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ABSTRACT

Nanostructured materials exhibit novel properties which can be tuned to specific needs for
technological application. This can be often ascribed to the presence of large number of surface
atoms in nanograined materials. Often grain boundaries present a large number of defects such as
vacancies, dangling bonds etc. which play a vital role in determining the transport properties of
nanocrystalline materials. Band structure modification resulting from nanostructuring, trapping of
charged carriers in the nanograins and the large contribution from surface atoms with defective
structure affects the electrical properties of nanomaterials in a large way. In the present study
nanostructured calcium tungstate (CaWO,) of different grain sizes were synthesized using
controlled chemical precipitation technique. The presence of subphases was identified using
differential thermal analysis. The crystal structure and grain size were determined from the X-ray
diffraction pattern of the samples. The contribution to x-ray line broadening from strain was
eliminated using Hall-Williamson analysis. The interplanar spacing and grain size distribution were
also ascertained using transmission electron microscopy. The dc electrical conductivity of compacts
of nanocrystalline CaWQO, were studied as a function of temperature. The variation of dc electrical
conductivity with chamber pressure, grain size and low temperature annealing were studied.

KEYWORDS: Calcium tungstate, electrical conductivity, nanostructured materials, transmission
electron microscopy, X-ray diffraction.
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INRODUCTION

Nanostructured materials often exhibit properties that are drastically different from those of
conventional coarse grained counter parts'™. In many cases, this can be attributed to large fraction
of grain boundaries and hence large number of surface atoms. These grain boundaries contain a
high density of defects such as vacancies, dangling bonds etc. which can control the transport
properties of nanocrystalline materials in a significant way. The variations in electrical properties of
nanocrystalline materials compared to conventional bulk material are ascribed to the modification
of band structure, quantum confinement of charge carriers and the enhanced contributions from
largely defective and strained grain boundaries as a result of nanostructuring®°.

It has been observed experimentally that grain size significantly affect the formation of
defects and influence the transport properties of pure nanocrystalline CeO,.The reduction in grain
size to nanosize results in lowering of resistance per grain boundary. It is also reported that
electrical resistance of nanocrystalline Ni-P alloys is considerably altered compared to amorphous

1142 1t js reported that in the case of nanocrystalline cobalt ferrite the dc conductivity

alloys
decreases when the grain size is increased from 8 to 92 nm. The experimentally observed changes
in the dc conductivity have been attributed to the changes in the cation distribution and to the
increase in grain size. The observed decrease in dc conductivity with increase in grain size is
explained as due to the migration of Fe** ions from octahedral to tetrahedral sites as a result of

thermal annealing *°.

In the case of semiconductor nanoparticles a reduction in the value of
conductivity is expected due to the increase in the width of the forbidden gap which is a well known
phenomenon called quantum size effect prevalent in nanostructured materials®****. But in
semiconductor nanoparticles, lattice defects may create donor or acceptor levels between the
conduction and valance bands resulting in trapping of charge carriers®*. This can profoundly affect
the electrical response of semiconductor nanostructures. Significant increase in the electrical
conductivity is observed in the case of nanostructured CdS and ZnS compared to their bulk
counterparts™.

In the case of nanostructured NiO, it is reported that the conductivity of the samples was
found to be enhanced by six to eight orders of magnitude over that of single crystals® *°. This
enhancement in conductivity is explained as due to the high density of Ni** vacancies in the
nanoparticle samples. The dc electrical resistivity of compacted nanoparticle assembly of Cu,O and
its variation with temperature is reported in the literature’”*®, The variation of dc resistivity with
temperature has been explained on the basis of variable range hopping conduction between Cu® and
Cu® ions at the interfaces of Cu,O nanocrystals. Grain size dependent electrical transport properties
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of nanocrystalline ZnO can be exploited effectively to employ it as a gas sensor at low
temperatures™®2°.

