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Abstract
The structural and electrical characteristics of the glassy system with the chemical formula (18.75Li2O–18.75Na2O–25V2S5–
37.5P2S5 mol%) and its nano-crystallized glass–ceramics have been investigated. The glass sample was prepared via the 
conventional melt-quenching technique. The corresponding nano-crystallized glass–ceramics were prepared via a heat treat-
ment (HT) procedure at 405 °C for diverse times in the air. The effect of HT time on nanostructure and the dc conductivity 
for the nano-crystallized glass–ceramics were investigated. X-ray diffraction (XRD) spectra and field emission scanning 
electron microscopy (FESEM) images confirmed the amorphous nature of the as-synthesized glass and the growth of nano-
crystals after heat treatment within the glassy matrix. The nano-crystallized glass–ceramics exhibited considerably higher 
conductivity and lower activation energy than the initial glass. Furthermore, the dc conductivity was improved by nearly 57 
times in the nano-crystallized glass–ceramic samples as compared with the initial glass. The activation energy was improved 
by utilizing the HT process and was found to be 0.535 eV for the as-prepared glass and between 0.272 and 0.462 eV for the 
corresponding nano-crystallized glass–ceramics. The dc conductivity increased with decreasing crystalline size in the case 
of nano-crystallized glass–ceramics, which may be accredited to the reduction in grain boundary scattering brought on by the 
smaller particle size. The conduction mechanism was emphasized to follow the non-adiabatic small polaron hopping (SPH).

Keywords Vanadium phosphorus sulfide glass · Nano-crystallized glass–ceramic · Dc conductivity · Transport properties · 
Small polaron hopping

1 Introduction

Glasses and nano-crystallized glass–ceramics containing 
transition metal ions (TMIs), like Fe, V, Co, and W, are of 
tremendous interest owing to their possible applications 
[1–6]. They display semiconducting properties because of 
the existence of two diverse valance states of the TMIs, for 
instance,  V4+ and  V5+ in the case of vanadium or  Fe2+ and 
 Fe3+ in the case of iron. This charge transmission is com-
monly named SPH, in which the small polaron jumps from 

the low to the high valence state, and occurs electron con-
duction in the glasses [3–6]. Alkali phosphate glass, doped 
with TMI (such as V), is of considerable interest owing to 
its attractive optical, semiconductor, electrical, and thermal 
characteristics and their particular applications. Recently, 
this category of materials has made interesting candidates 
in several fields of application such as mechanical and ther-
mal sensors, reflecting windows, optical filters, ray absorb-
ers, non-linear optical and electronic devices, switching, 
memory elements, and batteries materials [7–12]. In the 
latest decades, glass–ceramics relying on alkali phosphate 
has been effectively optimized by a crystallization handling 
of the initial glass, and the conductivity of alkali ions has 
been investigated [7, 10–12]. The crystallization of glass is 
a technique to manufacture nano-materials and it is remark-
able to optimize novel conductive materials with these nano-
structures [7, 10–12]. In the glass–ceramic technique, it is 
conceivable to prepare the desired crystalline phase from 
the homogeneous glassy stage and to produce the size and 
form of the crystalline stage by controlled crystal nucleation 
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and growth. Alkali ions modifiers are expected to inhabit 
non-bridging oxygen (NBO) sites in the glass phase [9–11]. 
This means the addition of alkali oxides such as  Li2O and 
 Na2O to the glassy matrix results in structural changes by the 
opening up of the glass network as NBO increases, thereby 
causing higher ionic conductivity and hence increasing elec-
trical conductivity [13]. The applications of these glasses 
and corresponding nano-crystallized glass ceramics have 
also obtained increased attention owing to their possible 
use as electrodes in solid-state devices [13]. Heat treatment 
of the glassy stage nearby their crystallization temperature 
for diverse times fabricates nano-crystals entrenched in the 
specimens. The nano-crystalline phase is very important to 
enhance numerous properties, such as the electrical con-
ductivity of the glass [10–12, 14–19]. Moreover, the alkali 
phosphate glass containing vanadium yields mixed ionic 
and electronic conductivity happening through the trans-
port of electron hopping and alkali ions between vanadium 
ions centers [6, 11, 20]. However, the existence of sulfur 
in the glassy matrix leads to improve electrical conductiv-
ity. The attendance of S ions can enlarge the size of alkali 
ion transport passageways due to the larger diameters of S 
ions than O ions. In addition to that, the S ions have a high 
polarization aptitude than O ions, which leads to a weaken-
ing of the bond between alkali ions  (Li+ and  Na+) and the 
skeleton [21]. Moreover, the S atoms work as a reduction 
agent that reasons decreasing V ions from the higher to the 
lower valence states [6, 10]. This decrease is important to get 
compounds containing  V3+ and  V4+, consequently can boost 
electrical characteristics via easiness of the electrons and 
ions transmission [6, 11, 22]. Moreover, the electrochemical 
performance of energy storage devices (batteries or super-
capacitors) depends greatly on the electrical conductivity of 
the electrode materials [23, 24], which makes the study of 
this conductivity very important.

