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tion studies and complementary
experimental characterization of xAg2O–(1 �
x)(0.3CdO–0.7MoO3) metal oxide glass
nanocomposites†

Ranadip Kundu,‡*a Sanjib Bhattacharya,b Debasish Roya and P. M. G. Nambissanc

Metal oxide nanocomposites of the composition xAg2O–(1 � x)(0.3CdO–0.7MoO3) were prepared by

a melt-quenching method and were characterized by different experimental techniques like X-ray

diffraction, high resolution transmission electron microscopy and optical absorption spectroscopy. X-ray

diffraction showed sharp diffraction peaks indicating large crystallites but transmission electron

microscope images also showed crystallites of nanometer dimensions in appreciable concentrations,

which confirmed the nanocomposite structure of the samples. Although the lattice constants did not

show significant changes with the increase in concentration (x) of Ag2O, there is considerable relaxation

of the growth-induced strain above x ¼ 0.2. Interestingly this is also the concentration above which the

optical band gap energy showed a mild decrease. One salient feature of this study is the use of positron

annihilation spectroscopy for identifying and monitoring the structural defects such as vacancies and

vacancy clusters as well as the free volume cavities during the change in concentration of Ag2O.

Positron lifetime measurements indicated trapping of positrons initially in the interfacial defects within

the 0.3CdO–0.7MoO3 nanocrystalline ensemble and then in the free volume defects within the

amorphous Ag2O matrix. At higher Ag2O concentrations, positron trapping appeared to take place within

the Cd2+-monovacancies in CdO and in the divacancies of neighbouring cationic and oxygen

monovacancies in the a-MoO3 and CdMoO4 nanocrystallites. At x ¼ 0.1–0.2, the effective positron

trapping centres are translocated to the tetrahedral Mo6+-monovacancies instead of the Cd2+-

monovacancies. The results of coincidence Doppler broadening spectroscopic measurements, which

map the electron momentum distribution and its variations, indicated increasing trapping of positrons

with increasing concentration of Ag2O, which again is attributed to the trapping sites in the increasing

number of nanocrystallites being formed.
1. Introduction

Metal oxide based glass nanocomposites and other similar
materials have gained popular importance in recent years as the
discovery of nanocrystalline properties of materials have
opened up new avenues of research. Of particular interest is the
tunability of suchmaterials with the introduction of substituted
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elements that can enhance or modify their physical and other
properties to the extent of adaptability in technological appli-
cations. Glassy systems and their nanocomposites are of special
interest and focus in this context as they cater to a wide range of
applications such as solid state batteries and sensors.1,2

Understanding their properties and the factors affecting their
variations under different thermodynamic and experimental
conditions is therefore really important. In this context, we
report here the results of a very recent study on the electronic
and stoichiometry-related properties of a glass nanocomposite
consisting of Ag2O and 0.3CdO–0.7MoO3 in different propor-
tions with a general nomenclature xAg2O–(1 � x)(0.3CdO–
0.7MoO3). The variational parameter x had values starting from
0.0 to 0.9. Altogether seven samples have been studied and the
modications of the structure and properties have been
investigated.

The ndings from conventional experimental techniques
like Fourier transform infra-red (FTIR) and UV-Vis absorption
RSC Adv., 2017, 7, 8131–8141 | 8131
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spectroscopies are also oen complemented and supported by
characterization tools like X-ray diffraction (XRD) and high
resolution transmission electron microscopy (HRTEM).
However, there are bigger challenges like the deviation of
measured electrical conductivity from the theoretically expected
ones and the modications of thermal properties which needed
deeper understandings and evaluation. Of special emphasis are
the defects and defects-related properties and processes that
may as well undergo evolution with the variations of the
concentrations of the constituents in the composition of the
nanocomposites. Positron annihilation spectroscopy is a versa-
tile non-destructive defect spectroscopic probe that has been
increasingly applied in the investigation of the defects in
nanomaterials and nanocomposites.3–5 Positron lifetime (PL)
measurements as well as coincidence Doppler broadening
spectroscopy (CDBS) were performed on the seven samples and
the results are discussed.

2. Experimental details

The samples were prepared through a chemical mixing process
using reagent grade chemicals AgNO3, CdO and a-MoO3.
Depending upon the molar fraction x of the Ag2O part in the
stoichiometric composition, calculated amounts of the reagents
have been accurately weighed and taken in an alumina crucible
and thoroughly mixed and preheated. (See ESI I.†) The mixtures
were then melted in an electric furnace in the temperature
range from 900 �C to 950 �C depending upon the composition.
The melts were equilibrated for 30 minutes and then quenched
between two aluminum plates. In this manner, glass-
nanocomposites of thickness � 1 mm have been obtained for
x ¼ 0.0 (without AgNO3)–0.9. For experiments in the powder
form of the samples, the plates so formed are gently crushed in
an agate mortar and ltered through a 100 mm sized mesh.

