of glass surfaces was 
examined using an Olympus LEXT OLS4000 Confocal Scanning Laser 
Microscope (CSLM). Color imaging was executed under white LED light, 
while 3D images were acquired utilizing a 405 nm laser and a Photo-
multiplier Detector. The highest optical magnification employed was 
2160x. 

All the samples were investigated using the X-ray powder diffraction 
(XRPD) method. Spectra were obtained at room temperature, employing 
a Bruker D2 PHASER diffractometer equipped with CuKα radiation 

(wavelength, λ = 1.5406 Å) and a LynxEye-XE detector, covering a 2θ 
range of 5◦ to 70◦. Additionally, the samples structure were assessed 
using infrared (IR) spectroscopy. Powdered samples, blended with KBr 
powder, were pressed using a hydraulic press to form plane-parallel 
plates. Fourier-transform infrared (FTIR) spectrum were recorded 
using a PerkinElmer FTIR spectrometer with scanning range of 
400–4000 cm− 1, averaging 64 scans, and a resolution of 4 cm− 1. The 
acquired IR spectra underwent background correction and normaliza-
tion to the dominant band. The band positions were determined using 
Origin software with a precision of ±2 cm− 1. 

The thermal properties were examined by differential scanning 
calorimetry (DSC) using a Phoenix DSC 204 F1 Netzsch instrument for a 
sample mass of approximately 5 mg. Measurements were performed in 
alumina crucibles with a lid, under the air flowing, at a heating rate of 
10oCmin− 1 from a temperature of 30–600oC. Proteus software from 
NETZSCH was used to estimate the glass transition temperature (Tg) and 
crystallization process temperatures (Tc), with an accuracy of ±2 %. 

The electrical properties of the samples were studied using the 
impedance spectroscopy technique. Gold electrodes were deposited onto 
the finely polished, plane-parallel surfaces of circular samples under 
vacuum. Impedance assessments were conducted over a frequency range 
spanning from 10 mHz to 1 MHz and a temperature range of 473 K–153 
K, with a step of 10K (during cooling). An AC voltage of 1 Vrms was 
applied during the measurements utilizing the Novocontrol Concept 40 
broadband dielectric spectrometer Alpha-A, equipped with the ZG4 
dielectric interface. The measurements were carried out in a nitrogen 
atmosphere, employing the temperature control system Quatro 
Cryosystem. 

3. Results and discussion 

3.1. Glass composition, topography and structure 

Glasses obtained in the borophosphosilicate system with varying 
concentrations of sodium ions are colorless and transparent, as shown in 
Fig. 1. Among all these glasses, only the one with the highest sodium 
content is translucent, indicating the presence of inhomogeneities 
within it. Despite being exposed to atmospheric factors for a long period 
(a year), the samples did not show clear hygroscopic properties, sug-
gesting an improvement in chemical resistance due to the addition of 
SiO2. Table 1 shows the ID’s of the samples associated with the Na2O 
content in mol% (31, 37, 40, 43, or 49) and their compositions before 
and after melting. However, attempts to melting sample 49Na into a 
stable format were unsuccessful due to high internal stresses, resulting 
the immediate cracking of the sample. The increasing content of sodium 
oxide in the samples replaced both boron and silicon oxides, the ratio of 
which remained constant at 3.8. Therefore, as a result, with the increase 
in the Na content (from 17.3 at% to 26.9 at%) a decrease in the B content 
(from 21.2 %at to 16.4 %at) and a slight decrease in the Si content (from 
5.5 at% to 4.4 %at) were mostly observed. Additionally, during the 
melting process, all glasses dissolved alumina from the crucible mate-
rial, which was taken into account in the analyzed compositions 
(Table 1). Notably, the maximum alumina content did not exceed 
approximately 1 at%. Comparing the theoretical batch compositions 
with the obtained glass ones, a gradual increase in the sodium content 
was observed along with a simultaneous decrease in the content of B and 
Si, i.e. the main units building the glass structure. However, the EDX 

Fig. 1. The photograph showing as-quenched samples.  
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results are very close to the nominal glasses compositions, with differ-
ences of only 1–2 at%. Therefore, the higher sodium content in the 
obtained composition may be due to normalizing the EDX results to 100 
%, while also accounting for the additional aluminum presence. 