In this study, the  Li2O–Na2O–V2S5–P2S5 glass and its 
nano-crystallized glass–ceramics are synthesized. The 
improvement of the electrical conductivity due to the exist-
ence of the nano-crystalline phases inside the glassy matrix 
is investigated as a function of crystalline size. In addition, 
the mechanism of electrical conductivity of the as-synthe-
sized glass and nano-crystallized glass–ceramics is clarified.

2  Experimental work

The glassy system with the chemical formula (18.75Li2O–1
8.75Na2O–25V2S5–37.5P2S5 mol%) was fabricated through 
the conventional melt-quenching technique. The correspond-
ing nano-crystallized glass–ceramics were manufactured 
through the HT process of the glassy sample via annealing 
in the midair at 405 °C for 2, 5, 10, and 20 h. Further details 
concerning the glass and corresponding nano-crystallized 

glass–ceramics synthesis were given in our previous paper 
Ref. [11]. The density values of the glassy specimen and 
corresponding nano-crystallized glass–ceramics were scaled 
using the Archimedes technique in Toluene as a dipping 
liquid (d(Toluene) = 0.8669 g/cm3). XRD 2θ scans were car-
ried out to examine the glassy/nano-crystalline phases in 
the prepared samples by utilizing a Panalytical X’pert Pro 
diffractometer. FESEM; JSM-7600F-JEOL) was utilized to 
study the surface morphology of samples. For dc conductiv-
ity measurements, bulk samples were highly polished and 
then coated with silver paste on both surfaces of the pellet. 
The dc conductivity values were estimated by both current 
and voltage values by applying a constant dc voltage of 2 V 
to the pellets at room temperature (RT).

3  Results and discussion

3.1  Characterization of glass and nano‑crystallized 
glass–ceramics

Figure 1 displays the XRD spectra of the as-synthesized 
glass sample and nano-crystallized glass–ceramics anneal-
ing at 450 °C, after the crystallization temperature (Tc) that 
was obtained from differential scanning calorimetry (DSC) 
as reported in our preceding work [25], for varied times (2, 
5, 10, and 20 h). This figure exhibits the XRD of amorphous, 
Fig. 1a, and partially crystalline samples, Fig. 1b. It can 
be noticed that the glassy sample exhibited an amorphous 
halo exemplar for glass. The corresponding nano-crystal-
lized glass–ceramics exhibited sharp reflections of diverse 
crystalline phases. The intensity and width of the reflections 
changed with diverse heat-treating times from 2 to 20 h. 
These crystalline phases indicated the structures of  P4S5 
(JCPDS#00-010-0329),  Li4P2S6 (JCPDS#01-076-0992), 
 Na2O (JCPDS#00-002-1288) and  Li3VO4 (JCPDS#00-013-
0249) [11, 25]. These nano-crystalline phases were different 
compared to the phases that were obtained in the previous 
papers [6, 26]. This may be due to the presence of mixed 
alkali oxides  (Li2O and  Na2O) and using  P2S5 and  V2S5 
instead of  P2O5 and  V2O5. The crystalline size (D) of the 
nano-crystallized glass–ceramics was calculated by the full 
width at half maximum (FWHM) of the most intense peaks 
based on the average value of the several crystalline phases 
using the following equation [26]:

where c ≈ 0.9, λ = 0.15406 nm is the wavelength of X-ray 
used, β is the FWHM in radians, ϵ is the lattice strain, and 
θ is the Bragg angle. The ϵ in powders because of crystal 

(1)D =
c�

�cos�
+ 2�sin�,
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distortion and crystal defect was estimated by utilizing the 
formula [26, 27]:

The D values for nano-crystallized glass–ceramics 
were obtained to be between 37 and 50 nm, as recorded in 
Table 1. These outcomes agree with the outcomes achieved 
by transmission electron microscopy (TEM) images reported 

