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a b s t r a c t

Glass-nanocomposites in the system Ag2S–Ag2O–MoO3 have been synthesized by quenching of melts.
Microstructural studies of the samples have been accomplished using X-ray diffraction, high-resolution
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transmission electron microscopy and field emission scanning electron microscopy. The formation of
glass-nanocomposites and the presence of different crystalline phases, namely �-Ag2MoO4, Ag2Mo2O7

and �-Ag2S dispersed throughout in the glassy matrix have been confirmed from these studies. The
formation and growth of different nanocrystalline phases have been studied as a function of composition
and heat-treatment time. The effects of variation of Ag2S content and heat-treatment on the local network
structure within the glassy matrix have been explored using FT-IR spectroscopic study.
icrostructure

R spectra

. Introduction

Glass-nanocomposites are produced when crystallite particles
f nanometer dimension are dispersed within the host glass matrix
1]. These forms of glasses and glass-nanocomposites have been
ttracting much interest because of their excellent adjustability
f compositions, microstructures and technological applications
2–5]. The crystallization in glasses and glasses-nanocomposites
nd their other properties have been investigated by several tech-
iques such as optical, thermal, ion-exchange process, etc. [6–8].
he heat-treatment induced crystallization in glasses depends on
arious factors such as defect state, structure, composition, free
nergy and also on interfacial energy between the embedded crys-
allites and the glass matrix [9]. The formation of glasses and
lass-nanocomposites with different glass formers such as B2O3,
2O5, TeO2, etc. and transition metal oxides like V2O5 have been
eported [10–12]. The variation of the microhardness properties
nd the ionic conductivity due to nanocrystallization in a few sil-
er borate glasses with the addition of hard ceramic powders has
een reported [10], where a decrease of the conductivity in glass-
anocomposites in comparison with the parent glass matrix has
een observed. It has been reported [13] that the thermal treatment
f the silver vanadate glasses near the glass transition tempera-
ure leads to the enhancement of the conductivity, whereas the

nnealing of these glasses at much higher temperatures leads to
anocrystallization, which decreases the conductivity due to the
hange of the interfacial regions and defect states. The precipi-
ation of nanoparticles within the glassy matrix can thus either

∗ Corresponding author. Tel.: +91 3324734971; fax: +91 3324732805.
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enhance or reduce the conductivity. To tailor the properties of these
nanocomposites and to make them suitable for practical applica-
tion, the understanding of their microsructural aspect is foremost
important [14,15].

Among the various transition metal-oxides, molybdenum triox-
ide (MoO3) has attracted much interest because of its multifaceted
functional properties like applications as a catalyst in selec-
tive oxidation reaction, information display systems, sensors,
photochromic, and electrochromic systems. Although structural
studies on different tellurite and phosphate glasses have been
recently reported [16,17], the investigation of molybdate glass sys-
tems has not gained much attention [18]. A few studies on the silver
ion conducting molybdate glasses [19] and glass-nanocomposites
with dispersed nanocrystalline phases have been reported [20].
It has been observed that the formation of these nanocrsytallites
gives rise to different characteristics [20] from those of the host
glass matrix, such as the electrical conductivity, which decreases
with the increase of the size of the nanoparticles [20]. In a few
AgI doped silver molybdate glasses, the formation of superionic
�-AgI phase [21] frozen in the glass matrix has been observed
which drastically enhances the conductivity. The NMR studies of
the silver-molybdate glasses [22] show a strong dependence of
stability of the glass network on the MoO3 content. It has been
observed that the stability of the network is higher for the low
MoO3 content, whereas at higher MoO3 content the system is more
prone to crystallization due to formation of MoO6 clusters. How-
ever, only a few studies on the glass-nanocomposites containing

Ag2S have been reported [23].

In the present work, we have reported the synthesis and
microstructure of silver molybdate glass-nanocomposites contain-
ing Ag2S, in which nanosize particles are dispersed within the glass
matrix. The influence of the thermal treatment on the growth of the

dx.doi.org/10.1016/j.jallcom.2010.10.197
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sspag@iacs.res.in
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the crystallites with Ag2S content is shown in Fig. 2, which indi-
cates nanocrystalline nature of the crystallites. It is observed that
there is a slight increasing tendency of the average particle size
with increasing Ag2S content. It is also noted that the average par-
ticle size increases appreciably for the samples heat-treated for 4 h
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ig. 1. X-ray diffraction patterns of some as-prepared and heat-treated samples of
ompositions xAg2S–(1 − x)(yAg2O–(1 − y)MoO3).

anoparticles in host glass matrix has been efficiently investigated
n order to understand the exotic features of nanocrystalline mate-
ials. The influence of Ag2S content on the as-prepared as well as
n the heat-treated glasses has been also investigated. It has been
bserved that the formation of nanocrsytallites is less for the com-
ositions with low Ag2S content, whereas the crystallization of the
ompositions with high Ag2S content is significant.