Fig. 2 illustrates micrographs obtained by confocal microscopic 
technique for all samples: (A) 31Na, (B) 37Na, (C) 40Na, (D) 43Na, and 
(E) 49Na, at lower (left) and higher (right) magnifications. Upon 
analyzing the surface topography, it becomes apparent that the 31Na, 
37Na, and 40Na samples are homogeneous, with no visible areas of 
phase separation or agglomeration [34-36]. Such morphologies are 
typical for glasses. The topography of sample 43Na differs from the 
previous ones by the presence of visible dark point structures distributed 
over the entire tested surface. These observations may indicate a 
possible phase separation phenomenon, which is sometimes observed in 
glasses composed of multiple oxides forming a glass network [37,38], 
and/or agglomeration of a specific phase, not necessarily glass-forming. 
This phenomenon of phase separation/agglomeration was not observed 
in samples with a lower sodium oxide content, suggesting that the 
amount of sodium ions may significant impact the topography and 
behavior of the glass network. There is no dominant homogeneous 
structure in 49Na sample, which emphasizes the heterogeneity of the 
surface. Numerous precipitations are evident on the sample surface, and 
the formation of regular crystal structures indicates an ongoing crys-
tallization process during the cooling of the melt. 

To verify whether the visible inhomogeneities are only a surface 
effect and whether the structure of the glasses is homogeneous inside the 
material, further microstructure analysis was performed using the SEM 
technique. Fig. 3 shows micrographs captured on fresh fractures at 
various sample locations: 31Na (A), 37Na (B), 40Na (C), and D)), 43Na 
(E), and F)), and 49Na (G), and H)). Tests performed at lower magnifi-
cations showed that samples 31Na, 37Na, 40Na and 43Na are homo-
geneous at the fractures. However, at higher magnifications, samples 

31Na (Fig. 3A) and samples 37Na (Fig. 3B) exhibit a granular structure. 
For comparison, fragments of fractures for samples 40Na (Fig. 3C) and 
43Na (Fig. 3F) are presented at similar magnifications, where such 
granularity was not observed. However, in these samples, depending on 
the measurement location, some larger spherical inhomogeneities are 
observed. In the 43Na sample (Fig. 3E), circular-shaped in-
homogeneities can be seen, with diameter reaching up to 100 nm. The 
inhomogeneities are distributed unevenly within the homogeneous 
matrix. Measurement of the 40Na sample on the oblique part of the 
fracture showed the presence of size inhomogeneities reaching even μm 
(Fig. 3D, marked with red frame 1). However, they were not visible on 
the flat part of the sample. EDX analysis showed that these in-
homogeneities were richer in sodium than the surrounding matrix. The 
Na/Si ratio in red area 1 was 5.4, and in red area 2 was 4.5 (for com-
parison, in the 40Na composition Na/Si is 4.34). The 49Na sample was 
heterogeneous throughout, with smaller and bigger inhomogeneities 
ranging in size from nano to microscale (Fig. 3G and H). 

Additionally, observations were conducting using AFM, and the re-
sults are summarized in Fig. 4 for fresh fractured samples: 31Na (A), 
37Na (B), 40Na (C), 43Na (D), and 49Na (E) and (F)). Samples 31Na and 
37Na are characterized by a flat surface, with changes in height reach 
9–11 nm. Some granularity of the structure is visible, similarly to the 
SEM results. The results were consistent across different measurement 
locations. For the 40Na sample, some difference in topography begins to 
become visible. Depending on the location of measurement, the pres-
ence of larger or smaller inhomogeneities was observed. However, 
samples 43Na and 49Na show significantly different topography. Some 
inhomogeneities are visible, with their content increases significantly in 
the case of the 49Na sample. Based on the described topography studies 
on the surface and fractures, it can be concluded that the 31Na and 37Na 
samples tend to agglomerate, most likely of the sodium-rich phase. 
When sodium levels exceed a certain threshold (21 at%), agglomeration 
begins, possibly leading to nano/micro-crystallization. 