(2)� =
�

4tan�
.

in our previous work [11]. It is found that when the anneal-
ing time raised from 2 to 5 h, the D raised from 47 to 50 nm, 
respectively. After that, when the annealing time was raised 
to 10 h and 20 h, the D reduced to 42 nm and 37 nm, respec-
tively. This result could be explained as follows: first, the 
heat-treating of the glass sample led to an increase in the 
atomic movement and boosted the capability of atoms to 
get the actively preferred sites and therefore the crystalline 
size increased with increasing HT time. Then, the increase 
in heat treatment time introduced many defects in the crys-
talline phase which destroyed the long-range clustering, 
causing the reduction of the crystal size [28, 29]. The vari-
ation of ϵ values for the as-synthesized nano-crystallized 
glass–ceramics with the difference in annealing time was 
displayed in Fig. 1c. The lattice strain of these nano-crystal-
lized glass–ceramics was nearly similar (≈ 0.003), proposing 
that the lattice of the crystallite phase was not deformed with 
differences of D in the obtained crystalline phases (i.e., the 
as-synthesized nano-crystallized glass–ceramics had similar 
lattice constructions by variation of D in the obtained crys-
talline phases) [26, 30].

Figure 2 shows the FESEM images of the glass sample 
and nano-crystallized glass–ceramic annealing for 10 h. 
For the glassy sample, Fig. 2a, there are no discernible 
crystals, demonstrating an amorphous phase feature. The 
nano-crystallized glass–ceramic sample, Fig. 2b, on the 
other hand, had big secondary particles resulting from an 
aggregation of small elementary grains, and they did not 
have a regular form. The transport properties of nano-crys-
tallized glass–ceramics are influenced by these grains. It is 
possible that the intrinsic features, such as conductivity, are 
responsible for the enhanced dynamics of alkali (such as 
Na and Li) ions, electrical properties, and electrochemical 
properties of these samples. Alkali ions do not disperse over 
a longer distance between the surface and the core during 
alkali transportation in grains with a relatively high surface 
area [11, 26]. This outcome showed that annealing may pro-
duce a comparatively large surface area, leading to elevated 
electronic and ionic conductivity, bigger capacity, and the 
highest rate ability [11, 16, 26]. As a result, these composites 
may be appropriate materials for use as electrodes in energy 
storage devices that need strong electronic and ionic conduc-
tivity (such as batteries or supercapacitors).

Fig. 1  XRD for a the as-synthesized glass; b nano-crystallized glass–
ceramics at diverse HT times; c effect of HT time on lattice strain (ϵ) 
for nano-crystallized glass–ceramics

Table 1  Crystalline size (D), 
density (d), Oxygen packing 
density (OPD) and physical 
properties of 18.75Li2O–
18.75Na2O–25V2S5–37.5P2S5 
glass and its nano-crystallized 
glass–ceramics at diverse HT 
times

Sample D ± 1
(nm)

d ± 0.02
(g  cm−3)

Vm ± 0.02
(cm3  mol−1)

N ×  1022

(  cm−3)
R
( nm)

W ± 0.001
( eV)

ϴD ± 2
( K)

ν0 ± 0.001
(×  1013 Hz)

Glass – 2.58 42.57 1.186 0.439 0.535 654 1.362
HT 2 h 47 3.06 35.87 1.407 0.414 0.415 694 1.445
HT 5 h 50 3.23 34.04 1.483 0.407 0.462 678 1.412
HT 10 h 42 2.80 39.31 1.284 0.427 0.339 698 1.454
HT 20 h 37 2.62 41.96 1.203 0.436 0.272 722 1.504
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3.2  Density and molar volume

Utilizing toluene as a dipping liquid, Archimedes’ principle 
was used to compute the density (d) of the current glass and 
nano-crystallized glass–ceramics. The d values are sched-
uled in Table 1. The d of the glass sample was 2.58 g/cm3. 
However, the d values of nano-crystallized glass–ceramics 
were between 2.62 and 3.23 g/cm3. It was found that the 
densities of nano-crystallized glass–ceramics were greater 
than that of glass. The rise in density of nano-crystallized 
glass–ceramics might be owing to molecular rearrangement, 
which caused structural alterations. That is, the structure in 
nano-crystallized glass–ceramics was more tightly packed 
than in the comparable glass phase [31, 32]. As demon-
strated in Table 1, for the nano-crystallized glass–ceram-
ics, the d values followed the same crystalline size behavior 
with HT time, i.e., the variation in d values was owing to 
changes in the crystalline size caused by variations in the 
volume of these crystallite phases [6]. Table 1 shows that 
the magnitude of density was highest in nano-crystallized 

