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In the process of diminishing the safety concerns of sodium-ion batteries, the development of glass-based
solid electrolyte materials has received adequate interest. Nevertheless, achieving a high ionic-conductivity
at room temperature for glass materials remains a challenging task because of the poor correlation between
the conductivity and the glass structure. Here, we attempt to understand the effective influence of NaCl
on the structure and ionic-conductivity of the phosphate-based glass network. For this study, xNaCl-(100-x)
(31.725 Na,0-12.69 Al,05-31.725 P,05-8.46 NaF-5.40 Na,SO4-10 MoO3) glass systems (mol %) were se-
lected, where x = 0, 5, 10, 15, and 20 mol %. To investigate structural changes with the addition of different
NaCl concentrations, 2’Al, 2*Na, 3'P magic angle spinning nuclear magnetic resonance (MAS-NMR), *'p
two-dimensional (2D) phase-adjusted spinning sideband (PASS), and 3'P 2D J-resolved NMR techniques and
Raman spectroscopic techniques were utilized. Impedance spectroscopy and ac conductivity spectra were used
to assess ionic-conductivity and sodium-ion dynamics, respectively. Impedance spectral analysis reveals that the
ionic-conductivity of the base glass is increased by 2.4 times (from 1.85 x 1077 to 4.44 x 1077 S/cm at 373 K)
with the addition of 20 mol % of NaCl. Raman spectra confirm the presence of P—O—Mo and the absence of
Mo—0—Mo bonds in these glass systems, and *'P 2D J-resolved spectra indicate the absence of P—O—P bonds.
Upon increasing the NaCl concentration, significant changes in the shapes of *'P and *’ Al MAS-NMR spectra
were observed, indicating the effective influence of NaCl on the distribution of alumina and phosphorus structural
units. Irrespective of the temperature, sodium-ion dynamic studies show that the mean-square displacement
(R*(t,)) decreases with increasing NaCl concentration up to 10 mol % and then increases with a further increase
in NaCl concentration. This investigation aids in understanding the sodium-ion dynamics and the structural

information of a multicomponent glass system to enhance the room-temperature conductivity.

DOI: 10.1103/PhysRevMaterials.6.115403

I. INTRODUCTION

Due to their simple structure, mechanical reliability, safety,
and high ionic-conductivity, all-solid-state batteries (ASSBs)
employing solid electrolytes have received significant re-
search interest for their application in electric vehicles, which
are in huge demand at present [1,2]. Two basic types of solid
electrolytes, namely sulfides and oxides, are being considered
as promising electrolytes for ASSBs [3,4]. However, inor-
ganic oxide/sulfide electrolyte materials have not yet come
forward for practical applications due to their low ionic-
conductivity compared to that of organic liquid electrolytes.
The ionic-conductivity of sulfide-based electrolyte materials
is higher than that of oxide electrolyte materials. This is
because of the weaker attraction between highly polarizable
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sulfide networks and monovalent mobile cations as compared
to the interaction between oxide networks and mobile cations
[5,6]. However, sulfide-based electrolyte materials generate
poisonous hydrogen sulfide upon exposure to air, and they
are chemically unstable [4]. Therefore, special attention has
been given to the development of oxide-based solid electrolyte
materials. Moreover, oxide-based inorganic solid electrolyte
materials demonstrate a high degree of safety and a wide
electrochemical potential window as compared to sulfide elec-
trolyte materials [7,8].

Among the various oxide materials, phosphate glass mate-
rials show a high potential for application as solid electrolytes
in ASSBs because of their easy synthesis, high thermal
expansion coefficients, low melting temperature, low soft-
ening temperature, low glass-transition temperature [9,10],
and high chemical and thermal stability. Moreover, phos-
phate glass materials are able to accept a high concentration
of various oxide components [11-13]. Therefore, phosphate-
glass-based solid electrolyte materials have become a focus
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of research in the field of all-solid-state batteries. However,
the major restrictions for glass electrolyte materials are their
low ionic-conductivity at room temperature and the poor elec-
trode/electrolyte interface, and these restrictions need to be
addressed.

It is well documented that the ionic-conductivity of phos-
phate glasses is highly dependent on the network structure
of the glass and the concentration of mobile cations. The
correlation between the glass structure and conductivity has
been poorly documented; however, it has gained momentum
in the recent era due to the significant progress in the uti-
lization of structural techniques. Solid-state nuclear magnetic
resonance (SS-NMR), or the magic angle spinning nuclear
magnetic resonance (MAS-NMR) spectroscopic technique,
has been considered to be a key methodology for elucidating
the structure of glasses at both short- and intermediate-range
orders, respectively [10,14—16]. MAS-NMR for a specific
nucleus is highly sensitive to its coordination number and
the type of atoms in the coordination sphere of the nucleus
[17]. Tt should be highlighted that variations in the ionic-
conductivity of several glass materials with modifications in
the chemical compositions have been elucidated with the help
of MAS-NMR measurements [18,19]. Ogiwara, Echigo, and
Hanaya [19] have utilized the 'Li MAS-NMR technique to
understand the variations in the Li* ionic-conductivity in the
LiCl-Li,O-P,0Os5 system, and they observed that, in the high
LiClI composition range, the formation of amorphous LiCl ag-
gregate regions contributes to fast ion conduction. Combining
the impedance spectroscopy and 'Li MAS-NMR technique
for 0.33 Lil 4 0.67 LizPS4 glass systems, it has been found
that the formation of monovacancies in the bulk amorphous
phase due to annealing enhances the ionic-conductivity [20].

To attain high ionic-conductivity for glass materials, sev-
eral glass compositions have been formulated and modified
in a more systematic manner. For example, Zhang, Ren, and
Hu [12] have reported that the ionic-conductivity of phosphate
glasses is enhanced by increasing the concentration of MoO3
in the glass system of 20LiCl-40Li,O-(80-x)POs/2-xMoO3
(x =0, 10, 20, 30, 40, 50, 60, and 70 mol %). The in-
crease in conductivity with the increase in the concentration
of MoO3; from 0 to 20 mol % was attributed to the con-
version of dimer phosphorus units into orthophosphate units,
whereas the increase in the ionic-conductivity of glasses for
a higher concentration of MoOs (30-70 mol %) was at-
tributed to the increase in mobile cation concentrations in
the molybdenum-rich phases. It has been found that with the
addition of a low concentration of MoOj3 in the phosphate
glasses, as-formed Mo®* cations integrate with the phosphate
network through P—O—Mo bonds and avoid phase separa-
tion [21,22]. Because it is a transition metal, the presence of
MoO; in alkali-containing phosphate glasses influences not
only the mobility of alkali cations but also the conduction
mechanism by introducing mixed ion-polaron conductivity
[23]. However, such conductivity has not been observed in
40 NayO-xMo0Oj3-(60-x)P,O5 glasses, where x varies from
0 to 50 mol % [24,25]. Furthermore, the increase in con-
ductivity with increasing MoOj3; from 0 to 30 mol % in
40 Na;0-xMoO;-(60-x)P,0s5 glasses is attributed to the in-
creasing formation of P—O—Mo bonds. It has also been
reported that the electronic contribution in the total conduc-

tivity is significantly low for phosphate glasses containing
MoO3; > 15 mol % [9,25]. A significant enhancement in
ionic-conductivity has been achieved with the addition of
ionic salts such as halides and sulfates [11,26-29]. The ad-
dition of LiCl to the Li,O-P,0Os glass system enhances the
ionic-conductivity due to the creation of a wider channel for
the movement of Li™ ions and to the enhanced contribution of
Cl in the coordination of the Li atom [26,27]. Rodrigues, Lim-
bach, Souza, Ebendorff-Heidepriem, and Wondraczek [11]
have observed that the addition of NaCl to the NaPOj glass
system enhances the ionic-conductivity due to the increase in
mobility of Na* cations. It has been noted that the addition of
halogen to chalcogenide-based solid-state electrolytes plays a
significant role in enhancing ionic-conductivity [30,31]. How-
ever, much less information is available about the effective
influence of NaCl on the ionic-conductivity of multicom-
ponent phosphate glasses containing MoQO3. Moreover, the
addition of NaCl also enhances the concentration of mobile
cations, which is primarily responsible for the enhancement
in the ionic-conductivity of glass-based ion-conducting ma-
terials. Therefore, the present study may provide a new
understanding for the development processes of glass-based
solid electrolytes.