XRD studies were performed to determine the presence of a crys-
talline phase in the samples. X-ray diffractograms for all samples are 
presented in Fig. 5. The results for samples 31Na, 37Na, 40Na, 43Na 
showed halo typical of amorphous materials, with no intense reflections 
related to the crystalline phase. However, the diffractogram of sample 
49Na shows broad and relatively low-intensity single reflections, sug-
gesting the possible presence of a crystalline phase on the nanometer 
scale. The width and the surrounding amorphous halo make it chal-
langing to assign them to a specific crystalline phases. Nevertheless, they 
are most likely assosiated with SiO2 (code: 01-083-1831, ICSD:100753 

Table 1 
Glasses IDs, target and evaluated compositions.  

Sample 
ID 

Target glass composition (in at 
%) 

Evaluated glass composition (in at 
%) 

xNa2O–2P2O5-(98-x)[2B2O3–SiO2] in mol% 
31Na Na15.7B22.2Si5.8P1O55.3 Na17.3B21.2Si5.5P1Al0.4O54.6 

37Na Na19.1B20.6Si5.4P1O53.9 Na20.9B19.1Si5P1Al1O53 

40Na Na20.8B19.8Si5.2P1O53.1 Na21.7B19.1Si5P1Al0.4O52.7 

43Na Na22.6B18.9Si5P1.1O52.4 Na24.3B17.6Si4.6P1Al0.9O51.6 

49Na Na26.3B17.2Si4.6P1.1O50.8 Na26.9B16.4Si4.4P0.9Al1O50.5  

Fig. 2. Topography of glasses: (A) 31Na, (B) 37Na, (C) 40Na, (D) 43Na, and (C) 49Na observed using a confocal microscope, at lower (left) and higher (right) 
magnifications. 
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[39]) and Na4P2O7 (code: 00-010-0187, ICSD 10370 [40]). Based on the 
reflections’ width, it can be estimated that the size of the observed 
crystallites is lower than 20 nm [41]. The diffractograms of the 
remaining samples show some changes in appearance, which may also 
suggest the presence of a nanocrystalline phase, especially in the 43Na 
and possibly 40Na samples. However, these effects are barely visible and 
the position of these possible reflections is impossible to identify using 
our software. On this basis, we are unable to clearly deny or confirm 
possible nanocrystallinity in the mentioned materials. 

The IR spectra for all specimen are plotted in Fig. 6A. It can be seen 
that the visible bands are mostly rounded, characteristic of the amor-
phous phase. The main bands correlated with the glass network are 
found in the range of 400–1600 cm− 1. Analysis of the IR spectra of all 
glass samples reveals a significant shift of the dominant bands with 
increasing sodium content. Therefore, we will first describe the spec-
trum for the sample with the lowest sodium content (31Na) to attribute 
the observed changes to the increasing modifier content. The dominant 
visible band is wide, and extends from ~750 cm− 1 to above 1200 cm− 1, 

and is associated with the main units forming the glass network. Its 
asymmetry indicates that it consists of several smaller bands. Taking this 
into account, the most intense band can be distinguished at 982 cm− 1, 
with a visible shoulder at 846 cm− 1 and symmetrically at 1094 cm− 1. 
Additionally, a slightly visible bulge around 1190 cm− 1 can be observed. 
Considering that the main units building the glass network are borate 
units, and the asymmetric stretching vibrations of BO4 units are centered 
in the range of 800–1200 cm− 1, it can be assumed that the dominant 
bands are related to the B–O vibrations of BO4 units [42,43]. The band 
observed at 1094 cm− 1 can be correlated with di-, tri-,tetra-, and pen-
taborate groups belonging to BO3 and BO4 units [42,43]. Also visible 
shoulders close to 1190 cm− 1 and 846 cm− 1 are typical for to B–O 
stretching vibrations of trigonal (BO3, BO2O− ) units [44,45]. It is worth 
noting that the second phase that builds the glass network to a relatively 
lesser extent is silicate units, which exhibits activity in a similar range of 
wavenumber. Therefore, the possibility of attributing few bands due to 
the presence of Si–O bonds should be considered. The main band may 
result from the overlapping activity of borate units and the stretching of 

Fig. 3. SEM micropgraphs of fresh cross-sections of samples: A) 31Na, B) 37Na, C), and D) 40Na, E), and F) 43Na, and G), and H) 49Na.  

