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Abstract

A basic understanding of electron and phonon transport mechanisms in nanomaterials can open
doors for many applications. Many intrinsic and extrinsic factors contribute to these transport
mechanisms in nanomaterials. Surface and interface are one of the important factors and play
a very critical role in electron and phonon transport in nanomaterials. In this thesis, electrical,
thermal, and photo-conductivity are investigated and special attention is given to the surface or

interface effect to optimize the performance of many potential devices.

Thermal conductivity plays a significant role in many areas such as thermoelectrics, nano and
microelectronics, insulation, efficient thermal management becomes crucial. The steady
increase of interest in nanomaterials in thermal physics and for thermoelectrics has motivated
the development of accurate thermal conductivity measurement techniques. Many static or
dynamic methods have been developed to measure the thermal conductivity of new materials
such as 3w, transient hot wire, thermoreflectance, or steady-state methods. Among the different
approaches mentioned above for determining thermal conductivity, the Transient Hot-Wire
(THW) method possesses some unique advantages. It is capable of accurately measuring the
thermal conductivity of solids, liquids, and gases. THW measurement method can be carried
out much faster by reducing equilibrium time to a few seconds. THW setup is designed to

measure the thermal conductivity of nanofluids at room temperature.

The role of nanofluids in thermal management, exchange, and insulations is gaining
tremendous attention in biological and clinical applications. Surfactants on the nanoparticle
surface play an important role in the dispersion and stability of the nanoparticles in the fluid.
Hence to deepen the understanding of the role of surfactants associated with nanoparticles in
different fluid mediums, it is essential to study their cumulative properties. In this work,
monodispersed nanoparticles (FesO4) were synthesized and stabilized with different surfactants
(citric acid/oleic acid) and dispersed in different mediums (water/toluene) at different
concentrations. The thermal conductivity of iron oxide nanofluids has been studied
theoretically as well as experimentally using a self-made Transient hot wire (THW)
measurement setup. The thermal conductivity of water is found to be reduced by 67% by adding
nanoparticles coated with citric acid whereas 4% enhancement occurs for toluene when oleic
acid-coated nanoparticles are added. In this work, increasing/decreasing of thermal
conductivity has been related to surface properties of nanoparticles and polarity of the base

fluid which has been supported by theoretical work. The same measurement techniques were



further used for the thermal conductivity measurement of Cellulose nanofibers (CNF) aerogel
and iron oxide@CNF nanohybrid materials for thermal insulation applications. The
nanohybrid demonstrated very low thermal conductivity as low as 0.024 W/mK at 2 wt% of
iron oxide@CNF, indicating the better insulating potential of these nanohybrids as compared

to other conventional insulating materials.

The tunable electrical conductivity in the conducting polymer is one of the significant
advantages of focusing on these materials for flexible electronics and electrical applications.
In this work, the polyaniline electrical conductivity is tuned by doping with different dopant
materials, varying doping concentrations, and different morphologies. The experimental
measurement was done on the pellets using the van der Pauw method. The experimental
electrical conductivity results are correlated with the optical band gaps and their corresponding
electronic transitions. Increasing the doping concentration from 0 to 1.0 M HCI increases
electrical conductivity five-fold from 1.98 to 10.2 S/cm. The measured electrical conductivity
is larger for the polyaniline nano-whisker and nanofiber (~2 S/cm) samples than for the sample
with highly entangled polymer chains (0.26 S/cm). Moreover, it was found that the polyaniline
nanofibers with ordered polymer chains show larger electrical conductivity (1.75 and 1.27

S/cm) as compared with the disordered polymer chains (0.22 S/cm).

The phenomenon of ‘persistent photoconductivity (PPC)’ has gained tremendous
attention because of its prospective applications in the field of optoelectronics. PPC was well
studied in semiconductor materials. Another important class of materials showing potential
persistent photocurrent is “oxides”. Among oxides, STO can be considered an important
member of the perovskite oxide family which exhibits many novel phenomena and is a prime
candidate for device applications. This work studied the effect of the light illumination for an
insulating (3 unit cell of LaVO3(LVO) on SrTiO3(STO)) and a conducting (5u.c. of LVO on
STO) oxide interface using different wavelengths of light 405 nm and 532. For the insulating
interface, under light illuminations transient photoconductivity (TPC) has been observed from
76K to 300K. The conducting interface shows small PPC under only 405nm illumination but

zero PPC under 532nm illumination.

In the other work, the effect of light illumination on the transport properties was studied
on 2-D electron gas at the conducting interface of EuO and KTaO3 using different wavelengths
(405 nm, 532 nm, 705 nm) of light. This conducting interface showed wavelength, power, and
carrier density-dependent PPC at 76K and 300K.
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Chapter 1

Chapter 1

Introduction

1.1 Nanofluids and their importance

The colloidal suspension of the nanoparticles having size ranges 1 to 100 nm in a base fluid is
known as nanofluids. Nanofluids' exceptional high thermal conductivity makes them a
promising candidate for heat conduction enhancement in various applications. In the present
scenario, there is a significant inconsistency in the thermal conductivity results of different
nanofluids. The enhancement mechanisms of thermal conductivity in nanofluids are still
controversial. Investigation about the constrained convection of nanofluids is significant for
the possible utilization of nanofluids in heat move gadgets. Ongoing examinations
demonstrated that the heat conduction of nanofluids surpasses the thermal conductivity
improvement of nanofluids.[1] This additional improvement may be clarified by thermal
dispersion, which happens because of the arbitrary movement of nanoparticles in the flow.

Heat conduction or heat transfer is essential in many fields such as electronics, air conditioning,
transportation, power generation, etc. High-performance cooling is one of the crucial
requirements of the industry so that the waste heat can be expelled out of the system and
increase performance. Therefore, various researchers are currently working on the heat
conduction capability of the testing fluids. The high heat conduction performance of the
nanofluids has drawn the attention of investigators to use it for heat transfer applications. The
thermal conductivity of the nanofluids is the prime parameter of the heat transfer performance.
Currently, conventional fluids like water, ethylene glycol, and engine oil are used for cooling
applications because of the much lower thermal conductivity when compared the metals like
iron and copper and non-metallic materials like CuO and carbon nanotubes. This fact is the
starting point of the idea which creating the solid and liquid mixture to obtain higher thermal

conductivity and improve the heat transferability of the fluids.[2], [3] Maxwell was the one
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who started mixing the solid (a millimeter or micrometer) sized particle in the fluid. The large
size of the solid particles causes several technical problems like faster settling time of the
suspension, abrasion of the surface, Clogging micro-channels of devices, and increasing
pressure drop.[4], [5] For the First time, Choi et al.[6] coined the term nanofluids for the fluids
with a suspended nanoparticles concentration of less than 5 volume percentage. Nanoparticles
have several advantages over microparticles. Nanofluids are more stable, have a much higher
surface area, a surface area to volume ratio of Nanofluids are more durable, have a much higher
surface area, a surface area to volume ratio of approximately 1000 and higher thermal
conductivity, lower erosion, and clogging significant energy saving. Several researchers
reported on the higher heat transfer performance of nanofluids. Eastman et al.[6] investigated
the higher thermal conductivity of the nanofluid as one of the best features of the nanofluids.
They observed a 40% enhancement in the thermal conductivity after the adding 3 vol% of
copper nanoparticles in the ethylene glycol. Different researchers investigated the convective
heat transfer properties of nanofluids. From this point of view, a large number of reports with
discrepancies have been reported. This has been claimed that better heat transport properties
of the nanofluids would have numerous advantages like improvement in the efficiency of heat
transport, reducing the size of the system, providing much greater safety margins, and reducing
costs. The synthesis and preparation of the nanofluids are also important for their better
performance and applications. Better synthesis and preparation of the nanofluids further
improves the thermal transport capabilities of the nanofluids. At present, researchers put their
efforts mostly improving the thermal conductivity of the nanofluids while other thermophysical

properties like specific heat and density of nanofluids almost got neglected.

1.2 Properties of nanofluid

1.2.1 Density

The density of the nanofluids directly affects the specific heat of the nanofluids. The
temperature of the nanofluids and nanoparticle concentration change the density of the
nanofluid. The density of two-phase mixtures for micrometer-size particles is given by
Cheremisinoff [7]. This equation is further used by Pak and Cho [8] for the nanoparticles. The
density equation is represented as
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Pn= ¢pp + (1 —P)py (1.1)

Where, p,,, pp, and py is the density of the nanofluid, particle, and base fluid, respectively. pr
is the volume fraction of the nanoparticles in the base fluid. Pak and Cho [8] experimented and
apply the equation for the density measurement. They proved that the above-mentioned
equation is valid for the determination of the density of the nanofluid. The density measurement
of various nanofluids at different temperatures has not been presented much in the literature

yet.

1.2.2 Specific heat

The specific heat of the nanofluids is defined as the amount of heat required to raise the
temperature of one gram of nanofluids by one degree centigrade. The specific heat of the
nanofluids is an important thermo-physical property that plays a key role in the improvement
of the heat conduction properties of nanofluids. Specific heat acts as a function of the
temperature which further affects the heat transfer of the fluids at different temperatures. When
the exact concentration of the nanoparticles in the base fluid is known, then the specific heat

of nanofluids can be determined by the equation given below [8]

Cpn = PCpp + (1 —P)cpp (1.2)

There are other expressions for determining the specific heat of nanofluids given by Xuan and

Roetzel [9]. The equation is

(pcp)n = ¢(pcp)p +(1- d))(pcp)f (1.3)

The specific heat of nanofluids is mass-specific quantity as it depends on the density of the
nanoparticles in the nanofluids. So the equation given by Xuan and Roetzel [9] is theoretically
more consistent as compared to the Eq. 1.2.
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1.2.3 Viscosity

Nanofluid viscosity depicts the internal resistance of fluid during its flow. The viscosity
influences the convective heat transfer coefficient. Therefore the importance of viscosity is the
same as the thermal conductivity in various engineering systems [1] and thermal applications
[11] involving the fluids flow. Viscosity directly influences the pressure drop in constrained
convection during the laminar flow of the fluids. Nanofluid viscosity depends on different
parameters like particle volume fraction, particle size, temperature, and extent of clustering.
There is an increase in viscosity of the nanofluids with an increase in the concentration of the
nanoparticles in base fluids and this was observed by numerous investigations.[12], [11], [13]
The research on the viscosity of the nanofluids or fluids is limited compared to the research on
the thermal conductivity of nanofluids. There is still no standard method to estimate the

viscosity of the nanofluids.

1.2.4 Thermal conductivity

In the current scenario, a notable amount of experimental and theoretical research was made to
investigate the thermophysical properties of nanofluids. Among all the thermophysical
properties, thermal conductivity is the major parameter that affects heat transfer capability of
the fluid. At present, water, ethylene glycol, and oils are commonly used for heat transfer
applications. These fluids have low thermal conductivity, so researchers tried to increase the
thermal conductivity by adding some solid micro size particles because of their much higher
thermal conductivity. Researchers found the enhancement in the thermal conductivity results
but it serves difficulties in the stability and significant pressure drop of the resultant fluid
because of the large size of the solid particles. Further, advancement in nanotechnology helps
researchers make and use nano-sized (<100nm )particles instead of microsized.[6] This
suspension results in not only enhancement in the thermal conductivity but also in the stability
of the suspension. The small size of particles prevents clogging and can be used in
microchannels.[14], [15] Furthermore, all the experimental results for the different types of
nanoparticles show a significant enhancement in the thermal conductivity of the base fluids
suspensions as compared to the large size (millimeter or micrometer) particle suspension.

Researchers proposed many theoretical models to explain this anomalous enhancement in the
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thermal conductivity of the base fluid after the addition of the nanoparticle. But till now, there
is no standard theoretical model which can predict the thermal conductivity of the nanofluids.
All the experimental and theoretical studies show that the thermal conductivity of nanofluids
depends on various factors such as particle volume fraction, particle material, particle size,

particle shape, base fluid material, and temperature.

1.3 Different parameters affecting the thermal

conductivity of nanofluids

1.3.1 Volume fraction of nanoparticles

The volume fraction of the nanoparticles is the volumetric concentration of the solid
nanoparticles in the whole volume of the nanofluid. The volume fraction of the nanoparticles
is the most common parameter which is measured in most of the experiments related to the
thermal conductivity measurement of nanofluids. In the reports, the volume fraction of
nanoparticles is stated in two forms, volume or weight percentage. As the thermal conductivity
of the solid is much higher than the base fluids (as water 0.6 W/mK and Cu = 400W/mK) so
the resultant mixture of the particles in the fluid shows an increase in the thermal conductivity
as predicted by Maxwell’s Effective Medium Theory (EMT). Most of the researchers found
the enhancement in the thermal conductivity of the nanofluids with increasing the volume
fraction of the nanoparticles and the relation between thermal conductivity and the particle
volume fraction is almost linear. Masuda et al.[16] did the first experiment regarding the
thermal conductivity measurement of the nanofluids. In this study, they used water as base
fluids. They prepared water-based Al20s3, SiO2, and TiO2 nanofluids using a two-step method.
The size of the nanoparticles is 13 nm, 12 nm, and 27 nm respectively. They found the
maximum enhancement at 4.3 vol% in water-based Al>Os nanofluids which is 32.4%. They

also found the linear relationship between thermal conductivity and volume fraction.

There is another report by Lee et al. [17] on water and ethylene glycol-based Al.O3 and CuO
nanofluids. The sizes of Al,O3 and CuO nanoparticles were 38.5 nm and 23.6 nm respectively.

They found a similar trend between thermal conductivity and particle volume fraction as
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observed by Masuda et al. [16] . The largest increment was 20% at 4 volume percentage of
ethylene glycol-based CuO nanofluids as shown in Figure 1.1. On the other hand, Choi et
al.[18] and Eastman et al.[19] performed experiments on oil-based Multiwalled Carbon Nano
Tubes (MCNTSs) and they observed a non-linear relationship between thermal conductivity
and volume fraction. Hong et al.[20] also found a non-linear relationship between these two
properties in their measurement of ethylene glycol-based Fe nanofluids. Yu et al.[21] also
showed similar results for the ethylene glycol-based ZnO nanofluids. At present, the linear
and non-linear relationship between these two properties of nanofluids has been proved by
different theoretical and experimental studies. So the increases in volume concentration of the
nanofluids surely increase the thermal conductivity. Duangthongsuk and Wongwises [22] have
investigated the variation in the thermal conductivity in water-based TiO> nanofluids by
changing the volume fraction of nanoparticles from 0.2-2% at room temperature. All these
experimental results of thermal conductivity versus volume fraction were followed by different
theoretical models like Effective Medium Theory [23], Hamilton-Crosser Model [24],
Bruggeman model [25], Yu and Choi model [26].
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Figure 1.1: Effective thermal conductivity of nanofluid as a function of volume fraction of
oxide nanoparticles [14]

1.3.2 Type of Base fluids and nanoparticle material

The Maxwell model [27] shows that the effective thermal conductivity of the nanofluids should
be increased with the decrease in the thermal conductivity of the base fluids. The equation is

given below as
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ke = knp/ks (1.4)

Where k. is the effective thermal conductivity of the nanofluid, k&, is the thermal conductivity
of the nanofluids and k; is the thermal conductivity of the base fluid. So according to this
model, the base fluid with less thermal conductivity favors the effective thermal conductivity
of nanofluids. But the real picture of nanofluids is much more complex as the viscosity of the
fluids depends on the type of the base fluid which affects the Brownian motion of the
nanoparticle that in succession affects the thermal conductivity [28]. Researchers did various

experiments to understand the effect of the base fluid on the thermal conductivity of the

nanofluids.
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Figure 1.2: (a) Effective thermal conductivity enhancement of different base fluids (pump
fluid, engine oil, ethylene glycol and water) as a function of Al,O3 nanoparticle’s volume
fraction (b) Effective thermal conductivity enhancement of ethylene glycol and water as a

function of CuO nanoparticle’s volume fraction [26].

Wang et al. [29] prepared different types of nanofluids using various base fluids like water,
ethylene glycol, engine oil, vacuum pump fluids with Al>O3, and CuO nanoparticles.
Al;Os/Ethylene glycol showed the highest effective thermal conductivity whereas
Al>,Oz/Engine oil showed somewhat less effective thermal conductivity. Water and vacuum
pump oil-based Al.O3z nanofluids showed the least effective thermal conductivity. The effective
thermal conductivity of water and ethylene glycol-based CuO nanofluid interestingly exactly
matched with previous nanofluids at the same volume fraction of nanoparticles. There was one
report by Lee et al. on the nanoparticles forming an electric double layer around their surface
affects the thermal conductivity of the nanofluids.[30] This formation of the electric double

layer and its thickness depends on the base fluids. Xie et al.[31] also analyzed the effect of the
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base fluids on the effective thermal conductivity of the nanofluids. For this, they used deionized
water, glycerol, ethylene glycol, and pump oil as base fluids for Al,Oz nanofluids preparation.
They also made ethylene glycol-water and glycerol-water-based nanofluids with various
volume fractions of nanoparticles and examined the effective thermal conductivity of
nanofluids. These experiment results qualitatively matched with the maxwell model. But the
theoretical analysis made by Hasselman and Johnson [32] found independent thermal
conductivity of the base fluids which further contradicts the experimental results. Liu et al.[33]
used ethylene glycol and synthetic engine oil as base fluids in their experiment. They achieved
higher effective thermal conductivity for MWCNT/Synthetic oil nanofluids as compared to the
MWCNT/ethylene glycol.
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Figure 1.3: The effect of the temperature on the thermal conductivity enhancement of
Al>;Os/water and CuO/water nanofluids at two fixed volume fraction (2 vol% & 6 vol%) of

nanoparticles.[31]

Like base fluids, the nanoparticle material also plays an important role in the thermal
conductivity of the nanofluids. If the different material nanoparticles possess the same base

fluids then their difference in thermal conductivity would greatly influence the effective
thermal conductivity of the nanofluids. Higher thermal conductivity of the nanoparticle
materials is expected to have a higher thermal conductivity of the nanofluids. Li and
Peterson[34] experimented to check this fact. They made Al>O3 and CuO suspended water-
based nanofluids. They revealed that CuO/water shows higher effective thermal conductivity
as compared to the Al>Os/water nanofluid at the same volume fraction of particles as shown in

Figure 1.3 and this follows the fact as the CuO solid particles show higher thermal conductivity
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than Al,O3 Sold particles. Chopker et al.[35] suspended Al.Cu and Ag.Al in the water and the
ethylene glycol. The thermal conductivity results revealed that the Ag.Al nanoparticles
enhanced the thermal conductivity to a greater extent as compared to Al.Cu because the
thermal conductivity of the Ag»Al solid particles is higher than the Al.Cu nanoparticles.

1.3.3 Morphology of nanoparticles

The morphology name in material science indicates the study of the shape and size of the
objects. A large number of reports have been published on the size of the nanoparticles which
indicated the size of the nanoparticles given a great contribution to the enhancement of the
thermal conductivity of the nanofluids. The size of the nanoparticle becomes an important
parameter of the thermal conductivity of the nanofluids. Regarding the study of the
nanoparticles size effect, Chon et al.[36] made the suspension of Al,O3z nanoparticles ranging
in size from 11nm to 150 nm in the deionized water. Their study revealed the effect of the size
of nanoparticles on the thermal conductivity of the nanofluids.

3
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Figure 1.4: Effective thermal conductivity as a function of crystallite size of nanoparticles in

ethylene glycol based AlzoCusg, 0.5 vol% nanofluid [34]

To study the size effect of the nanoparticle on the thermal conductivity. Chopker et al.[37]
prepared nanofluids by dispersing nanocrystalline AlzoCusg particles in ethylene glycol. They
found an enhancement in the thermal conductivity of the nanofluid with a reduction in the size
of the nano crystallite size as shown in Figure 1.4. Beck et al.[38] systematically studied the

size effect on the thermal conductivity of Al nanoparticles. Nanoparticles of 30 to 120 nm sizes

9
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were used in the study. They observed that thermal conductivity enhancement increases with
decreasing particle size. Minsta et al.[39] also study the size effect of the nanoparticle by
preparing two different sizes of Al.Oz nanoparticles (36 nm and 47 nm) and dispersing them
into water. Their study revealed that particles of small size enhance the thermal conductivity

of the nanofluids to a greater extent.