In the present study, we aim to understand the effective
influence of NaCl on the multicomponent phosphate glass
network structure, and to correlate the structure and
ionic-conductivity of the phosphate glass system. Several
phosphate glasses containing multiple components, varying
from three to five, have been studied extensively by doping
the various additional components for the enhancement
of the ionic-conductivity values [32,33]. Nevertheless, it
has been identified that, in most of the cases, the effective
influence of additive components on the ionic-conductivity is
significant. For example, the addition of 6 mol % of Na,SOy4
to [37.50 Na;O-10 NaF-15 Al,03-37.50 P,Os(mol %)]
glass [32] has increased the ionic-conductivity at
373 K from 342 x 107% to 2.78 x 1077 S/cm.
Therefore, considering the effective influence of
both MoO; and NaCl, we have chosen the complex
xNaCl-(100-x) (31.725 Na,0-12.69 Al,03-31.725 P,05
-8.46 NaF-5.40 Na;S0O4-10Mo0O3) glass systems (mol %)
where x =0, 5, 10, 15, and 20. MAS-NMR spectroscopy,
including ?’Al, 3'p, *Na, 3'P two-dimensional (2D)
phase-adjusted spinning sideband (PASS), 3'P 2D J-resolved,
and Raman spectroscopic techniques, has been utilized to
study the structural variation with the addition of different
concentrations of NaCl. The ionic-conductivity and the
sodium ion dynamics have been assessed by analyzing
ac-impedance spectroscopy. This investigation improves our
understanding of how the sodium ion dynamics and the
conductivity of a multicomponent glass system depends on its
structure, and it provides guidance towards designing novel
glass systems that have a high ionic-conductivity suitable for
an electrolyte in sodium-ion batteries.

II. EXPERIMENTAL DETAILS

The details of the chemical compositions of the glasses
considered for the present study are presented in Ta-
ble I. Glasses are labeled according to the concentration
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TABLE I. Chemical composition of glasses (mol %).

Sample P,0s AlLO; MoO; Na,O NaF Na,SOs NaCl
Cl-0 31.73 12.69 10.00 31.73 8.46 5.40 0.00
Cl-5 30.14  12.06 9.50 30.14 8.04 5.13 5.00
Cl-10 2855 11.42 9.00 28.55 7.61 4.86 10.00
Cl-15 26.97 10.79 8.50 2697 7.19 4.59 15.00
Cl1-20 25.38 10.15 8.00 25.38 6.77 4.32 20.00

of NaCl in the chemical composition. High-purity pow-
ders of NH¢PO,4 (99.9%, Sigma Aldrich), Al,O3 (99.9%,
Sigma Aldrich), Na,CO3 (99.9%, Sigma Aldrich), NaF (98%,
Merck), NaySO4 (99.9%, Sigma Aldrich), NaCl (99%, Sigma
Aldrich), and MoO3 (99.97%, Sigma Aldrich) were used as
raw materials for the preparation of 30 g of a homogeneous
batch. In the present study, all the glasses were prepared using
the melt-quench technique. The glass batches were melted in
an electric furnace at a temperature of 1000 °C in alumina
crucibles. It should be noted that a small concentration of
Al, O3 leaching due to the usage of an alumina crucible should
not be neglected [34]. To produce glasses in bulk form, the
melts were first poured into a preheated bronze mold and then
transferred to an annealing furnace at ~350 °C. Bulk glasses
with different NaCl concentrations were cut into small round
pieces and polished well to achieve an optical grade finish.
The dimensions were then measured using a high-precision
Digital Vernier Caliper for the purpose of data analysis. Ra-
man spectroscopic studies for all glasses were conducted
using a Horiba LaBRam HR Evolution Raman spectrometer
under a 488 nm Ar ion laser of 20 mW power. Furthermore, a
PGSTAT12/30 differential electrometer was used to measure
the electrochemical impedance spectra using a sinusoidal al-
ternating voltage of amplitude 0.3 V in the frequency range of
0.1-10° Hz. This experiment was performed in an air atmo-
sphere using two platinum meshes in a temperature range of
348-473 K.

31p, 27Al, and »*Na MAS-NMR spectra, 2D-PASS solid-
state nuclear magnetic resonance (SSNMR) spectra [35,36],
and 3'P J-resolved NMR spectra for all glass samples were
obtained using a JEOL ECX 500 MHz (11.7 T) NMR spec-
trometer equipped with a 3.2 mm double-resonance probe,
operating at 500 MHz 'H observation frequency at 297 K.
Further experimental details of 3'P 2D-PASS measurements
are provided in the Supplemental Material [37] (see also
Refs. [32,35,36,38-46] therein).

The 3'P Larmor frequency was 202.5 MHz. The MAS
frequency for the J-resolved experiment used was 10 kHz,
and a 90° pulse length of 3'P was 3 us. In all J-resolved
investigations, a recycle delay of 200 s was used with 64
data points in indirect dimensions. The 3'P chemical shift was
referenced by a secondary reference of 85% H3;PO, solution
at peak position 0 ppm for 3'p.

A Hahn  spin-echo decay pulse sequence,
(90°),-7-(180°),-t-acquire, and variable dephasing times
(21) were utilized to measure the >*Na homonuclear dipolar
second moment (M>). The 90° and 180 ° pulse lengths were
22 and 44 pus, respectively. A »*Na pulse was optimized
in such a way that it only excited the central transition

and did not affect satellite transitions. >>Na spectra were
referenced with respect to 1 M NaCl solution. Depending
on the signal-to-noise ratio, 16 transients with a relaxation
delay of 10 s were averaged for each data point. For each
sample, 40 data points were recorded with different 2t values.
Usually, the echo that forms at t succeeding the final 180 °
refocusing pulse decreases with increasing dephasing time
because of homonuclear Na-Na dipole interactions [47].
Heteronuclear dipolar interactions do not contribute to the
echo decay because this type of interaction is expected to be
refocused in this sequence. M, measurement is known to be
reliant on the pulse power employed and the radio rf field
inhomogeneity [48]. The »*Na M, was evaluated using the
following equation [49]:

= exp[—M,(27)?/2], (1)

where I(27) is the echo amplitude for the dephasing time T,
and /(0) represents the echo amplitude for no dephasing.