Fig. 4. AFM micrographs of fresh cross-sections for the samples: A) 31Na, B) 37Na, C) 40Na, D) 43Na, and E) 49Na. F) shows morphology of sample 49Na in 3D.  
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Si–O–B bonds [46,47]. Additionally, the band at 1094 cm− 1 is also 
characteristic of asymmetric stretching Si–O–Si bonds [46,48]. The next 
in intensity, also broad and asymmetric band extends from 1250 to 
1600 cm− 1. The maximum is visible at 1353 cm− 1, with a slight in-
flection at 1428 cm− 1 and a shoulder at 1461 cm− 1. These bands, 
merging into one broad band, are associated with the symmetric 
stretching relaxation of the B–O bands of the BO3 trigonal units [44,45, 
47]. In this wavenumber range, silicate units and a small amount of 
phosphate units are not active and most probably do not influence the 
band asymmetry. The next visible, low-intense band around 713 cm− 1 

can be associated with the bending vibration of bridging oxygen 
(B–O–B) between trigonal BO3 groups, which are active within the 
mid-region (500–800 cm− 1) [38,44]. However, the symmetric stretch-
ing vibration of O–Si–O can also be active in this region [50]. A small 
band visible around 574 cm− 1 is assigned to v(P–O) bonding in (PO4)3- 

[49]. Most likely, the phosphate units form isolated forms and do not 
combine with the borate and silicate units. A broad band centered at 
481 cm− 1 corresponds to the Si–O–Si bending vibration characteristic of 

the silicate network [SiO4]4- [50,51]. 
Knowing that in the samples, the increase in Na content led mainly 

decrease in the B content, the observed changes in the IR spectra can be 
correlated to the progressive depolymerization of the borate network. In 
sample 31Na, the modifier content was 17.3 at%, and the glass network 
composed of 21 at% B and over 5 at% Si with 1 at% P. In such a situa-
tion, a strongly fragmented glass network is anticipated. In the subse-
quent sample, the sodium content increased to approximately 21 at%. As 
a result, the band in the IR spectrum shifted to the lower wavenumbers, 
notably evident for the two dominant bands as shown in Fig. 6B. As the 
glass network undergoes further substitution with increasing sodium 
contents, a continued progressive shift of the main bands is observed. 
Most of these changes can be primarily correlated to the decreasing 
boron content in the structure. Additionally, the silicon content is also 
reduced to a lesser extent. Consequently, for the 49Na sample with the 
highest sodium content and the lowest boron content, a change in the 
shape of the dominant band (~982 cm− 1) can be observed, from one 
wide band to two separated bands. Moreover, the band that was previ-
ously barely visible around 1200 cm− 1 in sample 31Na becomes an 
intense band with two maxima for the 49Na sample. The very wide band 
at the highest wavelengths has also narrowed. Notable, changes in the 
appearance of the band at 730 cm− 1, related to the presence of silicon, 
becomes sharper for the 49Na sample, suggesting the appearance of a 
crystalline phase. This result is in agreement with the XRDs findings. A 
similar trend is visible for the band associated with the presence of 
phosphorus also for samples 43Na and 40Na. The bands associated with 
the borate units remained rounded. 