The shape of the nanoparticles also plays a vital role in the thermal conductivity of the
nanofluids. In the nanofluid, researchers mainly focused on the two types of shapes spherical
and cylindrical. Xie et al.[31] were the first researchers to report the effect of the shape of the
nanoparticles on the thermal conductivity of the nanofluid. They prepared SiC-26 (spherical)
and SiC-600 (cylindrical) nanoparticles and synthesized water and ethylene glycol-based
nanofluid using a two-step method. They revealed that the morphology (size and shape) of the
solid particles affects predominantly the enhancement ratio of thermal conductivity (see Figure
1.5).
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Figure 1.5: The effect of the nanoparticle’s shape on the thermal conductivity of SiC-26
(spherical)/water and SiC-600 (cylindrical)/water nanoparticle suspension [28].

Furthermore, Murshed et al.[40] prepared spherical (15 nm) and rod-shaped (10 nm-40nm)
TiO2 nanoparticles to study the shape effect of nanoparticles on the effective thermal
conductivity. They investigated the higher thermal conductivity of rod-shaped nanoparticles.
In addition to these experiments, carbon nanotubes nanofluids generally show higher effective
thermal conductivity relative to spherical nanoparticles. This indicated that the enhancement
in the thermal conductivity will be more in cylindrically shaped nanoparticles than spherical

10
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nanoparticles. But the viscosity of the nanofluids with cylindrical nanoparticles more which
further increases the pumping power and reduces the feasibility of nanofluids with cylindrical
nanoparticles.[41] Another report on the shape effect by Liu et al.[42] in which they prepared
water-based Cu nanofluids with sizes from 50nm to 250 nm having a needle and square-shaped.

They studied the morphological effect on the thermal conductivity behavior of nanofluids.

1.3.4 Temperature and Clustering

The thermal conductivity of the fluid and nanoparticle changes with the temperature so
nanofluid effective thermal conductivity is highly dependent on the temperature of the
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Figure 1.6: The effect of the temperature on the effective thermal conductivity of (a)

CuO/water nanoparticle suspension. (b) Al.Os/water nanofluids [40]

nanofluids. There are other phenomena like the Brownian motion of the nanoparticles and
clustering effects due to changes in the temperature which further affect the thermal
conductivity of the nanofluids.[43] Masuda et al.[16] investigated the thermal conductivity of
the water-based Al,O3, SiO2, and TiO2 nanofluid and found a deterioration in the effective
thermal conductivity with an increase in temperature. On the other hand, Das et al.[44]
performed their experiment on the water-based Al.Oz and CuO nanofluids in the temperature
range of 20 to 50 °C. They found a 2 to 4-fold enhancement in the effective thermal

conductivity of the nanofluids. In the case of 1% and 4%, a linear relationship between

11
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temperature and thermal conductivity has been observed. volume fraction and these results
make nanofluids more attractive to work as a cooling fluid at a higher temperature than room
temperature. But these results contradict the Masua et al.[16] results. There is another report
on the temperature-dependent thermal conductivity study of the water-based Al.Oz (36 nm)
and CuO (29 nm) nanofluids by Li et al.[34]. They found an enhancement in the effective
thermal conductivity of both nanofluids with temperature while other parameters were kept
constant. With increasing temperature, Al,Os/Water nanofluid's thermal conductivity showed
more conspicuous on the volume fraction of the nanoparticles. Turget et al.[45] also
investigated temperature-dependent thermal conductivity of the ionized water-based TiO>
nanofluids. They prepared nanofluids by two-step methods and use the 3-omega method for
thermal conductivity measurement at different temperatures (13-55 °C). They found a minor
enhancement in thermal conductivity with an increase in temperature which contradicts
previous studies on nanofluids. Furthermore, Ding et al.[46] experimented with temperature-
dependent thermal conductivity of the Multiwalled Carbon Nanotubes (MWCNTS) suspended
nanofluids. They prepared nanofluids by suspending sonicated CNT samples into distilled
water containing Gum Arabic (0.25 wt%) as dispersant and investigate effective thermal
conductivity using the THW method at 20,25 and 30 °C and shows that at 20 and 25 °C the
effective thermal conductivity becomes independent of the concentration above 0.5 wt% as

compared to at 30 °C.
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Figure 1.7: (a) The nonlinear variation of average nanocluster size as function of time after
switched off the sonication process. The agglomeration of nanoparticles starts immediately
after the sonication stopped. The inset shows the variation of effective thermal conductivity as

a function of time of 0.2 vol% nanofluids after the sonication process stopped [46]
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Nanoparticles in the nanofluids usually form clusters which further affects the thermal
conductivity of the nanofluids. In literature, clustering of the nanoparticles considers a major
parameter of the thermal conductivity in nanofluids. Keblenski et al.[47] considered
nanoparticle clustering as one of the four effective parameters on the thermal conductivity of
the nanofluids. Zhu et al.[48] investigated the thermal conductivity of FesO4 Water nanofluids
and found higher effective thermal conductivity compared to Al,O3 and TiO; although bulk
FesO4 has lower thermal conductivity. This anomalous thermal conductivity was observed
because of the clustering of the FesO4 nanoparticles in the nanofluids.

Further, Hong et al.[49] investigate the effect of the clustering of Fe(10 nm) nanoparticles on
the thermal conductivity of nanofluids. They used ultrasonication for breaking the nanoclusters
into smaller clusters and observed that the clustering of nanoparticles is closely related to the
thermal conductivity of the nanofluids. They found non-linear variation in effective thermal
conductivity as the concentration of the nanoparticles increased. Clustering of the nanoparticles
increases rapidly with the concentration which deviates the enhancement from linearity as
shown in Figure 1.7. Evans et al.[50] also analyzed the role of the aggregation of the
nanoparticle on thermal conductivity and found significant enhancement by the aggregation of
nanoparticles to clusters. From the results of various investigators, it was concluded that

nanoparticle cluster size affects thermal conductivity significantly.

1.4 Contraries in thermal conductivity of Nanofluids

There are significant contradictions in the experimental thermal conductivity results of the
nanofluids. This discrepancy is mainly due to ignorance of some specific parameters in most
of the reports which significantly affects the thermal conductivity of nanofluids. These
parameters are mainly the nanoparticle clusters, type and amount of surfactant, intensity, and

duration of the ultrasonication, measurement method, and pH of nanofluids.

The clustering of nanoparticles in the nanofluids is one of the main reasons for the contradictory
experimental results. The clustering of the nanoparticles depends on several parameters like
surfactants and pH vales of the nanofluids. Adding suitable surfactant and adjusting the pH
value of the nanofluids provide a better dispersion of nanoparticles in the fluids.[51] This is
found that the difference in pH and surfactant leads to different thermal conductivity results

13
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despite all the other parameters of nanofluid being the same.[2] Researchers commonly used
ultrasonic vibrations to break the clusters and obtain good dispersion of nanoparticles in the
fluid. In this case, the intensity and duration are two factors that affect the dispersion
characteristics. The cluster size starts to increase with time [49] just after the turn of the
ultrasonication process. Therefore, the intensity and duration of vibration as well as the time
between application of vibration and measurement of k also affect the thermal conductivity

values which further creates contradictory results in the literature.[2]

The different measurement techniques become an important issue regarding the discrepancy in
the experiment results of different nanofluids. Ya Hua et al.[52] gives the comparison of the
transient hot wire method and steady-state cut-bar method results at room temperature and
conclude that results from both measurement techniques are approximately the same.
Although, other authors reported significant inconsistency in the results at the higher
temperature. Authors claimed that this discrepancy is due to the natural convection effect that
arises in the transient hot wire method at a high temperature which deviates the results at higher
values. Another report by Ju et al.[53] also suggested that the transient hot wire method gives
inaccurate results if the measurement is executed just after the sonication. Sonication increases
the temperature of the fluid so temperature affected the results at room temperature. In their
report, this effect of temperature lasted for 50 min. They also mentioned in their report that the
interval between heating pulse should be more that 5 s to eliminate errors in result. Ya Hua et
al.[52] and literature results matched might be due to the abovementioned factors discussed by
Ju et al.[53]

Many thermal conductivity experiments observed the anomalous enhancement in k of
nanofluids. This anomalous enhancement of thermal conductivity becomes a matter of intense
discussion within the scientific community. Many investigators[17]-[19], [37] reported the k
enhancement with volume fraction of nanoparticles follows a nonlinear relationship. However,
Buongiorno et al.[54] and Antoniadis et al.[55] pointed out the anomalous enhancement of k
in nanofluids and claimed that the enhancement of k was due to unappropriated practice

followed during the experiments.

14



1.Introduction

1.5 Technique for effective thermal conductivity

measurement of Nanofluid

Thermal conductivity measurement of the nano fluid is quite a challenging task. Not only the
convection effect in the fluids but also the indefinite shape, size, and cross-section area make
it more difficult to measure thermal conductivity efficiently. In the case of nanofluids, the
suspension of nanoparticles should be homogenous otherwise it causes a major problem for the
thermal conductivity measurement. This convection problem in the fluids can be suppressed
by reducing the thermal conductivity measurement time. Several measurement techniques have
been developed over the past few years to measure the effective thermal conductivity of
different types of fluids efficiently. These measurement techniques can be divided into two
categories (1) Steady-state techniques and (2) Transient techniques. We have discussed the
important features, basic principles, advantages, and limitations of these different measurement
techniques in this section.

1.5.1 Transient techniques

1.5.1.1 Transient hot wire (THW) method

In 1931, Stalhane and Pyk [56] suggested the Transient Hot Wire method for the thermal
conductivity measurement of powder materials for the first time. After that, many researchers
modified this method to make it accurate as well as suitable for different types of fluids. This
method has been extensively used by researchers as shown in the Figure 1.8(a) [50] because of
its several advantages over the other methods. This technique is not only fast as compared to
the other methods but also the short time of measurement of this method for fluids eliminates
the errors due to the natural convection. The design of other techniques is quite complex as
compared to the hot-wire apparatus and this can be easily constructed in the lab. THW method
can achieve uncertainty in the measurement below 2% for the nanofluids.[58] The schematic
design of the hot-wire method shown in Figure 1.8(b) was manufactured by Lee et al.[59] for
the effective thermal conductivity measurement of Al>Os/H20 nanofluids. In the Wheatstone
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Figure 1.8: (a)The comparison of published literature on different thermal conductivity
measurement techniques used for nanofluids [50] (b) The schematic of electrical circuit used

in transient hot wire experiment set-up [51].

bridge, Rwis the resistance of the platinum wire which acts as a sensor as well as a thermometer.
The length to diameter ratio of the wire was used at around 4100 to minimize error due to
conduction at the end of the wire. A constant temperature chamber eliminates error due to
variation in the room temperature during the measurement. The formula used to calculate the

effective thermal conductivity of nanofluids can be expressed as

q

. (1.5)
¢~ |arn(AT, — 4Ty)

1n /e

When a constant current passes through the wire then the heat dissipated by the wire due to the
Joule heating effect increasing the temperature of nanofluid as well as of wire. This temperature
rise depends on the thermal conductivity of fluids placed around the platinum wire. The
transient hot wire measurement technique was successfully used by many researchers like
Zhang et al.[60], Timofeeva et al.[23], Merckx et al.[61], and Guo et al.[62], etc for the thermal

conductivity measurement of various nanofluids.
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1.5.1.2 Thermal Comparator (TC) method

The thermal comparator method is based on the principle that when two materials present at
different temperatures are brought in contact over a very small area then heat flows from high-
temperature material to low-temperature material which depends on the thermal conductivity
of the materials. The thermal conductivity of these two materials in contact decides the
temperature of the contact. The relation between the contact temperature and thermal

conductivity of the materials can be expressed as [63]

! (1.6)
Ie= ki + k, To

Where the test material is at 0 °C, k; and k, are the thermal conductivity of the probe and the
test material, respectively, T, is the temperature of the probe.

On basis of this principle, Powell et al.[20] first time developed a thermal comparator method
for thermal conductivity measurement of solid materials. Further, this method was developed
to measure the thermal conductivity of fluids. Mukherjee et al.[63] proposed thermal
conductivity measurement techniques and used them to measure the thermal conductivity of
28 different organic liquids at room temperature. Further, Paul et al.[57] developed in-house
measurement techniques to measure the thermal conductivity of water and ethylene glycol-

based zirconia (ZrO2) and titania (TiO2) nanofluids. The experimental setup is schematically

(a) Heater Copper Probe (b) Constantan Wire
Y \\ Thermal Insulation __Constantan Wire i

Copper Probe Holder

i
Heater J

Thermal Insulation 70 W

250 vV

Glass Thermal
Insulation

Sample Holder
(fluid/nanofiuid) M Container 4 mm
'._ 1

/
T Screw Jack -
] Sample 1
' Constantan Wire

Figure 1.9: (a) Thermal comparator measurement setup for nanofluid’s thermal conductivity

Copper Wire
Comparator
Reading
Initial Temperature
Difference (mV)

(b) differential thermo-emf recording during measurement.[54]
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shown in the Figure 1.9. The probe is made of copper and plays the most important role in the
efficient thermal conductivity measurement as the heat flow from the probe to the fluid through
a small area of contact. The heater in the setup maintains the uniform temperature around the
copper probe. T-type copper-constantan thermocouple measured the initial temperature
difference and it remains constant throughout the experiment as shown in Figure 1.9(b). The
screw jack adjusts the sample height to ensure the point contact between probe and fluid. The
temperature attained at point contact is the function of the thermal conductivity of the probe
and fluid as given in Eq. 1.6. The proportional comparator measured the temperature of the
point contact in the form of voltages and the thermal conductivity of the test fluid extract after

converting the comparator reading using the calibration curve.

As this technigue instantly measures the thermal conductivity so the convection effect is
eliminated from the measurement results which further improves the precision of the device.
This advantage motivates different researchers to measure thermal conductivity using thermal
comparator [37], [64]. The main limitation of this technique is required large data sets with
different known fluids to make a calibration curve for the comparator. The calibration process

of this device is long as compared to other techniques.

1.5.1.3 3-Omega method

3-Omega (3w) technique was first time made by Corbino et al.[65] in 1912 for the purpose to
investigate the thermal diffusivity of the metal filament of an incandescent bulb. Later this
technique was applied to nanofluids or fluids to evaluate the thermal conductivity by many
investigators. In this method, a fine metal wire works as a heater as well as a thermometer for
k measurement which is quite similar to the transient hot-wire method. This method also
involves a radial flow of heat from the wire as in the THW method. The 3® method utilizes
temperature oscillations but THW used a time-dependent response to measure the thermal
conductivity of the fluid. A fine metal wire was suspended inside the fluid and a sinusoidal
electric current passed through the wire at frequency . This current at frequency o in the wire
further generates the heat at the frequency 2« which results in a rise in the temperature. This
temperature rise at the frequency 2w can be extracted with the measurement of the 3

component of the voltages. Cahill et al.[66] suggested the exact solution for the temperature
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oscillations at a distance r = (x?+y?)"2 from the infinitely narrow line source of heat on the
surface of an infinite half-volume is expressed as

_ P 1.7)
AT = ﬂ KO(CIT‘)

The thermal conductivity of the liquid k can be calculated by evaluating the value of the slope
of temperature rise in the wire at frequency 2w versus the applied frequency ®. The formula

for the thermal conductivity can be written as

_ %(6%&,)_1 (1.8)

Where the T, is the amplitude of the temperature rise in the wire, w is the applied frequency

dlnw

of the sinusoidal current, | is the length of the metal wire, and P is the applied power. The
schematic of the 3w thermal conductivity measurement apparatus used by Karthik et al.[67] to
measure the thermal conductivity of CuO/DI nanofluids is shown in Figure 1.10. The thin
platinum wire serves the purpose of a heater as well as a thermometer and Lock-in amplifier
(SR830) used as a highly accurate phase-sensitive detector to extract the 3w component of the
voltage. The real part of the 3w voltage oscillations is directly related to the temperature
oscillations which contains the information regarding the thermal conductivity of the test fluids.
3w technique has one advantage over the THW method is that temperature oscillation can be
kept small in the fluid up to 1K which is about 5 K in the THW method.

(a) (b) Test Fluid Dynamic Reserve
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Figure 1.10: (a) Schematic representation and (b) Overall layout of 3w measurement apparatus
[64]
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1.5.1.4 Laser flash method

In 1961, Parker et al.[68] proposed and designed the laser flash (LF) method mainly to measure
the heat capacity, thermal diffusivity, and thermal conductivity of solid materials. Schrimpf et
al.[69] applied this technique to metallic liquids that possess high thermal conductivity like
mercury. Further, Tada et al.[70] used this technique for liquids of low thermal conductivity

and achieve results with 2.6% uncertainty.

Detector Blectronics

IR Detoector
Sample Changer
Heater g
System
N s 3 Electronics
Priacior — 1. WY —
B g Za L4 L

Flash Lamp — pm

[ : Supply

Figure 1.11: The diagram of the modern laser flash apparatus (LFA 447) [68]

Shaikh et al.[71] used the modern laser flash apparatus (LFA 447) as shown in the Figure 1.11
to measure the k of three different types of nanofluids with different loading of nanoparticles.
The xenon flash lamp was used to produce the light pulse in the apparatus. The sample holder
for liquid is different than solid materials. The bottom surface of the container and the lower
surface of the lid are coated with thin graphene. The weighed test fluid was put in the container
through a syringe. NANO FLASH software with recommended setting used to take readings.
Accurate values of density and the specific heat are required for the thermal conductivity

calculation of nanofluids.

In LF measurement technique, the thermal contact resistance is eliminated by using a laser
pulse. The laser pulse can heat the sample directly where as, in other methods electrical current
is used as a heat source. This method is perfectly suitable for the electrical conducting fluids
as there is no electrical current leakage involved. The measurement time of this technique is
short so this eliminated the error due to the natural convection effect of nanofluids. These
superiorities motivate other researchers [72]-[74] to use this technique to measure k of different
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types of nanofluids. This technique is not suitable to measure nanofluids that possess low

thermal conductivity ask of container approximately same as the test fluids.[75]

1.5.1.5 Transient plane source (TPS) method

The transient plane source technique is also based on the transient principle and it is proposed
by Gustafsson et al.[76] in 1990 to cover a large range of transport properties and also be able
to apply it to a large number of different materials. Gustafsson proposed two possible designs
for the TPS probes one in the shape of a hot disk and the other in the shape of a hot square.
This method is also known as a thermal constant analyzer or Gustafsson probe. This method
uses the Fourier law of heat conduction like the hot wire method for the measurement of
thermal conductivity. In this method, a transient plane source (TPS) serves the purpose of heat
source and temperature detection. This TPS probe in the shape of a hot disk consists of spiral
metallic thin foil with the insulating layer of Kapton as shown in the Figure 1.12(b).

(a)

Hot Disk Sensor

Sample Container

Figure 1.12: (a) The measurement set-up of the Transient plate source method (b) TPS
Probe.[74]

The schematic of the transient plate source apparatus shown in Figure 1.12(a) used by Wan et
al.[77] for the thermal conductivity and thermal diffusivity measurement of Polyaniline
nanofibers/DI water nanofluids over a temperature range of 10-80 °C. When an electric current
passed through the TPS probe then the temperature near the probe can be captured by

measuring the change in the TPS probe’s resistance using the given relation
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Ry(t) = Ro(1+ BAT(7)) (1.9)
_1[R,(D) (1.10)
a1 =521

Where AT (7) is the temperature rise near the surface of the probe, S is the temperature
coefficient of resistance, R,is the resistance of the probe before heating and t can be defined

as the time of the electrification and can be written as

T = |=
2 (1.11)

Where t is the time of measurement, k is the thermal diffusivity of test fluid, and rp is the radius
of the TPS probe.

For the case of disk type TPS probe the exact equation of temperature difference can be
expressed as

AT(t) = Py(n3/?ak)™1D(7) (1.12)

Where D(t) is the geometric function. After fitting the experimental data to the straight line
given by Eq. 1.12, the slope of the fitting straight line gives the values of P,(r3/2ak) which is
further used to calculate the thermal conductivity of the fluid.