X-ray diffraction (XRD) patterns of the samples were recor-
ded using CuKa radiation (wavelength 1.54 Å) in a rotating
anode Rigaku TTRAX-III X-ray diffractometer. Scanning is done
from 2q ¼ 10� to 80� through steps of 0.02� with a scanning
speed of 4� per minute. The presence and distribution of the
nanocrystallites have been conrmed from the HRTEM images
taken using 300 keV electrons (FEI, Tecnai, F30-ST). UV-Vis
absorption studies were made in the reection mode using
PerkinElmer Lamda-750 spectrophotometer. The colloidal
suspensions using ethanol as solvent for the absorption studies
were prepared with the help of an ultrasonic homogenizer
(Takashi SK-500F).

For positron annihilation studies, the ne powdered sample
is taken in a glass tube and a radioactive isotope decaying by b+-
emission is kept embedded in it at the geometrical centre of the
column. The source in fact is a 22NaCl deposition on a thin
(�2 mg cm�2) Ni foil and covered by the extended portion of the
foil folded along a line away from the source-deposited area.
Prior to the source deposition, the Ni foil had been annealed at
1050 �C for 2 hours in good vacuum (�10�6 mbar). The
powdered sample is ensured to cover the source from all sides
in thicknesses sufficient to capture and annihilate all the
positrons within it and none of them reached the glass walls.
8132 | RSC Adv., 2017, 7, 8131–8141
Further, the glass tube is continuously evacuated to remove the
air and absorbed gases from the powder column and to allow
the particles to settle down under their own weight. In this way,
the sample and the source assembly is made compact and
maintained at dry and moisture-free conditions. The positron
emission and annihilation gamma rays are captured using
nuclear radiation detectors and processed by standard gamma–
gamma coincidence circuits, comprising of nuclear electronic
modules.4 Special mentions are to be made of the detectors
used for the detection process. For positron lifetime measure-
ments, BaF2 scintillators coupled with fast XP2020Q photo-
multiplier tubes were used. The slow-fast gamma–gamma
coincidence spectrometer which incorporated these detectors
and the associated nuclear electronic modules had a time
resolution of 180 ps when measured with the nuclear gamma
rays from a 60Co radioactive isotope kept under the 22Na
experimental energy window settings. For CDBS studies, two
high pure germanium (HPGe) detectors with energy resolutions
� 1.27 keV at the annihilation gamma ray energy 511 keV are
used. The data were collected with sufficiently high statistics
(�106 and 107 counts or events under each PL and CDB spectra
respectively) and the electronic stability had been extremely
good. The positron lifetime spectra were analyzed using the
program PALSt.6 The soware LAMPS developed by Pelletron
Division, Tata Institute of Fundamental Research, Mumbai7 was
used in the CDBS data acquisition, storage and analysis.

3. Results and discussion
3.1. X-ray diffraction

The XRD patterns of the synthesized nanocomposite samples
are shown in Fig. 1(a). All the spectra displayed sharp well-
dened peaks and the identication of the different diffrac-
tion peaks had been carried out by a careful comparison with
the available literature data of CdO (ICDD PDF: 75-0594) and a-
MoO3 (ICDD PDF: 05-0508). As reported by Usharani et al.,8

Stoyanova et al.9 and Alsaif et al.,10 the sharp peaks at 2q ¼
12.85�, 27.38� and 39.05� emerge due to the diffraction from the
(0 2 0), (0 4 0) and (0 6 0) planes of the large number of crys-
tallites preferentially oriented in these planes in a lamellar
conguration. Whereas, the peak of the maximum intensity
corresponding to the (1 1 1) plane of CdO appears at 2q¼ 32.08�

and that of the (1 1 0) plane of a-MoO3 makes its presence
visible at 2q¼ 23.41�. There are however a number of additional
diffraction peaks which lay partially hidden due to the prom-
inent intensities of the (0 2 0), (0 4 0) and (0 6 0) peaks and they
are shownmagnied in Fig. 1(b). These peaks are observed at 2q
¼ 29.27�, 35.04�, 48.14� and 51.80� and identied as the (1 1 2),
(2 0 0), (1 2 3) and (2 2 0) peaks of cadmium molybdate
(CdMoO4) (ICSD #084455), having a tetragonal scheelite-type
structure with space group I41/a and composed mainly of
CdO8 octahedra and MoO4 tetrahedra.11,12 The procedure of
synthesis adopted in this work seemed to have given favourable
thermodynamic conditions for the formation of this phase,
albeit unexpectedly. A still deeper scrutiny of the diffraction
patterns also revealed very small peaks at 2q ¼ 33.82�, 55.35�,
65.03� and 77.65�, which were identied as due to the (1 1 1), (2
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) The XRD patterns of the samples. (b) Gives the XRD pattern of one of the samples with a higher magnification in the y-axis. The symbols
+, * and # respectively indicate the peaks from the three nanocrystalline phases CdO, a-MoO3 and CdMoO4. The unmarked peaksmainly belong
to Ag2O and a few of them to Ag.