. Experimental procedures

Glass samples of compositions xAg2S–(1 − x)(yAg2O–(1 − y)MoO3) where
= 0.05, 0.10, 0.15, 0.20 and y = 0.20 and 0.30 were synthesized by conventional
elt quenching technique. The appropriate mixtures of Ag2S, AgNO3 and MoO3

ere heated initially in alumina crucibles in an electric furnace at 450 ◦C for 4 h
or denitrogenation of AgNO3. Then the mixtures were melted in the temperature
ange of 850–950 ◦C depending on composition and equilibrated for 2 h. The melts
ere then quenched by pressing them between two aluminum plates. All the as-
repared samples were heat-treated for 4, 6 and 10 h above the glass transition
emperature. The X-ray diffraction patterns of the as-prepared and the heat-treated
amples were recorded in a X-ray diffractometer (Bruker, model D8 Advanced AXS)
sing Cu K� radiation (wavelength = 1.54 Å) at a scan speed of 0.02◦/s. For scanning
lectron microscopic (SEM) studies, the samples were mounted on a specimen stub
nd platinum was sputtered on the samples under vacuum. The SEM micrographs
ere then taken in a field-emission scanning electron microscopy (JEOL, model JSM-

700F). For transmission electron microscopic (TEM) studies, a few mg of powder
amples were sonicated in distilled water for 15 min in an ultrasonic bath (EYELA)
nd then a few drops of the sonicated solution were dropped in a 300 mesh carbon
oated copper grid. The TEM micrographs of the samples were taken in a trans-
ission electron microscope equipped with high-resolution facility (JEOL, model

EM-2010). The Fourier transform infrared (FTIR) spectra of the powder samples in
Br matrix in the ratio 1:100 were recorded in a FTIR spectrometer (SHIMADZU,
odel FTIR-8400S).

. Results and discussion
The X-ray diffraction (XRD) patterns for some as-
repared and heat-treated samples of compositions
Ag2S–(1 − x)(yAg2O–(1 − y)MoO3) are shown in Fig. 1. It is
bserved that for the as-prepared samples, different crystalline
eaks are present, in addition to broad haloes, indicating the
ompounds 509 (2011) 2256–2262 2257

existence of crystalline phases embedded in the glassy matrix. The
interplaner spacing (d values) of these crystallites was calculated
using Bragg’s law and the corresponding crystalline phases and
(h k l) planes were identified by comparing the d-values with those
from ICDD datasheet [24]. The presence of Ag2Mo2O7 crystallites
has been identified in the as-prepared compositions having 0.05
and 0.10 mole fraction of Ag2S for fixed 0.20 mole fraction of Ag2O
and for 0.05 mole fraction of Ag2S for fixed Ag2O content of 0.30
mole fraction. The presence of crystalline phases of �-Ag2MoO4,
Ag2Mo2O7 and �-Ag2S crystallites has been observed in the
as-prepared samples with Ag2S content of 0.15 and 0.20 mole
fraction. The heat-treatment for 4 h for the sample x = 0.05 with
Ag2O content of 0.20 mole fraction provides additional peaks
corresponding to Ag2Mo2O7 crystalline phase along with the
peaks observed in the as-prepared sample. The samples with
higher Ag2S content of 0.10, 0.15 and 0.20 mole fraction, when
heat-treated for 4 h, shows considerable increase in the crystalline
phase of �-Ag2MoO4, Ag2Mo2O7 and �-Ag2S crystallites. After
heat-treatment for 10 h the samples having 0.05 and 0.20 mole
fraction Ag2S leads to the appearance of several additional peaks
corresponding to the crystalline phase of �-Ag2MoO4, Ag2Mo2O7
and �-Ag2S crystallites. It is observed that on heat treatment the
broad-hump decreases with the appearance of several crystalline
peaks indicating that heat-treatment increases the crystallinity
within the glassy matrix.