The range of thermal conductivity measurement of this method typically lies between 0.2
W/mK to 200 W/mK and is very much flexible to the sample size[78]. These advantages
encourage various inverstigators [77]-[82] to use this technique for the thermal conductivity
measurement of different types of nanofluids. The optimal time window for a single transient
recording for this method is around between 0.3s to 1.1s for the precise measurement of both
thermal conductivity and thermal diffusivity.[83] Li et al.[84] suggested some corrections
regarding the TPS probe to improve the accuracy of the measurement using this method. The
heat capacity of the TPS probe and variation in the electrical resistance of the spiral foil
influenced the measured power which is taken constantly by Gustafsson in the original TPS
method. The correction of these two factors improves the accuracy of the measurement method

by more than 2%.
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1.5.2 Steady-state techniques

1.5.2.1 Steady-state parallel-plate technique

Based on the steady state heat conduction principle, many types of test cells are established to
measure the thermal conductivity of the fluids and nanofluids. Out of these, either parallel plate

type or concentric cylinder type design is preferred for efficient heat transfer in one direction.

Heater 2

Heater 1

Aluminum cell

d—~=— Heater 3

Heater 4 ——| };

O-ring

\ N\ Glass spacer

Fluid sample Lower copper plate

Upper copper plate
Figure 1.13: The schematic of the parallel plate thermal conductivity measurement apparatus.

The steady-state parallel-plate measurement method was developed based on the design of
guarded hot-plate apparatus by Challoner and Powell[20]. The schematic diagram of the
parallel plate method apparatus used by Wang et al.[29] to measure the thermal conductivity
of Al203/H20 and CuO/H20 nanofluids with uncertainty less than + 3% is shown in the Figure
1.13. In this apparatus, the small amount of fluid placed between two parallel plates of the
copper plates and heater 1 provide the heat flux from the upper plate to the lower plate which
flows through the fluid placed between the plates. Heater 2 and heater 3 were used to eliminate
the convection and radiation from the upper plate by maintaining the temperature difference
between the aluminium cell and the upper plate to less than 0.05 °C. The thermal conductivity
is affected by glass spaced as placed across the two copper plates. So, the one-dimensional heat
conduction equation is used to calculate the thermal conductivity after achieving the
temperature equilibrium and this equation can be written as

_qx*Ly (1.13)
S * AT
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Where ¢ is the heat flux per unit time from the heaterl, L, is the length of the glass spacer and
S is the cross-sectional area of the copper plates used in the apparatus. AT is the temperature
difference between the upper and lower plate. The effective thermal conductivity of the test
fluid can be calculated after eliminating the effect of the glass spacer so it can be written as

L = kS —kgxSg (1.14)
¢ S-=8,

Where k4 and S, are thermal conductivity and cross-sectional area of glass spacer respectively.
Basically, in this technique temperature does not change with time so the natural convection
effect that occurs in the fluids is unavoidable at high temperatures and also it takes a longer
time to estimate the thermal conductivity of the fluids. But still, investigators [85], [86] choose

this measurement technique because of its simple design and reliable working equation.

1.6 Discussion on thermal conductivity measurement

techniques

From the literature survey, it is observed that the THW method is mostly used by researchers
to investigate the thermal properties of the nanofluids because of their well-known reputation
in the scientific community. The design of the Steady-state parallel plate method is simple and
easy to use but still, this method is least preferred to measure the thermal conductivity of
nanofluids. Because the steady-state method not only takes a long time for the measurement
but also, there is a large probability to produce erroneous results due to the natural convection
of fluids.

The accuracy of the measurement technique depends on two important aspects which have
been concerned during the measurement of the nanofluids. One aspect is the required time
range of the measurement because the longer time range for the measurement can induce
natural convection and eventually affect the accuracy of the measurement results. LF method
is the fastest technique as compared to the other mentioned techniques. The measurement time
range for the LF is in microseconds whereas the measurement time range for the THW is in 2-

8 s.[75] The measurement time range of the TPS and THW methods is longer compared to the
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LF but the measurement time is fast enough to avoid the natural convection from the
measurement results. After selecting the specific time range for these methods, the significant
deviation from the linearity in the graph can be avoided. TC is another technique with fast
response as this measurement technique utilizes a probe for instant measurement after
contacting the surface of the test nanofluid. On the other hand, the steady-state parallel
technique required a large sample for the measurement so relatively it takes a longer time to
heat the sample and measurement. The second aspect is the degree of disturbance of the
measurement methods because the intense disturbance of the measurement techniques can
agglomerate the nanoparticles in the nanofluids which can further affect the effective thermal
conductivity results of the nanofluids. For example, when the hot wire probe is immersed in
the nanofluids for the measurement then it may cause the agglomeration of nanoparticles in
nanofluids. The same kind of effect can be observed in the TPS and 3® technique. The design
of the measurement techniques can reduce the disturbance in the measurement. However, TC
and LF have done excellent work to minimize the disturbance on the measurement results of
nanofluids. TC has minimized the disturbance with probe point contact measurement
configuration and LF has the least disturbance since there is a laser beam heating the nanofluids

without any contact and a detector placed outside to observe the changes.

In short, thermal conductivity measurement of nanofluids is a challenging task because of the
unknown mechanism of thermal conductivity enhancement. In the literature, the validity of the
measurement technique other than the THW has been questioned because lack of reported
results measured by the same measuring technique to support their measurement data
validity.[87] Due to wide recognition of its validity, the THW method is more commonly

utilized by investigators to study the thermal properties of nanofluids.

1.7 Electrical Resistivity

Electrical resistivity or conductivity is one of the most fundamental physical properties of the
material which can be derived from the accurately measured resistance through any standard
technique like the four-point probe technique. Electrical conductivity is used to determine how
well a material can conduct an electrical current. Electrical resistivity works as an indicator of
changes in the chemical binding of the material. As electrical resistivity depends on the two

parameters inversely: one is carrier density (n) and the other is carrier mobility (i). The change
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in the nature of the binding affects the carrier density and structural changes affect the carrier
mobility of the system. Early investigations on the metals manifest that resistivity increases
with temperature white it decreases in Si and Ge because semiconductors transform to
conducting state with temperature. Electrical resistivity is used for the classification of the

metal, semiconductor, and insulators ranging from 10® to 10'® Ohm cm [88].

The knowledge of the electrical transport properties becomes valuable since these properties
are used for fundamental and technical application-driven research. Over time, these electrical
transport properties play important role in characterizing different types of the materials such
as anisotropic single crystals [89], [90], Anisotropic electrical resistance of mesoscopic
LaAIO3/SrTiOs devices [91], 2D superconductivity [92], metal single crystals [93], Organic
thin films of semiconductors [94], [95], Anisotropic and thickness dependence conductivity of
thin films [95], [96], electrical conductivity in two-dimensional (2D) samples like graphene
and MoSz [97]-[99], different types of conventional and non-conventional superconductors
[95], [100]-[102], Si nanowire and Si-based electronic devices [103], [104], even for energy
storage devices such as electrolyte membrane fuel cells[105], batteries [106], multijunction
solar cells [107] and also for biological specimen such as large scale brain dynamics[108], the
conductivity of seizing and non-seizing mouse brain [109]. In the present scenario, the study
of structural properties [110], [111]and phase transition [90], [112] have been very necessary
for material science and engineering applications. When comes to the physical properties of
the materials then the electrical conductivity of the materials becomes important for the
understanding of the other physical phenomenon like topological materials [101], [106]

quantum hall effect [99], quantum phase transitions [112], etc.

1.7.1 Electrical resistivity measurements methods

Many models and methods have been suggested depending on the contact resistance, shape,
and nature of the sample to achieve better precision in electrical resistance measurement.
Samples can be in the form of thin film, single crystal, small crystallite, or powder pellet.
Electrical resistivity measurement techniques are mainly divided into three categories to be
discussed here. First one is the two-probe resistivity measurement method which is mainly used

to measure the resistivity of high resistive materials, second is the four-probe measurement
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method or potential probe measurements which are best for the low resistive and single crystals.

The third category includes Montgomery, van der Pauw and Smith techniques suitable for the

pellets and bulk samples.

1.7.1.1 Two probes resistivity measurement

This is the simplest and easiest method to measure the resistivity of the materials. This method

depends on the values of voltage (V) and current (I) measured across the material as shown in

v )

Figure 1.14: Resistivity measurement connections for two probe methods

the Figure 1.14. The value of resistivity pr Of the material is derived from the V and I through

the given formula as

VA (1.15)

PR:E

Where L is the length of the sample, A is the cross-sectional area of the sample, V is the
potential difference measured through the voltmeter and 1 is the current measured through the
ammeter. This method is preferred to measure the resistivity of the high resistive material like

polymers films/sheets.

1.7.1.2 Four probe measurement

Four probe or potential probe has been widely used for the resistivity measurement of low
resistive materials. In 1915, Frank Wenner [113] proposed an in-line four-point geometry to
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exclude the contact resistance at the position of the probes to measure the resistivity of the
earth. Contact and lead resistance are cancelled out through the four-probe technique; however,
the contact resistance still emerges if it produces enough heat. In the two-probe method, this
contact resistance is in series with the resistance of the sample leading to an incorrect resistance
value for low resistive materials. In 1954, Leopoldo Valdes [114] used this measurement
technique to measure the resistivity of semiconductor (Ge) for transistors. Figure 1.15 (a) and

(b) shows the model and measurement circuit used for resistivity measurement of semi-infinite

material.
GALVANOMETER
Y POTENTIOME TER
DIRECT MILLIAMMETER VOLTMETER
| ]
CURRENT *] @ “
SOURCE 1 — -V -~

I
PROBES

Figure 1.15: (a) Model for four-probe resistivity measurement (b) Electric circuit used for

resistivity measurement [111]

In this method, all four probes are placed equidistant on the surface of semi-infinite samples in
a straight line. The size of contact must be smaller than the distance between the probes and
the sample surface should be flat with no leakage. The resistivity of the material can be

calculated using the formula given in the Table 1.1.

Table 1.1: Linear four probe formulas for bulk resistivity or sheet resistance for semi-infinite

3D material, infinite 2D sheet, and 1D wire.

Sample Shape 4P in-line geometry
. %4
3D Bulk pline — 271'57
2D Sheet line _ WtV
PR2D = _ln(Z) I
1D Wire _V
Pr1D = S ]
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When these four sharp probes are placed on the flat surface of the material and the current I is
passed through the outer probes using the source meter, then the voltmeter is used to measure
the floating potential V across the inner electrodes, where s is the distance between the
electrodes or probes. The ratio of the potential (V) over current (1) gives the resistance (R) of
the Sample only. In the specific case when the distance between the probes (s) is very large as
compared to the thickness (t) of the working sample (s >> t) then the resistivity can be
calculated by the formula given in the Table 1. All the relations derived for the infinite 3D and
2D systems are summarized in Table 1. These equations indicate that the resistance is
independent of probe spacing for the 2D case, but it decreases as 1/s with increasing the probe
spacing for the 3D case and is experimentally confirmed in a report by Shiraki et al.[115].

Resistance increases linearly with the probe spacing for the 1D [116].

1.7.1.3 Van der Pauw method

Van der Pauw’s method has great importance for resistivity and Hall coefficient
measurement[117]. This method allows the use of arbitrary shapes as well as freedom for the
placement of the contact leads. This method was discussed by Van der Pauw to measure the
resistivity of the flat disc or pellet of arbitrary shape without knowing the current pattern. Van
der Pauw [118] extends the formula for evaluating the correction factor corresponding to the
finite lateral width of the sample for the special case of circular/square to any arbitrary shape.
But the condition is that the four probes should be on the periphery of the samples and contacts
should be point-like in size and smaller than the sample size. Moreover, for the applicability of

this method the sample should be homogenous, isotropic, and singly connected. The sample
(a) =0 (b) D ¢
iC
{ —
\Ad

i

Figure 1.16: Van der Pauw samples with four contacts used for the resistivity measurement
(@) An arbitrary shaped (b) Clover shaped [114]
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should be sufficiently thin (i.e. t/s < 1/5). They considered an arbitrary-shaped flat sample as
shown in the Figure 1.16. It has four contacts A, B, C, and D at different places along the
circumference of the sample. The Rag, cp is the resistance of the sample which is defined as the
ratio of the potential difference developed across the contacts C and D when the current passes
through the contact A to B (Ras, co = Vco/las ). Rac, pa can be defined similarly. Van der

Pashowsown that these resistances satisfy the given condition:

L)RBC,DA -1 (1.16)

e _”(L)RAB,CD +e —ﬂ(pR

PR

where t is the thickness of the sample and p is the resistivity of the sample. For non-symmetric

rib samples, as shown in Figure 1.16 (a), the resistivity equation generally demonstrates [118]

it (Rapcp + Recpa Rup,cp (1.17)
Pr f

~In2 q Rpcpa
Where f is the function of the ratio Rag, cp / Rec, ba. This equation allows the calculation of the
resistivity values of any arbitrarily shaped sample after the measurement of two simple

resistances values Rag, cp and Rec, pa. Further, the function f satisfies the relation given below

as
Rapcp 1
In2R 1 2
cosh be.pA =—e/f (1.18)
f Ragcp 41 2
Rpcpa

fale RAB,CD - RBC,DA ? ln_Z _ RAB,CD - RBC,DA ! (ln2)2 _ (ln2)3 (1'19)
2 4 12

RAB,CD - RBC,DA RAB,CD - RBC,DA
In Figure 1.17 they plotted the f as a function of resistance ratio Rag, co / Rec, pa The Eg. 1.19
further helps in the evaluation of f for symmetric samples shown in Fig. 1.17b, Rag, co = Rec,
pA = R so using the reciprocity theorem the first equation gives the formula of resistivity as

shown below

oe mt (V> (1.20)

T2\
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In this case, a single resistance measurement is sufficient to calculate the resistivity of the

sample. This is also valid for circular-shaped and square-shaped symmetric samples.

10 .
= h\"-'n-,&_‘\
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Figure 1.17: The geometrical factor f used to calculate the electrical resistivity of the material,

plotted as a function of ratio of resistances in two different configuration Rag.co/ Rec,pa.

This method was further modified and corrected by other researchers. Ronald Chwang et al.
[119] reported in their study that the size of contact appreciable of the sample is a good
approximation to the van der Pauw infinitesimal contact. The advantage of simplicity and the
finite size of ohmic contact can be utilized for the measurement of normal semiconductor
materials and still it was possible to obtain the precise measurement data using the correction

factors determined in the report.

Van der Pauw calculated the errors due to the contact placement and size of the circular-shaped
samples. In other reports, Daniel W. Koon [120] suggested that the use of cloverleaf or square
samples can reduce the errors arising due to the size or displacement of the contact from the
edge of the sample. The sharpness of the corners and the contact placement near the corners of
the square samples help in reducing the measurement errors. The inhomogeneities in the
resistivity further introduce the error proportional to the electric field in that region. The
cloverleaf and the square shape may highlight the regions of inhomogeneity more than the
circular shape. The square shape gave contact placement errors 10-100 times smaller than the

circular shapes and all cloverleafs gave fewer errors than nonclovered shapes.[121]

Kasl and Hoch [122] studied the effect of the thickness on these measurement techniques. The
accuracy of the technique deteriorates with the thickness of the sample and this method can be
used for those samples where the thickness is comparable to the surface dimensions. Their
investigation also suggested that the resistivity of an irregular thick sample with low resistance
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electrodes on the entire edge, perpendicular to the surface can be measured through this
technique as shown in Figure 1.18. The low resistance electrodes maintain an effective 2D

current distribution.

Figure 1.18: Two contact geometries on the pellets of diameter D (a) electrodes placed on the

edge of circumference (b) electrodes are located across the edge. [118]

Jonathan D. Weiss et al.[123] derived the same formula from classical 3D electrodynamics for
a conducting rectangular sample having thickness approaching non-zero to zero. They also
studied the validity of van der Pauw's results using the formulation and semiconductor devise
code for the finite thickness and finite contact area of four probes. Further Jonathan D. Weiss
generalizes this work involving a square sample and a square array of electrodes that are not
confined to the corners since this measurement configuration could be a more convenient
one.[124]

1.7.1.4 Montgomery resistivity measurement method

The Montgomery method is one of the most conveniently used techniques to determine the
electrical resistivity in different directions of the anisotropic materials.[125] In 1970
Montgomery [126] suggested a graphical method for identifying the resistivity of anisotropic
materials in the form of a parallelepiped with three orthogonal |1, 12, and I3 edges collinear to
the three resistivity directions prii=xy,z 8 shown in the Figure 1.19. In 2011 this method was
further modified by dos Santos et al.[127] to solve the problem analytically. This method can
be used for a rectangular prism of finite thickness with two distinct resistivity components p1,
p2 = p3 .[126], [127] This modified method of Montgomery is derived based on Wasscher
transformations.[128] Logan et al.[129] defined resistance R1 = V1/l1 for the isotropic
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Figure 1.19: (a) The schematic of contacts on rectangular surface used for the Montgomery
method (b) Wasscher method for mapping of an anisotropic parallelepiped on an isotropic
parallelepiped and vice versa.[121,123]

rectangular prism having dimensions I,l2, and I3 as shown in figures (a) and (b). Where I is
the current applied through two contacts placed on the edge of the surface l1l, and the voltage
V1 is the potential drop measured through a voltmeter across the two opposite edges of the
same surface l1l> as shown in the Figure 1.19 (a) and (b). They manifest that the resistivity p of

the rectangular prism depends on R1 through two correction factors E and Hi as given below

pPr1 = EHiR, (1.21)

Where E is the correction factor that accounts for the finite thickness of the isotropic sample
and Hs corresponds to the correction factors related to the finite lateral dimensions. Now when
the probes of current and voltages exchange with each other then the relationship can be written

as

Prz = EH3R; (1.22)

Logan et al.[129] used the method of images for the evaluation of the correction factor Hi

expressed as

2

Nk

(1.23)

n=0

[2n + 1] sinh[ 7w <(2n +1) %)]
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And similarly, the correction factor E can be expressed as

B . L[
. I 21=0 I(Zl + 1) sinh[m <(2n +1) ﬁ)l (1.24)

L B -
%20 Z:n_o et

1
Where s = [(2h + 1)/1;)? + (n/13)?]z , €0 = 0 and e, = 2 for n > 0. Montgomery determined
these correction factors using the interpolation method but in the revision of the Montegomery
method, dos Santos et al.[127] simplified these series through an analytical equation then the

correction factor Hy can be expressed as

l .
o= Eeinn () 29
8 L

After applying the approximation of 0.2 < ls/(l1 I2)Y2 < 2¥2 for the two cases corresponding to
the thick and thin films, the equation for E can be expressed as

E 1
L= T 1
3 m_z_l (1.26)

‘"[ L 2
1+e

Further, Wasscher equation was used for mapping the thin anisotropic parallelopiped with
dimensions 13, 15, I3 with three resistivity components in three different directions pg4, pr», and

Pr3 ONto an isotropic rectangle. The equation used for the mapping expressed as

Pr = 3\/ pRlpRszg (127)

, 2|PR;
liz123 = ] /—‘ (1.28)
Pr :

For the case E = l;, the Logan relation can be written in terms of other resistivity components

as given below
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’ (1.29)
, 2|PR
pPr = I3 — HiR,

Pr

m 15l 1 (1.30)

R _hrtlz
pR1~8(li)lz 151N (l1

Similarly, the second component p, can be obtained by simply replacing the [, (17) with [, (15).
The ratio 1, /1, can be expressed in terms of the resistance R, and R, measured on the face of

[115. So the ratio [, /1, can be written as

LRy (LB iy
L~ 2|zme T GiR) (1.31)

So two simple resistance measurements and revised Montgomery equations allow for to
calculation of the resistivity components of the thin anisotropic rectangular samples after

assuming directions known and well defined.