Table 1 The lattice constants of the nanocrystallites of CdO, a-MoO3

and CdMoO4 estimated from the XRD patterns shown in Fig. 1

Concentration of Ag2O (x) a (Å) b (Å) c (Å)

Crystallite: CdO; most intense peak at 2q ¼ 33.20�; (h k l) ¼ (1 1 1);
structure: fcc; ICDD PDF: 75-0594; reported lattice constant a ¼ 4.686 Å
0.0 4.668
0.1 4.667
0.2 4.670
0.3 4.672
0.5 4.665
0.7 4.670
0.9 4.670

Crystallite: a-MoO3; most intense peak at 2q ¼ 25.79�; (h k l) ¼ (0 4 0),
structure: distorted orthorhombic; ICDD PDF: 05-0508; reported lattice
constants a ¼ 3.963 Å, b ¼ 13.855 Å, c ¼ 3.696 Å
0.0 3.950 13.804 3.680
0.1 3.946 13.800 3.686
0.2 3.950 13.812 3.685
0.3 3.953 13.818 3.692
0.5 3.945 13.794 3.685
0.7 3.947 13.805 3.686
0.9 3.948 13.806 3.687

Crystallite: CdMoO4; most intense peak at 2q ¼ 29.30�; (h k l) ¼ (1 1 2);
structure: regular orthorhombic; ICSD #084455; reported lattice
constants a ¼ 5.155 Å, c ¼ 11.194 Å
0.0 5.139 11.150
0.1 5.138 11.146
0.2 5.144 11.146
0.3 5.146 11.160
0.5 5.137 11.146
0.7 5.139 11.159
0.9 5.141 11.156
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2 0) and (3 1 1) planes of Ag2O (ICDD PDF: 00-065-6811) and (3 1
1) plane of Ag (ICDD PDF: 00-004-0783). Since the intensities of
these peaks are found extremely low, they are not considered for
further discussion.

The results of XRD analysis did not indicate considerable
widths for the peaks and it demonstrated the coarse dimen-
sions (dc) of the large crystallites. The Scherrer equation13

dc ¼ 0:9l

bhkl cos q
(1)

where l is the wavelength of the CuKa radiation was used to
calculate the sizes of the crystallites of the different solid phases
formed. bhkl is the full width at half maximum of the respective
peaks aer the correction for broadening due to nite instru-
mental resolution is incorporated. The average sizes of the
crystallites so estimated were large (�300–500 nm) and raised
ambiguities related to the nanocomposite nature of the
samples. Still the sharp and well-dened peaks conrmed the
purity of the phases formed and the good crystallinity
achieved.

The lattice constants of the crystallites of CdO, a-MoO3 and
CdMoO4 have also been calculated by considering the respective
structure as reported in literature and the identication of the
positions of the X-ray diffraction peaks from Fig. 1. The results
are summarized in Table 1. No signicant variations are
observed in the lattice constants. This is interesting especially
in the context of a number of reports on the size-dependent
lattice parameter changes in a number of metal oxide nano-
crystalline systems.14 The co-existence of three chemically stable
metal oxides with homogenous distribution and forming
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 8131–8141 | 8133
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Fig. 2 The crystal lattice strain versus concentration (x) of Ag2O used
in the samples.
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a glass-like matrix could have resulted into the mutual annul-
ment of the changes in this case.

We also calculated the lattice strain associated with the
formation of the nanocrystallites within the glass matrix. The
contribution of the strain to the broadening of the peaks in the
XRD patterns of the samples due to crystal imperfections and
dislocations is given by

3 ¼ bhkl

4 tan q
(2)

The basic difference between the crystallite size and the
induced lattice strain is the nature of their dependency on the
diffraction angle 2q. The crystallite sizes follow 1/cos q variation
whereas the strain varies as 1/4 tan q. On the basis of the
independent contribution of each other to the peak broadening,
the strain is estimated through the Williamson–Hall (W–H)
method.15 The total broadening of the peak is written as the
sum of contributions of both the effects as

bhkl ¼
0:9l

dc cos q
þ 43 tan q (3)

Rearranging the terms, we get

bhkl cos q ¼ 0:9l

dc
þ 43 sin q (4)

Eqn (4) represents the uniform deformation model where
the strain induced by the nanocrystallites is assumed to be
uniform. From the linear plot of bhkl cos q versus 4 sin q, the
strain is obtained from the slope of the line. (The y-intercept
gives the sizes of the nanocrystals, as given by eqn (1).) A plot of
the values of the strain thus estimated versus the concentration
(x) of Ag2O of the different samples is given in Fig. 2. Although
the magnitudes of the strain thus estimated are extremely
small, the striking observation of an abrupt discontinuity of the
strain at x ¼ 0.2 to 0.3 is worth noting.
3.2. TEM images

The X-ray diffraction peaks had been rather sharp giving doubts
to the formation of very large crystallites against the nano-
composite nature that was expected. The crystallite sizes esti-
mated from the Scherrer formula also gave the indications that
the crystallites are rather large in sizes and the nano-
composition is not to be expected. For disseminating the
ambiguity in this regard, we have also examined the samples
through high resolution transmission electron microscopy
(HRTEM). The TEM images shown in Fig. 3(a) to (c) showed rod-
like structures with average diameters showing a gradual
increase from 300 nm to 600 nm in samples of increasing Ag2O
content (x) from 0.1 to 0.9. The diameters of these rods are
indicated in the images. The corresponding selected area
diffraction (SAD) patterns are shown in Fig. 3(d)–(f) respectively
from regions marked by the red circles. The SAD patterns
conrm the single crystalline nature of the rod-like structures.
The lattice images shown in Fig. 3(g)–(i) further conrm the
8134 | RSC Adv., 2017, 7, 8131–8141
formation of the different solid phases discussed in the
previous section.

