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Abstract

A number of samples of sodium phosphate glasses doped with Cd/Co/ or Ag chlorides were pre-

pared and characterized by X-ray diffraction, IR spectral, ion transport and DSC studies. It was

found from DSC studies that the glass transition temperature (Tg) and crystallization temperature

(Tc) values increased with the increasing concentrations of the dopants Cd/ or Co chlorides. How-

ever, the Tg and Tc values were found to decrease when the AgCl was taken as the dopant and the fol-

lowing sequence is observed:

Tg(CoCl2)>Tg(CdCl2)>Tg(AgCl)

Tc(CoCl2)>Tc(CdCl2)>Tc(AgCl)

These results have been discussed and explained on the basis of changes in the structure of so-

dium phosphate glassy matrix by the addition of different cations as dopants.

Keywords: glass transition temperature, ion conducting glasses, silver ion conduction,
sodium phosphate glasses

Introduction

The phosphate glasses are interesting amorphous materials that have gained attention of

scientists due to their growing technological importance and increasing demand of appli-

cations in several industries [1–4], ease of preparation at a lower temperature, simple

structure [5] and high ionic conductivities [6]. A number of ion conducting phosphate

glasses with high Li+, Ag+, Na+ and Cu+ conductions are already known with several pos-

sible uses [7–9]. The interest in the sodium ion conducting phosphate glassy systems got

intensified as they are promising glassy electrolytes for the development of high energy

density batteries, particularly for sodium sulphur batteries [10, 11].

For the understanding of the molecular level structure, transport behaviour and po-

tential applications of these phosphate glasses, a knowledge of their thermal stability and

phase transformation is very much essential. Thermal techniques are among the most

powerful experimental tools with wide ranging applications. Because of this, thermal
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studies of such glasses have become extremely important and various thermoanalytic

methods are being used to study a number of aspects of glass technology [12–16].

The present paper reports DSC studies on some newly synthesized sodium phos-

phate glasses doped with Cd/Co/ or Ag chlorides. The role of transition metals

(Cd, Co or Ag) ions in ascertaining Tg and Tc values were studied and compared. The

results have been discussed on the basis of IR spectra and ion transport studies.

Experimental

All the chemicals used in the preparation of glasses were of analytical reagent grade.

Sodium phosphate glasses both undoped and doped with Cd/Co/ or Ag chlorides were

prepared by employing the melt quenching technique [17]. In the case of sodium phos-

phate glasses a mixture Na2CO3 with NH4H2PO4 in 1:1 molar ratio was heated in a plat-

inum dish in muffle furnace for the desired period of time (4 h) at a fixed temperature

(800–900°C). The melt was then quenched oven ice cooled stainless steel plates to ob-

tain glassy samples. For preparing metal (Cd, Co, Ag) chloride doped sodium phos-

phate glasses, appropriate amounts of metal chlorides were added to 1:1 molar mixture

of Na2CO3 and NH4H2PO4. The mixture were first heated slowly in an oven to

150–200°C taking care that the material did not spurt out in the initial stages, when the

frothing took place due to brisk evolution of ammonia-oxides of nitrogen and water

vapour. When the frothing subsided, the platinum dishes were placed in a muffle fur-

nace (preheated to the desired temperature in the range 800–900°C) for a period of 4 h

before quenching. Mixtures of undoped and doped glasses were heated in the muffle

furnace side by side in two platinum crucibles and their melts were quenched almost si-

multaneously so that similar conditions of preparation could be maintained. After dry-

ing in an oven at 100°C, the glassy samples were stored in glass sample tubes kept in a

desiccator. The X-ray diffraction studies of all the samples of sodium phosphate

glasses were done on an automatic X-ray powder diffractometer. IR spectral studies

were carried out by using Perkin Elmer PC FT-IR spectrometer in the range

4000–500 cm–1 using KBr pellets. The ionic transference numbers were determined by

Wagners polarization method [18] while the electrical conductivities were measured

with the help of HIOKI 3532 50 LCR tester [19] at 100 kHz frequency from room tem-

perature to 300°C. In the present investigation DSC experiments were carried out using

STA 409 PC (Netzsch, Germany) instrument which directly gave the Tg and Tc values.

In this study, the powder of the sample under investigation was taken in an aluminium

pan with aluminium lid and a blank pan without sample was also taken as reference.