III. RESULTS

A. Raman spectroscopy

In alkali aluminophosphate glasses, various phosphorus
tetrahedral units are generally represented using Q"(mAl)
units, where n is the number of bridging oxygen connected
to the neighboring phosphorus tetrahedral units, and m is
the number of oxygens connected to aluminum tetrahedral
units. It should be noted that, due to the large Raman scat-
tering efficiency of Mo—O bond vibrations compared to the
vibrations of P—O bonds, the area present in Table II may
not replicate the true fraction of structural units present in
the glass materials. Raman spectra for all the glasses in our
present study in the range of 200-1400 cm~! are depicted in
Fig. 1(a). Further, the Raman spectra for all glass samples
in the higher-frequency region ranging from 700 to 1300
cm~! were deconvoluted to identify the structural variations
in Cl-0 glass with the addition of NaCl, and the decomposed
curves along with the simulated Raman spectra are shown in
Fig. 1(b). The peak positions of the decomposed curves for
all the glasses after the implementation of deconvolution of
Raman spectra are tabulated in Table II. It is well known that
the vibrational intensity of bands corresponding to Mo—O
symmetric stretches is dominant in the Raman spectra of
phosphate glasses due to the large Raman scattering efficiency
of Mo—O bond vibrations as compared to that of P—O bonds
[50-52]. Therefore, Raman spectra for all the glasses show
a dominant peak at around ~920 cm~! corresponding to the
stretching vibrations of Mo—O bonds. The Raman spectrum
of the MoO; free glass (FS-6) is shown in Fig. S1 of the
supplemental material for comparison [32]. The two Gaussian
peaks located at 904 and 927 cm ™! are ascribed to O—Mo—O
symmetric stretching vibrations located in tetrahedral MoOj4
units and terminal oxygen of Mo—O~ of octahedral MoOg
units, respectively [29,52,53]. The Raman band that appears at
~390 cm™~! is attributed to the stretching mode of Mo—O—P
bonds. This indicates that MoOg/M0OQO, units are interlinking
with PO, tetrahedral units through Mo—O—P bridges [53,54].
The peak appearing at ~991 cm~' corresponds to the sym-
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TABLE II. Peak positions after the deconvolution of Raman spectra in the range of 700-1300 cm™~'. Values in parentheses represent the

area of the peak in percentages.

Peak assignment FS-6" Cl-0 Cl-5 CI-10 CI-15 CI1-20
Q*: P-O-P 721(2%)

Q': P-O-P 757(4%) 758(6%) 765(7%) 763(6%) 760(6%) 760(6%)
MoO,: O-Mo-O 904(34%) 899(39%) 898(40%) 896(40%) 895(40%)
MoOg: Mo-O~ 927(11%) 925(17%) 923(17%) 919(17%) 918(17%)
S0 988(4%) 992(3%) 990(3%) 990(3%) 989(3%) 989(3%)
Q°(2Al) 997(15%)

Q°(3Al) 1040(27%) 1054(20%) 1047(13%) 1044(11%) 1045(13%) 1048(14%)
Q'(1A1) 1108(16%) 1118(6%) 1110(6%) 1106(7%) 1111(4%) 1114(3%)
Q*(0Al) 1182(3%) 1194(7%) 1192(5%) 1196(4%) 1182(5%) 1178(5%)
Q*(1Al1) 1222(3%)

“Data for FS-6 glass [Ref. [40]] are included for comparison.

metric stretching vibrations of SOi_ sulfate structural units
charge-compensated by the Na' cations. The Raman bands
observed at ~1050, ~1118, and ~1195 cm~! are attributed to
the symmetric stretching vibrations of terminal P—O~ link-
ages located in 0°2 or 3Al), Q'(0 or 1Al), and Q*(0Al)
phosphorus structural units, respectively [55,56]. The bands
at 750 and 630 cm~! correspond to the symmetric stretching
vibrations of bridging oxygens of P—O—P bonds in phos-
phorus Q' units and bending vibrations of P—O—Al units,
respectively [57].

Upon increasing the addition of NaCl, peaks of both
O—Mo—O and Mo-O~ vibrations shift towards the lower
wave number [Fig. 1(b)]. This could be attributed to structural
variation around the molybdenum structural units. Fig-
ures 1(a) and 1(b) clearly disclose the appearance of a high-
intensity peak at ~904 cm~! for CI-20 glass. This indicates
the increasing concentrations of O—Mo—O linkages with
increasing the NaCl concentration and consequently the in-
crease in the concentration of MoQy structural units at the ex-

(a)

Cl-20

Cl-15

CI-10

Intensity (arb. units)

Intensity (arb. units)

Cl-5

400 800 4 1200
Wavenumber (cm )

pense of MoOg units. Chowdari, Tan, and Chia [58] have also
reported the conversion of MoOg units into MoOy4 units by
increasing the concentration of Li, O in the Li;O-MoO3-P,0s5
glass system. Moreover, it has been reported from the > Mo
NMR studies [59] for (100-x)NaPO3-xMoO; glass samples
that most of the molybdenum exists in fourfold-coordination
states in the samples containing molybdenum at low to
medium concentration, i.e., up to 45 mol %.

Figures 1(a) and 1(b) show that the intensity of the peaks
at ~1050, ~1118, and 750 cm~! decreases significantly with
increasing NaCl concentration, indicating a decrease in the
concentration of Q'(0Al) and Q°(2 or 3Al) structural units.
This finding indicates that successive depolymerization of
the glass network increases with increasing the NaCl con-
centration. This is in accordance with the studies reported
by Rodrigues, Limbach, Souza, Ebendorff-Heidepriem, and
Wondraczek [11] for the NaPO3;-NaCl glass system, and by
Rao and Seshasayee [27] for the Li,O-P,0s5-LiCl glass sys-
tem. Significant variation either with the peak position or the

/\ (b)

800 1000 , 1200

Wavenumber (cm )

FIG. 1. (a) Raman spectra of glasses and (b) deconvolution of Raman spectra of glasses in the range of 700-300 cm™!.
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FIG. 2. (a) *'P and (b) 2’ A1 MAS-NMR spectra. All spectra were recorded with a MAS frequency of 18 kHz and with a short excitation

pulse.

intensity of the peak at 991 and 570 cm~!, which is related
to Al(O, F)g structural units, is not observed with the addi-
tion of NaCl. The absence of symmetric stretching vibrations
of Mo—O—Mo linkages, which results in a Raman band at
around ~840 cm™!, indicates that molybdenum clusters are
not formed within the compositional range considered for the
present study [52,59].

B. MAS-NMR
1. 3'p MAS-NMR spectra

Figure 2(a) depicts the 3'P MAS-NMR spectra for all the
glasses. All the spectra display a broad and asymmetric signal
with a full width at half-maximum of >15ppm. The broad
resonance spectra highlight the superimposition of signals
arising due to the presence of various structural units with
close chemical shifts [13,60]. The CI-0 glass spectrum has a
single high-intensity peak located at around —6 ppm with a
small hump located at around —13 ppm in the lower chemi-
cal shift region. The chemical shifts at appearing at —6 and
—13 ppm are characteristic chemical shifts of Q°(2Al) and
0°(BAl) units in sodium aluminophosphate glasses [61,62].
The spectrum of CI-0 glass is more analogous to the FS-6
glass spectrum [32], except for the reduced intensity of the
peak at around —13 ppm in Cl-0 glass. This indicates that
the addition of MoOs depolymerizes the phosphate network
of FS-6 glass through the substitution of P—O—Al/P—O—P
bonds with P—O—Mo bonds [63]. This is consistent with
results reported for the 40Na;O-(60-x)P,05-xMoO3 glass
system [24]. Tricot, Tayeb, Koudelka, Mosner, and Vezin
[13] have also reported that the Mo®" ions at their high

concentration in the mixed borophosphate network attract the
phosphorus from the borophosphate network and form the
P—O—Mo bonds. Furthermore, with the progressive addition
of NaCl, a high-intensity peak position (—6 ppm) in the spec-
trum of Cl-0 glass is shifted slightly towards higher chemical
shifts; nevertheless, the shape of the peak changes moderately.
The most apparent change in the shape of the spectrum is the
decrease in the intensity of the hump in the lower chemical
shift region [Fig. 2(a)]. This result is more analogous to the
results observed for the aluminophosphate glasses containing
a high Na/P ratio [64]. This indicates that the increase in NaCl
concentration disrupts the phosphorus tetrahedral units that
are associated with large numbers of alumina tetrahedral units,
and it creates a greater number of nonbridging oxygens. Due
to the complexity in the chemical composition of the glass
systems used in the present study, it may be noted that the
observed chemical shift at around —6 ppm can also be due to
the presence of Q'(1Al) phosphorus structural units [32,33].
Nevertheless, the more asymmetric nature of 1D 3lp MAS-
NMR spectra cannot be completely resolved. Therefore, to
obtain further accurate information about the Q" (mAl) units,
2D-PASS and J-resolved experiments were utilized. These
methods disclose the distinction between P—O—P and those
devoid of P—O—P linkages [65].

