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ABSTRACT

Structural investigations of Cdl, doped silver phosphate glass-nanocomposites in the system
xCdIy-(1 —x)(yAg20-(1 —y)P,05) are presented in this paper. Although, X-ray diffraction patterns show
amorphous nature of the compositions, electron microscopic studies show several nanocrystalline phases
such as Cdl,, B-Agl, AgPO; and Ag4P,07 dispersed within the glass matrix. The presence of Cdl, nanopar-
ticles in cluster form is dominant for the compositions in the limit of the glass forming domain. The
particle size in polyphosphate compositions is higher than that of metaphosphate or ultraphosphate
compositions. FTIR spectra of these compositions have been investigated. It has been observed that the
presence of different nanocrystalline phases does not affect the basic glass network. Differential scanning
calorimetric results show that the incorporation of CdI, within the glassy matrix increases the glass tran-
sition temperature. It is observed that the structural characteristics of the Cdl, doped silver phosphate
glasses are quite different from that of other divalent metal iodide doped glasses.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ion conducting glasses are highly interesting because of their
potential application in solid state electrochemical devices such
as batteries, sensors and smart windows [1]. Incorporation of Agl
in silver phosphate glasses leads to high ionic conductivity [2].
Similarly, higher conductivity can also be achieved by introduc-
ing some divalent metal iodides (e.g. Pbl,, Hgl,, etc.) other than
silver iodide in the glass network [1,2]. To look into this interesting
phenomenon, it is necessary to have an insight on the microscopic
structure of these glasses. It has been reported [2] that there is a
coordination exchange between Ag* and Pb2* ions in Pbl, doped
silver phosphate glasses, resulting in the formation of Agl cluster.
The dissociation of Ag,0 depends on the type and amount of the
dopant iodide salt [3]. In Hgl, doped glasses the dissociation of
Ag,0 is observed for Hgl, content <20%, but beyond this limit Hgl,
remains unreacted within the glassy matrix [2]. However, in Agl or
Pbl, doped glasses the existence of Agl or Pbl, clusters of signifi-
cant size (10 A) has been recently debated [1]. It has been observed
that the incorporation of Pbl, in the phosphate network leads to
the coordination of Pb2* ions with the non-bridging oxygen of the
phosphate network. Simultaneously the Ag* ions from the phos-
phate chains are dissociated and are located in more salt like (i.e.
Ag-1) environment [1].

* Corresponding author. Tel.: +91 3324734971, fax: +91 3324732805.
E-mail address: sspag@iacs.res.in (A. Ghosh).

0925-8388/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2012.01.031

Binary phosphate glasses xR,0-(1 — x)P,05 (where R is alkali or
silver) may be classified depending on the value of x. For 0 <x < 0.5
the compositions are called ultraphosphate, for x=0.5 the com-
positions are metaphosphate and for x > 0.5 the compositions are
polyphosphate [4]. There are some reports on structural or electri-
cal properties of divalent metal iodide (e.g. Pbl,, Hgl,, etc.) doped
silver metaphosphate glasses [1,2,5]. In this paper, we have stud-
ied the structure of ultra, meta and polyphosphate glasses doped
with different concentration of Cdl,. We have observed that the
microstructure of these glasses is different from what was observed
in the case of Pbl, or Hgl, doped phosphate glasses.

2. Experimental details

Samples of the compositions xCdI,—(1 — x)(yAg20-(1 —y)P,05) [x=0-0.20 for
y=0.60 series, x=0-0.25 for y=0.50 series and x=0-0.40 for y =0.40 series] were
prepared by melt quenching technique. The reagent grade chemicals Cdl,, AgNO3
and NH4H,PO4 were mixed in appropriate molar ratio. They were ground thor-
oughly and mixed in a mortar. The mixtures were melted in alumina crucibles at
800-900 °C depending upon the composition. The melts were equilibrated for 2 h
and then rapidly quenched between two aluminum blocks kept at room tempera-
ture. The samples of thickness in the range 0.5-0.8 mm were obtained. The undoped
silver phosphate glasses are colorless and transparent, whereas Cdl, doped samples
are yellowish in color. The X-ray diffraction patterns of the powdered samples were
recorded in an X-ray diffractometer (Bruker AXS, model D8 Advance) using Cu-K,
radiation (1.54 A wavelength) at a scan rate of 0.02°/s. For transmission electron
microscopic (TEM) studies the powdered samples were sonicated in acetone for
15 minin an ultrasonic bath (model EYELA) and the sonicated solution was dropped
in a 300 mesh copper grid. The TEM images were taken in a high resolution trans-
mission electron microscope (HR-TEM) (JEOL, model JEM 2010). The FTIR spectra
in KBr matrices (sample:KBr=1:100) were recorded in a spectrometer (model SHI-
MADZU 8400S) at room temperature. Calorimetric measurements were performed
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Fig. 1. Parts (a) and (b)
xCdI,—(1 —x)(yAg,0-(1