CaWO, belongs to scheelite family and each molecule consists of Ca** cation and WO,*
oxoanion with homopolar bonding®. Investigations on nanoparticles of CawO, indicate that the
optical properties may be explained in terms of the transitions in the oxocomplex states alone*?*,
The ac conductivity measurements performed on single crystals of PbMoQO, indicates that at low
temperatures the conduction is predominantly ionic whereas at higher temperatures the contribution
of the electronic conduction increases®®. Despite the tetragonal symmetry of scheelites, no
anisotropic conduction was observed in single crystals of PbMoO4?*. Investigations on single
crystals of CawO, also do not show any anisotropy in electrical conductivity. Ringdon and Grace®
studied the electrical conductivity of CaWO, at 900-1300 °C and partial pressures of oxygen from
10® to 10™** atm. The tungstate was found to be an n-type semiconductor and its defect structure
was interpreted in terms of oxygen vacancies and interstitials. The conductivity mechanism in
molybdates and tungstates are largely unexplored and very few reports are found in the literature. In
the present study, nanostructured samples of CaWO, with two different grain sizes were
synthesized using chemical precipitation technique and dc conductivity of these samples in

compacted form are studied.

EXPERIMENTAL

Nanoparticles of calcium tungstate were synthesized using calcium chloride dihydrate
(CaCl; 2H,0) and sodium tungstate dihydrate (Na;WO,. 2H,0). The precipitate obtained was
separated and washed several times with distilled water and with acetone. The precipitate was dried
in an oven at a temperature of ~100 °C and finely powdered using an agate mortar. Nanoparticles of
CaWwO, of two different grain sizes were prepared by changing the reaction temperature, solvent
and concentrations of the reactants.

In order to ascertain the presence of subphases and purity of the synthesized nanoparticle
samples, differential thermal analysis (DTA) of nanoparticles of CaWQO, samples of the lowest
grain size was carried out. The DTA was performed using oxygen as the purge gas in the
temperature range 30 to 1200 °C at a heating rate of 10 °C per minute. The DTA curve
corresponding to sample of lowest grain size of nanoparticles of CaWO, are shown in figure 1. The
DTA curve of nanoparticle sample of CaWOQO, shows a peak at 1068 °C. This illustrates that the
nanoparticle sample of CaWOQ;, is stoichiometric and it is devoid of any subphases.
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Figure 1 DTA curve of nanocrystalline CaWQO,

RESULTS AND DISCUSSION

Figure 2 shows the x-ray diffraction (XRD) pattern of one of the samples of as prepared
nanocrystalline sample of CaWOQ,. The diffraction peaks in the XRD pattern can be indexed to
scheelite structured CawWO, (ICDD data file No. 41-1431). The average grain size can be
determined from the broadening of x-ray diffraction peaks using Scherrer equation. The Scherrer
equation is

D = KA/PB cosb @

where D is the crystallite size (’), k = 0.9 is a constant related to the crystallite shape, A is the
wavelength of radiation used, 0 is the diffraction angle and f is the full-width-at-half-maximum
(FWHM) of the diffraction line at 20.
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Figure 2 XRD pattern of nanocrystalline CawQ,

In deriving the Debye-Scherer equation, it is assumed that the peak broadening is primarily
due to crystallite size and effect of microstrain is negligible. But the microstrain present in samples
of nanograin size also contributes to the broadening of XRD peaks. Hence the full width at half
maximum (B) has to be corrected for the strain effects present in the sample grains. Hall-
Williamson method is the simplest method to separate the effects of strain and grain size on the

26,21 Based on this method, the full width at half maximum can be

broadening of XRD peaks
written as a linear combination of the contributions from the strain (€) and small particle size (D)
through the relation
BcosB/X = k/D + € sin 8/A (2)

BcosO/A is plotted as a function of sin6/A and the slope of the straight line fit will give &, the
residual strain, and the y-intercept will be equal to k/D, from which the crystallite size, D, may be
determined. Hall Williamson plot of one of the samples of nanocrystalline CaWO, is shown in
figure 3. From the reciprocal of the y-intercept the average grain sizes were found to be 13 and 26

nm and are designated with sample codes CT1 and CT3.