3.2. Thermal properties 

Based on the obtained DSC curves (Fig. 7A), the values of the glass 
transition temperature (Tg) as indicated by the endothermic drift, and 
the onset temperature of the exothermic process correlated with the 
crystallization process were determined. The presence of only one glass 
transition temperature is typical for glasses in which phase separation 
does not occur. Analyzing the Tg values of the glass, presented in Fig. 7B 
(depicted by black squares), a clear descending trend as evident as the 
sodium content increases. This observed trend suggests a strong 

Fig. 5. X-ray diffractograms of the samples.  

Fig. 6. (A) FTIR spectra of the glasses and (B) the biggest systematic shift of the two dominant bands associated with the substitution of two glass-crosslinking oxides 
by modifying sodium, the breaked lines are for eye guidance. 
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influence of sodium, leading to a weakening of the glass matrix structure 
due to the depolymerization of the silicate-borate glass bonds, and the 
formation of non-bridging oxygens [1,50,52]. This mechanism works by 
substituting the more energy-demanding bridging bonds with less 
energy-consuming bonds that do not bridge oxygen. Sodium, being an 
alkali element, possesses low ionization energy, facilitate the release of 
an electron and create ionic compounds. In silicate and borate glasses, 
sodium disrupts the Si–O and B–O bonds and creates non-bridging 
bonds, consequently decreasing both the melting temperature and the 
glass transition temperature [1,21]. Additionally, thermal stability (S) 
was estimated as the difference between the crystallization onset tem-
perature and glass transition temperature. The values of thermal sta-
bility are shown in Fig. 7B (depicted by red circles). Again, a clear 
correlation is observed between the thermal stability of the glass and the 
sodium content in the glasses. This demonstrates that the increase in 
sodium content shifts the onset of the crystallization process from 600oC 
(31Na), through 558oC (37Na), 544oC (40Na), and 518oC (43Na), to the 
lowest temperature of 460oC (49Na). These observations and relation-
ships highlights a significant impact of sodium content on the possibility 
of inhomogeneous mixing or insolubility of raw material components 
among themselves in melted samples. Particularly for the 49Na sample, 
which contains the highest amount of sodium, achieving a completely 
homogenous and amorphous sample was unattainable. 

3.3. Electrical properties 

The sample with composition Na26.9B16.4Si4.4P0.9Al1O50.5 prepared 
with a high Na content of 49mol% was difficult to melt into a shape 
suitable for electrical properties measurements, and is therefore 
excluded from further impedance spectroscopy tests. 

The behavior of the real and imaginary parts as a function of fre-
quency is studied across all temperatures, with each subsequent samples 
analyzed separately. In all samples, it was observed that the dependence 
of the real part of the impedance tended to zero at high frequencies. As 
the frequency decreased, an increase to a certain maximum value and 
subsequent stabilization in the lower frequency range was observed. For 
higher temperatures, an additional increase in the lowest frequencies 
can be observed. The imaginary part of the impedance shows a 
maximum typical for the relaxation process, correspondingly in the 
middle of the increase in the real part of the impedance. Moreover, an 
increase was visible for the lowest frequencies in the higher temperature 
range. The phenomenon of increasing both components in the lowest 
frequency range is quite often observed in ionic conductors and is 
correlated with the process of ion accumulation at the electrodes, known 
as the electrode process. The maximum observed for the imaginary part 
of the impedance appeared asymmetric and broad, suggesting the 
occurrence of more than one relaxation process [54,55]. Similar spectra 

were observed for higher and lower temperatures, respectively, with the 
relaxation process shifting towards lower and higher frequencies, 
respectively. In the case of samples 31Na and 37Na, the process 
extended beyond the range of tested frequencies at temperatures below 
263K, while for samples 40Na and 43Na, it occurred at temperatures 
below 313K. 