The two pans (sample+reference) were kept in identical conditions after baseline cor-

rection and heated uniformly at the rate of 5°C min–1 under continuous nitrogen gas

purging. The purging flow rate was kept constant at the rate of 20 mL min–1. The DSC

curves were recorded from room temperature to 450°C. The net heat flow was mea-

sured as a function of increasing temperature.
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Results and discussion

X-ray diffraction study of all the glassy samples show broad and diffused scatterings

which indicates that the synthesized sodium phosphate glasses are amorphous in na-

ture with hardly any crystalline regions in them.

IR spectral analysis confirmed the presence of linear P–O–P linkages character-

istics of linear polyphosphates [20] and the presence of two non-bridging oxygen at-

oms bonded to each phosphorous atoms in the phosphate tetrahedra [21] in all the so-

dium phosphate glasses.

The values of Tg and Tc for all the glasses determined by DSC are given in Ta-

ble 1. The results show that the Tg value of the undoped sodium phosphate glass

(Na2O–P2O5) is 286.1°C. It is observed that these Tg values are found to increase with

the increase in dopant (Cd/ or CoCl2) concentration. The Tg values increase from 287.7

to 323.4°C as the dopant (CdCl2) concentration is increased from 1 to 15% in the case

of Na2O–P2O5–CdCl2 glasses. Similarly these values are found to increase from 290 to

362.6°C as the concentration of the dopant (CoCl2) increases from 1 to 15% CoCl2

doped Na2O–P2O5 glass. Similar increasing behaviour for Tc values (Table 1) were also

found in both the cases. A plot of Tg and Tc vs. percentage composition of CdCl2 and

CoCl2 is shown in Figs 1 and 2, respectively. Further, Table 1 suggests that the Tg and

Tc values are found to decrease when AgCl is taken as a dopant in Na2O–P2O5 glass. It

is observed (Table 1) that the Tg value decreases from 277.5°C (for 1% AgCl doped) to

187.3°C (for 15% AgCl doped) in Na2O–P2O5–AgCl glasses. Similar trends were also

observed for the Tc values in these AgCl doped sodium phosphate glasses. A plot of Tg

and Tc vs. percentage composition of AgCl is shown in Fig. 3.

The increasing values of Tg with increasing concentration of Cd/ or Co chloride

in all the cases could be attributed to increase in crosslink density [22]. The network
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Table 1 Percent ionic transference number (ti/%), conductivity (�), glass transition temperature (Tg)
and crystallization temperature (Tc) values of various synthesized sodium phosphate glasses

No. Phosphate glasses ti/%
�/S cm–1

Tg/°C Tc/°C
at room temp. at 300°C

1. Na2O–P2O5 88.8 1.09�10–7 1.56�10–3 286.1 359.0

2.
3.
4.
5.

Na2O–P2O5–(1%) CdCl2

–(5%) CdCl2

–(10%) CdCl2

–(15%) CdCl2

90.4
89.5
89.4
89.3

1.99�10–7

1.85�10–7

1.76�10–7

1.20�10–7

3.51�10–3

–
–
–

287.7
294.7
304.0
323.4

346.6
356.6
366.0
404.9

6.
7.
8.
9.

Na2O–P2O5–(1%) CoCl2

–(5%) CoCl2

–(10%) CoCl2

–(10%) CoCl2

89.5
91.3
88.9
88.8

1.77�10–7

2.19�10–7

1.55�10–7

1.21�10–7

–
4.46�10–3

–
–

290.0
304.7
332.0
362.6

367.2
409.9
429.7
448.9

10.
11.
12.
13.

Na2O–P2O5–(1%) AgCl
–(5%) AgCl
–(10%) AgCl
–(15%) AgCl

88.9
89.3
91.3
93.2

2.22�10–7

7.89�10–7

2.16�10–4

1.41�10–3

–
–
–

5.38�10–2

277.5
267.1
250.9
187.3

347.7
331.3
301.8
259.1
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Fig. 1 Variation of Tg, Tc and � values with increasing concentration of CdCl2 in
Na2O–P2O5–CdCl2 glasses

Fig. 2 Variation of Tg, Tc and � values with increasing concentration of CoCl2 in
Na2O–P2O5–CoCl2 glasses



of phosphate glasses is known to be constituted by crosslinking PO4 tetrahedra with

three bridging and one terminal, double-bonded oxygen atom. Incorporation of dop-

ant cation M2+ (M=Cd/Co) into the PO4 network increases the crosslinking by getting

attached to two non-bridging oxygen (NBO) atoms of two different phosphate

chains. This eventually increases the number of crosslinks in the glass network struc-

ture and therefore Tg value increases with increasing dopant concentrations of

Cd/ or Co chlorides in sodium phosphate glass. This can be visualized in Fig. 4 which

has been drawn on the basis of earlier studies on Na2O–P2O5–CuO glasses [14].