IJSRR, 8(2) April. —June., 2019 Page 1609



Ananda Kumar V M, IJSRR 2019, 8(2), 1605-1621

CT13

T
(o]

(L0l

T
(o]

x)Y/0S09¢g

)

sin6/A(x 10
Figure 3 Hall-Williamson plot for sample CT3

Particle diameter (nm)

(b)

(d)

Page 1610

IJSRR, 8(2) April. —June., 2019



Ananda Kumar V M, IJSRR 2019, 8(2), 1605-1621

(€)

Figure 4 (a) TEM image of nanocrystalline CaWO, (sample code — CT1) (b) particle size distribution obtained
from TEM (c) and (d) high resolution TEM image of nanocrystalline CaWO, (e) electron diffraction pattern of

nanocrystalline CaWQO,

Figure 4(a) shows the Transmission Electron Microscope (TEM) image of nanocrystalline
calcium tungstate (sample code — CT1). TEM image indicates that most of the nanocrystals are
nearly spherical in shape and some are oval in shape. Figure 4(b) is a plot of the size distribution
obtained from the TEM image. It may be observed that the particle sizes range from 4-15 nm and
this value agrees well with that determined using X-ray diffraction. Figure 4(c) and 4(d) show high
resolution TEM image of the sample CT1. It shows lattice fringes indicating the good crystallinity
of the sample. The lattice spacing of the different fringes were found to be 3.14, 1.94 and 1.85 '
which correspond to (112), (204) (220) planes respectively. Also the electron diffraction pattern of
nanocrystalline CaWQO, (figure 4(e)) showed sharp rings indicating the crystallinity of the sample.

In order to measure the dc conductivity of the samples, nanoparticles of CaWO, were
compacted in the form of cylindrical pellets of diameter 13 mm and of thickness of 1 mm by
applying uniaxial force of 0.77 GPa for five minutes using hydraulic press. All the samples were
compacted under identical conditions. Conducting silver paint was applied on both sides of the
pellets to serve as electrodes. The silver coated pellets were air dried for 30 minutes and then heat
treated at 80 °C for 15 minutes for electrode curing. The pellets of nanostructured CaWO, with
average grain size 13 m were prepared by applying a compacting pressure 0.77 GPa (sample code:
CT1). In order to study the variation of dc conductivity with grain size, nanostructured CawWO, with
grain size 26 nm (sample code: CT3) were also pressed into pellets by applying the same pressure
of 0.77 GPa. In order to study the effect of prolonged low temperature annealing on the dc
conductivity, a pellet of the sample CT1 was heat treated for two hours and was used for dc
conductivity measurements (sample code: CT12H). Conductivity measurements were performed on
all the pellet samples of nanocrystalline CaWO, (sample codes: CT1, CT3 and CT12H).

Electrical measurements were carried out in a cell that could be evacuated to a vacuum of

10™ torr. Before taking the actual measurements each pellet was subjected to heat and cool runs in
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order to remove any residual strain due to pelletization. The dc electrical resistance, R of the sample
was measured using Keithley 2400 source meter. Before the actual measurement of resistance of the
samples, voltage-current measurements were performed to check the ohmic nature of electrical
contacts with the samples. The voltage-current behaviour of the samples was measured by applying
different voltages to the sample and measuring the current through the sample. The resistance of the
sample was measured by applying a voltage corresponding to the straight line region of the V-I
graph. The electrical measurements were performed for different temperatures and the dc resistance
value was measured at different temperatures at intervals of 10 K. Sufficient stabilization time was
ensured at each temperature, which was kept constant with an accuracy of £ 1 K. No hysteresis was
observed in the variation of the conductivity during heating and cooling runs. The repeatability of
the measurements was found to be good. The dc conductivity of the samples were calculated using
the formula 4. = d/(RA) where d and A are the thickness and area of cross section the cylindrical
pellet respectively. The dc conductivity of as-compacted samples of nanostructured CawO, of
average grain size 13 nm was measured in air at a vacuum of 10% and 10™ torr and also at
atmospheric pressure.