glass–ceramics with the biggest crystalline size, which is 
consistent with prior research [6, 16, 33]. For all samples, 
the molar volume (Vm) was computed using the formula 
[34]:

where M is molecular weight and d is density, respec-
tively. The Vm of glass and corresponding nano-crystal-
lized glass–ceramics are scheduled in Table 1. The relation 
between d and Vm with the change of HT time is displayed in 
Fig. 3. Since d is related to the mean molecular weight that is 
oppositely proportional to Vm, it is usually anticipated that d 
and Vm must display an inverse proportion [32].

3.3  DC conductivity

The reciprocal temperature reliance of the dc conductiv-
ity (σdc) for the as-prepared glass and corresponding nano-
crystallized glass–ceramics that measured between 313 and 
473 K was illustrated in Fig. 4. The figure displays that the 
chart became a straight line above a specified temperature, 
θD/2, where θD is the Debye temperature (listed in Table 1), 
suggesting that the σdc follows the Arrhenius relation [34]:

where k is the Boltzmann constant, W is the activation 
energy for conduction, and σ0 is the preexponential factor 
matching electrical conductivity at high temperatures. W 
is necessary to overawe the energy barriers and electro-
static force throughout the leap. Thus, as could be shown 

(3)V
m
=

M

d
,

(4)�
dc
= �0exp

(

−W

kT

)

,

Fig. 2  SEM for a the glass sample; b nano-crystallized glass–ceramic 
annealing at 405 °C for 10 h

Fig. 3  The relation between d and Vm with the change of HT time for 
the glass sample and nano-crystallized glass–ceramics
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in Fig. 4, the σdc rose with temperature, which is a common 
feature of semiconducting glasses. Furthermore, the trans-
portation is ascribed to electronic at low-temperature (i.e., 
T < θD/2); however, Li and Na ions might be moveable and 
take part in the conduction process at the high-temperature 
area (i.e., T > θD/2). Several phosphate glasses exhibiting 
TMI are comparable to this [35–37]. The slope of the plots 
(Fig. 4) was used to compute the W, but the intercept of the 
straight-line fits of the data was used to get the σ0. W values 
in the high-temperature areas are scheduled in Table 1. The 
σdc values of nano-crystallized glass–ceramics were greater 
than initial glass (Fig. 4). The existence of nano-crystals 
with average crystalline size in the range of 37–50 nm as 
observed in XRD was considered to be responsible for 
the improved conductivity. Other studies have reported 
remarkable increases in conductivity with the existence 
of nanostructure [16, 32, 35, 36]. To explain the electrical 
conductivity enhancement during nano-crystallization and 
decrease during colossal crystallization it is useful to refer to 
the well-established core–shell model. Pietrzaka et al. [37] 
have discussed this model. For this model a grain consists 
of an inner completely crystalline “core” and an outer highly 
disordered, defective, and non-stoichiometric “shell” [37]. 
The same “core–shell” model can clarify the conductivity 
improvement produced by nano-crystallization. The over-
lapping and intersecting defective shells around crystalline 
cores can form a complicated system of paths for facilitated 
electron transport. The mechanism of electronic transport 
in vanadium oxides consists of SPH between aliovalent  V4+ 
and  V5+ sites. In the regions where the local concentration of 
the  V4+–V5+ pairs is high, the conductivity is also high. Such 
a circumstance takes place inside and around the defective 