The TEM images also demonstrated that, in addition to the
large rod-like single crystals, there are innumerable nano-
crystallites too (Fig. 4), the presence of which in fact should have
given rise to nite line broadening for the XRD patterns, had the
bulk crystallites been absent. These smaller nanocrystallites are
sometimes attached to bigger crystals as, for example, reected
in Fig. 3(e) showing polycrystalline-like diffraction pattern.
Further, these nanocrystallites are also single crystals and one
can observe lattice plane bending etc. in the Fourier-ltered
images shown in Fig. 5(a)–(c). They are also found to have
defects such as stacking faults and mist dislocations associ-
ated with them.
3.3. UV-Vis absorption results

Although different solid phases are found to be formed within
the nanocomposites, they also exhibited a cumulative optical
behavior which could be examined and quantied in terms of
the band gap energies estimated using Tauc's plots.16 The UV-
visible absorption spectra of the different samples are shown
in Fig. 6. The tangents to the absorption edges were linearly
extrapolated to the x-axis in order to calculate the band gap
energies from the relation ahn ¼ A(hn � Eg)

n where A is
a constant and hn is the photon energy. The value of n depends
on the nature of transition.16 In this case, n is chosen as 1/2
since both CdO and MoO3 are direct band gap semi-
conductors and thus the optical band gap energies of the
samples are obtained by extrapolating the linear portion of the
(ahn)2 vs. hn curve to 0 on the y-axis. The band gap energies thus
obtained for the present samples are shown in Fig. 7(a). The
initial increase followed by a decrease with increase in
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a)–(c) TEM images of the three samples with x ¼ 0.1, 0.5 and 0.9. (d)–(f) The SAD patterns. (g)–(i) HRTEM images of the samples showing
the lattice fringes.

Fig. 5 (a)–(c) Fourier-filtered images of the regions marked in
Fig. 4(g)–(i).
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concentration x of Ag2O may more have to do with the actual
sizes of the nanocrystallites than any compositional
dependence.

With this prelusion, the band gap was plotted as a function
of the combined average of the sizes of the nanocrystallites of
the three different phases CdO, a-MoO3 and CdMoO4 and the
results are shown in Fig. 7(b). There is a gradual decrease of the
band gap with the increase of the crystallite size. It is not
possible here to attribute the increase of band gap with the
decreasing crystallite size to quantum connement behavior
(weak, intermediate or strong) since the realm of crystallite sizes
for the observation of such effects normally is much below, say
�10 nm or below. For quantum connement effects to manifest
as an increase of the band gap, the nanocrystallite sizes need to
Fig. 4 TEM image of sample with x ¼ 0.5.

This journal is © The Royal Society of Chemistry 2017
be less than the bulk exciton Bohr radius of thematerial and the
large crystallite sizes obtained in the present study will rule out
such a possibility. For example, the exciton Bohr radius for CdO
Fig. 6 The UV-Vis absorption spectra of the different samples.

RSC Adv., 2017, 7, 8131–8141 | 8135
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Fig. 7 The calculated band gap versus (a) concentration (x) of Ag2O
used in the samples and (b) cumulative average sizes of the crystallites
of the three phases CdO, a-MoO3 and CdMoO4 obtained in the
different samples.
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has been reported as close to 2.25 nm (ref. 17) and the values for
a-MoO3 or CdMoO4, although not readily available in literature,
are likely to be of the same order of magnitude. The decreasing
band gap within the small range of variation of the crystallite
sizes hence can be treated as an “impurity effect” in which
additional energy levels are created within the band gap and
weak electronic excitations are activated with photons of the
corresponding wavelength getting absorbed.

3.4. Positron lifetime studies

The peak-normalized positron lifetime spectra of some of the
samples are shown in Fig. 8. Notwithstanding the very small
variations in the slopes of the curves, the slow decay nature
indicates the presence of extended defects of the vacancy-type in
the nanocomposites. In solid systems of nanocrystalline
composition, the thermal diffusion of the positrons to the outer
surfaces of the crystallites also will greatly inuence the anni-
hilation characteristics. In the present case, this may not be
a serious issue since the sizes of the nanocrystallites are all well
above the thermal diffusion lengths of positrons in oxide
materials.18

The positron lifetime spectra had been analyzed using the
PALSt program to get the different positron lifetimes and their
relative intensities.6 The program subtracts a linear background
Fig. 8 Peak-normalized positron lifetime spectra of some of the
samples. The inset shows a zoomed-in portion of the decaying
exponential part for the sake of clarity.