The average size of the crystallites has been estimated using
Debye–Scherrer formula [25], given by

D = 0.9�

(ˇ cos �)
, (1)

where D denotes the average crystal size, � is the wavelength of
X-ray, ˇ is the full width at half maximum (in radians) and � is
the corresponding Bragg angle. The variation of the average size of
Fig. 2. Composition dependence of the average particle size, D of the compositions
xAg2S–(1 − x)(yAg2O–(1 − y)MoO3): � for the as-prepared samples y = 0.20; © for
the samples y = 0.20 heat-treated for 4 h; � for the samples y = 0.20 heat-treated for
10 h; � for the as-prepared samples y = 0.30; � for the samples y = 0.30 heat-treated
for 4 h and � for the samples y = 0.30 heat-treated for 10 h.
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Fig. 3. Variation of crystalline volume fraction (Vf) with Ag2S con-
tent for the as-prepared and heat-treated samples of compositions
xAg2S–(1 − x)(yAg2O–(1 − y)MoO3): � for the as-prepared samples y = 0.20;
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particle size does not increase much, whereas different new nuclei
sites grow so that crystallinity increases.

To study the distribution of nanoparticles within the matrix, we
have obtained histograms of particles count as a function of particle

Table 1
Average particle size (D) obtained from XRD, TEM and lognormal distribution for
xAg2S–(1 − x) (yAg2O–(1 − y)MoO3) glass-nanocomposites.

Compositions Average size from
XRD (nm) (±2)

Average size from
TEM (nm) (±3)

Average size from
lognormal
distribution (nm)
(±2)

y = 0.20
As-
prepared
x = 0.05 20 22 22
x = 0.10 23 25 24
x = 0.15 29 27 29
x = 0.20 30 25 20

4 h Heat-treated
x = 0.05 24 25 24
x = 0.10 29 31 30
x = 0.15 34 36 36
y = 0.20 37 39 40

10 h Heat-treated
x = 0.05 30 33 31
x = 0.20 40 43 43

y = 0.30
As-
prepared
x = 0.05 14 14 14
x = 0.10 16 16 16
x = 0.15 18 19 18
y = 0.20 26 27 27

4 h Heat-treated
x = 0.05 20 23 22
x = 0.10 26 27 27
x = 0.15 34 34 33
for the samples y = 0.20 heat-treated for 4 h; � for the samples y = 0.20 heat-
reated for 10 h; � for the as-prepared samples y = 0.30; � for the samples y = 0.30
eat-treated for 4 h and � for the samples y = 0.30 heat-treated for 10 h.

ompared to as-prepared samples, whereas heat-treatment for 10 h
ncreases the average particle size only slightly larger in compari-
on to the samples heat-treated for 4 h. The formation and growth
f multiphase nanocrystallites makes it difficult to precisely iden-
ify the true origin of growth of nanocrystallites caused by thermal
reatment. However, the surface nucleation or a combination of
urface and internal nucleation can influence the nucleation and
rowth behavior in these glass-nanocomposites, as revealed from
he TEM and SEM studies discussed later.

To understand qualitatively the crystallization tendency of the
s-prepared samples, the crystalline volume fraction has been cal-
ulated from the X-ray diffraction data, using the following relation
26]

f = Ac

(Ac + Aa)
, (2)

here Vf is the volume fraction of nanocrystallites, Ac and Aa are the
otal integrated areas corresponding to the crystalline and amor-
hous phases, respectively. The integrated areas corresponding
o amorphous and crystalline phases have been separated by the
econvolution of the amorphous haloes and the crystalline peaks.
he crystalline volume fraction Vf obtained in this way is shown
n Fig. 3 as a function of Ag2S content for all the as-prepared and
eat-treated compositions. It is observed that the crystalline vol-
me fraction is very low (<0.10) for the as-prepared samples with
.05, 0.10 and 0.15 mole fraction of Ag2S content for fixed Ag2O
ontent of 0.20 and 0.30 mole fraction. However, the crystalline
olume fraction is much higher for the samples with high Ag2S
ontent having 0.20 mole fraction. The crystallinity increases dras-
ically for samples heat-treated for 4 and 10 h. It is observed that
he crystalline volume fraction exceeds 0.75 for duration of heat-
reatment for 10 h for the sample with highest Ag2S content of 0.20

ole fractions for Ag2O content of 0.30 mole fraction and around

.40 for samples with 0.20 mole fraction of Ag2O content. Thus the
ominating effect of prolonged heat-treatment is to increase the
raction of crystalline phases rather than to increase the size of the
rystallites.
ompounds 509 (2011) 2256–2262