The observed behavior was further analyzed based on Nyquist plots, 
which present the relationship between the imaginary and the real part 
of the impedance. Fig. 8 illustrates Nyquist plots for two samples: 31Na 
((A) and (B)) with the lowest sodium content and 43Na ((C) and (D)) 
with the highest sodium content, at temperatures of 273 K and 363 K. In 
each case, a semicircle is visible, however, its widened and flattened 
shape may suggest the presence of two overlapping semicircles. Similar 
spectra were observed in the remaining samples. The presence of two 
separate semicircles is particularly visible in the temperature range from 
approximately 273 K–383 K, as shown in Fig. 9 for samples (B) 37Na, (C) 
40Na and (D) 43Na. As the temperature changes, the semicircles move 
and their proportions change. At higher temperatures, the high- 
frequency semicircle is no longer visible, and for lower temperatures, 
the low-frequency semicircle beyond the measured frequency range. The 
two semicircles are associated with the occurrence of two relaxation 
processes. Moreover, for higher temperatures and lower frequencies, an 
electrode process is observed, characterized by onset of third process. 
The presence of two relaxation processes may be related to the occur-
rence of two different conduction processes. It is possible that two 
different carriers may be transported within the material, or one type of 
carrier may move through two different areas within the sample. In 
these materials, the conduction process is caused by the jump of sodium 
ions in the glass network [4,7-9,11]. Structural studies have shown that 
samples 31Na and 37Na have a granular structure (in the nano scale), 
which suggests the occurrence of a phase agglomeration, likely with a 
higher sodium content. In such a situation, two relaxation processes may 
be associated to conduction through region richer and poorer in sodium 
ions. In samples 40Na and 43Na, nanocrystallization of the sodium-rich 
region take place. Consequently, in these samples, the process of con-
duction of sodium ions through nanocrystallites and the surrounding 
glass matrix occurs. 

Hence, impedance analysis was conducted for all samples using an 
equivalent circuit of two R-CPE (R resistor and CPE constant phase 
element connected in parallel) circuits connected in series. The equiv-
alent impedance of one circuit is described by the Cole-Cole relation [54, 
55]: 

Z∗ =
R

1 + (jωτ)1− α (1)  

Where ‘Z*’ is the complex impedance, ‘R’ is the resistance of a process, 
‘τ’ is the mean dielectric relaxation time, ‘ω’ is the angular frequency, 

Fig. 7. (A) DSC curves for all glasses and (B) glass transition temperature (black squares) and thermal stability (red circles) as a function of Na content. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Nyquist plots (imaginary versus real part of impedance) for representative samples with the lowest (31Na (A) and (B)) and highest (43Na (C) and (D)) sodium 
content, measured at two temperatures 273 K and 363 K. 

Fig. 9. Nyquist plots for samples (A) 31Na (293 K), (B) 40Na (283 K), (C) 37Na (323 K), and (D) 43Na (413 K) along with the result of fitting equivalent electrical 
circuit consisting of two R-CPE. The green-lines present the fitting of one ColeCole relation, red-lines present the fitting of two ColeCole equations connected in series, 
as shown in Fig B. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Conductivities and activation energies of relaxation processes occurring at high (‘hf’) and low (‘lf’) frequencies, obtained from fitting Nyquist plots (Fig. 8), 
for A) samples 31Na and 37Na, and B) samples 40Na and 43Na. 
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and ‘α’ > 0 is a parameter describing the width of the relaxation time 
distribution. The equivalent circuit was selected to separate the con-
duction processes occurring in different areas of the sample. The fitting 
results are shown as red-lines in Fig. 9. For the 31Na sample, in which 
one semicircle is theoretically visible, the fitting was performed using 
one R-CPE circuit, but the fitting deviated significantly from the raw 
data (green lines in Fig. 9A). Only when employing two circuits did the 
fitting yield satisfactory results, suggesting the presence of two over-
lapping semicircles (red lines in Fig. 9 (A)). Based on the obtained re-
sistances and samples dimensions, the conductivity values of two 
relaxation processes occurring in each sample were determined. These 
two processes were respectively termed ‘hf’ as a process occurring at 
high frequencies and characterized by lower relaxation times, and ‘lf’ as 
a process occurring at lower frequencies described by higher relaxation 
times. The obtained conductivities are illustrated in Fig. 10 (A and B), 
along with the estimated activation energies using Arrhenius law: 

σT= σ0 exp
(

−
EA

kT

)

(2) 