The representative *'P 2D-PASS MAS-NMR spectrum
for the CI-5 glass is shown in Fig. 3. The 2D PASS SS-
NMR experiment has been applied on different types of
glasses by different groups to extract chemical shift anisotropy
(CSA) tensors of 2°Si, 3'p, and ''°Sn nuclei. In the case of
MAS-NMR, the different Q°(mAl) species are distinguished
based on the isotropic chemical shift of 3'P. Nevertheless,
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FIG. 3. 3'P 2D PASS MAS NMR spectrum of Cl-5 glass. The spinning CSA sideband pattern corresponding to the position of isotropic
chemical shift 3.1 ppm, —4.4 ppm, —11.3 ppm, and —18.1 ppm is also shown in the figure.

isotropic chemical shifts can mislead the assignment of dif-
ferent Q°(mAl) species. Therefore, with the knowledge of
CSA tensors from the 2D PASS experiment, various Q"
species can be assigned with more certainty. Here, the CI-0
glass and glasses with various concentrations of NaCl were
studied using *'P 2D-PASS NMR. The analysis of different
CSA parameters for different glasses is given in Table III,
and the descriptions of parameters mentioned in Table III
are included in the supplemental material [37] (see also
Refs. [32,35,36,38—46] therein). The four different isotropic
positions and their corresponding CSA parameters are given
in Table III. Interestingly, for the CI-O glass sample, it is
observed that although the isotropic position changes from
—18.1 to 3.1 ppm (Table III), the anisotropy parameters,
particularly the span and asymmetry parameters, remain un-
changed. These trends are observed for all other samples
(Table III). This result confirms unambiguously that all the
samples contain only Q°(mAl) species.

The homonuclear 2D J-resolved 3'P MAS NMR experi-
ment was also conducted to verify connectivity between the
different (PO,) species through the P—O—P bond. J-resolved
3'p MAS NMR spectra for CI-5 and CI-20 glasses are shown

in Fig. 4. For both CI-5 and CI-20 glasses, the signal com-
ponents near about —30, —10, and 5 ppm in the J-resolved
spectra reveal the singlets. This further indicates that the ma-
jority of the signals arise due to the presence of isolated Q°
structural units. Overall, 3'P 2D-PASS and J-resolved NMR
spectra confirm that the signals represented in 1D *'P MAS-
NMR spectra are slowly due to the Q°(2Al) and Q°(3Al)
structural units. The presence of spectra at 5 ppm in J-resolved
3'p MAS NMR spectra also confirms the presence of Q°(0Al)
structural units in all the glass.

Based on the results of 3'P 2D-PASS NMR and homonu-
clear 2D J-resolved spectroscopy, 1D 3'P MAS-NMR spectra
was deconvoluted by the DMFIT software. The decomposition
figures are shown in Fig. S2 in the Supplemental Material. The
results obtained from the deconvolution of *'P MAS-NMR
are provided in Table IV. The observed deconvolution peaks
at around —18, —11, —6, and 3 ppm are assigned to 0°(4Al),
0°(3Al), Q°(2Al), and Q°(0Al) phosphorus structural units,
respectively [62,66,67]. The deconvolution analysis confirms
that, at the expense of Q°(3Al) units, Q°(2Al) and Q°(0Al)
units increase upon increasing the NaCl concentration in the
Cl-0 glass.
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TABLE III. Chemical shift anisotropy parameters for all the glass samples.

8150 51 1 522 533 Span Anisotropy

(ppm) (ppm) (ppm) (ppm) (ppm) Skew (ppm) Asymmetry
Cl-0

—18.1 4324+1.0 —22.0+0.7 —7544+0.7 1186 £1.3 —0.1 91.94+1.2 0.9
—11.3 499+1.0 —1524+0.7 —68.61+0.7 1186 £1.3 —0.1 91.9+1.6 0.9
—6.1 55241.1 —10.0+0.7 —63.44+0.8 1186 £1.4 —0.1 91.9+1.6 0.9
3.1 6244+1.2 3.1+0.8 —56.1+09 1186 £1.6 0 —88.9+1.3 1.0
Cl-5

—18.1 4794145 —17.1+£2.7 —85.2+3.6 133.2+£4.8 0.02 —100.5£5.5 0.97
—11.3 48.5+2.5 —139+14 —68.4+2.0 116.8£2.9 —0.07 89.6 £3.8 0.9
—4.4 589422 —-92+1.3 —63.0+1.8 1219+ .5 —0.11 95.0+3.3 0.8
3.1 64.24+2.1 —-1.7£1.2 —532+1.7 117.4£2.5 —0.12 91.7+3.2 0.8
CI-10

—-17.9 433+14 -21.9+1.0 —752+1.0 1186 £1.9 —0.1 91.9 0.9
—11.1 48.2+2.7 —11.1+1.8 —704+1.5 118.6 £2.7 0 —88.9+2.2 1.0
—5.6 53.7+14 —-5.6+£0.9 —64.9+1.0 1186 1.9 0 —88.9+1.6 1.0
3.3 66.5+1.9 —46+1.2 —52.0+14 118.6 £2.5 —-0.2 9494+ .8 0.7
CI-15

—18.17 41.14+2.2 —182+1.5 —774+1.6 118.6 £2.9 0 —88.9+1.5 1.0
—13.0 462+ 1.7 —13.0+1.1 —723+13 118.6 £2.3 0 —88.9+1.9 1.0
—-5.5 55.84+1.2 —-94+0.9 —62.8+09 118.6£1.6 —0.1 91.9+1.9 0.9
3.0 643+1.1 —-0.9+0.2 —542+1.1 118.6 1.3 —0.1 91.9+14 0.9
Cl1-20

—18.3 32.7+£0.7 -21.6+04 —66.0+ 0.6 98.8+1.2 —0.1 76.6+ 1.1 0.9
—13.1 37.9+09 —164+0.5 —60.94+0.7 98.8+1.3 —0.1 76.6+1.4 0.9
—5.6 438+ 1.1 —5.6+£0.6 —55.0+09 98.8+1.8 0 —74.1+ 14 1.0
3.06 643+ 1.1 —-09+0.2 —542+ 1.1 1186 £1.3 —0.1 919+14 0.9

2. 7 Al MAS-NMR spectra

2”Al MAS-NMR spectra are shown in Fig. 2(b). The
spectra for all the glasses show three well-resolved asym-
metric peaks located at 49, 14, and —12 ppm, which are
undoubtedly attributed to aluminum in fourfold, fivefold,
and sixfold coordination, respectively [68,69]. Comparison
of these chemical shifts with the 2’Al MAS-NMR spec-
tra of sodium aluminophosphate glasses highlights that the

T
N

40 3020 10 0 -10-20-30-40 —

—>» J-resolved dimension

50 40 30 20 10 0 -10 -20 -30 -40 -50
—>» MAS dimension (ppm)

local environment of aluminum in each coordination is com-
pletely surrounded by POy units [62,67]. This indicates that
AI(OP),, Al(OP)s;, and Al(OP)4 units exist in the present
glass systems. It has been reported that the fluorine in the
sodium aluminophosphate glasses is preferably connected
to the sixfold-coordinated aluminum and forms Al(OP, F)g4
structural units [64,68]. Due to the overlapping chemical-shift
regions for the A1(OP)s and Al(OP, F)4 units, we could not

T
L.