show X-ray diffraction patterns of
—y)P,05) for the series y=0.50 and 0.40, respectively.

in a differential scanning calorimeter (model PerkinElmer-DSC N-536-0022) under
constant nitrogen flow (100 ml/min) with a scan rate of 10°C/min.

3. Results and discussion

Fig. 1(a and b) represents the X-ray diffraction patterns of
the compositions xCdl,-(1 —x)(yAg.0—-(1 —y)P,05) for the series
y=0.50 and 0.40, respectively. It is observed that all the sam-
ples exhibit amorphous nature. However, the electron microscopic
studies (presented later) showed that several crystalline phases of
size 5-50 nm depending upon the compositions are dispersed in
the glassy matrix. The absence of diffraction peak for such X-ray
amorphous compositions is generally due to small size and density
of crystallites [6]. All prepared samples are glass-nanocomposites
[6].

Typical TEM micrographs are shown in Fig. 2(a-d) for some
compositions along with the selected area electron diffraction pat-
terns shown in the inset. The micrographs show crystalline phases
dispersed in the glassy matrix. It has been noted that Cdl, doped
silver borophosphate glasses are also X-ray amorphous in nature,
although several crystalline phases are embedded in the glass
matrix [7].

The inter-planner spacing (d) was calculated from the selected
area electron diffraction (SAED) patterns or crystalline fringe pat-
terns, and comparing them with those given in the JCPDS-ICDD [8]
data sheet the crystalline phases were determined. The calculated
d-values and the corresponding crystalline phases for different
series of the compositions are listed in Table 1.

It is observed that several crystalline phases such as CdlI,, 3-Agl,
Ag,P>07 and AgPO3 are embedded in the glass matrix depending

upon the compositions. However, no crystalline phases were
observed in the x=0 composition of each series. It may be noted
that Cdl, and -Agl phases are present in all the compositions.
The presence of Ag4P,07 has been detected in y = 0.60 series while
AgPOs3 crystallites has been observed in y=0.40 and 0.50 series.
It is noteworthy [2] that the formation of Agl crystalline phase in
Pbl,-AgPOs glasses is due to the exchange reaction between Ag,0
and Pbl,. We expect that formation of 3-Agl phases in our glasses
is also due to the exchange reaction between Ag,0 and Cdl,. It was
proposed [2] that in Pbl,-AgPOs glasses Pb%* ions are preferentially
linked to the PO3 anions of the phosphate network, while Ag* ions
are linked with I~ ions producing Agl. The Cdl, crystalline phases
imply the presence of some un-reacted Cdl,. It should be noted
that the presence of Cdl, is dominant [Fig. 2(c and d)] with respect
to other crystalline phases for the compositions with highest Cdl,
content. The selected area electron diffraction pattern shown
in the inset of Fig. 2(c) reflects single crystalline nature of CdI,
particles [9]. High resolution TEM image and typical fast Fourier
transform (FFT) pattern exhibited by Cdl, are also shown in the
inset Fig. 2(d). The FFT pattern of Cdl; is similar to that reported
earlier and it exhibits hexagonal nature of Cdl, crystallites [10].

The crystallites corresponding to (3-Agl, Ag4P,0; and AgPOs
phases are 30-50 nm in size [Fig. 2(a and b)]. On the other hand,
the size of CdI, crystallites is quite small (5-30nm) [Fig. 2(c and
d)]. The mean diameter of the CdI, particles with particle count
has been estimated from the particle size distribution for all the
compositions. The histogram of the distribution of particle sizes
is shown in Fig. 3 for a composition. The data were fitted to the
lognormal distribution function given by [11].

(Inr — Inp) }

Jn = 2(Ino)?