Figure 5 shows the V-I graph for pellet sample of nanostructured CaWO, at different
temperatures. The electrode-pellet interface of the nanostructured sample was found to be ohmic, as
evidenced by the linear relationship between the applied dc voltage and the measured current.
Figure 6 shows the variation of o4 against 1000/T for nanoparticle compacts of CaWO, samples
measured at reduced air pressure of 10® 107 torr and atmospheric pressure. The results of the
measurements are summarized in table 1. At atmospheric pressure, the value of dc conductivity of
compacted pellets of nanocrystalline CawO4 increased from 3.68 x107° Q'em® to 9.48 x107°
QO cm™ when the temperature was raised from 482 to 612 K. At a pressure of 10 torr, the dc
conductivity of the specimen increased from to 4.5 x10™ Q'cm™ to 1 x10™ Q'cm™ as the
temperature was raised from 532 to 592 K. With a pressure of 10™ torr, the dc conductivity
increased from 1.08 x107*? Q*cm™ to 6.53 x10™* Q'cm™ when the temperature was increased
from 492 to 622 K. Thus as the pressure is decreased there is reduction in the dc conductivity of the
pellet sample. In order to study the effect of grain size on dc conductivity and its variation with
temperature, conductivity measurements were performed on compacted pellets of nanoparticles of
CaWO, having two different grain sizes. The variation of o4 against 1000/T for compacted
nanoparticles of CaWO, of two different grain sizes, 13 and 26 nm is shown in figure 7. For the
pellet sample with grain size 26 nm the conductivity increased from 4.16 x 10° Q*cm™ to 1.02 x
107 Q'em™ as the temperature was increased from 482 to 612 K while for the sample with grain
size 13 nm the dc conductivity increased from 3.68 x 107° Q™ cm™ to 9.48 x107° Q' cm™ when the
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temperature was increased from 482 to 612 K (Table 2). It is observed that for a particular
temperature, the dc conductivity values showed an increase for the pellet sample with higher grain
size compared to sample with lower grain size. DC conductivity measurements were also performed
on heat treated pellet. The variation of o4 With temperature of unannealed and annealed compacted
samples of nanostructured CawWO, is shown in figure 8. The measured dc conductivity of
nanoparticle compacts of CaWQ, heat treated for 2 hours at 300 °C, exhibited an increase from 8.28
x107° O'em™ to 1.37 x10™® Q*cm™ as the temperature was increased from 482 to 612 K (Table 3).
The conductivity of compacted nanoparticles of CaWO, annealed for 2 hours at 300 °C showed

marginal enhancement compared to unannealed pellet.
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Figure 5 V-1 graphs for compacted nanoparticles of CawQO,

Arrhenius behaviour, where an exponential dependence exists between the conductivity and
temperature is widely reported in literature®?®?°. The temperature dependence of resistivity is given
by the Arrhenius equation

p= poexp(Ea kT) €©)
where pg is the pre-exponential factor with the dimensions of Q cm, k the Boltzmann constant, E, is
the activation energy and T is the absolute temperature. Petrov et al. * reported the electrical
conduction behaviour of single crystals of CaMoO,, which has a structure similar compared to that
of PbMoQO,. From tracer diffusion studies on CaMoO, and CaWO;, it has been shown that the

diffusion of the isotope **W is considerably faster than that of **Ca. Also from the diffusion

controlled state synthesis of CaMoQ,, it has been concluded that the mass transfer of oxygen is
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faster than that of molybdenum. On the basis of this it has been assumed that oxygen ions are the
most mobile ionic species in CaMo0O;,. In the case of nanocrystalline CaWQ,, all the pellet samples
exhibited Arrhenius behaviour. The increase in the dc conductivity with temperature is due to the

increase in the thermally activated drift mobility of the charge carriers.

Table 1Temperature dependent variation of DC conductivity (o4;) of nanocrystalline CawO, of average grain

size 13 nm under different pressures (sample code: CT1).

10 torr 107 torr Atmospheric pressure
T (K) oac (Qem™) T (K) o4c (Q 'em ) T (K) o4c (Q 'em )
622 6.53 x 10™ 592 1.00 x 10 612 9.48 x 107
612 6.12 x10™ 582 9.28 x 107 602 7.92 x 107
602 5.16 x10™ 572 8.80 x 10 592 6.11 x 10°
592 3.77 x10™ 562 6.49 x 10™ 582 4.77 x 10°
582 2.65 x10™ 552 5.60 x 10™ 572 3.96 x 10°
572 1.75 x10™ 542 4.95x 10 562 3.21x10°
562 1.09 x10™ 532 4.50 x 10 552 2.55x 10°
552 7.26 x10™2 542 1.99 x 107
542 4.85 x10™" 532 1.53x 10°
532 3.15 x10™" 522 1.24 x 107
522 2.22 x10™2 512 9.54 x 10™°
512 1.96 x10™2 502 7.45x 10™°
502 1.53 x10™ 492 6.07 x 10
492 1.08 x10™ 482 3.68 x 1077
1.6 1.7 1.8 1.9 2.0 2.1 2.2
] -—
1.0x1o1°__ ) .\.\. 11 ox10°
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Figure 6 Temperature dependent variation of ¢4 0f nanocrystalline CawO, samples for different pressures
(sample code: CT1)
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Table 2: Temperature dependent variation of DC conductivity (c4:) of nanocrystalline CawO, of different