—>» J-resolved dimension
40302010 0 -10-20-30-40

50 40 30 20 10 0 -10 -20 -30 -40 -50
—>» MAS dimension (ppm)

FIG. 4. J-resolved *'P MAS NMR results of Cl-5 and CI-20 glass.
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TABLE IV. 3'p MAS-NMR deconvolution data.

Compound Phosphorus Isotropic chemical Relative
name nuclei shift (ppm) abundance
C1-0 Q°(4Al) —18.1 2.23%
Q°(3AD —11.3 53.92%
Q°(2Al) —6.1 32.97%
Q°(0Al) 3.1 10.88%
CI-5 Q°(4A) —18.1 4.26%
Q°(3Al) —11.3 40.73%
Q°(2Al1) —4.4 42.43%
Q°(0A) 3.1 12.53%
CI-10 Q°(4Al) —-17.9 3.14%
Q°(3Al) —11.1 36.52%
Q°(2A) —5.6 42.41%
Q°(0Al) 33 17.93%
Cl-15 Q°(4Al) —18.17 0.53%
Q°(3AD —13.0 31.68%
0°(2Al) =55 50.87%
Q°(0AL) 3.0 16.92%
CI-20 Q°(4AD) —18.3 2.08%
Q°(3Al) —13.1 31.43%
Q°(2Al1) —5.6 47.17%
Q°(0A) 3.06 19.33%

distinguish their presence from the simple 1D %’Al MAS-
NMR spectrum. Therefore, the peak observed at ~—12 ppm
is attributed to both Al(OP)q and Al(OP, F)4 units [68]. Fig-
ure 2(b) and Fig. S3 in the Supplemental Material clearly
show that the intensity of the peaks observed at —12 ppm
is dominant, reflecting that all glasses are enriched with
Al(OP)g units [67]. To identify the variations in the fraction
of aluminum components, the spectrum was further decom-
posed into three components using the Czjzek model, and
the parameters are displayed in Table V. Zhang, Araujo, and
Eckert [61,64] have shown that the concentration of sixfold-
coordinated aluminum decreases upon increasing the O/P
ratio. It is interesting to note that the addition of 10 mol %

TABLE V. 27 Al MAS-NMR deconvolution data.

Compound Isotropic chemical ~Relative Co sCz_(Cyp
name shift (ppm) abundance (MHz) (MHz)
CI-0 AlOy 47.90 39.54%  2.80  1.40
AlOs 14.60 16.60%  2.80  1.40
AlOg —11.40 43.86%  2.73 1.36
Cl-5 AlOy 47.90 4430%  2.56  1.28
AlOs 15.00 14.65%  2.80  1.40
AlOg —10.90 41.06%  2.80 140
CI-10 AlO, 48.10 41.50%  2.56  1.28
AlOs 15.20 1321% 2.66  1.33
AlOg —10.20 4529%  2.80 140
Cl-15 AlO, 48.10 39.95% 256 1.28
AlOs 15.80 11.67%  2.66  1.33
AlOg —9.40 48.39%  2.80 140
Cl1-20 AlO4 48.10 3742% 256 128
AlOs 15.80 11.93%  2.66  1.33
AlOg —9.60 50.65%  2.80  1.40

7.5 ppm -9.8 ppm

Cl-20

Cl-15

i

:

Cl-10

CI-5

| ! | ! | ! |
40  ,,0 40 80
Na (ppm)

FIG. 5. *Na MAS-NMR spectra.

MoOj; to the FS-6 glass significantly enhanced the concentra-
tion of Al(OP, F)q units despite the increase in the O/P ratio
from 3.94 (FS-6) to 4.41 (CI-0) at the constant Al/P (0.4) and
Na/P (1.3) ratios. This observation confirms the significant
influence of MoOj3 on the coordination of aluminum, though
the direct interaction between Al and Mo is not evident from
the 2 Al MAS-NMR spectrum. It is evident from Table V that
the concentration of Al(OP)¢ units decreases with the initial
5 mol % addition of NaCl to the Cl-0 glass, after which it
reduces with the further addition of NaCl up to 20 mol %.
Additionally, the concentration of Al(OP), units increases
with the initial 5 mol % NaCl addition to the Cl-O glass
and then decreases with the further addition of NaCl up to
20 mol %. Therefore, it can be inferred that the AlI(OP)q
and Al(OP), units are forming at the expense of AI(OP)s. In
contrast, the concentration of Al1(OP)s units decreases contin-
uously with the increasing addition of NaCl content from 5
to 20 mol %. These results show that the addition of NaCl
influences the environment of aluminum in the CI-0 glass.

3. Na MAS-NMR spectra

2’Na MAS-NMR spectra for different glasses are depicted
in Fig. 5. The spectra for all glasses show a maximum reso-
nance peak at around ~—9.8 ppm, while an additional sharp
peak appears at around 7.5 ppm for CI-10, CI-15, and C-20
glasses. The peak at around 7.5 ppm is attributed to the
NaCl crystalline phase [70]. The intensity of the sharp peak
increases with increasing NaCl concentration from 10 to 20
mol %. The NaCl crystalline phases might occur during the
annealing of glass materials. The high-intensity peak position
shifts towards higher chemical-shift regions with increasing
NaCl concentrations. This is consistent with previous studies,
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FIG. 6. (a) >*Na spin-echo data for C1-20 glass: Integrated intensity plot as a function of echo spacing (27) in ms. (b) The plot shows the

variation of the second moment M, with Na concentration.

which reported that the 2Na chemical shift moves towards
the higher chemical shift region with increasing sodium con-
centrations, indicating the increased role of network modifiers
in the glass systems [32,71-73]. This is further proof that the
role of network modifiers increases upon increasing the NaCl
concentration in CI-0 glass in our current study.

Figure 6(a) demonstrates ’Na spin-echo decay curves
for the C1-20 glass. 2*Na spin-echo decay curves for other
glasses also show similar curves and therefore they are not
shown here. The curve shown in Fig. 6(a) is then fitted with
Eq. (1) to obtain the M, values. The M, values obtained for
all the glasses are presented in Fig. 6(b) with respect to the
variations in sodium-ion concentration. It has been observed
that the trend in the variation of M, values with respect to
sodium concentrations (N,) reflects the spatial distribution
of sodium cations [74-77]. In general, a linear correlation
between M, and N, indicates the random distribution of Na™
cations, while the homogeneous distribution of Na™ cations
exhibits a parabolic correlation. Nevertheless, a constant value
of M, against the N, values reflects the cluster formation of
Na' cations in the network structure of glass. Figure 6(b)

shows that M2 is nearly constant up to 14.25 mol/nm?® of Na
concentration in the Cl-x (x =0, 5, 10, 15, 20) glass system,
indicating the presence of clusters of Na™ cations. Neverthe-
less, the linear correlation of M, with the Na™* concentration
indicates the random distribution of Na* cations. To comment
more on the spatial distribution of Na™ cations in the CI-0
glass containing various concentrations of NaCl, more sophis-
ticated experiments will be necessary.