8136 | RSC Adv., 2017, 7, 8131–8141
and deconvolutes the resolution function (tted to a Gaussian)
before the necessary source correction (23.75%) is carried out.
The source component included the contributions of positrons
annihilating within the supporting Ni foil (0.100 ns; 69.83%)
and the 22NaCl source material (0.385 ns; 29.62%) and those
getting backscattered (1.960 ns; 0.55%). These values were ob-
tained from the analysis of the spectra earlier acquired using
the same source with high pure (99.999%) and well-annealed Al
single crystals. The best t (with a reduced chi-square ¼ 1.05 �
0.15) for the multi exponential decay of the spectra of the glass-
nanocomposite samples was obtained for three lifetime
components. The longest component s3 was of relatively small
intensities (0.1–6.0%) but its presence could not be ignored for
want of a reasonably good t in the analysis. The results of the
analysis are illustrated in Fig. 9(a) and (b).

The longest component s3 is attributed to the formation and
eventual annihilation by “pick-off” process of orthopositronium
(o-Ps) atoms from the free volume defects of the amorphous
Ag2O matrix of the nanocomposites. The presence of this
component is of special signicance because it directly provides
a method to calculate the size and concentration of the free
volume defects.19 Also, such amorphous material systems are
normally abundant with free volume cavities, whose sizes could
vary over a few angstroms.

The question about the origin of the third lifetime s3 is to be
answered rst. The well-known Tao–Eldrup equation20,21

s3 ¼ 0:5

�
1� R

R0

þ 1

2p
sin

�
2pR

R0

���1
(5)

is used to calculate the radius R of the free volume defects and it
puts a lower limit of 0.5 ns on s3. (In eqn (5) above, R0 ¼ R + DR
where DR is the empirical electron layer thickness set equal to
1.66 Å. The lifetime s3 is to be expressed in nanoseconds.) In the
sample with x ¼ 0.0, due to the absence of Ag2O, no third life-
time component had been obtained and the same happened in
the next sample with x¼ 0.1 in which the concentration of Ag2O
is very small. With increasing concentration to x ¼ 0.2, free
volume defects of radius R¼ 0.55 Å corresponding to s3 ¼ 0.550
ns are being observed and it rose to 3.18 Å in the sample with x
¼ 0.3 where s3 is found as high as 2.382 ns. Subsequently, s3
again fell back to 0.550 ns but the corresponding intensity I3
gradually rose to 6.0% in the sample of x ¼ 0.9 (Fig. 9(b)).
Incidentally, R ¼ 0.55 Å is the lower limit of the free volume
cavity size in which o-Ps formation is possible, as reported by
Uedono et al.22

The free volume fraction (fV) is another quantity which is
normally estimated for identical systems by using the relation

fV ¼ CVfI3 (6)

and its variation with the concentration of Ag2O in the samples
is shown in Fig. 10. In the above relation, C ¼ 0.0018 Å�3 is
a constant and Vf¼ (4/3)pR3 is the geometrical volume (in Å3) of
the free volume defect considered to be spherical in shape. The
signicance of this quantity is that it helps to correlate the
cumulative free volume fraction with the nature of role of the
amorphous matrix aiding or inhibiting the physical properties
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) The positron lifetimes and (b) the relative intensities versus the concentration of Ag2O in the samples.

Fig. 10 The free volume fraction versus the Ag2O concentration of the
samples.
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associated with them. Thus we can identify that, for the
concentration x ¼ 0.2 of Ag2O, the degree of amorphousness is
rather small and the defects which trap positrons and facilitate
the formation of o-Ps atoms are the pores of the amorphous
matrix. At x ¼ 0.3, the situation becomes ripe for the formation
of fully grown free volume cavities as the bondage between the
Ag2O matrix and the 0.3CdO–0.7MoO3 nanocrystalline
ensemble is still weak. However, the situation changes again
when the concentration of Ag2O is increased beyond this
threshold when it starts acting like a catalyst to intensify the
glass formation by bonding the former (a-MoO3, in this case)
with the modier (CdO) in increasing number. As a result, the
free volume fraction is drastically reduced (Fig. 10). However,
since the amount of Ag2O has increased, there are more number
of pores of the smallest sizes and the intensity I3 accordingly
increases to 6%. Thus it could be concluded from the above
observations that, while the formation of free volume defects is
very well a characteristic of the increasing amorphous Ag2O
matrix, the formation of o-Ps is strongly inhibited by the pres-
ence of the nanocrystallites.

The intermediate positron lifetime component s2 is
a parameter of interest in the understanding of the defects
This journal is © The Royal Society of Chemistry 2017
present within the nanocomposite system under investigation.
Its value 0.363 ns in the initial two samples (i.e., x¼ 0.0 and 0.1)
is attributable only to positron trapping in very large defects like
interfacial vacancy clusters within the 0.3CdO–0.7MoO3 nano-
crystalline ensemble. At these two extremely low concentrations
of Ag2O, strong bondage between the former and the modier is
absent. The subsequent decrease of s2 by about 0.093 ns is
signicant as it signals to the formation of the nanocomposite
glass due to the development of strong bonding between the a-
MoO3 former and the CdOmodier mediated by the presence of
Ag2O which acts as a catalyst. As the bonding intensies, the
interfaces that acted as the potential positron trapping sites
disappear and positrons instead get trapped into the relatively
shallow defects like the negatively charged cationic mono-
vacancies within the nanocrystallites being formed. Thus the
decrease of s2 at x ¼ 0.1–0.2 signies a translocation of the
positron trapping sites from the interfaces to the isolated
cationic monovacancy-type defects. As already stated, we could
identify from the X-ray diffraction patterns that there are crys-
tallites of CdO, a-MoO3 and CdMoO4 but no reported values of
positron lifetimes in these composite phases are available so
far. On the other hand, the obtained s2 values agree with the
values available in literature for the cationic vacancies of some
of the elements constituting the above mentioned nano-
crystallites. For example, Seeger has reported the positron life-
time in neutral cadmium monovacancies (VCd) as 0.256 ns (ref.
23) whereas, for the negatively charged Cd2+-monovacancies
ðV2�

Cd Þ in semiconductors like CdSe and CdTe, the reported
positron lifetimes varied as widely as from 0.288 ns to 0.325 ns.3

On the other hand, the positron lifetime in neutral mono-
vacancies in silver is 0.208 ns (ref. 24) while a paper published
by Wegner25 suggested 0.180–0.190 ns as the positron lifetime
in a silver monovacancy associated with an oxygen ion. Identical
extrapolation of these values would then suggest a positron
lifetime around 0.235 ns for a Cd2+-monovacancy in CdO. It
should be mentioned here that positrons are insensitive to the
oxygen vacancies ðV2þ

O Þ because of the positive charge
RSC Adv., 2017, 7, 8131–8141 | 8137

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra23680d


Fig. 11 The mean positron lifetimes versus concentration (x) of Ag2O
of the samples.
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associated with the latter and they normally get trapped only in
neutral or negatively charged vacancies. The values reported for
the positron lifetimes in other cationic defects such as Mo or Ag
monovacancies are much less, 170 ps and 208 ps respectively.
Interestingly, this reference by Campillo Robles and co-
workers26 has also quoted the positron lifetime in neutral Cd-
monovacancies as 252 ps (experimental). We therefore attri-
bute the decreasing s2 values in the rest of the samples (i.e., for
which x > 0.2) as due to positron trapping in Cd2+-mono-
vacancies as well as in Mo6+-monovacancies. At x ¼ 0.9, the
value of s2 is 0.212 ns, which is close to that reported for the
monovacancies in Ag2O.24 This is the sample with the highest
concentration of Ag2O and it shows the presence of neutral
crystalline monovacancies. Note that the X-ray diffraction data
showed well-dened narrow peaks of the Ag2O phase with
feeble intensities instead of a broad one, indicating small
concentrations of crystalline phases within the Ag2O matrix.

It is worth pointing out that metal oxide nanocrystallites are
not in general free of vacancy-type defects. These defects are
inherent characteristics of any metallic oxide (MmOn) system.
Maintenance of an exact stoichiometry of the metal and oxygen
is seldom observed and they may be actually described as
Mm�aOn�b where the deviations a and b vary over a few tens to
hundreds parts per million (ppm). Positrons are known to
undergo saturation trapping if only the defect concentrations
exceed 1020 cm�3 which, for example, is about 103 ppm in CdO.3

The unoccupied lattice sites constitute a defect concentration
less than this limit and such vacancies are also responsible for
the trapping and annihilation of positrons. These vacancies are
perhaps inherently built up in the nanocrystallites in order to
give them a certain degree of stability and such non-
stoichiometric vacancies have been identied as major defect
sites in several oxide nanocrystalline systems that have been
investigated by a large number of research groups.27–29

It should be additionally noted that, in such ionic
compounds, the vacancy type defects can have electrical charges
associated with them. A metallic ion is positive and hence the
vacancy generated by its absence will be negatively charged.
Positrons will be effectively and efficiently trapped by them.
Contrary to this, an oxygen vacancy will be having a positive
charge and hence the positrons, which are positively charged
particles, cannot be trapped by the oxygen vacancies. Then there
is the possibility of a divacancy. In this case, the divacancy being
created by the absence of a metallic ion and its immediate
neighboring oxygen ion, the two opposite charges nullify each
other and the divacancy becomes electrically neutral. Positrons
can be still trapped and one gets a characteristic positron life-
time corresponding to it. Hence the second positron lifetime
component s2 can be safely attributed to vacancy type defects
within the nanocrystallites.

The shortest lifetime s1 is a result of positron annihilation in
bulk material and reduced by the free-state residence time of
the trapped positrons.30,31 In the case of the two samples of x ¼
0.0 and 0.l where the positron lifetime spectra yielded only two
components and in the spectra of the sample with x ¼ 0.3, in
which the intensity I3 was just 0.1%, we applied the two-state
trapping model31 to calculate the positron lifetime within
8138 | RSC Adv., 2017, 7, 8131–8141
a possible “bulk” glass crystallite and it emerged in the range
0.170–0.180 ns. In the rest of the samples, the model did not
exactly reproduce the bulk positron lifetime and hence the
original scheme of analysis with a distinct s3 and I3 is retained.
Still, in all the cases, there is a contribution of the trapped
positrons, whose lifetimes are defect-specic and which will
vary according to their sizes and locations. In order to make this
discussion complete, we are presenting in Fig. 11 the variation
of the mean positron lifetime sm dened as

sm ¼ (s1I1 + s2I2 + s3I3)/(I1 + I2 + I3) (7)