grain-shell areas [37, 38]. In the case of colossal crystal-
lization, the grains become well-developed crystallites with 
sharp edges. A negative result of this colossal crystallization 
is the decay of the “easy conduction paths” of the interfacial 
regions [37, 38]. However, the disappearance of the disor-
dered shells due to colossal crystallization causes a consid-
erable conductivity drop. On the other hand, heat-treated at 
405 °C resulted in nanoparticles created in the glassy phase, 
which improved dc conductivity by forming a dense network 
of electrical conductivity routes between  V2O5 nanoparticles 
[39]. Similar findings have recently been published in nano-
crystallized glass–ceramics [16, 32]. Figure 5 depicts how 
changes in σdc and crystalline size with the change in HT 
time. The σdc and crystalline size clearly behaved in oppos-
ing manners. This suggests that grain boundary scattering 
had an influence on electrical conductivity. A potential bar-
rier was created by the grain boundaries acting as electron 
traps. Conduction electrons scatter along grain boundaries 
as a result of the development of a potential barrier, reducing 
conductivity. As a result, the reduction in the scattering of 
grain boundary owing to decreasing crystalline size may be 
linked to the increase in conductivity [16, 32]. This result 
was in agreement with the results reported in previous works 
[6, 16, 28, 32, 35, 36, 38, 40]. With different HT times, the 
change in σdc of the present glass and its nano-crystallized 
glass–ceramics at a specific temperature (T = 409 K°) and W 
is shown in Fig. 6. According to Fig. 6, which conforms to 
the SPH conduction process in TMIs, the conductivity was 
lowest when the activation energy was higher. A conduc-
tivity of this nature results from the jumping of electrons 
between diverse valence states [34–37]. Consequently, the 
conductivity values at T over θD/2 were examined using the 
SPH model provided by Mott [41].

Fig. 4  Reciprocal temperature reliance of the σdc for the glass sample 
and nano-crystallized glass–ceramics

Fig. 5  Effect of HT time on σdc at a specified temperature (409  K) 
and D for the nano-crystallized glass–ceramics
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For the non-adiabatic system in the Mott model, the σdc 
for jumping to the closest neighbor at T > θD/2 was computed 
utilizing Eq. (4). The σ0 in Eq. (4) was calculated by this 
formula [32]:

where C is the fraction of TMI (C = V+∕
∑

V) , N is the 
TMIs density, R is the mean distance between TMIs, α is 
the tunneling factor, e is the charge of the electron and the 
optical phonon frequency, denoted by the symbol ν0, is cal-
culated using the formula (kθD = hν0, where h is Plank's con-
stant). The values of ν0 were found to be between 1.362 and 
1.504 ×  1013 Hz and are listed in Table 1.

The W could be given as [32]

where Wp is the binding energy, WH is the polaron hopping 
energy 

(

WH = WP∕2
)

 and WD is the disorder energy that is 
defined as the variance in electronic energy between the 

(5)�0 =
�0Ne

2R2

k
C(1 − C)exp(−2�R),

(6)W = W
H
+W

D
∕2atT > 𝜃

D
∕2,

(7)W = W
D
atT < 𝜃

D
∕2,

two hopping locations. The values of WD are summarized 
in Table 2.

The αR in Eq. (5) is insignificant in the adiabatic hopping 
system [32, 42], and the σ0 is then described by the following 
formula [32, 34]:

The nature of the polaron hopping process might be 
ascertained from the graph of lnσdc versus W at a con-
stant experimental T using the equation lnσdc = lnσ0 
– W/2.303kTe (non-adiabatic or adiabatic) [6, 16, 42]. 
If the temperature (Te) that is determined by the plot is 
close to T then the hopping should take place in an adi-
abatic system. Otherwise, hopping will take place in a 
non-adiabatic system. Figure 7 illustrates the correlation 
between lnσdc and W for nano-crystallized glass–ceramics 
at a constant temperature (409 K). The results were linear 
over the whole range of W values, which was important to 
note. The Te was 323 K, which differed significantly from 

(8)�0 =
�0Ne

2R2

k
C(1 − C).

Fig. 6  Influence of HT time on the σdc (at 409 K) and W for the nano-
crystallized glass–ceramics

Table 2  SPH parameters of 18.75Li2O–18.75Na2O–25V2S5–37.5P2S5 glass and its nano-crystallized glass–ceramics at diverse HT times

Sample WH ± 0.001
( eV)

WD ± 0.001
( eV)

rp
( nm)

ɛp ± 0.01 N(EF)
(×  1021  eV−1  cm−3)

γp ± 0.01 lnσ0 ± 0.001
(Ω−1  m−1)

lnσdc ± 0.02 
(Ω−1  m−1)
(at 409 K)

Glass 0.354 0.362 0.177 43.11 5.295 12.56 5.178 -10.03
HT 2 h 0.327 0.176 0.167 49.43 8.100 10.93 3.514 -8.29
HT 5 h 0.375 0.175 0.164 43.91 7.668 12.81 4.038 -9.01
HT 10 h 0.148 0.382 0.172 105.9 9.049 04.92 2.345 -7.28
HT 20 h 0.135 0.274 0.176 113.7 1.056 04.33 1.776 -5.99

Fig. 7  The correlation between lnσdc (at 409 K) and W for the nano-
crystallized glass–ceramics
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the specified temperature (409 K). Figure 8 displays the 
influence of HT time on σ0. This figure indicates that the σo 
changed with HT times. Based on both of these findings, 
we infer that non-adiabatic SPH was responsible for the 
conduction mechanism in the current samples. [5].