1.8 Photoconductivity

Photoconductivity refers to the phenomenon of enhancement or diminution of the electrical
conductivity upon illumination of the light. This photoconductivity phenomenon is generally
observed in covalently bonded semiconductors and insulators, where the conductivity is low in
the dark, and significant enhancement can be investigated. The thermal equilibrium density of
the free carriers in the material leads to the conductivity in the dark which is known as dark
current. This dark current or dark conductivity has to be subtracted from the measured current
in the presence of the light to acquire the actual amount of the photocurrent. The magnitude of
the photocurrent during the illumination depends on three separate processes, first is the
generation of free electrons and holes through absorption of the photons, the second is the
transport of carriers in the material under the influence of the electric field and the third is the
recombination process of electrons and holes. The study of these processes offers insights into
the structure and electronic properties of the material under investigation. Photoconductivity
of the material depends on various factors such as the frequency and the intensity of the
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illuminating light, and the temperature of the material. The photoconductive behavior of the
material can reveal significant information regarding the distribution of electronic states in the
material, carrier generation, and recombination processes. The knowledge about the absorption
coefficient and distribution of the defects present in the material can be investigated from the
information on the three processes involved in the photoconductivity phenomenon. The low
absorption coefficient can be responsible for the low photoconductivity of the material at the
given frequency of light illumination but at the same time, this low photoconductivity may be
due to the binary recombination of the photo-induced electron-hole or the formation of the
excitons. Therefore, to differentiate between the alternative interpretations sufficiently,
comprehensive experimental data will be required in terms of the system parameter for the
analysis. The use of different types of photoconductivity experiments is recommended such as
photoluminescence or charge collection. Bube et al. and Rose et al. discuss the general principle

of photoconductivity in their monographs.[130]-[132]

1.9 Photoconductivity measurement technigques

A large variety of experimental techniques have been developed and used over the years
depending on the photoconductivity phenomenon. The experimental techniques are mainly
divided into two categories, first is steady-state photoconductivity (SSPC) and the second is
transient photoconductivity (TPC). The steady-state photoconductivity (SSPC) mainly focuses
on the stationary photocurrent under constant illumination but the transient photoconductivity
(TPC) experiments deal with time evolution photocurrent under pulsed excitation. Both
measurement techniques can be used to study the recombination and electronic density of states

of material under illumination.

1.9.1 Steady-state photoconductivity (SSPC) method

Steady-state photoconductivity is the simplest measurement technique that utilizes a constant
monochromatic light source to produce the excess number of electrons or holes in the material
under illumination. The excess density of electrons and holes enhances the conductivity of the

material which can be expressed as

opn = e(Unldn + p,Ap) (1.32)
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Where e is the charge of an electron, u,, and p, are electron and hole mobility, An and Ap are

the enhancement of electrons and hole density, respectively. The diagram of the steady-state

P BRI
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p=p,tAap
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Id B lph +tm - I¢I+ Iph
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Figure 1.20:(a) Basic electrical circuit for the photoconductivity measurement of Bulk
material, V is applied voltage, L is the length of sample, A is cross-sectional area of sample,
No, Poand lq are carrier density and the current in the dark, Iph, is the current produced during
light illumination, An and Ap are the carrier density increment under light illumination (b) The

type of electrode configuration is adopted for the thin film sample.

photoconductivity experiment is schematically shown in Figure 1.20. Where V and L are the
voltage applied across the terminal, and A is the cross-sectional area of the bulk rectangular

sample.

G [llumination

An ! :
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Figure 1.21: Schematic of generation of excess charges carries density An under the

illumination of light as a function of time.
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The applied electric field across the block is E = V/L, and the photocurrent L,, will be equal
to o,, AE . Both end surfaces of the rectangular block are made metallic to work as an electrode
in the circuit. In the present scenario, most investigators are interested in thin films rather than
bulk, so an electrical circuit with interdigitated electrodes is shown in Figure 1.20 (b). This
configuration of electrodes is frequently used for photoconductivity measurement. The whole
part of An and Ap does not contribute to photoconductivity because a fraction of photo-induced
carriers is trapped in the various defects present in the materials. The information of this
trapping is reflected in the values of the mobilities p,, and u,, that is lower than the theoretical
free-carriers mobility uo. In most of the materials either p,,An or p,Ap part turns out to be
much larger than the other part due to the presence of strongly unequal charge carrier

mobilities. In those cases, Eq. 1.32 reduces to one type of carrier equation.

Mobility in the product u,An or u,Ap is the material parameter that depends on the
temperature and sample characteristics. The photoinduced carrier density can be expressed in
terms of the generation rate of free electrons and holes (G) and the average lifetime (z;) of the

excess carriers. Eqg. 1.32 can be expressed as

Opn = eG(UnTy + UUpTp) (1.33)
The generation rate G can be defined as

—ad
Where 7 is the quantum efficiency of the generation process, hv is the photon energy, R is the
reflection coefficient of the sample, « is the optical absorption coefficient of the material, I, is
the intensity of the light illumination and d is the sample thickness. Three parameters n, R and
o depend on the wavelength of the light used in the experiment. The monochromatic light
reveals the energy-resolved information about the sample but the white light will give only a
global average. The relation between the steady state values of An and G is schematically
shown in Figure 1.21. The build-up and decay of excess charge carrier (An) upon the turn on

and off the light illumination.

SSPC measurement offers the possibility of determining the absorption coefficient as a
function of incoming photon energy that explores the electronic density of the states around
the band gap of the material.[133] SSPC measurement can also determine the recombination
levels of the defects of the governing sample.[134], [135]
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1.9.2 Transient photoconductivity (TPC) method

The study of the transient characteristic of photoconductivity relates to either the response or
relaxation of steady-state photocurrent. In traditional transient photoconductivity (TPC)
measurement, a short light pulse excited the charge carriers into the transport band at time t =
0 s. All the carriers are in thermal equilibrium before the start of the experiment. The trapping
sites for electrons above the Fermi energy and holes below the Fermi energy level are empty.
The photoinduced carriers move under the influence of the electric field of the circuit. Before
recombination, these carriers immobilize due to several defect traps present in the material.
The carriers are released from the trap through the thermally activated process with activation
energy equal to trap depth. The immobilization time of the carriers depends on the depth of the
trap, the more the depth lower will be the transient current. As the shallower trap release the
carriers sooner, retrapping of those carriers will lead to an increasing occupation of the deeper
traps and further reduces the current level. So traditionally the experiments are carried out in
the secondary photocurrent mode where the sample is supplied with ohmic electrical contacts
and carrier loss by the recombination only. Electrodes in the Co-planar geometry are preferred
in this technique. Rudenko et al.[136] give an expression to link the transient current with the
distribution of localized states. As long as recombination is neglected, the following expression
can be used as a first-order estimation

g(E) o« [I(t)-t]™ (1.35)

Where g(E) is the density of states (DOS), I(t) is transient current and t is time. The solution

for the special case of an exponential electronic density of states is
g(E) < exp(—E/E,), E = kgT In(v,t) (1.36)
The distribution of trapping levels leads to a power law for the transient current as given below
I(t) « t~(-®) (1.37)

Where « = kgT/E,, kgT is Boltzmann energy, v, is the attempt-to-escape frequency, Eo is

the width of the exponential distribution that can be deduced from the slope of the power law
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decay of the current. The difficulties posed in time domain analysis of the transient current can
be avoided by transposing the current decay into the frequency domain through Fourier
transform.[137] Not only Fourier transform but also Laplace transforms techniques have been
applied to convert the TPC signals into DOS information.[138]

1.10 Tunning of 2DEG conductivity using visible light
illumination

The discovery of two-dimensional electron gas (2DEG) at the LAO/STO interface has evoked
enthusiasm for interactive research and attracted much attention in the past decade. This 2DEG
becomes an attractive platform for nanoelectronics. 2DEG not only possesses high charge
carrier density and mobility but also exhibits a wide range of properties like the coexistence of
ferromagnetism and superconductivity, magnetism, planar hall effect, anomalous hall effect,
Rashba spin-orbit interaction, etc. The 2DEG conductivity can be easily tuned using different
external stimuli like the electric field, light illumination, mechanical pressure, stress, strain,
etc.[139], [140] for fundamental and technological applications. Light and electric fields have
been extensively used as external stimuli to tune the electronic properties of the 2DEG lying at
the interface of oxide heterostructures. We will study the effect of light illumination on the
2DEG.
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Figure 1.22: Temperature dependence normalized conductance plot for bare STO in dark and
LAO/ STO interface in dark, UV light (395 nm) and visible light illumination. Inset shows the
schematic of the LAO/ STO heterostructure.[135]
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Electronic properties of 2DEG at the oxide interface can be tuned using visible light as external
stimuli that lead to the understanding of its fundamental physics and also opened new pathways
for the oxide-optoelectronics devices.[141] Several years ago in 2012, Tebano et al. [142]
reported the sensitivity of the LaAlOs/SrTiOz (LAO/STO) interface under light illumination.
It was observed that the electrons present at the valence band of STO are excited to the
conduction band of STO under light illumination. These photoinduced charge carriers are
responsible for the enhancement in the conductivity of the oxide interface. The sudden increase
of conductivity under light is termed Transient photoconductivity (TPC). If this high
conductivity state persists for a long period with a high relaxation time of the charge carriers,
then it is defined as Persistent photoconductivity (PPC).[142], [143] The oxygen vacancies and
band bending could be the reason for the high relaxation time of the charge carriers.[144] The
small magnitude of PPC has been observed at room temperature in many semiconductors such
as silicon nanowire [145], GaN nanowires [146], GaAs/AlGaAs [147], etc. Tebano et al.[142]
have observed giant PPC at a fully oxidized LAO/STO oxide interface under the illumination
of UV light having a wavelength of 395 nm or blue light as shown in the Figure 1.23. The
photoconductivity is increased by 5 orders of magnitude in the presence of UV light which is
much larger than the present semiconductors. The reason for the origin of PPC is the separation
of the trapped photoexcited electrons due to strong interfacial barrier potential and holes lying
in the valence band. The residual oxygen vacancies located inside the energy gap of STO
behaves as electrons trap centre [148] are also responsible for the significant PPC at the
LAO/STO interface.
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; W 3.65 eV

————— A
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Figure 1.23: Sheet resistance under the light illumination as a function of time having energy
from 1.44 to 3.65 eV at temperature 4.2K. Inset shows the schematic of the LAO/STO band
diagram.[142]
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Guduru et al.[149] performed the experiment at the conducting LAO/STO interface using light
illumination of energy lying between 1.44 eV to 3.65 eV at 4.2 K as shown in the Figure 1.23.
The change in the magnitude of resistance was small for the photon energy values less than the
band gap of STO but this change enhanced to 50% for the photon energy values equal to 3.5
eV or above. Hall measurements have been performed to reveal the origin of the photo
response. The transition from linear to the nonlinear hall has been observed under light
illumination and this suggests the creation of an additional conducting channel under light
illumination. There is a report by Lu et al.[150] also demonstrated an insulator to metal
transition in the presence of light for the LAO/STO oxide interface.

Further, Aswin et al.[151] conducted a photoconductivity experiment after substituting Al with
Crion in LaAlosCro403/STO. The enhancement of electron correlation due to the 3d character
of the Cr ion leads to a large photo response. Chan et al.[152] observed a giant optical switching
effect at the LAO/STO interface after surface modification by Pd nanoparticles. The
photoconductivity on/off ratio of around 750% was observed under the UV light illumination
as shown in Figure 1.24 (b). In this case, the catalytic effect of Pd nanoparticles and
interface/surface coupling has been considered the origin of the giant photo response.
Similarly, Rastogi et al.[153] have studied the photo response after inserting an insulating layer
of the LaMnOz3 at the interface of LAO/STO. The enhanced photo response has been observed
for 8-doped LAO/STO compared to bare LAO/STO under the same photon energy
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Figure 1.24: (a) Diagram of the Pd nanoparticle modulated LaAlOs/ SrTiOz oxide
heterostructure. (b) Resistance behavior with time under the illumination of UV light [145]

42



1.Introduction

In addition, Liu et al.[154] reported negative photoconductivity (NPC) at the LAO/STO
heterojunction grown at low oxygen partial pressure, as shown in Figure 1.25. Light-assisted
Hall measurement revealed that the electron mobility was reduced under light illumination.
The PPC effect at the oxide interface offers potential for the photoelectronic application like

solar cells, photodetectors, optical switches, holographic memory, etc. [140], [150], [155].
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Figure 1.25: The variation of resistance under the light illumination for the low oxygen

pressure sample at different fixed temperatures

1.11 Outlook of thesis

The main objective of this thesis is to understand the electron and phonon transport mechanism
at the surface and the interface of heterostructure nanomaterials using three different
experimental measurement approaches, which are thermal, electrical, and photoconductivity.
We made transient hot wire measurement setup in our lab to investigate the thermal
conductivity of iron oxide nanofluids and iron oxide based cellulose hybrids for better
understanding of the surface contribution to the heat transfer mechanism which has not been
explored earlier. On the other hand, the VVan der Pauw resistivity measurement technique was

used to investigate the electrical properties of polyaniline nanocomposites. Next, we study the
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effect of light on the 2DEG at the new interface of LAO/STO and EuO/KTO, which were not

explored till now. The whole work of the thesis is divided into six chapters as follows:

The first chapter of the thesis discusses the importance of nanofluids, major factors affecting
the thermal properties of nanofluids and different conventional methods used to measure the
thermal conductivity. Different types of electrical and photoconductivity measurement
approaches are also discussed in brief. This gives us an idea of choosing an efficient
measurement technique to investigate the specific properties of any material. The second
chapter includes the description of various characterization and measurement techniques used
to carry out the research work of this thesis. Characterization techniques such as X-ray
diffraction (XRD), Transmission electron microscopy (TEM), Infrared spectroscopy (IR),
thermogravimetric analysis (TGA), UV-VIS-NIR spectroscopy have been discussed, which are
used to identify the crystal structure, morphology, compound identification, amount of
different components, and band gap of the test material. The measurement techniques included
the detailed description of the transient hot wire method, Van der Pauw and four point probe
methods to investigate the thermal, electrical and photoconductivity of nanomaterials. In the
third chapter, the thermal conductivity of the water and toluene-based iron oxide nanofluids
has been measured using the homemade transient hot wire measurement setup and discuss the
effect of the different type of surfactants on the heat transfer properties of polar and nonpolar
iron oxide nanofluids. This method also investigated the thermal properties of iron oxide-based
cellulose hybrids for thermal insulation applications. The fourth chapter describes the effect
of different types of dopants and morphology on the electrical properties of the polyaniline
using the Van der Pauw measurement method. The impact of acid dopants such as HCI, CSA,
CA on the electrical conductivity of polyaniline nanofibers is demonstrated in detail. Different
synthesis methods lead to varying morphologies of polyaniline nanofibers, which further
affects the electrical conductivity has been also discussed. In the fifth chapter, the optical
tuning of the 2DEG at the two new oxide heterostructure interfaces, i.e., LVO/STO and
EuO/KTO, is discussed in detail. The effect of temperature, carrier density, wavelength, and
power of the light illumination on the photoconductivity and persistent photoconductivity of
these two different interfaces is described in detail. The sixth chapter summarizes the whole
research work done in this thesis and discusses the future possibilities or applications of this

research work.
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Chapter 2

Chapter 2

Experimental methods

2.1 Introduction

We have divided this chapter into two sections characterization techniques and measurement
methods. In the first section, we have discussed different techniques such as Transmission
Electron Microscopy (TEM), Infrared spectroscopy (IR), powder X-ray diffraction (XRD),
Thermogravimetric analysis (TGA), UV-VIS-NIR spectroscopy used for the characterization
of nanoparticles and nanofluids. In the second section, we explain the principle, fabrication,
calibration, source of errors, and method of homemade transient hot wire thermal conductivity
measurement setup based on the principle of resistance thermometer detection (RTD) to
measure the thermal conductivity of the nanofluids. The details of the VVan der Pauw and four-
point probe measurement setup for electrical and photoconductivity measurement of PANI

composites and oxide interfaces are given in this chapter, respectively.

2.2 Characterization methods

2.2.1 Powder X-ray diffraction (XRD)

The diffraction pattern of any crystalline material is like a fingerprint of that material. The X-
ray diffraction pattern gives the information regarding crystal structure and phase purity of the
material. The width of the peaks in the powder XRD pattern gives information about the
average crystallite size of the nanomaterials.[1] The Scherrer equation is used to determine the
average crystallite size of the nanomaterial from the broadening of the XRD peaks. The

equation is
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___ka (2.1)
" Br Cos (6)

Where K is the shape parameter and it is 0.9 for the spherical-shaped particles[2], 4 is the
wavelength of X-rays, S is the full width at half maximum of the peak and 0 is the Bragg’s

angle.

The XRD analysis of the synthesized samples were carried out using a Bruker D8 Advance X-
ray diffractometer, Cu metal target K-o radiation having wavelength 1.5418 A used as source.
The XRD pattern of the sample were recorded with the scan rate of 2 degree/minute in the 26
range 10-80 degrees. The XRD pattern of the sample were compared with the Joint Committee
on Powder Diffraction Standards (JCPDS) data.

2.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is a useful technique to determine the size, shape,
distribution and the arrangement of the particle in the testing sample.[3] A beam of electrons
produces enlarged image on a fluorescent screen or photographic film or CCD camera in this
imaging technique. In our work a transmission electron microscope (JOEL JEM-2100) with a
working accelerating voltage at 200 kV in the bright field mode is used to determine the
microstructure, particle size and size distribution. The nanofluid samples for the TEM analysis
were prepared in water (S1 and S3) and toluene (S4) by sonication and drop cast on a carbon-
coated copper grid (200 mesh). In case of PANI composites, samples prepared in isopropanol
for TEM analysis. The digital micrograph software supplied with the instrument was used to

analyze the average particle size and distribution.

2.2.3 Infrared (IR) spectroscopy

Infrared spectroscopy (IR) is an analytical technique to determine the different functional
groups and nature of bonding in the molecules under study.[4] The information about site and
nature of attachment of surfactant molecules on to the surface of the magnetite nanoparticles

is obtained using the IR spectroscopy technique. In our work, IR spectra of PANI samples,
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oleic acid and citric acid coated magnetite nanoparticle were recorded using the using
BrukerCary 600 series spectrometer from Agilent Technologies in the frequency range from
4000 cm™ to 400 cm™. Background spectra was recorded using pure KBr cylindrical pellet.
After that the test sample was mixed with the KBr and made a thin cylindrical pellet using

pelletizer to perform the IR spectroscopy.

2.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a thermal analysis technique which track down the change in
weight of the sample with increase in the temperature. The sample undergoes decomposition,
vaporization, oxidation, sublimation, reduction etc. upon heating.[5] In this technique, a sample
is heated in a required environment and the change in the weight of the sample measured
efficiently as a function of the temperature. The variation in weight of the sample is plotted
against the temperature and is called the thermogravimetric (TGA) curve. Further, the rate of
change in the weight of the working sample can be plotted as a function of temperature and it
is called thermogravimetric (DTG) curve. In the thesis work, Thermogravimetric analysis
(TGA) of the surfactant coated iron oxide nanoparticles and PANI powder samples was carried
out on the METTLER TOLLEDO thermogravimetric analyzer (model TGA/DSC-I) under the
N atmosphere. The weight loss was measured from room temperature to 800 °C with a heating

rate of 10 °C per minute.

2.2.5 Optical study

The band gap of the samples was measured from optical spectroscopy (Agilent technologies)
in the UV-VIS-NIR region using deuterium and halogen light source. The original spectra were
measured in the transmission mode and further converted into absorption spectra. The tauc plot

was used to calculate the band gap using the equation

a(hv) = A(hv — Eg)" (2.1)
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Where A, hv, E; and « are the constant, photon energy, band gap, and absorption coefficient,

respectively. The value of n indicated about nature of transition, n=1/2 corresponds to direct

allowed transition and n = 2 corresponds to indirect allowed transition.

2.3  Measurement methods

2.3.1 Transient Hot Wire (THW) method

At present, various measurement methods have been developed and used for the thermal
conductivity measurement of fluids. These measurement methods are mainly divided into
steady state techniques and transient state techniques as discussed in the previous chapter.
Transient measurement techniques included the 3-Omega technique, Transient hot-wire
technique (THW), Thermal comparator technique, Transient plane source, etc. The design and
the construction of the transient techniques are quite complex but still transient state techniques
gaining a lot of importance because these methods used unsteady state solutions to measure the
thermal properties. Among all the transient techniques, the transient hot wire technique is well
established and is widely used for the thermal conductivity measurement of gases, liquids,
nanofluids, and solids. The popularity of this technique is because of its simple construction,
variety in applications, and low uncertainty as well as high measurement accuracy. The
uncertainty of this measurement technique for gases, liquid and solid is below 1% but for
nanofluids and melts it is below 2%. This technigque can be successfully applied to a long range

of temperatures and pressure to measure thermal properties.