C. Electrical properties
1. dc conductivity

The impedance spectroscopy technique was utilized to
measure the ionic-conductivity of transparent bulk glasses.
The normalized data (impedance data have been multiplied
by A/t, where A is the area and ¢ is the thickness of the
glass sample) collected from the impedance measurements are
shown in Fig. 7(a) in the form of Nyquist plots for all the
samples at 373 K. The Nyquist plots show a semicircle in the
higher-frequency region that represents the bulk conductivity
of glass material, and the spike in the lower-frequency region
originates due to charge accumulation between the electrolyte

(b)g

-4: 3

— [ 412

P ‘e } E

E B =
S < 6F 1.0 2
g o | 0=
e R 1 =
= S8 m/ g E P

N S I m/¢ 3

C W/ ¢ 3

10 W ‘ ;6

:||.||I|‘||||I|||||I|||||IE
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Z' (x10) (Q cm) 1000/T (K

FIG. 7. (a) Nyquist plot for different glass samples at temperature 373 K. The inset shows the equivalent circuit. (b) Temperature-dependent

Arrhenius plot for conductivity and crossover frequency.
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TABLE VI. Conductivity and activation energy for all glass samples.
Activation Activation energy for
Sample Temperature (K) Conductivity (S/cm) energy (eV) crossover frequency (eV)
Cl-0 i;; 122 » }81 i ;‘:gg » igj 0.68 £0.014 0.70 4 0.027
CL5 i;; ;:Zg ' }8:2 i ;ig ' igj 0.64 £ 0.003 0.66 £ 0.013
Cl-10 i;; ?:(7)42; : ig:; i ;32 >X< igj 0.60 = 0.009 0.63 + 0.026
Cl-15 i;; f:g . }81 i i: ég » igj 0.60 = 0.007 0.62 4 0.013
C1-20 i;; ‘1‘:‘6“2‘ ' }8:; i;fg z igj 0.57 £ 0.006 0.57 £ 0.023

and the metal electrode. To evaluate the bulk resistance of the
glass samples, the Nyquist plots were fitted with an equivalent
circuit consisting of resistance (R) and constant phase ele-
ments (CPE) using the ZVIEW software. The equivalent circuit
diagram is shown in the inset of Fig. 7(a), where R; is the bulk
resistance and R, is the Ohmic resistance due to the connected
wires and the metal electrode. The ionic-conductivity (og.) of
the bulk glasses is then calculated using the formula

. t
TR, xA

(@)

Odc

The conductivity values measured at 373 and 473 K are
given in Table VI. With the addition of 20 mol % of NaCl,
the ionic-conductivity of Cl-0 glass increased from 1.85 x
1077 to 4.44 x 1077 S/cm at 373 K. It may be noted that the
obtained values are higher than those for sodium borosilicate
glasses [78].

Figure 7(b) shows the variation of the ionic-conductivity
with respect to the inverse of the temperature. It clearly indi-
cates that for all the glasses, the ionic-conductivity variation
with temperatures ranging from 373 to 473 K follows the Ar-
rhenius equation. Therefore, the activation energy (E,) for the
ionic-conductivity is calculated from the slope of Arrhenius
plots using the Arrhenius equation

%)
o4 T = ope” " (3

and the values are tabulated in Table VI. The activation energy
decreases with increasing NaCl concentration in the glass
sample, and the lowest activation energy of 0.57 £ 0.006 eV
is observed for CI-20 glass. Figure 7(b) shows the variation
of crossover frequency with respect to the inverse of tempera-
ture. Data points for all the glasses shown in Fig. 7(b) follow
a straight line and are therefore fitted with Eq. (4) to extract
the activation energy for the crossover frequency (E,),
v, = voe 7 )
In Eq. (4), v, is the crossover frequency, vy is the preex-
ponential factor, E,. is the activation energy for the crossover
frequency, and kp is the Boltzmann constant. E, for all the
glass samples is tabulated in Table VI. The activation energy
of the crossover frequency decreases with increasing NaCl
concentration and is consistent with the activation energy
obtained for the dc conductivity [Fig. 9(b)].

2. ac-conductivity spectra

To correlate conductivity with the structure of glasses and
to understand ion conduction mechanisms, ac-conductivity
analysis has been implemented. As an example, the real part
of the ac-conductivity spectrum for CI-10 glasses at different
temperatures has been calculated from the impedance data
and is shown in Fig. 8(a). Figure 8(b) shows the frequency-
dependent real part (¢’) of the complex dielectric constant
(e* = &' — ig”). The electrode polarization effect, in which
all the dipoles align themselves in the direction of the elec-
tric field and contribute to the total polarization, results in a
higher value of the dielectric constant at lower frequencies.
In contrast, the value of the dielectric constant declines and
moves closer to a constant value £(co) in higher-frequency
regions because of the rapid changes in the electric field,
making it difficult for these dipoles to orient in the direction
of the electric field and fully contribute to the total polariza-
tion. In the intermediate region of frequency, with increasing
frequency, the variation of the dielectric constant is negligible,
and it forms a plateau region that is denoted as £(s). Generally,
the response of the frequency-dependent ac-conductivity is
expressed using the following equation:

o(v) = (odc(l n (1) )) + (Av), )
Vp

where v), is the crossover frequency, and A and n are constants.
The first term in Eq. (5) is known as a universal dielectric
response (UDR) proposed by Jonscher. The second term in
Eq. (5) indicates the nearly constant loss (NCL) phenomenon,
which was discovered by Nowick and co-workers [79]. The
NCL effect is usually observed at temperatures below 100 K
and frequencies ranging from less than 1 Hz to more than
1 MHz [80]. The NCL effect is, therefore, neglected in
the present study due to high-temperature conductivity mea-
surements. ac-conductivity spectra at different temperatures
ranging from 373 to 473 K were fitted only with the Jonscher
term, and the values of v,, o4., and n were extracted. In
general, the lower value of n indicates linear 1D motion of
charged ions, and the higher value of n indicates random
back-and-forth 3D motion [81]. In the present study, n values
ranging between 0.78 and 0.99 indicate that the charge cations
diffuse in 3D conduction paths for the present glasses.
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FIG. 8. (a) Conductivity variation with frequency for CI-0 glass samples. (b) Dielectric spectra for CI-0 glass sample at different

temperatures. The solid line indicates a fitted curve.

In ion conducting glasses where the conductivity is
controlled by the random hopping of charge carriers, the
Nernst-Einstein relation [82] can be expressed as

UdCT ZK(Nv q’é)"’pv (6)
where K(N, g, £) = yNg?£?/6k is a constant, & is the mean
hopping distance, N is the concentration of the charge carrier,
y is the fraction of mobile cations, and k is the Boltzmann
constant. As K(N, g, &) is only proportional to NV, the increase
in the concentration of the charge carrier in any glass system
increases the proportional constant K, and the data points
in the logo(0q.T) versus log o(vp) curve shift towards an
upward direction [83]. The log;y(oq.T') versus log,,(v,) curve
for all the glass samples [Fig. 9(a)] clearly shows that the
linear slopes of each curve are not superimposing with each
other. The slope of the curve shifts upward with a slight
deviation for CI-15 glass. For further confirmation, we have
extracted the value of log;,(K(N,q.,§)) from the log,,(cacT)
versus log,o(vp) curve. Variation of the proportionality con-
stant log;((K(N,q.£)) with respect to NaCl concentration is
shown in Fig. 10. Figure 10 clearly indicates that CI-10 has
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the highest charge-carrier concentration, and C1-20 has the
lowest.

According to linear-response theory [84], the mean-square
displacement (r2(¢)) of a charge carrier and the real part of the
ac-conductivity data are related by the following relation:

NC]247T2\)2

/ —_—
o) =~ TH,

oo
/n<ﬁ@»gnanwwn (7)
0
where k; is the Boltzmann constant, 7 is the temperature,
v is the frequency, Hy is the Haven ratio, N is the charge-
carrier concentration, and g is the charge of the mobile ions.
Implementing the inverse Fourier transformation, Eq. (7) con-

verts into

) 12kaHR . ,
(re(¢)) = s1n (2mavt’)dv
Nq b4
= <R2(r>>HR,
where
) 12k, T 7, [ ) ,
(R°(t)) = > dt sin 2mvt)dv,  (8)
q°7 Jo 0
No|
RS (b)
0.68 |-
3 o066f
3 C
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FIG. 9. (a) log,, (04.T) vs log,,(v,) plot for different glass samples. (b) Activation energy for different NaCl concentration.
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FIG. 10. Variation of log,,(K(N,q,£)) with respect to NaCl
concentration.