The features exhibited by this parameter is supportive of the
previous interpretations with respect to positron trapping being
translocated to the vacancy-type defects within the nano-
crystallites rather than at the interfaces at higher Ag2O
concentrations, especially at x > 0.3.
3.5. Coincidence Doppler broadening spectroscopic studies

The electron momentum distributional variations reected in
the events of positrons annihilating with electrons localized at
different atomic orbits are studied using the coincidence
Doppler broadening measurement procedure described by
Asoka-Kumar et al.32 and widely used by other researchers.33 The
ratio curves generated for the different samples with respect to
pure and well-annealed Al single crystals are presented in
Fig. 12. The characteristic peak at the longitudinal component
of the electron momentum (pL) at �10 � 10�3m0c comes from
positron annihilation by the 2p electrons of oxygen ions. This
means the annihilation events contributing to this peak are due
to those positrons which are getting trapped at the vacancies
created by the absence of the metallic ions at some of the lattice
sites within the crystallites. To sense the changes in the cationic
distribution, the positrons are to be localized at the oxygen
vacancies, which however is not possible due to the Coulomb
repulsion faced by positrons. The position of the peak did not
show any shi with changes from sample to sample (Fig. 12),
indicating that the elemental surroundings around the positron
trapping defects remained oxygen throughout. However, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 The CDBS ratio curves of the different samples with respect to
single crystalline Al. The curve for pure Ag2O (x ¼ 1.0) is also shown.
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amplitudes (heights) of the peak shown in Fig. 13 are found to
vary in a manner that exhibited a strong correlation with that of
the positron lifetimes and intensities (Fig. 9(a) and (b)).
Increased annihilation with the electrons of oxygen when the
concentration (x) of Ag2O increased systematically is the overall
trend; however, a characteristic discontinuity at x ¼ 0.2–0.3 is
remarkable and seems to indicate a sudden change of the sites
of positron trapping to one with reduced number of coordi-
nated O2� ions. As explained earlier, it comes from the anni-
hilation of positrons in the free volume defects of the Ag2O
matrix, then in the interfaces and nally in the cationic vacan-
cies within the nanocrystallites formed.

In order to explain it further, we note that the gradually
rising trend of the peak heights of the CDBS ratio curves is
indicative of the enhancing annihilation of positrons with the
2p electrons of oxygen. This is possible with the increasing
formation of the CdMoO4 phase when the concentration (x) of
Ag2O is increased. Earlier, in a similar study by Bar et al. on the
xCuI–(1 � x)(0.5CuO–0.5MoO3) glass-nanocomposite systems
with different values of x, it had been demonstrated that the
Fig. 13 The peak heights of the ratio curves versus concentration (x) of
Ag2O in the samples.

This journal is © The Royal Society of Chemistry 2017
density of distribution of CuMoO4 nanoparticles increased with
the increase of CuI content.34 A similar thermodynamic condi-
tion is prevalent in the present investigation too in which Ag2O
is playing a strong catalytic role in the formation of the CdMoO4

nanocrystallites and these in turn happen to act as very strong
trapping centres for positrons. The discontinuity manifesting as
an abrupt fall at x ¼ 0.2 is a result of translocation of the
positron trapping sites from the Cd2+-monovacancies ðV2�

Cd Þ in
the CdO nanocrystals35 to the Mo6+ monovacancies ðV6�

MoÞ in the
a-MoO3 (ref. 36 and 37) and then in the CdMoO4 (ref. 38 and 39)
nanocrystallites. While a reducing inuence of the 2p electrons
of O2� ions results into the fall in peak height at x ¼ 0.2, the
enhanced formation of the CdMoO4 nanocrystallites as evi-
denced from the increasing nanocrystallite size (Fig. 2) sustains
the rising trend at further concentration (x) of Ag2O.

In this context, it may be useful to examine the structure of
the different crystallites as the number and distance of the
nearest neighbor O2� ions in each from a positron trapped at
the metallic monovacancies may provide some more insight.
Table 2 summarizes these parameters for the different crystal-
line phases present in the nanocomposites. CdO is essentially
a face centred cubic structure and there are six neighboring O2�

ions octahedrally coordinated with each Cd2+ ion. The Cd–O
bond length is 2.3–2.4 Å, as reported by several authors.8,35 An
oxygen density parameter is calculated as the number of coor-
dinated O2� ions divided by the volume of the regular octahe-
dron formed by the Cd2+ and coordinated O2� ions. Similarly,
Andersson et al.36 and Li et al.37 have described a-MoO3 as
a distorted orthorhombic elementary cell with the Mo6+ ion
octahedrally coordinated with six O2� ions. The structure of
CdMoO4 is an interesting one which crystallizes in a scheelite
structure with each single crystal of CdMoO4 having eight
symmetry elements and a body-centered orthorhombic primi-
tive cell of two formula units.38,39 The Cd2+ ion is eightfold
coordinated by O2� ions in the form of octahedron made up of
compressed tetrahedrons of (MoO4)

2�. The calculated oxygen
density parameters are listed in Table 2. Although Ag2O has
a simple cubic structure with each Ag1+ ion linearly coordinated
with two O2� ions, one on either side,40 we have included it also
in the table by considering a ctitious octahedral volume
around it.