average grain sizes in air

13 nm 26 nm
T (K) 04 (QTem ™) T (K) 04 (Qem ™)
612 9.48 x 107 612 1.02 x 107
602 7.92 x 10° 602 8.03 x 10°
592 6.11 x 10° 592 6.40 x 10®
582 4.77 x 107 582 5.03x 10®
572 3.96 x 10° 572 410 x 10%
562 3.21x10° 562 3.21x10%
552 2.55 x 107 552 2.52x10°
542 1.99 x 107 542 1.85x 10®
532 1.53 x 107 532 1.44 x 10°
522 1.24 x 107 522 1.13x 10°
512 9.54 x 10 512 8.45 x 107
502 7.45x 10T 502 6.74 x 107
492 6.07 x 10 492 5.27 x 107
482 3.68 x 107° 482 4.16 x 10°
1.6 1.8 2.0 22 24
T T T T I
1.0x10° - 11.2x10”
* J
. ’\ 11.0x107
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Figure 7  Temperature dependent variation of ¢4, of nanocrystalline CawO, samples having different grain
sizesinair. (CT1: 13 nmand CT3: 26 nm)
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Table 3: Temperature dependent variation of DC conductivity (64:) of nanocrystalline CaWO, of average grain

size 13 nm for unannealed sample and sample annealed for 2 hrs. at 300 °C in air.

as prepared 2 hrs
T (K) 04 (Qem ™) T (K) 04 (Qem ™)
612 9.48 x 107 612 1.37 x 10°
602 7.92 x 107 602 1.17 x 10°
592 6.11x10° 592 9.99 x 10°
582 4.77 x 107 582 7.70 x 107
572 3.96 x 10° 572 6.73x10°
562 3.21x10° 562 5.49 x 10°
552 2.55 x10° 552 4.18 x 107
542 1.99 x 107 542 3.17 x 107
532 1.53 x 107 532 2.61 x 107
522 1.24 x 107 522 2.14 x 107
512 9.54 x 10™° 512 1.67 x 107
502 7.45x 10 502 1.36 x 107
492 6.07 x 10™ 492 1.05 x 107
482 3.68 x 1077 482 8.28 x 10
—u—CT1
o] —e—CT12H
1.4x10° .
1.2x10° \
1.0x10° 4 . \\
*-g 8.0x10°- \-\ "
"o 6.0x10° "N\
o> 4.0x10° - \\
2.0x10° A \-::\-\ -
1 \.""""--::'_:"—-o—...
0.0 Te—=

1.6 17 . 178 . 1!9 | 2.0 2.1 2.2
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Figure 8  Temperature dependent variation of ¢4 0f unannealed and annealed nanocrystalline CaWO,
samples in air. (CT1: unannealed and CT12H: 2 hrs. annealed at 300 °C)
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Density functional calculations using linearised-augmented-plane-wave method was

I. 3. The results indicate that

reported for scheelite molybdates and tungstates by Zhang et. a
CaWO, has a direct band gap at the centre of the Brillouin zone. DC and ac electrical conductivities
were used to characterize the type of charge transport in single crystals of CaWO, which were
equilibrated with Ha-H,O-Ar gas mixtures®. Measurements were made from 900° to 1300°C and at
Ph2o/PHz ratios from 0.02 to 3.0. The ac conductivity at 1000°C varied from 51.4x107° to
5.89%10~° mho/cm for Pzo/PH2=0.02 and 2.0, respectively; the dc conductivity changed from 51.0
x107° to 5.42 x10~° mho/cm under the same experimental conditions?®. The results were described
by a paired-defect model of oxygen vacancies and oxygen interstitials. In the present study, it was
observed that for compacted nanoparticles of CawO, the dc electrical conductivity was about two
orders of magnitude lesser compared to that reported for single crystals of CaWO,. In the case of
compacted nanoparticles of CaWQ, the dc electrical conductivity values increased with increase in
temperature. This is in agreement with already reported behaviour of variation of electrical
conductivity with temperature for single crystals of CaWQO,.