(R*(t)) is the mean-square displacement of the center of the
charge of the mobile cations, and Hy is the Haven ratio.
Generally, Hr depends on the ionic concentration of glasses
and indicates the degree of correlation between two successive
hops. Due to the lack of knowledge on Hpy for the present
glass system, we have calculated (R?(z)) for all the glasses
instead of (r?(¢)). Figure 11(a) show (R*(¢)) curves for all
glasses at 398 K. Irrespective of the composition, (R>(t))
curves obey the linear relation with time at longer timescales,
i.e., (R2(t)) o t, whereas at a shorter timescale, (R2(¢)) curves
obey the power-law time dependence, i.e., (R*(t)) oct!™".
The variation of mean-square displacement (Rz(tp)), calcu-
lated corresponding to the characteristic transition time 7,
from short-range diffusion to long-range diffusion with NaCl
concentrations, is shown in Fig. 11(b) for various tempera-
tures. Irrespective of the temperature, (R? (tp)) decreases with
increasing NaCl concentration up to 10 mol % and then in-
creases with a further increase in NaCl concentration.

The spatial extent of the localized mobile cation is also
calculated using the equation [85]

6/(},80AS T

(R(to0)) = NG

; C))

where Ae = e(s) — e(00) is the dielectric strength of the
material, where e(s) and e(co) are the static and high-
frequency dielectric permittivity, respectively. Dielectric
spectra [Fig. 8(b)] for the CI-0 glass sample at different tem-
peratures have been fitted with Eq. (10) [86] to extract the
dielectric strength of the material,

&(s) — £(00)[1 + (wTee)' ™ sin (%) ]
1+ 2((07ee)' ™ sin (Z2)) + (0Te)*
(10)
where 7. is the characteristic relaxation time. With increas-
ing NaCl concentration, both the values of [(Rz(tp))]l/ 2 and
[(R2(too))]1/ 2, which are shown in Fig. 11(b), follow the same
pattern. The increase in NaCl concentration decreases the
value of [(R*(1,))]"/* and [{R*(tx,))]"* up to 10 mol % NaCl

&'(w) = e(00) +

concentration, and then increases for a further addition of
NaCl up to 20 mol %.

IV. DISCUSSION

In the comparison of the 2’ Al MAS-NMR spectrum of
CI-0 glass with that of FS-6 glass, it is confirmed that the
concentration of Al(OP, F)4 units increases with the addi-
tion of MoOs. This observation can be explained considering
the modifications in the Al/P ratio in the aluminophosphate
network of the entire FS-6 glass network structure [32]. Ra-
man spectra disclose that the addition of MoOj3 increases the
P—O—Mo bonds. The formation of stable P—O—Mo bonds
in multicomponent silicate glasses can be understood con-
sidering the concept of field strength (= Z/r?, where Z is
the charge of the cation and r is the average cation-anion
bond distance) [87]. Due to the comparable field strength of P
(2.13) and Mo (1.94 for tetrahedral and 1.54 for octahedral),
the oxygen atom attracts both P and Mo equally and creates
the P—O—Mo bonds. These P—-O—Mo bonds decrease the
concentration of phosphorus available for Al during the for-
mation of an aluminophosphate network containing various
Q"(mAl) units, where m = 0 — 4. Figure 2(a) shows the in-
crease in Q"(2Al) units at the expense of Q°(3Al) units with
the addition of NaCl, indicating that the Na™ cations prefer
to depolymerize the Q°(mAl) phosphorus tetrahedral units.
It has been reported that the increase in the concentration
of Na,O in AIPO, glass increases the depolymerization of
Q°(4Al) units through the following sequence: Q°(4Al) —
0°(3Al) — 0°(2A1) — Q°(1Al) [62]. The increase in Na,O
in AIPO, glass further increases the aluminum coordination
due to the creation of a large number of nonbridging oxygens.
Therefore, it can be stated that the addition of MoOj to the FS-
6 glass [32] creates P—O—Mo bonds, and the further addition
of NaCl allows the sodium to create more nonbridging oxy-
gens that enhance the concentration of Al(OP)y/Al(OP, F)g
units.

Both Raman and MAS-NMR spectral analyses confirm
that the progressive addition of NaCl to the CI-0 glass in-
fluences the MoQOy4, MoQOg, POy, AlOy4, and AlOg units. As
discussed above, the variation in AlO4 and AlOg units can
be attributed to the formation of PO, units containing a large
number of nonbridging oxygens and P—O—Mo bonds since
the AlO4 and AlOg units are solely connected to either POy
units or F atoms. This indicates that the increased concen-
tration of sodium due to the addition of NaCl is interacting
with the oxygen atoms connected to both Mo and P atoms.
However, Raman spectra clearly indicate that the Mo—O—Mo
bonds are absent. Therefore, we conclude that the MoQO,4
units in the form of Mo(= 0),(OP), and the MoOg units in
the form of Mo(OP)¢ are inserted in the aluminophosphate
network [29,59]. Therefore, the interaction of sodium with
Mo0O4/MoOg may thus be limited by increasing the NaCl
concentration in Cl-0 glass. It has been reported that the
increase in the interaction of sodium with the MoOg/MoQOy4
units decreases the 2>Na chemical shift [59]. The 2*Na chem-
ical shift relocates towards the higher chemical shift region
with increasing NaCl in Cl-0 glass, further indicating that
the sodium cations are interacting strongly with the POy
tetrahedral units compared with the MoOg/MoOQOj units. Nev-
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ertheless, the decrease in the Raman vibrational peak position
for MoOg/Mo0Qy units with increasing NaCl may be due to the
partial substitution of P with Na in the second coordination
of MoOg/MoQy units. It is known that the frequency of the
vibrational units depends on the type of cation that connects
with the terminal oxygen. For example, the substitution of
APt with Na* around the Q° phosphorus tetrahedral units
shifts the Raman bands towards lower frequency due to the
variation in the charge [56].

Several studies on aluminosilicate glasses have noted that
the C1™ ions are associated strongly with modifier cations
[88,89]. It has been found that aluminum has no strong in-
fluence on the *Cl chemical environment, indicating a weak
interaction between Al and Cl [88,89]. Therefore, since the
Al—CI bond formation is not common [89], the presence
of Al-Cl linkages can be eliminated even in the present
study, though the aluminophosphate and aluminosilicate glass
systems are completely different. Nevertheless, we cannot
completely rule out the existence of Al-Cl linkages because
of the high concentration of NaCl in the present glass system.
It should also be noted that, as is revealed from the **Na
MAS-NMR spectra (Fig. 5), the solubility of NaCl is limited
to 10 mol % in the CI-0 glass system. The addition of a higher
concentration of NaCl (>10 mol %) resulted in the presence
of NaCl crystalline phases, which can even be observed in
sodium silicate and aluminosilicate glasses due to the low
solubility nature of NaCl [90,91].