The results indicate the probability for increasing annihila-
tion events with the electrons of O2� ions when the positrons
are trapped in the Mo6+-monovacancies instead of Cd2+-mono-
vacancies. The initial rise of the peak height in Fig. 13 is
indicative of this. When CdMoO4 crystallites are formed, the
initial trapping occurs in the Cd2+-monovacancies of it. But, in
this case, the oxygen density parameter is weakened and there is
an abrupt fall of the peak height. With the positron trapping in
the Mo6+-monovacancies of the (MoO4)

2�-tetrahedrons, the
parameter increases again and the peak heights rise again.
Positron trapping in Ag2O oxide could have reversed the trend at
the highest concentration of x ¼ 0.9 had the crystallites so
formed been considerable in number. It should be noted
further that the positron lifetime s2 in fact had shown an abrupt
fall around x ¼ 0.1–0.2, then a small rising trend followed by
RSC Adv., 2017, 7, 8131–8141 | 8139
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Table 2 The calculated oxygen density parameters for the different crystallite unit cells

Name of the
nanocrystallite Structure

Distance to the O2�-ion in
octahedral coordination
from the cation
vacancy indicated in
parenthesis (a/2) (Å)

Volume of
octahedron
v ¼ a3/6 (Å3)

Number of
coordinated O2�

ions (N)
Oxygen density
parameter (N/v)

CdO Face centered cubic8,35 2.3–2.4 (Cd2+) 16.854 6 0.356
a-MoO3 Orthorhombic36,37 1.85–2.35 (Mo6+) $ 2.10 (mean) 12.348 6 0.486
CdMoO4 Body centered

orthorhombic11,38,39
2.4–2.44 (Cd2+) (octahedral) 18.897 8 0.423
1.75 (Mo6+) (tetrahedral) 2.751 4 1.454

Ag2O Cubic40 2.04 (Ag1+) (linear) 11.318
(ctitious octahedral)

2 0.177
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a gradual decrease with increasing x (Fig. 9(a)), which clearly
supported the above ndings.

We also have calculated the S and W parameters that are
popularly used in positron literature to comment on the qual-
itative nature of variation of the annihilation characteristics
with the variational quantity chosen (x, in this case). These
parameters are calculated according to their usual denitions
that they respectively represent the fractions of low and high
momentum electrons annihilated by the positrons. Accord-
ingly, S is derived from the area-normalized counts within the
central channels corresponding to 511 � 0.651 keV of the one-
dimensional projection of the CDB spectrum. For calculating
theW parameter, equal number of channels on either side of pL
¼ 10 � 10�3m0c have been chosen, since this corresponded to
the channel where the peak due to 2p electrons of O2� ions had
appeared in the CDBS ratio curves (Fig. 12). The nature of
variation of these two lineshape parameters also indicated the
abrupt discontinuity at x ¼ 0.2, as had been expected (Fig. 14).
Also, by denition, the value of the S parameter is also
a measure of the total defect volume within the samples. In this
context, the striking similarity of variations of S with that of the
free volume fraction fV in Fig. 10 is notable although both
positron lifetime and CDBS measurements are independent of
each other and measured parameters are not directly correlated
with each other.
Fig. 14 The S and W parameters versus concentration (x) of Ag2O in
the samples.

8140 | RSC Adv., 2017, 7, 8131–8141
4. Summary and conclusions

Metal oxide nanocomposites of xAg2O–(1�x)(0.3CdO–0.7MoO3)
with x ¼ 0.0 to 0.9 are investigated by, among other techniques,
positron annihilation spectroscopy. The results of PAS essen-
tially pointed towards the vacancy-type defects prevalent in the
nanocomposite structure and their evolution under addition of
Ag2O. The X-ray diffraction patterns were sharp indicating the
presence of large crystallites but the TEM images conrmed the
presence of nanocrystallites and thereby the nanocomposite
nature. The optical band gaps obtained from the absorption
spectra also showed systematic variation and indirectly indi-
cated the growing inuence of a new phase being formed. A
distinct third positron lifetime component for samples with x >
0.3 clearly indicated the formation and annihilation of ortho-
positronium atoms within the free volume defects in the Ag2O
amorphous matrix. Positrons were also trapped by the vacancy-
type defects within the nanocrystallites, the defects being Cd2+-
monovacancies in the initial stages of Ag2O incorporation and
then the preferred trapping centres got successively shied to
metallic monovacancies of the other two nanocrystallites, viz.,
a-MoO3 and CdMoO4 at higher Ag2O concentrations. The latter
inference is derived from the CDBS ratio curves in which vari-
ations of the characteristic peak heights indicated this trend.
Besides, positrons also got annihilated in crystalline vacancies
in the Ag2O matrix. There could be a rich concentration of
oxygen vacancies, where positrons will not be trapped because
of the positive charge of the vacancies.
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