At first, Stalhane and Pyk [6] used this technique to measure the thermal conductivity of the
powder samples and solids. In literature, both are considered the pioneer of this measurement
technique. Harman et al.[7] further modify the theoretical model used in the thermal
conductivity measurement of the gases. Stalhane [6] and Haarman's [7] work is of great
importance in the development of the transient hot wire method. At that time, it was not
possible to measure the thermal conductivity of the electrically conducting fluid because a thin
bare metallic wire was used as a heater as well as a temperature sensor in the technique. It was

only possible to measure the thermal conductivity of the non-conducting fluids.
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Nagasaka and Nagashima [8] modified this technique to measure the thermal conductivity of
the electrical conducting samples with the coating of insulating material (polyester) on the bare
metal wire. After that, they successfully used this measurement technique for thermal
conductivity measurement of an aqueous NaCl solution in the temperature range of 0-45 °C at
atmospheric pressure with an accuracy of 0.5%. Alloush et al.[9] also suggested that tantalum
wire can be used to measure the thermal conductivity of the electric conducting fluids because
after oxidation it forms a thin insulation layer of tantalum pentaoxide. Sung Wook Hong et
al.[10] used the same measurement technique to measure the thermal conductivity of ethylene
glycol based ZnO nanofluids with 1.06 vol%. They found enhancement in the effective thermal
conductivity with 0.53 precision error. They also investigated the proper measurement time
range (1.2 to 3.2s) for the fluids. J. P. Garnier et al.[11] proposed a transient short hot wire
method for highly corrosive and conducting concentrated nitric acid samples. They used 15mm
long anodized thin tantalum wire for measurement. The estimated uncertainty in this

measurement was less than 5%.

Yu and Choi [12] reported that the insulation on the metallic wire would not affect the thermal
conductivity measurement result even if the coating thickness same as the thickness of the wire.
They also investigated that there is no correction term corresponding to the insulation in the
formulation and the thermal conductivity of the insulated coating is less than the working fluid.
They also included that the error due to the insulation coating compared to the ideal continuous
line source results is 0.8% for the measurement time of 0.5s. Lee et al.[13] made the suspension
of Al03 and CuO nanoparticles in water and ethylene glycol and measured the thermal
conductivity of four oxide nanofluids using this technique. After that researchers start using
this technique successfully to measure the thermal conductivity of different types of nanofluids
[14], [15], nanocomposite[16], and aqueous solution.[17]

2.3.1.1 Theory

The THW method was modeled based on an infinitely long and thin continuous line source
suspended vertically in the infinite homogeneous medium. When current passes through this
infinite line source at time t >0, a constant heat flux g per unit length per unit time is produced
in the wire. This heat in the line source is lost to the surrounding fluid and the temperature of

the fluid rises with time. The line source loses the heat according to the thermal conductivity
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of the surrounding fluid. The thermal conductivity and thermal diffusivity of the fluid are
denoted as k and ap respectively. As in this model, the line source has been taken infinite and
zero radius, so the line source should have infinite thermal conductivity and zero heat
dissipation. The mathematical model of the THW method has been fully developed by various
researchers such as Carslaw et al.[18], Healy et al.[19], and Harman et al.[7], by a successive
correction in this model. The conduction in the infinite continuous line source is considered

one-dimensional heat conduction which can be expressed as given below:

1 6( aT) 1 (6T> (2.2)
r or rar ©oap \at

There are two boundary conditions to solve the above equation. Boundary conditions are given

as
. 0T  —q (2.3)
t=0r=0 ll_l)%ra—ﬂ
t > 0,r=o0 lim {AT(r,t)} = 0 (2.4)
T—00

Where g is the heat flux, AT = T —T,, T is the temperature of the wire at any time during
the heating process an T, is temperature at the initial time before the start of measurement.
[20].

The analytical solution of the first equation using the given boundary conditions

AT(T, t) = T(T,t) _TO = mEf

4apt (2.5)
Where E; is the exponential integral function which is given as
1,.2 co e—x
E { } = f —dx
f
4apt % X (2.6)

Now the solution of the equation can be expressed as
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AT(r,t) = ﬁ{_g +in <4i‘§t>} 2.7)

Where g is the Euler's constant. The value of Euler's constant is 0.5772.

The initial and final time equation can be written as

AT, (1 t) = g | =B+ In (‘“’;gtl)} (28)

AT,(r,tp) = ﬁ{—ﬁ +In (4?;2)} (2.9)

Then the difference between the two-time equation is given as the change in the Temperature.
Thus, the differential equation becomes as

q (i
ATZ(T', t) — ATl(T', t) = m E

(2.10)

From this equation plot the temperature difference versus the logarithm time. After that the
slope of the line taken which almost straight on the selected valid region between time t;

(tmin)and t2 (tmax). From this, the thermal conductivity of the fluid can be calculated as

_ q.d(nt) (2.11)
4w d(AT)

Babu et al.[20] re-expanding the above equation and obtained the thermal diffusivity from the

same equation. The above equation can be written as follow after expanding

(M) ey L (212)
AT _4ﬂkln(r2 e’V + 4nkln(t)

From this equation, the slope and intercept used to determine the thermal conductivity and

thermal diffusivity of the testing fluid, respectively. This equation is considered in our work

for the thermal conductivity measurement of the nanofluids.
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2.3.1.2 Experimental setup and their details

The principle of the Transient hot wire method depends on resistance temperature detection
(RTD). This means that the resistance of the metallic wire changes with the temperature .[21],
[22] The change in the resistance can be used to calculate the change in the temperature using

the equation
R = Ro(1+ BAT) (2.13)

Where R and R, are the resistance of the conductive thin metallic wire at any temperature T

and 0 °C respectively.

A transient hot wire system simply involves a thin metallic wire suspended symmetrically in
the working fluid in the cylindrical vertical container. This thin metallic wire not only acts as
a line source but at the same time acts as a temperature resistance thermometer. As a line
source, it creates uniform heat flux per unit length in the working medium that is constant in
time. From the joule heating effect, the temperature of thin metallic wire increases with the
time after applying a constant current to the wire. This further increases the temperature field
throughout the working fluid or substance. The thermal conductivity of the medium is acquired
from the time evolution of the voltage or temperature of the wire. To neglect the end effect
from the measurement results, researchers used two identical wires in all aspects except their
length. Both wires at the same time were used to extract the time evolution of the temperature
of the wire in the medium. At present, a huge advancement in the field of electronics makes it
possible to take up to 1000 measurements of the transient voltage or temperature rise at a
constant current supply in less than 1 second. This decreases the measurement time which
further reduced the error in the measurement by the convection especially in the liquids and
nanofluids as working medium. The convection effect in the measurement of thermal
conductivity can be easily identified by plotting AT vs In(t). The deviation of the plot from
linearity is the indication of the convection effect in the measurement data (Hammerschmidt
and Sabuga 2000).[23] The success of this technique rests upon the fact that by the proper
choice of the design parameters it is possible to minimize departures from the infinite line

source model.
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test tube
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" Nanofluids

Figure 2.1: (a) Schematic figure, and (b) real image of the THW measurement setup in our
lab

We made a thermal conductivity measurement setup in our lab based on the RTD principle as
shown in the Figure 2.1. We have used a thin platinum wire with a length of 5 cm and a diameter
of 50 um. We have chosen platinum wire because it has a high-temperature coefficient of
resistance and also showed a linear variation of resistance over a wide range of temperatures.
These properties of the platinum wire make it an ideal material for thermal conductivity
measurement. Next, we used copper wire to make four connections with the platinum wire.
The diameter of this copper wire is 1 mm. We choose thick copper wire to make the connection
because it makes it easy to withstand 50 um platinum wire in the setup. All the connections
were made by convention soldering technique using tin/lead (60/40) soldering wire. We choose
a 15 ml glass test tube for containing the working fluid or nanofluid to measure the thermal
conductivity. Here, we used the four-wire method resistance measurement method which is the
most precise method to measure the resistance. As shown in the Figure 2.1 (a), two wires are
used to source the current through the wire and the other two for measuring the resistance or
voltage across the wire with time. We have used Keithley Source Measurement Unit (SMU)
2450 for the source as well as sense the signal. We can easily measure the change in
temperature of the wire with the application of the source without any convection effect.
Therefore, we choose measurement time 12s for the thermal conductivity measurement of

various fluids and nanofluids.
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2.3.1.3 Calibration of the measurement setup

The calibration of the transient hot wire method had been done using distilled water and
Toluene as test fluid. All the measurement had been done at room temperature. Each
experiment was repeated 5 to 6 times to reduce the measurement error in the thermal
conductivity value. This also gave the reproducibility of the measurement instrument. First, we
conducted the measurement for the distilled water at room temperature. For we took 12 ml of
water in the test tube and put the hot wire sensor immersed fully inside the water.

0.35 0.35
0.30 6. 504
0.25- 56!
< 0.201 o~
> = 0.20-
£ 0.15- 501
15
21 0.101 3
0.05 sl
0.00 - 0.05-
0.05 +— T T T T T T 0.00 T T T
0 2 4 6 8 10 12 14 4 3 2 4 0
Time (s) In(t)

Figure 2.2: (a) The variation of the voltage across the platinum wire inside the water with the

change in time (b) The plot of voltage vs In(t) for at room temperature for distilled water.

After that, we waited for 15 minutes so that convection caused due to disturbance becomes
negligible. Because this convection is the major source of error in the measurement so it is
necessary to keep the system undisturbed for at least 15 minutes. During this time, the wire
comes into equilibrium with the surrounding water. We have connected all four wires to the
SMU 2450 for the current source and voltage measurement. Here, we used SMU 2450 because
it has a precision of 0.1 % in the current source for the current range of 0-100mA. In the case
of voltage measurement, this SMU has a resolution of 1 uV and the precision was 25 ppm for
the measurement in the range of 0-10 V. The high precision and resolution of the SMU allow
accurate measurement of the change in resistance without the need for a Wheatstone bridge

circuit.
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Figure 2.3: (a) The variation of the voltage across the platinum wire inside the water with the

change in the time for toluene (b) The plot of voltage vs In(t) for toluene at room temperature

After that, we applied a constant 100 mA current to the hot wire sensor using Keithley SMU
2450 and simultaneously we measured the change in the voltage across the metallic wire. The
measurement time, in this case, was 12 s. Figure 2.2(a) shows the variation of the voltage across
the wire with the time at room temperature. After that, we plotted the graph between voltage
difference versus logarithmic time (see Figure 2.2(b)). The graph showed some non-linearity
in starting time of the measurement and after 3s, non-linearity in the starting time because the
heat flux on the surface of the wire takes some time to reach a steady state. The non-linearity
after 5s in the graph indicates that the convection effect comes in the fluid. So, the data taken
after this time was not included in the measurement. The choice of the proper data range in the
graph becomes important. After selecting the proper time range, the slope of the voltage
difference vs logarithmic time was obtained by a linear curve fitting as shown in the Figure
2.2(b). The slope of the graph was further used for the thermal conductivity measurement of

the water. We used the modified formula for the thermal conductivity of the test fluids which

is given as
_ qBVod(Int) (2.14)
© 4w d(AV)
Where
lome — 200 (2.15)
slope = d(AV)
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_ ()? (2.16)
~ Ly Ry
and
AV =V =V, (2.17)

where q is the heat flux from the hot wire surface, V is the voltage across the wire at time t and
V, is the potential at time t =0, L,, is the length of the wire used in the instrument. R, is the
resistance of the wire and £ (0.00392 C?) is the temperature coefficient of resistance of the
platinum wire. We found the thermal conductivity value of the water 0.601 W/mK which is in
quite close agreement with the reported value of the thermal conductivity of distilled water .
The uncertainty in the measurement was 1.8 % and the accuracy was 99.7 %. Similarly, we
measured the thermal conductivity of the non-polar solvent toluene. The measurement time, in
this case, is 12 seconds. We can observe from non-linearity that the convection in the fluids in
the system comes earlier as compared to the water case (see Figure 2.3 (b)). We found thermal
conductivity value of toluene was 0.130 W/mK at room temperature. The accuracy and
uncertainty in the measurement were 99.65 % and 1.0% respectively. The thermal conductivity
values measured by this instrument were quite accurate so this instrument can be used to

measure the thermal conductivity of other unknown fluids and nanofluids.

2.3.1.4 Source of error and its correction

De Groot et al.[24] listed the possible source of errors in the transient hot wire method. They
found that the finite parameters of the hot wire measurement instruments are the major source
of errors. In the mathematical model, all these parameters are either zero or infinite, so this
leads to the error in the measurement results. The possible source of deviation of the assumed
1D-line source mathematical model and the actual instrument should be taken into the account.
These errors are mainly due to the finite heat capacity of the metal wire, finite wire thickness,
and finite outer diameter of the container. We have discussed the source of error and their

corrections in the next section.
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In the mathematical model the wire has been taken as a 1D- infinite line source, having zero
thickness, infinite thermal conductivity, and zero heat capacity. But in a real situation, it is not
possible to use a material having zero heat capacity. Healy et al.[19] considered finite radius a,
finite thermal conductivity kw, and finite heat capacity (pc,),, per unit volume. These finite
conditions produce two Fourier equations one for the wire and the other one for the fluid. The
condition is that the temperature and heat flux must be continuous between two regions at r =

a. For metallic wire, they solved the equation

aT,, q (2.18)
(pCp)WWZ kWVZTW —$; 0<r<a
The resistance of the wire corresponds to its temperature at any instant of the time. The actual
temperature measured would be the integral average of the AT, (r, t) so that they found the

solution of the equation with new boundary conditions they got the solution like

_a ], 5 {pcplw — pSp) (4kt) a>  d 2 (2.19)
ATW(t)_sz‘l{[l “ 22t meze) t o T wey it

Here in the above equation, the major correction is due to the finite heat capacity of the wire.

So 8T, can be written as [19]

5T, =
V7 4ma 20t a2C

q_| 2 Pplw — pcp)l In (4apt> (2.20)

where c is a constant value of 1.781, we plotted the variation of this correction factor 6T; as a
function of the time to specify the heat capacity of the wire effect as shown in the Figure 2.4
(a). We found that 6T, decreased with increasing time and becomes zero at a time above 5s.
The value of &T; for the water case was the order of 107 to 10* K which is very small as
compared to the temperature variation in the experiment which was (1-2 K). So, this correction

can be ignored in our case.

The second major correction is due to the finite wire thickness, the wires employed for the
THW method in literature lie in the range between 20 pm to 500 um.[25] Tertsinidou et al.[26]

mentioned that the thick wire can lead to significant errors in the measurement due to deviation
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from the 1-D ideal line source theory. A sufficiently thin wire has been suggested to reduce all
corrections to a level where the first-order theory for correction is sufficient and necessary. The

truncation error for apply the first order approximation can be expressed as

ST, a? (2.15)

The plot of the truncation error due to the finite thickness of the wire is shown in the Fig. 2.4
(b). The truncation error value (6T2/AT) decreases with increasing time and approaches zero at
the time of more than 5 seconds as in the case of the finite heat capacity correction. Thus, this

correction term is also not considered in the measurement.

Now for the third case of the finite boundary condition of the liquid container, several
investigators work on this correction term and got that if the term 8§T; = R?/(apt) is equal to
or more than 5.78, then the boundary condition correction term can be ignored in the system.
Where R is the radius of the test tube used as a container in our study which is equal to 0.01 m,
ap = 1.43*107 m?/s is the thermal diffusivity of the water and t is the time. The value of the
R?/(apt) for the water for the time 5 s is 140 which is very large as compared to 5.78 so the

correction due to finite boundary conditions can be ignored in our case.
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Figure 2.4: (a) The correction term (8T1) due to finite heat capacity of the platinum wire as a
function of time (b) The correction term (3T1/AT) due to finite thickness of wire as a function

of time for distilled water as test fluid.
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2.3.2 Van der Pauw (VdP) method

2.3.2.1 Electrical conductivity measurement setup and
details

Electrical conductivity measurements are carried out inside the cryogenic four-probe station.
The micro-manipulated probe station being used here is JANIS Research (VPF-800 Cryostat),
equipped with 4 micro-manipulated probes with three degrees of freedom, a temperature
controller (Lakeshore model 335), and a turbo pump (Edwards T-station75). The schematic
and the real picture of the probe station are shown in the Figure 2.5 and Figure 2.6 respectively.
This probe station is a temperature variable system that enables the temperature to be accurately
controlled at any point between 78 K and 800K. The temperature is monitored by the
temperature controller equipped with two E-type thermocouple temperature sensors; one is
mounted on the sample mount and the other is located on the sample holder. The temperature
controller provides an equilibrium between the liquid nitrogen and the input heater power to
achieve a stable set point of temperature adjusted by the user. The thermal impedance displacer
(TID) at the bottom of the steel rod plays an important role to regulate the flow of liquid
nitrogen to the sample mount. TID acts as an insulating barrier between the liquid nitrogen and
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Figure 2.5: Schematic diagram of JANIS cryogenic probe station.
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the sample mount. All four probes are electrically isolated from the sample mount using AIN
plates. These AIN plates have excellent thermal properties while isolating the probes from the
sample mount. The cartridge heater and E-type thermocouple sensors are placed on the sample
providing the temperature control of samples during measurement. Liquid nitrogen is used to
achieve low temperatures during the measurement. The liquid nitrogen chamber was filled
through the inlet at the top of the steel rod using a funnel that came with the system. The
pumping system creates a vacuum level of 2*107 Torr to evacuate all the water vapours present
around the sample before bringing it below room temperature.

The sample obtained in the powder form was used to make the cylindrical pellet of diameter
10 mm by pressing the powder in a hydraulic press. The prepared cylindrical pellet was used
to investigate the electrical conductivity of the sample. Four Cr/Au (15 nm/100nm) circular
contacts of diameter 1 mm were made on the circumference of the pellet using the EXCEL e-
beam deposition process. These four contacts on the pellets were made according to the Van
der Pauw configuration as shown in Figure 2.7(a). The diameter of the pellet and gold (Au)
electrode was 10 mm and 1 mm respectively. The experimental setup consisted of Keithley

Source Measurement Unit (SMU)- 2450 for current and voltage measurement in two different

Liquid Nitrogen

Probe Station

Temperature Controller

Figure 2.6: The real picture of the electrical conductivity measurement setup in our lab
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10 mm

w

Figure 2.7: (a) The schematic of cylindrical pellet with Au electrodes for resistivity
measurement. (b) and (c) Two different configurations were used for the resistivity

measurement of the material.

configuration as shown in Figure 2.7 (b and c). All four probes are made of tungsten having an
overall length of 35.5 mm and a point radius of 0.5 microns. These probes are connected to the
SMU through BNC for four probe IV measurements.

2.3.3 Four-point probe method
2.3.3.1 Photoconductivity measurement setup and details

We have used a similar experimental measurement set up with two DPSS lasers having
wavelengths 405 nm (Blue) and 532 nm (Green) with variable intensity to investigate the effect
of light illumination on the transport properties of the 2DEG at the interface of oxide
heterostructure. A schematic diagram of the photoconductivity measurement setup is shown in
Figure 2.8. The VPF-800 cryostat has a window block to allow optical access to the sample.
We have used one glass window to shine laser light with a spot radius of 1.34 mm on the
different samples at different temperatures from 76K to 300K with varying power from 0 to 80
mW. A real picture of the measurement setup established in our lab is given in Figure 2.9. The
working sample was placed at the center of a square-shaped glass slide with four isolated gold
pads for the wire bond connection at the interface of the oxide heterostructure as shown in the
zoom part of Figure 2.9. All four microprobes were placed on the four isolated gold pads ((2mm
x 2mm) for the necessary sheet resistance measurement. These four isolated gold pads (Cr/Au)
were made on the glass slide using the hard mask through the e-beam deposition technique. All
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the electrical measurement has been done using the Keithley SMU-2450. The ultrasonic wire
bonder with Al wire was used to make various electrical connections. The distance of the laser
from the sample was 40 cm and it was kept constant during all the measurements. A power
meter (Thorlabs) was used to measure the power of the laser light at a distance of 40 cm from
the source. Liquid nitrogen and a temperature controller were used to achieve a stable set point

of temperature for the measurement.