(1)

1
exp< —
+/2mlno P {

where ris particle diameter, p is the geometric mean diameter and
o is the dimensionless geometric standard deviation. The average
size of the particles obtained from fits is 17 nm (42 nm) for y = 0.60
series. For y=0.50 and 0.40 series the average size of the particles
was obtained as 13 nm (+£2nm) and 11 nm (42 nm), respectively.
Thus, it is observed that the average size of the CdI, particles for
the compositions depends on the type of phosphate network. The
average size of the particles in polyphosphate composition is higher
than that of the metaphosphate and ultraphosphate compositions.
The phosphate chain length in the polyphosphate compositions is
smaller [4] and the glass network is quite weaker than those for the
ultraphosphate compositions as observed from DSC studies pre-
sented later. Probably, this weak network structure assists in the
nucleation and growth of Cdl; crystallites.

Fig. 4(a-c) shows FTIR spectra of the compositions
xCdI,—(1 —x)(yAg20-(1 —y)P,05) for the series y=0.60, 0.50 and
0.40, respectively. The band observed near 1243-1268 cm~! for all
the glass compositions is attributed to the asymmetric stretching
vibration of (PO;)~ terminal of —O—(PO,)— fragments[12]. This
fragment is the monomer of the polymeric metaphosphate chain
[12]. It should be mentioned that the absorption band of (PO,)~
group and P=0 group generally overlap with each other [13].
The stretching frequency of P=0 group is higher (1250cm~1) in
phosphorous rich ultraphosphate compositions (y=0.40 series)
compared to that (1233 cm~1) of the polyphosphate compositions
(¥=0.60 series). This is probably due to strong localization of P=0
in the central position of the interlinked phosphate tetrahedra for
ultraphosphate glasses [14]. It is observed that as the amount of
Cdl, content is increased, the overlapping of bands of (PO,)~ and
P=0 group becomes broader. This is due to the shifting of (PO;)~
stretching frequency to lower values [15].

The absorption band in the region 1080-1095cm~! appears
for ultraphosphate and metaphosphate compositions (y =0.40 and
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Fig. 2. Parts (a) and (b) show TEM micrograph for compositions (x=0.10, y=0.60) and (x=0.20, y = 0.40), respectively. SAED patterns for selected zones are shown at the
inset. (c) And (d) show distribution of Cdl, particles for (x=0.20, y=0.60) and (x =0.40, y = 0.40). SAED pattern for a selected zone is shown at the inset of (c). High resolution
TEM image for a CdI; particle along with its FFT pattern is shown at the inset of (d).

Table 1
Inter-planer spacing (d) for different crystalline phase of xCdI,—(1 — x)(yAg,0—-(1 — y)P,0s) as obtained from TEM and their corresponding values along with reflecting planes
given in the JCPDS data-sheet.

Compositions Crystallites d-value from TEM (A) d-value from JCPDS (A) Reflecting plane
y=0.60 cdl, 213 212 (110)
x=0.05-0.20) 3.17 3.24 (101)
2.04 2.03 (111)
2.56 2.51 (102)
B-Agl 230 2.30 (440)
1.93 1.94 (630)
1.59 1.61 (801)
Ag4P,07 2.76 2.76 (1112)
1.59 1.60 (1124)
3.12 3.11 (1110)
y=0.50 cdl, 324 3.24 (106)
x=0.05-0.25) 2.82 2.86 (109)
2.02 2.02 (116)
B-Agl 1.97 1.94 (630)
233 230 (440)
3.69 3.68 (222)
AgPO; 3.98 4.06
3.52 3.51
347 3.45
y=0.40 cdl, 2.83 2.86 (109)
x=0.10-0.40) 2.04 2.02 (116)
2.99 2.99 (108)
AgPO; 2.94 293
2.36 2.36
242 242
B-Agl 233 2.30 (440)

3.74 3.68 (222)
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Fig. 3. Histogram for the particle distribution for the highest CdlI; rich compositions
for y=0.60 series. The fit to the lognormal distribution is shown by the solid curve.
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Fig. 4. Parts (a)-(c) show FTIR spectra for different compositions of
xCdl;—(1 —x)(yAg20-(1 — y)P,05) glass nanocomposites.