The effective influence of dissolved NaCl on the bulk
properties of glass depends on the bonding behavior of the
CI™ ion with the network structure. The dissolved Cl~ ion
may not significantly affect the properties of glass if the C1™
ion is bonded with the modifier cation, which is further sur-
rounded by other C1™ ions. In this case, the dissolved C1~ ions
form a CI™-rich domain and function only as space fillers.
On the other hand, homogeneously dispersed Cl~ anions,
which are surrounded by the modifier cations that are further
connected to the network structural units, such as PO, and
AlQy, significantly affect the properties of glass materials.
It has been reported that an increase in the contribution of
CI™ in the coordination of Na increases the chemical shift in
the 2Na MAS-NMR spectra [19]. The positive shift of 2’Na
NMR spectra (Fig. 5) upon increasing the addition of NaCl

implies that the contribution of CI™ ions in the coordination
of Na is increasing. This confirms the homogeneous distribu-
tion of CI™ ions in the present glass systems. Nevertheless,
the formation of NaCl clusters cannot be ruled out after the
addition of 10 mol % of NaCl since the 2*Na MAS-NMR
spectra clearly show the presence of a crystalline phase. 3'P
and »Na MAS-NMR spectra show that the major fraction
of sodium cations are associated with the PO, tetrahedral
units. The decrease in width of 3'P MAS-NMR spectra due
to the disappearance of Q°(3Al) units with increasing NaCl
concentration may indicate that CI has an influence on the
phosphorus environment through bonding with sodium. This
highlights that the addition of NaCl could significantly en-
hance the ionic-conductivity of NaCl. The ionic-conductivity
of Cl-0 glass is increased 2.4-fold (from 1.85 x 1077 to
4.44 x 1077 S/cm at 373 K) with the addition of 20 mol %
of NaCl.

The increase in the concentration of Na—Cl bonds upon
increasing the NaCl concentration should decrease the inter-
linkages between the aluminophosphate structural units [92].
This is because the large Cl™ ion is not directly connected
to the aluminophosphate network. Therefore, the increase in
molar volume with the increase in NaCl in the CI-0 glass was
expected. Nevertheless, the molar volume decreases (see Fig.
S4 in the Supplemental Material) with NaCl concentration.
This is possibly due to the destruction of the network skeleton
and the formation of less directed bonds [93,94]. Moreover,
the lower molar volume of NaCl (27 cm?/mol) compared to
that of CI-0 glass (38 cm?®/mol) is also responsible for the de-
crease in molar volume upon increasing the addition of NaCl.
The decrease in molar volume further indicates the decrease
in interstitial space available, which in general influences the
migration of mobile cations. The increase in conductivity
despite a decrease in molar volume suggests that the aver-
age distance between hopping positions for Na™ cations is
decreasing with increasing NaCl concentration [95]. It has
been reported that upon increasing the addition of polarizable
CI™ ions, the cation mobility and consequently the ionic-
conductivity of the glasses increases [26,92]. Therefore, the
increase in conductivity with increasing NaCl concentration
could be attributed to the polarizability of C1~ ions and the
decreased hopping distance.
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In ion-conducting glasses, dc conductivity follows the re-
lation 0 = guN, where N is the concentration and p is the
mobility of the charge carriers. The values of K(N,g,&) depend
only on the concentration of the charge carrier. In Figs. 9(a)
and 10, we have observed a variation in charge-carrier con-
centration with a variation in NaCl concentration. For glasses
containing a higher concentration of NaCl (>10mol %), the
mobile cations responsible for the conductivity decrease. Nev-
ertheless, the increase in ionic-conductivity confirms that the
mobility of alkali cations plays a significant role in increasing
NaCl concentration in the CI-0 glass system.

The activation energy and mobility of any charge cation
depends on its binding energy with the surrounding network
as well as the network strength energy, and for larger cations
such as sodium, the network strength energy is larger than
the binding energy. We have observed a decreasing trend in
the value of the activation energy, so this may indicate that
the network strength energy is decreasing. Again, a decrease
in the network strength energy usually increases the mobility
of ions. This further confirms the depolymerization of the
phosphate network.

In most of the glasses, [(R? (t,,))]l/ 2 depends inversely on dc

conductivity. For example, [(Rz(tp))]l/ * is minimum for the
highest conductive glass in yAg,0-(1-y)[xSeO;-(1-x)TeO,]
glass series [96]. This observation was explained based on
the consideration that in the glass in which [(Rz(tp))]l/ s
lower, the mobile ions travel a lesser distance to overcome
the force causing correlated forward-backward motion. We
observe the same phenomena in CI-0 glass containing a low

NaCl concentration, i.e., NaCl (<10 mol %). The [(Rz(tp))]l/2

and [(Rz(too))]l/ % decrease upon increasing the NaCl con-
centration up to 10 mol %, and then they increase with a
further increase in NaCl concentration. This indicates that the
increase in NaCl concentration increases the concentration
of sodium cations responsible for the conductivity (Figs. 10
and 11) and decreases the distance between the two ions.
Therefore, the mobile ion takes a lesser distance to over-
come the force causing correlated forward-backward motion,

which shows the decreasing trend in the value of [(R? (N 172

and [(Rz(too))]l/ > In glasses containing a higher NaCl con-
centration (NaCl >10 mol %), though the concentration of

charge carriers decreases and the value of [(R2(t,,))]1/ * and

[(Rz(too))]l/ : increases, the conductivity still increases. This
opposite phenomenon contradicts the observations in most
of the glasses. The formation of nonbridging oxygens in
glasses depolymerizes the network structure and decreases

the value of [(Rz(tp))]]/ * because of the reduced hopping
distances of mobile cations. [(Rz(t,,))]l/ 2 is also dependent
on the interionic Coulombic interactions. The Coulomb in-
teraction depends on the number of charged ions present
in the system. In the current system (for NaCl concentra-
tion >10 mol %), a decrease in charge-carrier concentration
(Fig. 10) also indicates a tendency to decrease the Coulomb
interaction. This ensures that sodium-ion mobility, as well as
conductivity, is further increased. In the present glass systems,
the increase in P—O—Mo bonds as well as the increase in
Q°(2Al) units at the expense of Q°(3Al) units indicates the

creation of more nonbridging oxygens with increasing NaCl
concentration. These nonbridging oxygens should decrease

the value of [(R? )] /2 and further increase the conductivity.
Nevertheless, the creation of the shallower potential energy
landscape for the sodium cations due to the interaction with
the C1™ ions at higher NaCl concentration (> 10 mol %) might
be responsible for the increase in the mobility of sodium ions
and consequently the conductivity. Sklepié, Tricot, Mosner,
Koudelka, and Mogus-Milankovi¢ [97] observed a similar

trend where conductivity as well as [(RZ(tp))]l/ % increased
for the Na;O—P,05—GeO,; glass system. They identified this
as a modification of the network structure surrounding the
Na™ ions. Therefore, in the present study, the increase in the
conductivity of Cl glasses is strongly due to the enhancement
in the mobility of sodium as a result of structural changes in
the glasses.

V. CONCLUSIONS

The addition of NaCl in the glass system (31.725 Na,O-
12.69 Al,03-31.725 P,05-8.46 NaF-5.40 Na;SO4-10 MoOs3)
enhances ionic-conductivity with changing structure and
sodium ion dynamics. The ionic-conductivity of base glass
increases by 2.4 times (from 1.85 x 1077 to 4.44 x 107’
S/cm at 373 K) with the addition of 20 mol % of NaCl.
MAS-NMR spectra reveal that the solubility limit of NaCl is
limited to 10 mol %, and a higher concentration of NaCl >10
mol % resulted in the presence of NaCl crystalline phases.
Raman spectra confirm that the addition of MoO; increases
the P—O—Mo bonds and allows the sodium to create more
nonbridging oxygens, which enhances the concentration of
Al(OP, F)4 units. They also reveal that Mo—O—Mo bonds are
absent in this glass system. The variation of log,,(K(N.q.£))
with NaCl concentration reveals that the sodium ion partic-
ipating in the conductivity increases with increasing NaCl
concentration up to 10 mol % and then decreases. The
characteristic displacement curve indicates that for high con-
centrations of NaCl (>10 mol %), the sodium ion mobility
increases due to a decrease in Coulombic interaction as well
as an increase in the number of nonbridging oxygens. There-
fore, in the current glass system, Na-ion concentration in low
NaCl-containing (<10 mol %) glasses and Na-ion mobility in
high NaCl-containing (>10 mol %) glasses play a major role
in improving ionic-conductivity.
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