Inlet for Liquid N,

«— Steel rod

N, Vapour vent «— ]

//_\ Vacuum pump
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Temperature
Probe station cor?troller Source Meter

Figure 2.8: The graphical schematic of the apparatus used for the photoconductivity
measurement
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Figure 2.9: A real picture of photoconductivity measurement setup in our lab
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Chapter 3

Thermal conductivity measurement of iron

oxide nanofluids and cellulose nanocomposites

3.1 Introduction

Nanofluids have diverse applications in thermal management, thermal insulation, and thermal
exchange. Recently, they have also gained tremendous attention for biological and clinical
applications, where heat transfer plays a critical role. In hyperthermia applications of magnetic
nanoparticles, understanding the heat exchange mechanism between nanoparticles and tissues
is important for clinical applications and the heat transfer mechanism also holds the key for
drug delivery applications using nanoparticles. Therefore the understanding of thermal
conductivity in nanoparticles will lead to the design of many applications and the development
of the technology. The thermal conductivity of FesO4 nanofluids has been reported by several
groups; [1] however, there is a lack of systematic understanding of the heat transfer mechanism
of the thermal conductivity of nanofluids. The deterioration of the thermal conductivity can be
explained on the basis of the combined effect of interfacial thermal resistance and the presence
of a charged surfactant layer on the magnetite nanoparticles (see Figure 3.1(a)- (c)). The
schematic shows the surfactant coating configuration for different wt% and types of
surfactants. Figure 3.1(a) and (b) show the citric acid coated (polar particle) and Figure 3.1(c)
shows the oleic acid coated (apolar particle). The suspension stability of nanofluids is directly
affected by the surface charge and surfactant coating. [2], [3] Two types of surface resistance
are shown in Figure 3.1(a)—(c), where kst is the surface resistance between the surfactant and

fluid layer, and kps is the surface resistance between the nanoparticle and surfactant. These two
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determine the total surface conductance (G) of the nanoparticle and have a dominant role in

deciding the heat transfer rate through the nanofluid.

Figure 3.1: The schematic of the behavior of thermal conductivity at the interface of
nanoparticles-surfactant and surfactant-fluid in the base fluids: (a) S1 and S2 for citric acid
coated unwashed FezO4 nanoparticles in water, (b) S3 for citric acid coated washed FezO4

nanoparticles in water and (c) S4 for oleic acid coated FesO4 nanoparticles in toluene.

It has been observed that almost 10% of the total energy in the world is needed to maintain a
pleasant atmosphere inside the building.[4] Hence, thermal insulation has been considered to
play a crucial role to reduce the energy consumption of the building sector. Already, different
types of insulating materials are commercially available in the market such as polystyrene [5],
polyurethane [6], and fiber glass.[7] But, they are not produced from natural resources and
hence they are not eco-friendly along with other limitations such as non-biodegradable nature,
durability, and thermal stability is limited. Therefore, the use of environment-friendly and
renewable insulating materials has attracted considerable attention from academic researchers,
industries, and government [8], [9]. Literature survey has revealed that biopolymer-based
renewable insulating materials such as cork [10], and wood chip were extensively used for
thermal insulation application before the introduction of a cellulose-based smart material, but
their insulating performance is lower with the thermal conductivity 0.040-0.050 w/mk as
compared to the conventional insulating materials.[5], [6] Therefore, researchers intend to look
for another potential biopolymer based insulating material. In this direction, cellulose has
generated intense interest in recent years among the research community. Cellulose is the most
abundant biomass available on earth. It is one of the next-generation biomaterials which is
obtained from natural sources and thus can be utilized to develop cost-effective and

environment-friendly insulating material. Within this dominion, efficient utilization of
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renewable cellulose resources holds the potential for the development of sustainable products

as alternatives to petroleum and mineral-based materials.

The effect of surface charge and surfactant coating on thermal conductivity has not been much
explored earlier. Fe3O4 nanofluids were prepared in water and toluene with citric acid and oleic
acid as surfactants respectively to understand the heat transfer mechanism. In this chapter, we
show the role of the surface coating of the nanoparticle on the thermal properties of nanofluids
and the thermal insulation potential of iron oxide nanoparticle embedded cellulose nanofibers
(CNF). We have used homemade transient hot wire apparatus to investigate the thermal

conductivity of these materials.

3.2 Characterization results of Iron Oxide nanofluids

The XRD pattern of the prepared samples shows the formation of a spinel phase with a lattice
parameter of 8.37 A which is close to the lattice parameter of magnetite (8.40 A, JCPDS #19-
0629) as shown in Figure 3.3(a). The average crystallite size calculated from the FWHM of the
major peak using the Scherrer equation is 8 £ 1 nm. The added peaks in addition to the spinel
peaks are observed in the unwashed sample (S1 and S4). This could be due to the contribution
from the excess citric acid and the ammonium hydroxide base, which are denoted by stars in
Figure 3.3(a) and these additional peaks are not present in the washed sample (S3).

PR

Figure 3.2: (a) TEM image of citric acid coated FesO4 nanoparticles, (b) TEM image of oleic

acid coated FesO4 nanoparticles

The TEM images of the prepared citric and oleic acid coated samples are shown in Figure
3.2(a) and (b) respectively. The TEM image shows the formation of approximately spherical
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particles of a size of around 10 nm. Figure 3.3(b) compares the infrared spectra of the washed,
unwashed citric acid-coated sample and oleic acid-coated Fe3O4 nanoparticles. The band at
around 600 cm™ in all coated samples corresponds to the Fe-O stretching frequency and the
band at around 1600 cm™ corresponds to —~COO" stretching frequency, which indicates that the
surfactant molecules are directly attached to the FesO4 nanoparticles through the oxygen atom.
Moreover, the band at 1750 cm™ in the sample (S1) corresponds to the free carboxylic acid
groups (—COOH), which indicates the presence of free acid molecules on the surface of the
nanoparticles in the case of the unwashed sample (S1).[11] Dynamic Light Scattering (DLS)
analysis of sample S1 (unwashed) shows an almost 17 nm hydrodynamic size with a narrow
distribution and the sample S3 (washed) shows a hydrodynamic size of 28 nm with a wider

distribution (Figure 3.3(c)). Although the amount of the surfactant in the sample S1 (unwashed)
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Figure 3.3: (a) XRD pattern of the prepared magnetite samples S1, S3 and S4, (b) FTIR
vibration band spectra for samples S1, S3, S4 and FezO4 (c) DLS of the synthesized samples
S1 and S3, and (d) zeta potential measurement for different weight percentages of magnetite

nano-particles of samples S1, S3 and S4.
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is larger than that in the sample S3 (washed), the observed smaller hydrodynamic diameter for
sample S1 could be due to the particles that are well separated, possibly individual particles
because a large amount of the non-magnetic surfactant layer on the surface of the nanoparticles
suppresses the magnetic interaction between the particles and separates them apart by a
repelling force of surface charge. But in the case of sample S3, a larger hydrodynamic diameter
could be due to the formation of the small clusters/aggregation of the particles in the fluid due
to the strong magnetic interaction between the particles with a small amount of the
surfactants/charge on the surface.[11] Similarly for apolar surfactants, there is not much effect
of the surfactant on the nanofluid and a large cluster is observed through DLS (see Figure
3.3(c)).
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Figure 3.4: (a) Thermogravimetry analysis of samples S1, S2, S3 and S4, (b) heat capacity of
samples S1, S2 and S3 with the weight percentages of magnetite nanoparticles

The zeta potential measurements of the citric acid coated (S1 and S3) samples and the oleic
acid coated sample (S4) with different weight percentages of the samples are given in Figure
3.3(d). The washed (S3) citric acid-coated sample shows a more negative potential (-35 meV)
than the unwashed sample (-14 meV). In the case of the unwashed sample (S1), the zeta
potential initially decreases (-24 meV to -14 meV) with increasing concentration and then
reaches a constant value with the concentration of the particles in the fluid. Since the sample
(S1) is unwashed, increasing the concentration of the particles in the fluid also increases the
number of ammonium ions (NH4"), which partially neutralizes the particle, leading to a
decrease in the surface charge. But the observed high negative surface charge in the washed
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sample (S3) could be due to the negative functional groups (3 COO groups and one OH" group)
present in the citrate ions. Moreover, the sample is washed properly by a dialysis process which
removes the excess ammonium (NH4") ions and excess citric acid molecules, which means that
the particle surface contains only citric acid molecules with a high negative charge. The
hydrophobic oleic acid-coated sample (S4) shows almost zero zeta potential. Although there
are larger surfactants on the particle's surface, these particles are dispersed in a non-polar

solvent (toluene) which shows zero zeta potential.

The amount of the surfactants for the washed and unwashed samples is confirmed by
thermogravimetry analysis. Figure 3.4(a) shows the thermogravimetry analysis of all the citric
acid-coated samples and oleic acid-coated samples. In the case of the citric acid-coated sample,
the unwashed sample shows a larger amount of surfactant because the excess surfactants in the
reaction medium stick to the surface of the nanoparticles as a secondary layer (physically
adsorbed) during the drying process. But in the case of the washed sample, the excess
surfactants were washed out by water along with the unreacted iron chlorides and ammonium
hydroxides and have only less amount of the surfactant (chemically attached primary layer).
The unwashed citric acid coated samples S1 and S2 show 37% and 32% surfactants
respectively, whereas the washed sample has only 8% surfactants on its nanoparticle's surface.
The oleic acid-coated sample shows 18% surfactants on the nanoparticle's surface. Figure
3.4(b) shows the heat capacity analysis of the different nanofluids samples with a different
weight percentage of iron oxide nanoparticles. There is no change in heat capacity at room
temperature is observed for these samples as measured by using a VP-DSC MicroCalorimeter

(MicroCal, Malvern Instruments) (see Figure 3.4(b)). The thermal conductivity, k = C,app,
linearly depends on heat capacity, Cp, heat diffusivity, aj, and density, p. It suggests that the

thermal diffusivity of the nanofluid system changes drastically in a polar medium.

3.3 Thermal conductivity measurement results of iron
oxide nanofluids.

Surfactant-coated nanoparticles are dispersed in appropriate solvents at different weight
percentages to measure thermal conductivity; the samples S1, S2, and S3 are dispersed in water

and the sample S4 is dispersed in toluene. Thermal conductivity measurement of the samples
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was performed using the well-established transient hot-wire measurement technique. We used
our homemade hot wire set up for the thermal conductivity measurements of samples. We
calibrated the experimental setup using standard fluids such as water and toluene and compared
our results with literature reports.[12] We observed almost +1% uncertainty in our
experimental results. In Figure 3.5 thermal conductivity measured by the transient hot-wire
method is presented for different nanofluids. For the toluene-based nanofluid thermal
conductivity has linear enhancement with wt% of NPs (black circles in Figure 3.5), whereas
the water-based nanofluid shows deterioration of thermal conductivity with the wt% of NPs.
The measured thermal conductivity of toluene and water is 0.13 W/mK™ and 0.59 W/mK*

respectively. The formula used to calculate the thermal conductivity of nanofluids is

_ qBVyd(int)

4 d(AV) (3.1)

The thermal conductivity of water-based iron oxide nanofluids deteriorated further with an
increasing weight percentage of surfactant on the nanoparticles confirmed by TGA analysis.
This shows that Wt% of surfactant on the nanoparticle surface has a dominant role in
controlling the thermal transport in the nanofluid system.
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Figure 3.5: Thermal conductivity of samples S1, S2, S3 and S4 with different weight
percentages of magnetite nanoparticles
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3.4 Thermal conductivity measurement results of
cellulose nanocomposites

The thermal conductivity of the CNF, iron oxide@CNF nanohybrids has been measured by the
transient hot wire method at room temperature. The slope of the linear portion of the plot AV
vs In(t) for each sample was considered for the thermal conductivity calculation by the formula
given in Eq. 3.1 as shown in Figure 3.6(a)
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Figure 3.6: (a) The graphs of change in voltage of platinum wire (AV) with logarithmic of time
of the measurement In(t) for CNF, iron oxide@CNF nanohybrids by one-pot (2, 5, 7 and 10
weight% of iron oxide NPs) and iron oxide@CNF nanohybrid by in-situ, S is the slope of linear

potion (b) The change in thermal conductivity with increase in weight% of iron oxide NPs.

We observed linear portion S in AV vs In(t) graph for all the samples. There are different
thermal conductivities k corresponding to different slopes S which represents the
characteristics of the microstructure.[13] We observed the thermal conductivity k of the CNF,
iron oxide@CNF nanohybrid by one-pot (2, 5, 7, and 10 % iron oxide NPs) and iron
oxide@CNF nanohybrid by in-situ are in the range of 0.024-0.043 W/mK (see Figure 3.6(b)).
Thus from the above results, very low thermal conductivity as low as 0.0245 W/mK for iron
oxide@CNF-2% is observed which is lower than the air thermal conductivity at room
temperature. The possible reason for this observed low thermal conductivity is the introduction
of more fibril-fibril interaction which provides increased thermal resistance due to the dense
pore walls in the assembled CNF. Thus, the dense pore walls of micron-sized pores are more
effective to decrease the thermal conductivity of CNF nanohybrid compared to the Knudsen

effect for nanoscale porous aerogel materials.[14] CNF Heat conduction through CNF is
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reduced due to phonon surface scattering from the CNF aerogel, which results in the decrease
of the overall thermal conductivity of the nanohybrid (see Figure 42(b)). The simple Kinetic
heat conduction model can be retained as

1
k = 3Cvhy (2.15)

where k is the heat conductivity, C, is the heat capacity, v is velocity and 4,, is the mean free

path of phonon.[15] The reported value of C,and v are 1.212 J K g and 2973 m S*
respectively for bulk cellulose.[16], [17] Using 4,,, as cellulose nanofibers diameter around 20
nm, k =0.024 W/mK (thermal conductivity only by heat conductivity). This value still suggests
higher thermal conductivity than experimentally obtained value for iron oxide@CNF-2%
nanohybrid. Hence the dense walls in the assembled CNF plays a crucial role in reducing both
the thermal conduction and convection of nanohybrid. It is also to be noted that the thermal
conductivity was increased with increasing the wt% of iron oxide (5, 7, 10 wt%) NPs. The
thermal conductivity of porous aerogel materials depends on three parameters such as solid
thermal conductivity, gaseous thermal conductivity, and radiation thermal conductivity.[18] It
could be possible that the iron oxide nanoparticle is taking part as a contributor to solid
conduction after a certain limit (2 wt% of iron oxide nanoparticles) which results in the
increased thermal conductivity of CNF-based nanohybrids (5, 7, and 10 wt%). In this context,
iron oxide has a thermal conductivity of 0.58 W/mK_.[19] Hence, beyond 2% of the iron oxide

NPs doping in CNF may have contributed towards enhancement in the conductivity.

3.5 Conclusion

In conclusion, the thermal transport properties in nanofluids and cellulose nanocomposites are
investigated by a homemade transient hot wire experimental setup. We found that the surfactant
plays an important role in the reduction of thermal conductivity in polar (water) nanofluids. A
threefold reduction in thermal conductivity is found in water-based nanofluids with 3 wt%
nanoparticles at 37 wt% of surfactant from 7 wt% of surfactant. In most biological applications
such as hyperthermia and heat-triggered drug delivery, surfactant-coated nanoparticles are
used; this study will be useful to design an experimental set-up and fine-tune clinical

applications. On the other hand, After the incorporation of iron oxide NPs into the CNF
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aerogel, the size of the pore is decreased resulting in a very low thermal conductivity value of
0.024 W/mK which is lower than the traditional thermal insulating materials polystyrene and
mineral wool. Also, the thermal conductivity of the nanohybrid is lower than the air thermal
conductivity at room temperature. These initial results provide sustainable motivation to

augment the use of renewable thermal insulating material for applications in smart buildings.

89



3. Thermal conductivity measurement of iron oxide nanofluids and cellulose nanocomposites

References:

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

K. Parekh and H. S. Lee, “Magnetic field induced enhancement in thermal conductivity
of magnetite nanofluid,” J. Appl. Phys., vol. 107, no. 9, p. 09A310, 2010.

D. Lee, J.-W. Kim, and B. G. Kim, “A new parameter to control heat transport in
nanofluids: surface charge state of the particle in suspension,” J. Phys. Chem. B, vol. 110,
no. 9, pp. 4323-4328, 2006.

W. Williams, 1. Bang, E. Forrest, L. Hu, and J. Buongiorno, “Preparation and
characterization of various nanofluids,” 2019, pp. 285-288.

H. Ong, T. Mahlia, and H. Masjuki, “A review on energy scenario and sustainable energy
in Malaysia,” Renew. Sustain. Energy Rev., vol. 15, no. 1, pp. 639-647, 2011.

K. Yucel, C. Basyigit, and C. Ozel, “Thermal insulation properties of expanded
polystyrene as construction and insulating materials,” 2003, pp. 54—66.

J. K. Lee, G. L. Gould, and W. Rhine, “Polyurea based aerogel for a high performance
thermal insulation material,” J. Sol-Gel Sci. Technol., vol. 49, no. 2, pp. 209-220, 2009.

M. Koebel, A. Rigacci, and P. Achard, “Aerogel-based thermal superinsulation: an
overview,” J. Sol-Gel Sci. Technol., vol. 63, no. 3, pp. 315-339, 2012.

Y. Habibi, “Key advances in the chemical modification of nanocelluloses,” Chem. Soc.
Rev., vol. 43, no. 5, pp. 1519-1542, 2014.

Y.-Y. Li, B. Wang, M.-G. Ma, and B. Wang, “Review of recent development on
preparation, properties, and applications of cellulose-based functional materials,” Int. J.
Polym. Sci., vol. 2018, 2018.

N. Hiising and U. Schubert, “Aerogels—airy materials: chemistry, structure, and
properties,” Angew. Chem. Int. Ed., vol. 37, no. 1-2, pp. 22-45, 1998.

R. Lenin, A. Singh, and C. Bera, “Effect of dopants and morphology on the electrical
properties of polyaniline for various applications,” J. Mater. Sci. Mater. Electron., vol.
32, no. 20, pp. 24710-24725, 2021.

R. Gowda et al., “Effects of particle surface charge, species, concentration, and dispersion
method on the thermal conductivity of nanofluids,” Adv. Mech. Eng., vol. 2, p. 807610,
2010.

B. Merckx, P. Dudoignon, J. Garnier, and D. Marchand, “Advances in Civil Engineering,
2012,” Artic. ID, vol. 625395.

90



3. Thermal conductivity measurement of iron oxide nanofluids and cellulose nanocomposites

[14]

[15]

[16]

[17]

[18]

[19]

K. Sakai, Y. Kobayashi, T. Saito, and A. Isogai, “Partitioned airs at microscale and
nanoscale: thermal diffusivity in ultrahigh porosity solids of nanocellulose,” Sci. Rep.,
vol. 6, no. 1, pp. 1-7, 2016.

K. Sato, Y. Tominaga, and Y. Imai, “Nanocelluloses and related materials applicable in
thermal management of electronic devices: a review,” Nanomaterials, vol. 10, no. 3, p.
448, 2020.

A. V. Blokhin et al., “Thermodynamic properties of plant biomass components. Heat
capacity, combustion energy, and gasification equilibria of cellulose,” J. Chem. Eng.
Data, vol. 56, no. 9, pp. 3523-3531, 2011.

I. Diddens, B. Murphy, M. Krisch, and M. Miiller, “Anisotropic elastic properties of
cellulose measured using inelastic X-ray scattering,” Macromolecules, vol. 41, no. 24, pp.
9755-9759, 2008.

X. Lu, R. Caps, J. Fricke, C. Alviso, and R. Pekala, “Correlation between structure and
thermal conductivity of organic aerogels,” J. Non-Cryst. Solids, vol. 188, no. 3, pp. 226—
234, 1995.