Fig. 4 shows the TEM images for some as-prepared and
heat-treated samples, while the insets show the corresponding
selected area electron diffraction (SAED) patterns. The formation
of nanoparticles is evident from the images for all the samples.
The average particle sizes estimated from these micrographs are
listed in Table 1 and are close to that obtained from XRD. The SAED
patterns show sharp bright spots along with characteristic amor-
phous rings for the as-prepared samples. From the diffraction spot
in the SAED patterns, the interplaner distances (d values) have been
calculated and the different crystalline phases have been obtained
by comparing them with those given in ICDD datasheet [24]. The
characteristic amorphous rings of the SAED pattern get diminished
for the heat-treated samples, clearly depicting the increase of crys-
talline order as observed for the heat-treated samples [Fig. 4(c)–(e)]
compared to as-prepared samples [Fig. 4(a) and (b)]. The lattice
fringe patterns are clearly observed in the high-resolution image
[Fig. 4(f)] for a particular crystallite [Fig. 4(e)]. The interplaner spac-
ing (d) has been calculated from these fringe patterns as indicated
in the figure. The fast Fourier transform (FFT) of the corresponding
HR-TEM image, shown in the inset in Fig. 4(f), reveals the hexagonal
structure of the corresponding crystallite. A rod like growth of the
matrix having embedded nanoparticles on its surfaces is noticed for
the samples with 0.20 mole fraction of Ag2S content, heat-treated
for 10 h. The heat-treatment thus considerably increases the degree
of crystallization, accompanied by formation of different crystalline
phases. This result indicates that on prolonged heat-treatment time
y = 0.20 40 42 40

10 h Heat-treated
x = 0.05 25 26 27
y = 0.20 43 44 44
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ig. 4. TEM images for some as-prepared and heat-treated samples of composition
or the as-prepared sample x = 0.20, y = 0.30; (c) for the sample x = 0.15, y = 0.20 heat-
= 0.20, y = 0.30 heat-treated for 10 h. The insets in all these figures show the corresp
how the corresponding FFT pattern.

ize. Fig. 5 shows the particle histogram of a particular composi-
ion. These particle distributions have been fitted to the lognormal
istribution function [27] given by the relation

(r) =
{

1
(ln �

√
(2�))

}
exp

[−(ln r − ln �)
(2(ln �)2

]
, (3)
here r is particle diameter, � is the geometric mean diameter
nd � is the dimensionless geometric standard deviation. Approx-
mately 80–100 particles have been sampled from several areas
n the TEM images and the particle size has been calculated using
software programme ImageJ. The average particle size obtained
S–(1 − x)(yAg2O–(1 − y)MoO3): (a) for the as-prepared sample x = 0.20, y = 0.20; (b)
d for 4 h; (d) for the sample x = 0.20, y = 0.20 heat-treated for 10 h; (e) for the sample
g SAED pattern; (f) HR-TEM image for a particular crystallite of (e), where the inset

from lognormal distribution for different compositions is listed in
Table 1. It is noted that the average diameters obtained from the
fits are in close agreement with those obtained from the XRD data.

Fig. 6 shows SEM images of several as-prepared and heat-
treated samples. The presence of distributed nanoparticles within
the glassy matrix is evident from these images. The as-prepared

samples [Fig. 6(a) and (b)] clearly reveal the presence of nanopar-
ticles dispersed throughout within the glassy matrix. It may be
noted that in the sample heat-treated for 4 h [Fig. 6(c)] the par-
ticle sizes are bigger and the agglomeration of particles occurs due
to heat-treatment. The micrograph for sample heat-treated for 10 h



2260 B. Deb, A. Ghosh / Journal of Alloys and Compounds 509 (2011) 2256–2262

8070605040302010
0

10

20

30

40

50

8070605040302010

8070605040302010
0

10

20

30

40

50

e size

Particle size (nm)Particle size (nm)

C
ou

nt
 %

C
ou

nt
 %

a

 histogram

 lognormal fit

as-prepared b heat-treated for 4 hours

heat-treated for 10 hoursc

F samp
t

[
d
i

h
p
8
b
a
0
i
t
a
t
a
s
i
a
t
t
f
0

Particl

ig. 5. Histograms for particle distribution shown for as-prepared and heat-treated
o lognormal distribution [Eq. (3)].