The ’σ0’ is the conductivity pre-exponential factor, ’EA’ denotes the 
activation energy for the long-range diffusion of mobile ions and ’k’ is 
the Boltzman’s constant [56]. For 31Na sample, it can be observed that 
the conductivities describing both processes are similar and have the 
same activation energy of approximately 0.73 eV. However, they are 
characterized by different relaxation times with parameters ‘α’ close to 
0.1. The 37Na sample also shows a similar situation, with slightly higher 
conductivities than the 31Na sample. However, the ‘α’ parameters range 
from 0.1 to 0.3, remaining lower for higher temperatures and the ‘hf’ 
process. The results for samples 31Na and 37Na indicate that two 
relaxation processes are related to the transport of sodium ions through 
two distinct regions, with one likely being richer in sodium (‘hf’ pro-
cess). Conversely, samples 40Na and 43Na show conductivities for both 
processes differing by an order of magnitude in the low temperature 
range, while their conductivity values are similar in high temperature 
range. However, the activation energies for ‘hf’ is lower and approxi-
mately 0.67 eV and for ‘lf’ it increases to 1 eV for the 43Na sample. 
Moreover, the ‘α’ parameter ranges between 0.1 and 0.3 for these 
samples, with no visible trend. In the case of samples 40Na and 43Na, 
the conduction process occurs through the nanocrystallites (‘hf’ process) 
and the surrounding glassy matrix (‘lf’ process). 

Fig. 11 presents the frequency dependence of the real part of con-
ductivity (σ′) at different temperatures for exemplar glasses: 31Na 
(Fig. 11 (A)) and 43Na (Fig. 11 (B)). Each glass sample exhibits two 
distinct parts: DC, which is frequency independent, and AC, which is 
frequency dependent. In all cases, it can be seen that the range of the DC 
section increases with temperature. Moreover, for high temperatures T 
= 363K and T = 413K, at low frequency region below 1 Hz, the glasses 

show a decrease in conductivity which is closely associated with the 
electrode effect. The conductivity spectra were analyzed using the 
Jonscher relation to estimate the DC conductivity. Where the real part of 
conductivity is expressed by: σ’ = σDC + Aωs, where ’A′ is constant and 
’s’ is the temperature and frequency-dependent parameter [53]. The 
results of fitting the Jonscher relation to the obtained conductivity 
spectra are shown in Fig. 11 (as black lines). It is noteworthy that the 
matching of the AC part was satisfactory for samples only at certain 
temperatures. This is attributed to the observation of an additional 
relaxation process that creates the ripple [56]. Therefore, fitting the 
Jonscher relation was only employed to determine the value of DC 
conductivity of all samples. 

The σDC values (obtained from Fig. 11) are presented in Fig. 12 (A) 
for all glass samples. It is evident that the DC conductivity increases with 
temperature across all samples over the entire temperature range, 
consistent with Arrhenius’ law (relation 2). The values of lnσ0 and EA 
determined from the fits (Fig. 12 (A) with equation (2)) and σDC (esti-
mated at temperatures of 273 K and 363 K) are summarized in Table 2. 
At low temperatures, σDC values range from 10− 11 to 10− 12 Scm− 1, with 
no clear correlation between sodium content and conductivity. How-
ever, at the highest measured temperatures 423 K a typical dependence 
of the increase in DC conductivity with the sodium ion content becomes 
evident, as shown in Fig. 12 (B). Notably, 43Na sample show the highest 
conductivity at a temperature of 423 K of 10− 5 Scm− 1. The observed 
dependencies may be related to the mobility of sodium ions, which is 
higher at higher temperature. For low temperatures, the thermal energy 
is too low to effectively cause most carriers in the samples to jump. 
Analysis of Table 2 data reveals, that the activation energy initially 
decreases as the Na2O content increases from 31 to 37 mol%, and then 
begins to increase for higher contents from approximately 0.7 eV to 
almost 1 eV. The magnitude of activation energy observed is typical for 
an ion hopping mechanism. Sodium ions are mobile ions in the glass 
matrix and typically the conductivity increases with increasing charge 
carrier concentration. However, if the concentration of carriers is too 
high, there is a problem with the movement of free carriers. The packing 
density of the previously loose glass network becomes too clogged and 
the free transfer of ions becomes difficult [4]. For this reason, an in-
crease in activation energy can be observed. 