J. F. Shackelford and W. Alexander, CRC materials science and engineering handbook.
CRC press, 2000.

91



3. Thermal conductivity measurement of iron oxide nanofluids and cellulose nanocomposites

92



Chapter 4

Chapter 4

Effect of dopants and morphology on the

electrical properties of polyaniline (PANI)

4.1 Introduction

The conducting polymers have been focused in recent years for many applications because
their electrical conductivity ranges from semiconductors to metals. The polymer-based
materials are flexible, lightweight, less toxic, cost-effective, easy to synthesize, and ease of
processability than inorganic materials.[1]-[3] Moreover, the electrical conductivity of the
conducting polymers can be tuned by doping in the polymeric matrix.[4], [5] Owing to the
many attractive features, conducting polymers are being focused in many applications such as
flexible electronics [1], flexible thermoelectrics [6], electrochemical energy storage and
conversion[7], electromagnetic shielding [8], sensors [9]-[12], actuators[13], and hydrogen
storage [14], etc. Although there are many advantages, some drawbacks, such as low electrical
conductivity, thermal stability, and solubility of the polymers in solvents, limit their use in
many applications [15]. The electrical conductivity of the conducting polymer can be improved
in different ways, such as doping the polymer matrix with appropriate dopant material,
changing the concentration of the dopant material in the polymer matrix , and changing the
structural morphology of the polymer chain [16]. Moreover, doping the polymer matrix
improves the polymer's solubility and makes it easy for the solution processability of the

polymer.[15]

Doping in the polymer matrix is one of the easiest ways to improve the electrical conductivity

of the conducting polymer.[17], [18] The type of dopant material (p-type or n-type) decides
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whether the polymer matrix is a p-type or n-type material.[19], [20] The p-type doping removes
an electron from the HOMO, creating a hole in the polymer backbone. The n-type doping adds
an electron to the LUMO and creates an electron in the backbone of the conducting polymer
.[21] The electrical conductivity of the polymer matrix can also be tuned by changing the
doping concentration in the polymer matrix, which can be improved from 10-8 Scm* (undoped
state) to 104 Scm™ (doped state). Many organic and inorganic acids have been used as doping
molecules, such as hydrochloric acid (HCI) [22], camphor sulfonic acid (CSA) [23], [24]
naphthalene sulfonic acid [25], phosphoric acid [26], and other organic acids.[27] In case of
polyaniline, the protonic acid dopants initially protonate the nitrogen atoms in the quinonoid
structure and form the bi-polaron structure. Then, the bi-polaron dissociates immediately and
forms polaron structure (radical cation) and this polaron separates and forms a polaron lattice.
The polarons’ moves in the lattice lead to improved electrical conductivity in the polymer.[28]
However, in thermoelectric applications, the higher doping concentration increases the carrier
concentration in the polymer matrix, leading to increases in electrical conductivity, but this
pushes the Fermi energy inside the conduction band, leading to decreases in the Seebeck
coefficient.[20] This trade-off relationship between the electrical conductivity (o) and Seebeck

coefficient (S) strongly influences the power factor (P = ¢52) of the polymers.

The one-dimensional polymer nanostructures, such as nanowires, nanofibers, and nanorods,
show improved electrical conductivity.[25], [29] The electrical conductivity (o) of a
semiconductor depends on the concentration of the charge carriers (n) and the mobility of the
charge carriers (u), i.e., 0 = neu.[6] These one-dimensional polymer nanostructures show
higher charge carrier mobility due to the ordered arrangement of polymer chains compared to
the entangled polymer chains in the bulk structure.[30] In thermoelectrical applications, the
recent research is focusing on improving the power factor (P = ¢52) of the polymer-based
materials by decoupling the interdependent parameters such as electrical conductivity (o) and
Seebeck coefficient (S) by making polymer nanostructures and nanocomposites with the
polymer.[30], [31] Improving electrical conductivity without increasing the charge carriers has
been achieved by making the nanostructures of polymers such as nanowires, nanorods, and
nanosheets. In chemiresistor or conductometric sensor applications, the one-dimensional
nanowire shows high sensitivity and fast current response. The smaller diameter of the
nanowire improves the current response in the axial direction, and the high surface area of the
nanowire improves the sensitivity of the nanowire.[32] The one-dimensional conducting

polymer nanowires and their composite nanowires are recently being focused on the energy

94



4. Effect of dopants and morphology on the electrical properties of polyaniline (PANI)

storage and conversion devices such as supercapacitors and batteries.[33] Out of various
conducting polymers, polyaniline (PANI) has many attractive features over the other
conducting polymers such as inexpensive, environmental stability, easy synthesis protocol,
easy processability, and tunable electrical conductivity.[34], [35] The conducting
polyemeraldine salt shows conductivity of 1-5 Scm, and the conductivity of the polymers can
be tuned up to 400 Scm™* by doping with acids in the polymer matrix. In the present work, we
have synthesized the HCI-doped polyaniline at different dopant (HCI) concentrations by simple
oxidative polymerization method and studied the effect of dopant concentration on the
electrical properties of polyaniline. We also prepared HCI-doped, CSA-doped, and citric acid
(CA)-doped polyaniline nanofibers using the interfacial polymerization method and studied the
effect of doping materials on the electrical properties of the polyaniline. Moreover, we also
prepared the polyaniline in different morphologies with the same doping material and studied

the effect of morphology on the electrical properties of the polyaniline.

4.2 Characterization results

The powder XRD pattern of the polyaniline samples synthesized using different synthesis
methods is shown in Figure 4.1. There are three peaks observed in all the samples between the
26 values 10° and 30°, and all the three peaks are broad that indicates the formation of the
amorphous or semi-crystalline nature of polyaniline. Moreover, the observed patterns for the
polyaniline samples are due to the parallel and perpendicular periodicity of the polymer. The
peaks observed at the 2 6 values 15.3°, 20.8°, and 25.4° correspond to the reflection from the
planes (011), (020), and (200), respectively, and the corresponding d-spacing values are 5.786,
4.267, and 3.504 A, respectively. The sample prepared using simple oxidative polymerization
(PANI-ED) shows sharp peaks, and this could be due to the formation of semicrystalline
polyaniline, as shown in Figure 4.1(a). Whereas, the peak broadness is observed in the samples
prepared by oxidative polymerization (PANI-NW) and interfacial polymerization (PNF-HCI,
PNF-CSA, and PNF-CA) indicates that the amorphous nature of the polyaniline (Figure 4.1 (b
and c). Moreover, the intensity of the peaks at 15.3°, 20.8°, and 25.4° are considerably reduced
for those samples. The amorphous nature and the reduction in the intensity could be due to the

formation of the smaller size (nanosize) particles.
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The TEM images of the prepared polyaniline samples are shown in Figure 4.2. The images
show the formation of different morphologies for the samples synthesized using different
synthesis methods. The simple oxidative polymerization of aniline using ammonium persulfate
(PANI-ED) shows highly entangled polymer chains and forms micro-sized particles, as shown

in Figure 4.2(a). But, the similar oxidative polymerization is carried out using a mixture of
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Figure 4.1: Powder XRD pattern of the polyaniline samples synthesized by (a) the oxidative
polymerization using APS, (b) oxidative polymerization using APS + FeCls and (c) interfacial

polymerization using APS

ammonium persulfate and ferric chloride (PANI-NW) shows the formation of nanowhiskers
with a diameter ~ 50 nm and length ~ 200 nm, as shown in Figure 4.2(b and c). The interfacial
polymerization of aniline with APS produces fine nanofibers, and the diameter of nanofibers
is ~ 50 nm and the length of the nanofibers is ~ 500 nm, as shown in Figure 4.2(d—f), and this

is due to the controlled exposure of aniline to the oxidizing agent at the aqueous and non-
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aqueous interface. Figure 4.2(d-f) are the nanofibers of polyaniline prepared by doping with
HCI, CSA, and CA, respectively. From the TEM image, it is clearly seen that the CA-doped
nanofibers (PNF-CA) have a rough surface as compared to HCI-doped (PNF-HCI) and CSA-
doped (PNF-CSA) polyaniline nanofibers. The observed rough surface could be due to the
irregular orientation of the polymer chains at the surface of the polyaniline nanofibers. From
the microscopic images of prepared polyanilines, it is clear that the oxidative polymerization
with different oxidants forms different morphologies, and also the different method of

polymerization produces the different morphologies of polymer.

qI g
M s

Figure 4.2: TEM images of the polyaniline prepared by simple oxidative polymerization (a—

¢) and interfacial polymerization (d-f)

The infrared spectra of the prepared HCI, CSA, and CA-doped polyaniline samples are shown
in the Figure 4.3. All the three samples show almost similar pattern of transmittance, and the
bands are observed at 3225 cm™, 1557 cm™?, 1488 cm, 1288 cm™, 1225 cm™?, 1122 cm't, 801
cm?, and 590 cm™. The bands at 1557 cm™ and 1488 cm® correspond to the C = C stretching
frequencies of quinoid and benzenoid structures of polyaniline, respectively. The band at 801
cm! corresponds to the out-of-plane bending vibration of the C—H bond in the 1,4-disubstituted
benzene ring. The band at 1122 cm™ is due to the in-plane bending vibration of the C—H bond
in the quinoid structure. The bands at 1288 cm™ and 1225 cm™ correspond to the C-N

stretching frequencies of the benzenoid ring in the polyaniline. The broad band centered at
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3225 cm is due to the N—H stretching frequency. The bands from 590 cm correspond to the
chloride ions in the polyaniline samples which could be from the doped HCI.[36], [37] The
observed bands in the prepared polyaniline samples indicate that the formation of the

emeraldine base (EB).

% Transmittance (arb. units)

R 1225 cm”
PNF-HCI . o5
i 4
———PNF-CSA 1488 cm 1588 cm”

——PNF-CA
| L | ' 1 ' | L 1
3750 3000 2250 1500 750

Wavenumber (cm™)

Figure 4.3: Infrared spectra of polyaniline samples synthesized using different acids

Thermogravimetric analysis curves of the undoped and different acid-doped polyaniline
samples are shown in Figure 4.4 (a and c), and the corresponding derivative curves are shown
in Figure 4.4(b and d). The TGA curves of undoped polyaniline sample (PANI-NW) and the
HCI-doped samples at different concentration are (see Figure 4.4a) following almost similar
trend in the weight loss. The TGA curves in Figure 4.4aand DTG curves in Figure 4.4b clearly
indicate that there are three-step weight losses for the prepared polyaniline samples. Similar
kinds of weight loss have been reported in the literature for the acid doped polyanilines.[38],
[39] The first weight loss (~ 10%) below 120 °C for all the samples is due to the loss of
adsorbed water molecules in the polymer matrix, unreacted monomers. The second weight loss
from 120 to 380 C (~ 19%) for the sample PANINW (undoped) is due to the water molecules
attached to the polymer matrix as dopants, and the weight loss from 120 to 315 °C (~ 7%) for
HCI-doped samples could be due to the loss of dopant materials and the loss of lower molecular
weight oligomers in addition to the water molecules attached to the polymer matrix. The third
weight loss from 380 to 650 °C for the undoped sample (~ 20%) and 315 to 650 °C for the
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HCI-doped samples (~ 25%) could be due to the decomposition of the polymer matrix (see
Figure 4.4(a and b)) [38].
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Figure 4.4: (a) TGA curves of polyaniline doped with different concentrations of HCI and the
corresponding (b) DTG curves, and (c) the TGA curves of polyaniline doped with different

dopant materials and (d) the corresponding DTG curves.

The thermogravimetric curves of polyaniline samples prepared by interfacial polymerization
with different dopant materials (PNF-HCI, PNF-CSA, and PNF-CA) also show similar pattern
of weight loss (Figure 4.4(c)), but the position of the weight loss in the temperature scale is
different for different dopant materials. The first weight loss below 120 °C is almost same (~
9%) for all the three different acid-doped polyaniline samples. But the second and third weight
losses are different for different acid-doped polyaniline nanofiber samples. The observed
second weight loss for the HCI-, CA-, and CSA-doped polyaniline samples are ~ 16% (120 to
360 °C), ~ 22% (120 to 375 °C), and ~ 25% (120 to 400 °C), respectively (see Figure 4.4(d)),
and the difference in the weight loss is due to the difference in the thermal stability of the
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dopant materials.[39], [40] The observed third weight loss for the HCI-, CA-, and CSA-doped
samples are ~ 25% (360 to 650 °C), ~ 21% (375 to 650 °C), and ~ 31% (400 to 650 °C),

respectively, and this corresponds to the structural decomposition of the polymer matrix.
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Figure 4.5: DSC curves of polyaniline samples doped (a) with different concentration of
doping material and (b) with different types of dopant materials

The DSC studies of all prepared polyaniline samples show three endothermic peaks (see in
Figure 4.5). The first low-intensity endothermic peak below 100 °C could be due to the removal
of moisture or solvent molecules present in the sample, and the corresponding weight loss is
observed below 120 °C in TGA [48]. The second more intense endothermic peak around ~ 150
OC corresponds to the removal of water molecules attached to the polymer matrix as secondary
dopants [46, 49] and the less-intense endothermic peak around ~ 300 °C corresponds to the
removal of the dopant materials and oligomers present in the sample. The weight loss
corresponds to these second and third endothermic peak observed between 120 and 350 °C in
the TGA analysis. The endothermic peak corresponds to the breakage of amine bonds in the
polymer chain (decomposition of the polymer) is not seen in the DSC data and it may be appear
at higher temperature (above 400 °C) [41]. The observed intensity of the endothermic peak at
~ 150 °C decreases with increasing the concentration of the doping in polymer matrix (as
shown in Figure 4.5a) which indicates decreasing the concentration of the water molecules
attached to the polymer matrix as secondary dopants. The intensity of the endothermic peak at
~ 300 °C increases with increasing the doping concentrations indicates that the peak
corresponds to the removal of the dopant molecules in the polymer matrix. The peak positions

of the less-intense endothermic peak at ~ 300 °C in polyaniline nanofiber samples doped with
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different dopant materials are different (as shown in Figure 4.5b), and this could be due to the

difference in the thermal stability of the dopant materials

The UV-Visible spectrum of the entangled polyaniline sample (PANI-ED) shows two
absorption bands, one at 379 nm and another at 648 nm, as shown in Figure 4.6(a). The first
absorption band at the lower wavelength (379 nm) corresponds to the = — 7* transition in the
benzenoid segment of the polyaniline and the band at a higher wavelength (648 nm)
corresponds to the n — m* transition in the quinoid segment, i.e., the transition from the HOMO
of the benzenoid ring to LUMO of the quinoid ring and this band indicates the oxidation state
of the polyaniline.[42], [43] The observed intensity of the quinoid band is larger than the
intensity of the benzenoid band, which indicates that the degree of oxidation of polyaniline

could be slightly higher than that of the emeraldine base (EB) phase. The corresponding optical

0.0300 . 0.012 -
(a) o PAN.ED 848 PANI-ED o
@]
0.0225F G 0.009 o
@ % % 8
o O
5 B S S
g 0.0150 | 2 © 0.006
2 % =
Kol 2
<< 2 §i
0.0075 | 0.003
0.0000 : ! i 1 g A 0.000 f
200 300 400 500 600 700 800 4.0
x(nm)

O PANI-NW
(€) S Pannwo.mHG (d) T[*

O PANI-NW 0.5MHCI

) PANI-NW 1.0MHCI N
g
©
8 ~360nm 480nm
C
®©
a
2 Polaron
<

©

500 600

A(nm)

200 300 400 700 800 Doped Polyaniline
Figure 4.6: The absorption spectrum (a) and their corresponding optical band gap (b) of
entangled polyaniline sample (PANI-ED), (c) absorption spectra of the HCI-doped polyaniline

nanowhiskers with different concentrations and (d) the possible energy transitions.
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band gap calculated using tauc plot is 3.1 eV and 1.7 eV for the benzenoid and quinonoid
segments, respectively, as shown in Figure 4.6(b). The UV—Visible spectra of the prepared
polyaniline nanowhisker samples (PANI-NW) treated with HCI solution of different
concentrations is shown in Figure 4.6(c). The freshly prepared polyaniline nanowhiskers
treated only with water (PANI-NW) show two absorbance bands, one at 364 nm and another
at 726 nm. The band at the lower wavelength (364 nm) corresponds to the = — m* transition in
the benzenoid segment of the polyaniline, and the band at a higher wavelength (726 nm)
corresponds to the n — m*transition in the quinoid segment, as observed in the sample PANI-
ED (see Figure 4.6(a)).[42] But, the observed difference in band positions could be due to the
formation of nanowhiskers morphology in the PANINW sample (as seen from the TEM image
in Figure 4.2(c and d). In case of HCl-treated samples, the first absorbance band at 364 nm is
red-shifted, which indicates that the doping of HCI in polyaniline matrix, and this reduces the
m — 1" band energy. Moreover, new absorbance bands are appeared around ~ 650 nm and ~
480 nm (only in PANI-NW 0.5 M HCI), and these new bands at longer wavelength region (~
480 nm and ~ 650 nm) are due to the excitonictype transition such as polaron and bi-polaron

transition in the doped polyaniline samples, as shown in Figure 4.6 (c and d) [44], [45].
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Figure 4.7: The optical bandgap of the acid-doped polyaniline nanowhiskers
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Moreover, the intensity of the band at 364 nm decreases with increasing the concentration of
HCI, which indicates that the excitonic type transitions due to polarons and bi-polarons are
dominated in the doped polyaniline samples over the = — * transition. In case of the PANI-
NW 0.5 M HCI sample, the intensity of the band at ~ 360 nm (= — * transition) has almost
diminished, and the polaron bands are dominating in the transitions. Moreover, the observed
intensity ratio of the quinoid to the benzenoid band, i.e., quinoid (-polaron)/benzenoid (r —
m*), increases with the concentration of the HCI and indicates that doping increases with the
concentration of the HCI [46].

The optical band gap calculated from the absorption bands of the HCI-doped polyaniline
nanowhisker samples at different concentrations is shown in Figure 4.7. In the pure polyaniline
sample, two optical band gaps are observed, one at 1.44 eV, which corresponds to the n — *
transition in the quinonoid segment, and another at ~ 2.81 eV due to the m — & transition at
the benzenoid segment.[47] The observed bandgaps are less than that of the bandgaps in the
PANI-ED (1.77 eV and 3.01 eV) sample, as shown in the Figure 4.6(b). This could be due to
the formation of nanowhisker morphology in the PANI-NW sample. The bandgap due to the
m — " transition decreases with increasing dopant (HCI) concentration, and which reduces
from 2.8 to ~ 2.5 eV for the concentration from 0 M HCI to 1.0 M HCI. But, the trend was not
followed for the m-polaron band at ~ 650 nm (~ 1.5 eV), and this could be attributed to the
contribution of the high-energy polaron-r* transitions in addition to the low energy m-polaron
transition (as shown in the Figure 4.6(d)). The observed low bandgap (2.47 eV) in the PANI-
NW 0.5M HCI sample corresponds to the polaron-n* transition (479 nm), as shown in Figure
4.7(d). The polaron-n* and n-polaron transitions are more dominated in the PANI-NW 0.5M
HCI sample as compared to the = — =™ transition, that could be the reason for the absence of
the transition at high-energy region ( — m*). The variation absorption position and the optical
bandgap of the doped samples are compared in Table 4.1. The absorption spectra of the
polyaniline nanofiber samples (PNF) synthesized by interfacial polymerization (IP) with
different dopants (HCI, CSA, and CA), and their corresponding optical band gaps are shown
in Figure 4.8. The exact band positions and their corresponding bandgaps are shown in Table
1. All the three samples show almost similar absorption pattern with three absorption bands
which correspond to the m — =, polaron-n*, and z-polaron transitions [43], [46], [48]. The
position of the polaron-n* band is observed at ~ 480 nm for all the samples with the band
energy gap 2.4 eV, but the positions of the z-polaron and = — *, absorption bands are

different for the different acid-doped samples. The n-polaron bands at a higher wavelength
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region are 665 nm (1.59 eV), 695 nm (1.55 eV), and 611 nm (1.77 eV) for the PNF-HCI, PNF-

CSA, and PNF-CA samples, respectively. This indicates that the energy gap for m-polaron
transition is large
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Figure 4.8: The absorption spectra and the optical bandgap of the HCI-, CSA-, and CA-doped
polyaniline nanofiber samples
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for PNF-CA (1.77 eV) sample as compared to the PNF-HCI and PNF-CSA polyaniline
nanofibers. The T — *, band for the PNFHCI sample is observed at 326 nm (3.08 eV), and
this absorption band is not visible clearly for the PNFCSA and PNF-CA samples, but a small
shoulder is observed below 300 nm (i.e., ~ 290 nm). This low intensity = — * bands at low

wavelength region (< 300 nm) also confirmed by the calculated larger band energy for the

Table 4.1: The bands observed spectra and their corresponding optical band

Sample name Wavelength (nm) Band gap (eV) c Activation
energy Eqg
- - -1
T Polaron 4 4 Polaron 4 (Scm ) (eV)
- | — polaron - | — polaron
PANI-ED 379 | - 648 3.1 - 1.70 0.26 0.187
PANI-NW 364 | - 726 281 | - 1.44 1.98 0.174
PANI-NW- 383 | - 661 2.63 | - 1.59 3.14 0.155
0.IMHCI
PANI-NW- - 479 661 - 2.47 1.53 9.8 0.084
0.5MHCI
PANI-NW- 405 | - 640 250 |- 1.62 10.2 0.147
1.0MHCI
PNF-HCI 326 | 478 665 3.08 | 240 1.59 1.75 0.109
PNF-CSA < 478 695 3.37 | 237 1.55 1.27 0.122
300
PNF-CA < 480 611 380 |241 1.77 0.22 0.165
300

PNF-CSA (3.37 eV) and PNF-CA (3.80 eV) samples as compared with the PNF-HCI (3.08 eV)
samples. This indicates that the polaron transitions are more prominent in the CSA- and CA
doped samples as compared to the larger bandgap @ — * transition. The difference in the
absorption spectrum in the three different acid-doped samples could be due to the extent of
doping and the difference in the degree of oxidation state in the polyaniline structure, i.e., the
difference in the benzenoid and quinonoid rings ratio.[45], [49] This indicates that the different
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types of doping in the polyaniline matrix alter the electronic transitions in the backbone of the

polymer.