The optical properties like the absorption, photoluminescence and reflectance spectra
exhibited by CaWO, are described in terms of charge transfer transitions in the WO,*" tetrahedra®”
28 Conductivity measurements indicated that the dc conductivity of as compacted pellets of
nanoparticles of CaWO;, is sensitive to air pressure (Table 1). There is a possibility of presence of
large fraction of surface defects in the form of oxygen vacancies in the pellet sample. These surface
defects play a crucial role in determining the conductivity of the pellet sample. In the presence of
air, these oxygen vacancies will be replenished to form the correct stoichiometry. The dc
conductivity of nanocrystalline CawWO, pellet sample with grain size 26 nm was found to be
increased compared to pellet sample with grain size 13 nm (Table 2). It is well known that the band
gap of a material increases with reduction in grain size 2’. This phenomenon of quantum size effect
is widely reported in literature?” 3 . This phenomenon and its impact on the optical properties is
reported in the case of nanostructured CaWO, 3. As a result of widening of band gap, more
energy is needed for creating free charge carriers. The band gap of nanocrystalline CaWO, of grain
size 13 nm is larger compared to the sample with grain size 26 nm. It is seen that the conductivity of
compacted nanoparticles of CaWO, of grain size 13 nm is marginally enhanced with heat treatment
of the pellet in air at a temperature of 300 °C for 2 hours compared to unannealed pellet (Table 3).
The annealing temperature was specifically kept low so that no appreciable grain growth occurs.
The change observed in the dc conductivity of the sample is due to factors other than grain growth.
This low temperature annealing in air can introduce significant changes in the density of defects
such as interstitials, vacancies, dislocations and distribution of pores and voids. These can influence
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the dc conductivity of the specimen considerably. The conductivity of annealed pellet sample was
found to have a marginal increase compared to that of unannealed pellet sample. The value of
conductivity at 612 K recorded an increase from 9.48x107° @'cm™ for the unannealed pellet to
1.17x107° Q'cm™ for the pellet heat treated for 2 hours (Table 3). Upon heat treatment, the pore
density of the specimen reduced and the pellet become more rigid compared to unannealed pellets
resulting in better contacts between individual grains. This may be the possible reason of
enhancement of conductivity of the heat treated pellet samples of CaWQ,.

CONCLUSION

Nanocrystalline calcium tungstate of two different grain sizes 13 and 26 nm were
synthesized using aqueous chemical precipitation method. The crystal structure and grain size of
different samples were determined using x-ray diffraction data. The effect of microstrain on
broadening of X-ray diffraction peak was eliminated using Hall-Williamson analysis. Transmission
electron microscopy was also used to estimate the particle size distribution and morphology. The
lattice planes were clearly visible in high resolution transmission electron microscope images
indicating good crystallinity of the samples in agreement with XRD analysis. The interplanar
spacings measured from HRTEM images agree well with the data obtained from X-ray diffraction
patterns. The sharp rings obtained in the electron diffraction pattern showed that the samples were
crystalline.

DC conductivity measurements were done on compacted pellets of nanocrystalline samples
of CaWQ,. It was found that the dc conductivity showed an exponential increase with temperature
exhibiting Arrhenius behaviour for all the samples. For nanoparticle compacts of CaWO;,, the
measured dc conductivity was about two orders of magnitude less than that reported for single
crystals of CaWOQ,. Also, the dc conductivity showed an increase with increase in average grain size
of the sample. The conductivity measurements performed on pellet heat treated for two hours at a
low temperature of 300°C exhibited enhancement in dc conductivity compared to unannealed green
pellet. This enhancement as a result heat treatment may be due to reduction of porosity which
results in better contact between grains.
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