In the undoped sodium phosphate glass P...O–···Na+ bond exist (Fig. 4a). When

Cd/ or Co chlorides are added in it, probably few Na+ gets replaced by Cd/ or Co

(Fig. 4b) and formation of P–O–M bond takes place between two chains of the

sodium phosphate glass. When the concentration of dopants Cd/ or Co chloride is

increased, more Na+ ions are replaced by the bivalent cations Cd2+ or Co2+ (Fig. 4c).

However, P–O–P bonds in the sodium phosphate glass network are not affected by

the addition of dopant salts of Cd/ or CoCl2. These replaced Na+ ions remain free in

the glassy network. In the doped glass, formation of P–O–M bonds between two

chains of undoped sodium phosphate is considered to occur because of bivalent metal

cation and this leads to an increase in the crosslink of the glassy network which

eventually results in an increase in the glass transition temperature. The low values of

ionic conductivities in these glasses (Table 1) supports this explanation.
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Fig. 3 Variation of Tg, Tc and � values with increasing concentration of AgCl in
Na2O–P2O5–AgCl glasses



However, incorporation of AgCl into Na2O–P2O5 system decreases the Tg and Tc

values. This suggests the loosening of the glass structure. Probably the dopant AgCl

goes into the glass matrix and remains as such in the form of Ag+ and Cl– ions. It does

not increase the crosslink density by interconnecting two linear chains of sodium

phosphate glass since Ag+ is a monovalent cation. Also Ag+ cannot replace Na+ ions

from the main chain of Na2O–P2O5 glass because Ag+ has lower electrode potential

[23] than Na+. The increasing concentration of the AgCl will loosen the sodium phos-

phate glass structure to a greater extent and thereby the Tg and Tc values are lowered

as one increases the dopant (AgCl) concentration from 1 to 15%.

The explanation of the loosening of the phosphate glassy network structure is fur-

ther supported by the ion transport studies on these glasses as reported in Table 1. As

seen in the Table 1, the transference number and conductivities of Na2O–P2O5–AgCl

glassy systems are higher in comparison to Na2O–P2O5–Cd/CoCl2 glassy systems. The

values of ionic conductivity in Na2O–P2O5–CdCl2 glass is maximum for 1% CdCl2
doped sodium phosphate glass and then it decreases with increasing concentration of

CdCl2. Similarly in Na2O–P2O5–CoCl2 glasses the � value increases with the addition of
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Fig. 4 Schematic structures of undoped and cobalt/cadmium chloride doped sodium
phosphate glasses; a – linear resonsance chain structure in undoped sodium
phosphate glass. The P-non-bridging oxygen bonds are marked by P---O.
b – sodium ions are replaced in part by cobalt/cadmium ions in doped glasses.
c – more sodium ions are replaced by Co/Cd ions on increasing the concentra-
tion of the dopants



CoCl2 in the glassy matrix of sodium phosphate glass and is found to be maximum for

5% CoCl2 doped Na2O–P2O5 glass. It then decreases as more CoCl2 is added to it. The

composition dependence of conductivity values in these glassy system are also shown in

Figs 1 and 2. However, in the case of Na2O–P2O5–AgCl glasses the � values go on in-

creasing with the increasing concentration of the dopant AgCl (Fig. 3). Even at high tem-

perature (300°C) the conductivity values of Na2O–P2O5–CdCl2 and Na2O–P2O5–CoCl2
glassy systems are less than those of Na2O–P2O5–AgCl glass (Table 1). The ionic con-

ductivity in AgCl doped glasses increases with increasing AgCl concentration due to

loosening of the phosphate glass network structure and presence of free Ag+ ions. The

more loosened glassy network facilitates the movement of free Ag+ ions to a large extent

and hence the conductivity increases enormously in Na2O–P2O5–AgCl glasses.

Conclusions

Addition of cadmium/or cobalt chlorides in sodium phosphate glass increases the Tg

and Tc values. These values increase when the concentration of the dopant Cd/ or

CoCl2 increases. This has been explained on the basis of increase in crosslink density

of the glassy network. However, incorporation of AgCl into Na2O–P2O5 system de-

creases the Tg and Tc values, which suggests loosening of the glass structure. These

results have adequately been supported by the ion transport studies on these glasses.
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