The following formula was used to calculate the number 
of ions per unit volume (N) [43, 44]:

where NA is the Avogadro number, P is the weight fraction 
of  V2O5, M is its molecular weight, and d is the density. The 
average distance R between TMIs was determined through 
[43, 44]:

The R and N values for the current glass and nano-
crystallized glass–ceramics are listed in Table 1.

For nano-crystallized glass–ceramics, Fig. 9 illustrates 
the correlation between R and W. W was affected by the 
site-to-site distance R in the measurement range. This 
result demonstrated that the relationship between W and 
R was positive. This result was consistent with previous 
reports [16, 32]. The nano-crystallized glass–ceramic 
annealing for 20  h had the lowest W (as presented in 
Fig. 9). This low W could be explained by a decrease in 
grain boundary scattering [16].

The polaron radius, rp, was computed using distance R 
from the formula [5, 6]:

(9)N = 2

[(

dP

M

)

N
A

]

,

(10)R =
(

1

N

)1∕3

.

The rp values are included in Table  2. It has been 
observed that for the present glass and its nano-crystallized 
glass–ceramics, rp < R. This indicates strong localization of 
the carriers in this system. The following relation was used 
to compute the polaron hopping energy (WH) [5, 6]:

where εP is the effective dielectric constant.

where εs and ε∞ are the static and high-frequency dielectric 
constants, respectively. εs was recorded at 120 Hz, whereas 
ε∞ was recorded at 100,000 Hz [32]. The computed WH and 
εp values are recorded in Table 2. To determine the density 
of states at the Fermi level, N(EF), the following formula 
could be used [6, 16, 32]:

The N(EF) values for the current glass and nano-crystal-
lized glass–ceramics are scheduled in Table 2.

The small polaron coupling constant (γp), a measuring 
electron–phonon interaction, was obtained by utilizing the 
relationship [4]

(11)r
P
=
(

�

6

)1∕3R

2
.

(12)W
H
=

e2

4�
P

(

1

r
P

−
1

R

)

,

(13)
1

�
P

=
1

�∞
−

1

�
s

,

(14)N
(

E
F

)

=
3

4�R3W
.

(15)�
P
=

2W
H

h�0
.

Fig. 8  Influence of HT time on the σ0 for the nano-crystallized glass–
ceramics

Fig. 9  The correlation between the R and W for the nano-crystallized 
glass–ceramics
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The calculated values of γp for the current glass and 
its nano-crystallized glass–ceramics are summarized in 
Table 2. Generally, the γp > 4 referred to the strong elec-
tron–phonon interaction [5].

The polaron hopping model was studied by Emin and 
Holstein [45]. For the case of non-adiabatic hopping, they 
derived an equation for the σdc:

But for the adiabatic hopping:

where J denotes the polaron bandwidth associated with the 
overlap of the electron wave functions on the nearby sites. 
The nature of SPH conduction could also be examined using 
the polaron bandwidth, J, or the electron overlap integral, 
regardless of whether the system is adiabatic or non-adia-
batic, as follows [45]:

For adiabatic

And for non-adiabatic 

The values of J, which are estimated from the right-
hand side of Eqs. (17a) or (17b), at 409 K for the current 
glass and nano-crystallized glass–ceramics, were found to 
be in the range of 0.0132–0.0165 eV. J must be calculated 
to clearly adopt whether the polaron is in an adiabatic or 
non-adiabatic system, and it could be determined via [34]:

The J values could be computed from Eq. (18) by uti-
lizing the N(EF) and εp values for the current glass and 
nano-crystallized glass–ceramics. The J values obtained 
using Eq. (18) were approximately J < 0.001 eV. It can 
be noted that the J values for the current glass and nano-
crystallized glass–ceramics (calculated by Eq. (18)) were 
clearly less than that of the right-hand side of Eqs. (17a) 
or (17b). So, for the current glass and corresponding nano-
crystallized glass–ceramics, the theory of non-adiabatic 
hopping was the best suited to explain the phenomenon of 
polaron transport at great temperatures. Both of the above 
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]1∕2

.

outcomes indicate that the current system conduction was 
owing to the non-adiabatic SPH of electrons.