4. Conclusions 

Five borophosphosilicate glass samples with varying sodium con-
tents were synthesized and characterized. Glasses with up to 37 mol% 
Na2O were found to be transparent with granular structure. Beyond this 
threshold, an agglomeration phenomenon occurred, leading to the for-
mation of nanosize crystalline phases of SiO2 and Na4P2O7. The main 
structural units comprising the glass network are BO3 and BO4 borate 

Fig. 11. The frequency dependence of the real part of conductivity at different temperatures for glasses: (A) 31Na and (B) 43Na.  
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units, with the presence of silicate and phosphate units is also observed. 
The addition of sodium ions causes the depolymerization of the borate 
network as evidence by shifts in vibrations bands associated with the 
borate units. Thermal analysis revealed that increasing sodium ion 
content decreases the glass transition temperature, which is also corre-
lated with a decrease in their thermal stability. Electrical properties 
analysis showed that the materials are ionic conductors, facilitating 
simultaneous transport of sodium ions. The DC conductivity increased 
with sodium content at high temperature range (above 333 K). How-
ever, activation energy displayed a predominantly increasing tendency 
with high sodium ion content, resulting in reduced effective hopping 
within the glass network. 
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Table 2 
DC conductivity values at 273 and 363 K, activation energy and lnσ0 parameter, 
estimated using relation 2 and Fig. 12(A).  

ID  DC conductivity  

σDC at 273 K (Scm− 1) 
±2 % 

σDC at 363 K (Scm− 1) 
±2 % 

EA (eV) 
±2 % 

lnσ0 (KScm− 1) 
±5 % 

31Na 6.96 × 10− 12 1.05 × 10− 8 0.73 11.07 
37Na 8.97 × 10− 11 1.03 × 10− 7 0.70 12.29 
40Na 3.57 × 10− 11 2.16 × 10− 7 0.83 16.87 
43Na 7.08 × 10− 12 3.04 × 10− 7 0.99 22.29  

Z. Milewczyk et al.                                                                                                                                                                                                                             

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://refhub.elsevier.com/S0272-8842(24)02171-0/sref1
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref1
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref1
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref2
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref2
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref2
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref2
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref3
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref3
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref4
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref4
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref4
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref5
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref5
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref5
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref6
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref6
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref6
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref7
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref7
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref8
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref8
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref8
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref8
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref9
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref9
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref9
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref9
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref10
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref10
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref11
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref11
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref11
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref12
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref12
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref13
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref13
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref13
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref14
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref14
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref14
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref14
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref14
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref15
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref15
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref15
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref16
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref16
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref16
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref17
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref17
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref18
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref18
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref18
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref19
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref19
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref19
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref20
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref20
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref21
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref21
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref22
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref22
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref23
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref23
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref23
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref24
http://refhub.elsevier.com/S0272-8842(24)02171-0/sref24
http://mostwiedzy.pl


Ceramics International xxx (xxxx) xxx

10

[25] G. Fuxi, L. Fengying, G. Donghong, Physical properties of glasses containing 
several glass-forming oxides, J. Non-Cryst. Solids 80 (1986) 468. 

[26] M.L. Braunger, C.A. Escanhoela, I. Fier, L. Walmsley, E.C. Ziemath, Electrical 
conductivity of silicate glasses with tetravalent cations substituting Si, J. Non- 
Cryst. Solids 358 (2012) 2855. 
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T. Klimczuk, R.J. Barczyński, Microstructure and electrical properties of 
manganese borosilicate glasses, J. Non-Cryst. Solids 423–424 (2015) 68. 
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