Fig. 6(d)] clearly shows rod like growth of the glassy matrix with
ispersed nanoparticles of slightly larger size. This behavior is sim-

lar to that observed from the TEM micrographs.
Fig. 7 shows the FTIR spectra for some as-prepared as well as

eat-treated samples. It is observed that for the as-prepared sam-
les shown in Fig. 7(a), two prominent absorption bands around
40 cm−1 and 685 cm−1 are observed for y = 0.20 and absorption
and around 480 cm−1, 560 cm−1, 685 cm−1, 840 cm−1, 880 cm−1

nd 1620 cm−1 are observed for samples with Ag2O content of
.30 mole fraction. The absorption band at 480 cm−1 and 560 cm−1

s assigned to the symmetric and asymmetric stretching vibra-
ion of Mo–O–Mo bond in Mo2O7

2− anions respectively [28]. The
bsorption band at 685 cm−1 assigned to the asymmetric vibra-
ion of Mo–O–Mo bond of the condensed molybdate anions [29]
nd the absorption band at around 840 cm−1 is attributed to the
tretching vibration of MoO4

2− anions [30]. The band at 880 cm−1

s assigned to Mo–O–Mo bridge bonds in MoO6 groups. The band

t 1620 cm−1 is due to O–H bond of water. It may be noted that
he position of the band remains almost unchanged with addi-
ion of Ag2S content. The presence of additional absorption band
or samples with 0.30 mole% Ag2O content compared to that of
.20 mole fraction of Ag2O, in turn, indicates that increasing MoO3
 (nm)

le of composition 0.20Ag2S–0.80(0.20Ag2O–0.80MoO3). The solid lines are the fits

content in the glass composition considerably influences the net-
work structure. The appearance of several additional absorption
bands is observed for the samples heat-treated for 4 h indicating
the structural modification occurring in the glass matrix due to heat
treatment. In comparison to the as-prepared samples with fixed
content of 0.20 mole fraction of Ag2O, the samples heat-treated for
4 h show additional absorption bands at ∼570 cm−1, 750 cm−1 and
880 cm−1, where the band at 570 cm−1 is assigned to the symmetric
stretching of Mo–O–Mo bond in Mo2O7

2− anions and the band at
750 cm−1 is attributed to the vibration of tetrahedral orthomolyb-
date MoO4

2− anion [31]. However, the samples with fixed Ag2O
content of 0.30 mole fraction, when heat-treated for 4 h [Fig. 7(b)],
show no additional absorption bands compared to the correspond-
ing as-prepared samples. After heat-treatment for 10 h the samples
having 0.05 and 0.20 mole fraction of Ag2S content for fixed Ag2O
mole fraction of 0.20 show two additional absorption bands at
∼460 cm−1 and ∼700 cm−1, which are assigned to the vibrational

modes of Mo-O tetrahedra similar to that existing within the chain
structure in crystalline Na2Mo2O7 and to Mo (octahedra)–O–Mo
(octahedra) similar to the crystalline K2Mo2O7, respectively. The
samples with 0.05 and 0.20 mole fraction of Ag2S content for con-
stant Ag2O mole fraction 0.30, when heat-treated for 10 h, show
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ne additional absorption band at ∼755 cm−1 compared to samples
eat-treated for 4 h, which is attributed to the vibrational mode
f tetrahedral orthomolybdate MoO4

2− anion. The above results
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ig. 7. FTIR spectra of some as-prepared and heat-treated samples of compositions
Ag2S–(1 − x)(yAg2O–(1 − y)MoO3) shown.
S–(1 − x)(yAg2O–(1 − y)MoO3): (a) for the as-prepared sample x = 0 = 0.05, y = 0.20;
reated for 10 h; (d) for the sample x = 0.20, y = 0.30 heat-treated for 10 h.

indicate that due to heat-treatment the MoO4
2− anions are trans-

formed to more complex structural units such as interlinked MoO6
octahedral and MoO4 tetrahedral units.

4. Conclusions

The synthesis and microstructure of Ag2S–Ag2O–MoO3 glass-
nanocomposites have been studied using XRD, TEM and SEM.
The presence of dispersed different nano-crystalline phases of
�-Ag2MoO4, Ag2Mo2O7 and �-Ag2S has been observed in the as-
prepared samples. The heat-treatment of the as-prepared samples
for short duration of time increases the average particle size of
these nanocrystalline phases, accompanied by increase in the crys-
tallinity. The rod like growth of the glassy matrix with dispersed
nanoparticles have been observed for prolonged heat-treated sam-
ples suggesting that prolonged heat-treatment has predominant
effects on increasing the crystallinity rather than increasing the
crystallites size. The FTIR spectra reveal that due to heat-treatment
modification of the network structure occurs and MoO4

2− anions
are transformed into more complex structural units due to the for-
mation and growth of different crystalline phases. The formation
and growth of nanocrystallites within the glass-matrix have pro-
found impact on the mechanical, electrical and chemical properties
and is under investigation.
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