0.50 series). However, it is absent in polyphosphate (y=0.60
series) glasses. This band has been assigned to the two differ-
ent types of vibrational mode: one is due to the stretching of
P—O~ group (chain terminator) and the other is the symmet-
ric stretching of (PO,) group [12]. In pure P,05 glass this band
appears at 1100cm™!, but due to the formation of P—O—Ag unit
in silver phosphate glasses it appears at low frequency [14]. In
the highest P05 rich glasses (y=0.40 series), it is observed that,
the absorption band (1080-1095cm~!) becomes more intense
with increase of Cdl, content. Generally, the relative intensity
of bands changes due to the change in the percentage of dif-
ferent types of PO4 tetrahedra present in the composition [13].
Insertions of Cdl, into the glass network probably converts the
PO4 tetrahedra with three bridging oxygen to the PO4 tetrahedra
with two bridging oxygen i.e. three-dimensional network structure
breaks into short metaphosphate chains [16]. In the metaphosphate
compositions (y=0.50), the absorption band (1080-1095cm™1)
becomes broader as Cdl, content is increased. This may be
related to the shifting of (PO,) stretching frequency to lower
values [15] or due to formation of P—O—Cd covalent bond that
increases the cross link density or in other way the rigidity of the
glass network [17].

The asymmetric vibration of P—O—P bridge appears at
879-900cm~! and symmetric vibration of P—-O—P bridge appears
at 678-700cm~! for all the compositions [12]. It is observed that
the stretching frequency shifts to the higher wave number with
the increase of CdI, content. It was reported earlier that the cova-
lent character of P—O—P bands increases and the bands become
strengthened as more cadmium salts are added in the glass network
[18].

For polyphosphate composition (y =0.60) two bands appear at
1104 and 1169 cm™!, respectively. These bands are due to low and
high frequency component of asymmetric stretching of (PO3 )2~ ter-
minal group [12]. The intensity of the 1104 cm~! band is higher than
that of the 1169 cm~! band. With the increase of Cdl, concentra-
tion, the intensity of the 1169 cm~! band decreases. However, the
intensity of 1104 cm~! band increases up to 20% Cdl, content and
then decreases. The variation of these bands is due to the redistri-
bution of intensity between the low and high frequency component
of (P03)?~ terminal group [12]. The band at 1030 cm~! (for y =0.60
series) can be related to the symmetric stretching of (PO3 )2~ ter-
minal group. This band has almost disappeared for Cdl, content
>15%. There is a weak band at 969 cm~! (for y =0.60 series) which
might be related to the symmetric stretch of the (PO,4 )3~ orthophos-
phate tetrahedral [12]. The intensity of the band diminishes for the
composition with highest Cdl, content (20%).

The common feature observed from spectroscopic investigation
of silver phosphate glass-nanocomposites of different categories is
that the vibrational bands present in the undoped and CdI, doped
compositions are the same. This implies that the insertion of Cdl,
cannot modify the basic phosphate network drastically. It should
be mentioned that Raman spectroscopic studies of some Pbl, or
Hgl, doped silver phosphate glasses revealed that the basic glass
network remained unchanged with the insertion of these metal
halides [1,2].

Fig. 5(a) shows the DSC curves for several compositions of
y=0.40 series. The samples show the endothermic baseline shift
due to glass transition. The glass transition temperature (Tg) was
obtained from these curves. In a similar manner Tg for other com-
positions were also estimated. Fig. 5(b) shows the compositional
dependence of Tg. It is observed that the glass transition temper-
ature increases with the increase of Cdl, content. Similarly, glass
transition temperature also increases with increase of P,05 con-
tent (when Cdl, content is fixed) for most of the compositions.
The increase of glass transition temperature generally depends
on the chain length of phosphate glasses, cross-link density and



242 S. Kabi, A. Ghosh / Journal of Alloys and Compounds 520 (2012) 238-243

o ; | T,
= z _AD
S =
> =
84 )
/;.\ SSO'I'("CJdDO
S x=040 N
; x=0.30 )
2 x=0.20 N
o ——— ]
= x=0.10
L)
'1_-' (El) x=0
100 200 . a0 400
400 T(C)
] A
350
O ]
~— 300+ A
= )
250 O y=0.60
_ D/u/f’/m/ﬁ O y=0.50
200 - A y=040
(b)

1 T
0.0 0.1 0.2 03 0.4
X

Fig. 5. (a) DSC curves for different compositions of
xCdI,—(1 —x)(0.40Ag,0-0.60P,05). (b) Compositional dependence of the glass
transition temperature for xCdl,-(1 — x)(yAg20-(1 — ¥)P205) glass nanocomposites.