The hopping carrier mobility, μ, in the non-adiabatic hop-
ping system was obtained by the formula [5]:

In addition, the carrier density Nc was computed by the 
relationship [6]:

The μ and Nc values for the current glass and nano-crys-
tallized glass–ceramics were listed in Table 3 and Fig. 10. 
These values were in agreement with the values reported in 
the previous papers [6, 16, 28, 40]. The electrons are strongly 
localized at the V-ion sites due to the strong electron–pho-
non interaction with large γp [16, 32], as evidenced by the 
very small of μ for the current system at 409 K. Owing to the 
localized condition for the conducting electrons being usual 
for μ < 0.01  cm2V−1  s−1, the creation of SP in the current 

(19)𝜇 =

(

eR2

kT

)
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1

ℏ

)

(

𝜋

4W
H
kT

)1∕2

J
2exp(−W∕kT).

(20)N
c
=

�
dc

e�
.

Table 3  μ and Nc of 18.75Li2O–18.75Na2O–25V2S5–37.5P2S5 glass 
and its nano-crystallized glass–ceramics at constant temperature 
(409 K)

Sample μ ± 0.02
(×  10–6  cm2  V−1  s−1)

Nc ± 0.02
(×  1016  cm−3)

Glass 32.44 08.52
HT 2 h 66.25 23.80
HT 5 h 16.22 47.07
HT 10 h 11,300 0.382
HT 20 h 17,707 0.883

Fig. 10  Effect of HT time on the μ and Nc, at 409  K for the nano-
crystallized glass–ceramics
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glass and nano-crystallized glass–ceramics was reconfirmed 
[5]. Furthermore, since there was no significant change in 
the Nc values, the conductivity was principally decided by 
the hopping mobility [16].

The approach described by Greaves [46] as an adjustment 
to Molt's variable range hopping (VRH) model [47] may be 
used at intermediate temperature, and it gave the following 
formula for the σdc:

where A and B are constants. B is estimated by:

Figure 11 illustrates ln(σdc T1/2) as a function of T−1/4. 
Expression (21) provided an excellent match to the experi-
mental data in the intermediate temperature region, indi-
cating that Greaves’ VRH might be applicable to the cur-
rent glass and its nano-crystallized glass–ceramic. Table 4 
contains the parameters A and B derived from these curves. 
Expression (22) was utilized to determine the factor α. It is 
found that the α and N(EF) values were appropriate for the 
localized states [5, 16, 40].

4  Conclusions

18.75Li2O–18.75Na2O–25V2S5–37.5P2S5 glass and cor-
responding nano-crystallized glass–ceramics were suc-
cessfully synthesized by utilizing melt-quenching and HT 

(21)�
dc
T
1∕2 = Aexp

(

−
B

T1∕4

)

,

(22)B = 2.1

[

�3

N
(

E
F

)

]1∕4

.

techniques at 405 °C for 2, 5, 10 and 20 h. The effects of 
the HT time on the structural and electrical features of 
the nano-crystallized glass–ceramics were investigated. 
XRD spectrum of the as-prepared glass promoted the 
amorphous nature. XRD spectra of the nano-crystallized 
glass–ceramics revealed nanocrystallites incorporated in 
the glassy phase with nano-crystalline size between 37 
and 50 nm. The amorphous and crystalline natures of the 
as-synthesized glass and nano-crystallized glass–ceramics 
were also verified by FESEM images. The nano-crystal-
lized glass–ceramics demonstrated higher dc conductiv-
ity and lower activation energy for conduction than the 
as-prepared glass because between  V2O5 nanoparticles 
there had formed a vast and dense network of electronic 
conductivity tracks. The conductivity and crystalline size 
exhibited opposite behaviors to each other (i.e., the grain 
boundary scattering affected electrical conductivity). The 
nano-crystallized glass–ceramic annealing for 20 h which 
had the lowest particle size, demonstrated the highest dc 
conductivity and the lowest activation energy. This out-
come could be ascribed to the reduction in the scattering 
of grain boundary owing to the decrease in particle size. 
The conductivity was principally determined by hopping 
carrier mobility, and it was verified that the conduction 
obeyed non-adiabatic SPH. The Greaves VRH model was 
found to be suitable at intermediate temperatures.
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