nature of bonding [17]. It has been reported that the ultraphosphate
glasses consist of 3D cross-linked network [4], which increases
T;. However, the dependence of T on dopant salts is quite com-
plex. It has been observed for Pbl, or Hgl, doped silver phosphate
glasses that glass transition temperature decreases with increase
of respective dopants [2]. The decrease of Tg with increase of
Cdl; content was also observed in (Cdl; )x—(AgPO3)1_x) glasses for
x=0.05 and 0.10 in contradiction to our findings [19]. However,
the nature of decrement was sharp in case of Pbl, doped glasses
and linear for Hgl, doped glasses. This complex behavior of glass
transition temperature has been attributed to the cation polyan-
ion (PO3)] interaction, which governs the polyanions mobility [2].
When metal (M) iodide is doped in the phosphate network, P-O—M
bond is formed. Strength of the bond depends on character of M
and generally covalent nature of bond increases its strength [17].
Hg interacts weakly with oxygen and does not form covalent bond
[20]. Whereas both Cd?* and Pb2* cation can form covalent bond
with oxygen i.e. P-O—Pb and P—0O—Cd bonds have covalent charac-
ter [21], although the variation of glass transition temperature with
respect to Pbl, and Cdl, mol fraction is just opposite. At present
it is difficult to explain this complex behavior. However, it has
been observed that Pb2* cations can play dual role, one as a net-
work former (when Pb—O bond is covalent) and other is network
modifier (when Pb—O bond is mostly ionic) [22]. Thus the glass
transition temperature in Pbl, doped glasses might be dependent
on the ratio of the two different types of Pb—0 bond present in the
network. On the other hand, P-O—Cd bond is covalent and thus
the rigidity of the glass network is enhanced. Hence, the increase
of glass transition temperature with the increase of Cdl, content
is quite reasonable for the Cdl, doped glasses compared to Pbl,
doped glasses.

It has been observed that Agl particles of average size 10 nm are
dispersed within the glassy matrix for Agl based glasses [4]. These
particles form an aggregation or cluster when the Agl content is
increased or the glass is heat treated [23]. These clusters weaken
the glass network and the glass transition temperature decreases
with the increase of Agl content [24] in sharp contrast to the present
Cdl, doped glasses. Although, there are several nano-sized phases
present in the compositions, the presence of Cdl, aggregation for
Cdl, rich composition should specially be mentioned. This indi-
cates that the nanocrystalline phases do not affect the basic glass
network.

The electrical properties of the present glass compositions were
reported and compared with those of Pbl, or Hgl, doped AgPO3
glass earlier [3]. The conductivity of the compositions increases
with increase of Cdl, content for poly and metaphosphate glasses,
whereas the conductivity decreases for ultraphosphate composi-
tions with increase of Cdl;, content [3]. For poly and metaphosphate
system the exchange reaction between Cdl, and Agl is complete
and maximum of Ag* ions are located in iodine environment.
On the other hand, in ultraphosphate system the exchange reac-
tion between Cdl, and Ag,0 is not complete and some unreacted
Cdl, is present which affects the ionic motion [3]. It should
be noted that the degree of exchange between immobile cation
(like Pb%*, Cd%*, Hg2*) and Ag* ion depends on the type of the
immobile cation [3]. Depending on the degree of exchange the
conductivity may increase or decrease. For instance, the degree
of exchange between Pb%* and Ag* is higher than that between
Cd%* and Ag* or Hg?* and Ag* [3]. That is why the conductiv-
ity of Pbl, doped AgPOs3 glass is higher than that of Cdl, or Hgl,
doped AgPOs5 glass.

4. Conclusions

Although Cdl, doped silver phosphate glasses are X-ray amor-
phous in nature, TEM micrographs show the presence of several
crystalline phases like Cdl,, Agl, AgPO3; and Ag4P,07 dispersed in
the glass matrix. The presence of Cdl, nanoparticles in cluster form
is dominant for the compositions in the limit of the glass form-
ing domain. The size of those particles depends on the type of the
phosphate network. The particle size is higher for polyphosphate
compositions than that for metaphosphate or ultraphosphate com-
positions. The presence of different nanocrystalline phases does
not affect the basic glass network. However, the insertion of Cdl,
increases the rigidity of the glass network as confirmed from DSC
and infrared studies. This feature is different from what has been
observed for Pbl, or Hgl, doped glasses.
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