The effect of the different levels of HCI doping on the work function of PANI nanocomposites
was studied using the X-ray photoelectron spectroscopy (XPS). As shown in the Figure 4.9 (a),
the work function (®) of different samples was determined by Ultraviolet photoelectron
spectroscopy (UPS) as ® = hv — Ecutoff, Where, hv is the UV source energy (21.2 eV) and
Ecutoff IS the cut-off point of secondary electron edge (SEE) where tangent cut the x-axis. From
Figure 4.9 (a), it can be observed that the SEE is shifting when the concentration of HCI varied
in PANI. The estimated work function of the PANI-ED, PANI-NW, and PANI-NW with
different concentrations of HCI is shown in Figure 4.9(b). The work function of the PANI-NW
decreases with increasing HCI concentration levels. The measured work function on the surface
of PANI samples decreased from 4.04 +0.1 eV for PANI-NW to 3.81+ 0.1 eV for PANI-NW-
0.5 M HCL and further increased to 3.91+0.1 eV for PANI-NW-1 M HCI. This change in work
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Figure 4.9: (a) UPS spectra of PANI-HCI samples. (b) the work function of the PANI -NW
as a function of HCI doping concentrations.
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function occurs due to the effect of protonation on the electronic structure of the PANI. A large
number of free holes in the form of polaron and bi-polarons in the polymer chains result in
lower work function values.[24], [50], [51] The electronic structure of the PANI undergoes an

internal redox, which forms bipolarons.[52].
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Figure 4.11: First, second and third column is the core level spectra and deconvolution of the
N 1s, Cl 2p and C 1s respectively for PANI-NW, PANI-NW-0.1 M HCI, PANI-NW-0.5 M
HCIl and PANI-NW-0.1 M HCI.
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In the XPS analysis of PANI samples, the relative contribution from the various polymeric
components is resolved. XPS is the useful tool to explain the electronic features of polaron/bi-
polarons and the degree of doping as the ratio of the positively charged nitrogen species to the
total nitrogen (N*/N).[53], [54]. The core level spectra and deconvolution of N 1s, Cl 2p and C
1s for PANI-ED are shown in the Figure 4.9. Similarly, the core level spectra of N 1s, Cl 2p
and C 1s for PANI-NW, PANI-NW-0.1 M HCI, PANI-NW- 0.5 M HCI and PANI-NW-1 M
HCI are shown in the Figure 4.10. The N 1s spectra resolved into four peaks, C 1s spectra
resolved into five peaks and CI 2p spectra resolved into four peaks using the gaussian function
as reported in the literature.[55], [56] The Binding energy of the four N 1s peaks are located at
398.6 eV(imine), 399.3 eV(amine), 400.4 eV (polaron) and 401.5 (bi-polaron) eV. The two
high binding energy peaks at the tail are corresponding to the two different positively charges
species. The peak at 400.4 eV is attributed to the delocalized radical cations [53] and other
component at 401.5 eV is allocated to the positively charges imine cation. C 1s spectra
deconvolute into five peaks corresponds to C-C, C-N , C-O,C=0 and & — m* shake-up satellite
at 284.2 eV, 285 eV, 286 eV, 287.2 eV and 289.5 eV.[56] The presence of the C-O and C=0
components in the spectra indicated about some level of oxidation of the samples. Further, CI
2p spectra decomposed into four peaks at binding energy of 196.8 eV, 198.3 eV, 200.1 eV and
201.5 eV. The first and third components confirmed the presence of chlorine anions (CI°) and
covalent bonded chlorine (-ClI) species. In C 1s spectra, smallest peak having highest binding

energy observes at the end of the tail indicated about well-doped states.

Table 4.2: The detail of the doping level in the PANI-NW samples are listed below.

Sample =N — —NH — N* N*/N o (S/cm)
PANI-NW 0.21 0.51 0.26 0.26 1.98
PANI-NW-0.1M HCI 0.08 0.60 0.32 0.32 3.14
PANI-NW-0.5 M HCI 0.23 0.30 0.47 0.47 9.8
PANI-NW-1 M HCI 0.02 0.38 0.60 0.60 10.2

The N 1s core level spectra give the information about the doping level in the different samples
of PANI. The ratio of N*/N of different HCI doped PANI-NW samples is shown in the table
4.2. It shows that the protonation level increases from 0.26 to 0.60 when doping of HCI

increases from 0 to 1 M. This trend of protonation level follows the electrical conductivity
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measurement results of the PANI-NW samples. This increase in protonation level with

Increasing the HCI concentration results in enhanced electrical conductivity of PANI-NW.

4.3 Electrical conductivity measurement results

The electrical conductivity of the polyaniline nanowhiskers (PANI-NW) doped with different
concentrations of HCI is measured at different temperatures, from 80 to 300 K (as shown in
Figure 4.12). The electrical conductivity increases with increasing the temperature for all the
samples, but the rate of increase is different for the different HCI-doped samples. The measured
electrical conductivities at 300 K for the HCI-doped samples PANI-NW, PANI-NW 0.1 M
HCI, PANI-NW 0.5 M HCI, and PANI-NW 1.0 M HCl are 1.94 Scm™, 3.14 Scm™, 9.8 Sem?,
and 10.2 Scm?, respectively. The observed increase in electrical conductivity with the doping
concentration could be due to the increase in polaron formation (bands at ~ 480 nm and at ~
650 nm in Figure 4.6 (c)), as observed from the absorption studies. The electrical conductivity
of polyaniline increases up to 10.2 Scm for the higher concentration (1.0 M HCI) of the acid
doping, which is almost five times higher than that of the pure polyaniline (PANI-NW)
electrical conductivity (1.94 Scm™). However, from Figure 4.12, it is seen that the electrical
conductivity of the 0.5 M HCI-doped polyaniline shows a higher value at all temperatures
except at 300 K.
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Figure 4.12: Electrical conductivity of the polyaniline nanowhisker samples doped with

different concentrations of HCI.
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The excess concentration of HCI could lead to structural distortion and that could be the reason
for the observed decrease in electrical conductivity beyond the 0.5 M HCI concentration.[22]
The maximum electrical conductivity for the sample doped with 0.5 M HCI is due to the
increased exciton (polaron/bi-polaron) transition as compared with the other samples, and it is
clearly seen from the new polaron band (polaron-rn*) observed at 480 nm, and also the intensity
of the m — ™ transition is diminished considerably (see in Figure 4.6(c)). The electrical
conductivities of all the samples are compared with the optical bandgap of the different

transitions in Table 4.1.

The electrical conductivities of the polyaniline nanofiber samples prepared by interfacial
polymerization (IP) with different acid dopants are shown in Figure 4.13. All these samples are
prepared in the same conditions, washed with water to remove the excess acids in the sample,
and the only difference is dopant acid. The temperature-dependant electrical conductivity
results show that the rate of variation is different for different acid-doped polyaniline
nanofibers, which is larger for the PNF-HCI sample and smaller for the PNF-CA sample. The
electrical conductivity at 300 K for the samples PNF-HCI, PNFCSA, and PNF-CA are 1.75

Scm™?, 1.28 Scm? , and 0.22 Scm™ , respectively. The observed difference in the electrical
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Figure 4.13: Electrical conductivity of polyaniline nanofibers with different acid doping

conductivity could be due to the difference in the band energies of the polymer samples. The
electrical conductivity values are in-line with the optical bandgap of the = — r* transitions
which are 3.03 eV, 3.37 eV, and 3.80 eV for PNF-HCI, PNF-CSA, and PNF-CA samples,
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respectively, i.e., the electrical conductivity decreases with increasing the band energy.
Similarly, the electrical conductivity values are in-line with the optical band gap of n-polaron
transition (> 600 nm) of the samples. The observed lowest electrical conductivity for the PNF-
CA (0.22 Scm™) sample is attributed to the larger bandgap (1.77 eV), and the higher electrical
conductivity values for the PNF-HCI (1.75 Scm™ ) and PNF-CSA (1.28 Scm™ ) samples are
attributed to the smaller bandgap (~ 1.55 eV). But the polaron-n* transition for all the samples
observed at ~ 480 nm with the optical band gap around ~ 2.4 eV (see Figure 4.8). Moreover,
the electrical conductivity is also strongly influenced by the charge carrier mobility at the
polymer backbone. From the TEM image (see Figure 4.2), the PNF-CA sample shows more
roughness at the surface of the nanofibers as compared to the PNF-HCI and PNF-CSA
nanofiber samples. This could be due to the larger CA molecule induce disorder at the surface
of the polyaniline nanofibers, and this may be the reason for the observed lowest electrical

conductivity (0.22 Scm™ ) for the PNF-CA sample [57]. From the above discussion, it is clear
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Figure 4.14: Electrical conductivity of polyaniline in different morphologies

that the type of dopant material alters the electronic energy levels which leads to changes in

the electrical conductivity.

From the TEM images (see Figure 4.2), it is clear that the simple oxidative polymerization of
aniline using APS produces highly entangled polyaniline (PANI-ED) chains, whereas the
oxidizing agent APS + FeClz produces the nanowhisker (PANI-NW) of length 200 nm and
diameter 50 nm. But, the interfacial polymerization produces the nanofibers (PNF-HCI) of ~

500 nm length and ~ 50 nm diameter. The electrical conductivity of polyaniline samples with
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different morphologies, prepared under different synthesis conditions was studied, and the
results are shown in Figure 4.14. In all three cases, HCI was used as dopant acid. From the
electrical conductivity studies, it is clear that the polyaniline samples PANI-NW (nanowhisker)
and PNF-HCI (nanofiber) show electrical conductivities 1.98 Scm™ and 1.75 Scm®,
respectively, which is almost eight times higher than that of the electrical conductivity of the
highly entangled polyaniline chains in PANI-ED (0.26 Scm™) sample. The larger electrical
conductivity for the nanowhisker and nanofiber samples could be attributed to the ordered
arrangement of polymer chains as compared with the entangled polyaniline chains. The ordered
arrangement of the polymer chains in the nanowhisker and nanofiber morphologies promote
the charge carrier mobility, and this leads to an increase in electrical conductivity.[25] From
the above studies, it is clear that the concentration of the dopant materials and type of the dopant
materials changes the electrical properties of the polyaniline. Moreover, making the one-
dimensional nanostructures improves the electrical conductivity by increasing the charge
carrier mobility, which is one of the prime requirements for the thermoelectrical materials to

improve the electrical conductivity without much affecting the Seebeck coefficient.
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Figure 4.15: Arrhenius plot for (a) PANI-NW and PANI-NW with different HCI concentration
(b) PNF with different acid dopants (HCI, CSA, CA) and (c¢) Entangled PANI, PANI
Nanofibers (200nm) and PANI Nanofibers (500nm).

The activation behaviour of the samples are studied using the Arrhenius Equation shown below

—Eg
o = O'OekBT (41)

Where kg is the Boltzmann’s constant and oo represents the value of ¢ at 1/T =0. The variation

of the conductivity ¢ as a function of 1/T is shown in the Figure 4.15. Egis the activation energy
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of conductivity which is obtained from the slope of the linear portion of the graph log(o) versus
1/T fits to the Arrhenius Eq 4.1. The temperature dependence of conductivity and the follow
up arrehenius behaviour indicate that the conduction in polyaniline hybrid ion exchange is
predominantly performed by variable range hopping process. The value of activation energy
of all the Polyaniline samples is summarized in Table 4.2. The value of activation energy is
indicating that the charge carrier has to overcome the same energy barrier while conducting.

Thus, the polarons acts as charge carrier hopping from state in all the polymer samples.

4.4 Conclusion

In this chapter, we have studied the effect of the concentration of dopant material, type of
dopant material, and the morphology of the polymer on the electrical conductivity of
polyaniline. The experimental electrical conductivity results are compared with the electronic
transition and optical band gap observed in the absorption spectra. The electrical conductivity
of the polyaniline increases from 1.98 to 10.2 Scm™ while increasing the concentration of the
dopant acid from 0 to 1.0 M. The observed five-fold increase could be attributed to the
generation of polarons in the polymer chain with increasing the acid doping. The absorption
spectra and the calculated optical band gap are also in-line with the experimental electrical
conductivity results, i.e., the intensity of the = — 7* band and corresponding optical band gap
decreases while the intensity of the polaron band increases with the doping. The electrical
conductivity of polyaniline nanofiber doped with different acids show higher conductivity for
PNF-HCI (1.75 Scm™) and PNF-CSA (1.27 Scm™) samples and lower conductivity for the
PNF-CA sample (0.22 Scm™). The observed lower electrical conductivity for the PNF-CA
sample could be due to an increase in the optical band gap inthe t — * (3.8 eV) as well as n-
polaron (1.77 eV) transition. Moreover, the reduced electrical conductivity in the PNF-CA
sample could also be attributed to the reduced charge carrier mobility due to the disordered
polyaniline chains at the surface of the nanofibers. The nanowhisker and nanofiber morphology
polymer samples show larger electrical conductivity as compared to the entangled polymer
chains as larger particles. This could be due to the ordered arrangement of the polymer chains
in nanowhiskers and nanofibers improves the charge carrier mobility compared with the
entangled polymer chains. Overall, many factors need to be considered for achieving higher
electrical conductivity with high charge carrier mobility of the polymers. We hope that our
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findings will be useful for the researchers to choose the proper dopants with optimum
concentration to achieve high electrical conductivity and high charge carrier mobility in

polyaniline for flexible electronics and flexible thermoelectric application.
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Chapter 5

Chapter 5

Effect of light on the conductivity of 2DEG at the
oxide interface LaVO3/SrTiOsz; and EuO/KTaOs3

5.1 Introduction

The quasi-two-dimensional electron gas (2DEG) at the oxide interface opens new possibilities
both for the fundamental and applied physics.[1]-[3] The 2DEG formed between transition
metal oxides possesses high mobility and other fascinating properties like magnetism,
superconductivity, electric field tuning, planar Hall effect, photoconductivity (PC), etc.[2], [4]-
[11] These interesting properties motivates researchers to investigates a number of oxide
interfaces like LaTiO3/SrTiOz (LTO/STO), LaGaOs/ SrTiO3(LGO/STO), NdGaOs/ SrTiOs
(NGO/STO), etc.[12]-[15] The properties of 2DEG can be tuned using various external stimuli
such as magnetic fields, light, stress, electric fields, particle bombardment, etc.[2], [7], [10],
[11], [16], [17] Among them, the effect of light on the 2DEG conductivity has attracted
considerable interest in optoelectronics applications.[10], [17] The observation of high
persistent photoconductivity (PPC), where the material even persists in a higher conductivity
state with a large relaxation time after turning the light illumination off, becomes an attractive
subject for investigators.[17]-[19] This PPC has shown many applications in holographic
memory, phototransistor, photodiode, optical memories, and photodetectors.[17], [20]-[24]
This PPC phenomenon is well recognized mainly in semiconductor materials.[20], [25] But the
magnitude of the PPC observed in semiconductor materials like silicon membranes, and GaN
nanowires at room temperature is very small.[26], [27] Another type of material that manifest

persistent photoconductivity is oxides. [28], [29] So, observing the room temperature PPC in
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oxides can be very interesting and may open up vast opportunities for the oxides in

optoelectronics.[22]

In this chapter, we have shown the effect of visible light illumination on the conducting
interface of LVO (5 u.c.)/STO(bulk) and insulating interface LVO (3 u.c.)/STO(bulk) at a
different temperature from 76K to 300K under the different wavelength of laser light. The EuO/
KTO interface is the only non-perovskite/perovskite interface. The conductivity at this
interface's origin is still unclear; nevertheless, it shows exciting phenomena like Shubnikov-de
Hass oscillations, anomalous magnetoresistance, planar Hall effect, PC, etc. [30], [31] These
properties motivate us to perform a PC experiment on samples of EuO/KTO (non-
perovskite/perovskite) with different intrinsic charge carrier densities at temperatures 76K and

300K under different wavelengths of laser light at different power values.

5.2 Experimental details

We have used the photoconductivity measurement setup discuss in measurement methods

section of chapter 2 to measure the sheet resistance of the prepared samples. The schematic of

Laser light

Al wires
% Gold pads

—

2.5mm

Glass slide

Figure 5.1: The schematic diagram of measurement sample geometry

the device geometry to perform photoconductivity measurement is shown in the Figure 5.1.
The ultrasonic wire bonder is used to connect device to four gold pads on the glass slide. We
made four gold pads on the cornors of the glass slide using EXCEL e-beam deposition process.

A hard mask has been used to made gold pads of specific size (2mm x 2mm) and position on
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the glass slide as shown in the schematic Figure 5.1. Four probe I-V measurement are
performed for sheet resistance (p2p) measurement. In both experiments we have used two lasers
of different wavelengths one is 405 nm (blue) and other is 532 nm (green). In the schematic
LVO is deposited on the STO substrate, similar sample geometry is used for the EuO/KTO
samples.

5.3 Photoconductivity measurement results on LVO/STO

We choose two different interface to investigate the photoconductivity behavior of the 2DEG
at the interface, one is LVO(3 u.c.)/STO and other is LVO(5 u.c.)/STO. First, we check the
transport properties of the LVO(3 u.c.)/STO insulating sample in the absence and presence of
blue light (405 nm) as shown in the Figure 5.2. The graph shows that in the absence of the light
or in dark interface behave as an insulator but under the blue light illumination the sample
shows a transition from insulator to metal at 220 K. This type of behavior has also been
observed in the LAO/STO interface.[32]

. m—— = A —8 i aEg Emy
1073 n
] m 3 u.c Dark ""»,
—~ 10" = 3 u.c Blue Light N
= .
C ]
= 10° o
14 ;. ."-I'I""l l\l\ u
10° o—a" .
107 N
100 150 200 250 300
Temperature (K)

Figure 5.2: Sheet resistance of the LVO (3 u.c.)/STO interface as a function of the temperature
in the absence and presence of blue (405 nm) laser light at constant power of 75 mW. Blue

color square represents data in the presence of light and black square in the dark.
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Further, we study the time dependent change in resistance or photo response for both of the
sample under the blue (405 nm) and green (532 nm) at different temperatures from 76 K to
300K. First for the LVO(3 u.c.)/STO sample, we have plotted the percentage change in
resistance of the sample in the presence of the light as a function of time and the percentage
change in resistance (8R %) is defined as 6R % = ((R(t)-Rp)/Rp), where R(t) is the
resistance at a time t and Rp, is the initial value of the resistance in the dark or in the absence
of the light. Before start the experiment, samples kept in the dark place and wait until the
resistance of the sample becomes constant. After that a blue or green laser which is placed at a
constant distance (40 cm) from the sample having power of 75 mW is illuminated on the sample
for the 5 min and continuously measure the resistance as a function of time. After 5 minutes,
the laser light is turned off but measured resistance continuously as a function of time as shown
in the Figure 5.3. The same process is repeated twice at different fixed temperature between 76

K to 300K. In the Figure 5.3(a and b), the data for the change in the resistance as function of

PPC

%0R

0 5 10 15 20 25
time(in min) time(in min)

Figure 5.3: Percentage change in resistance with time (a) at 76 K, 100K, 150K, 200K, 250K,

and 300K under laser light (532 nm) and (b) at 76 K, 100K, 150K, 200K, 250K, and 300K 3

under blue light (405 nm) for insulating (LVO (3 u.c.)/STO) sample.

time at 76 K, 100K, 150K, 200K, 250K, and 300K under 532 nm(green) and 405 nm (blue) laser light,
respectively for the insulating sample is plotted. Similarly, we have study the time dependent
photo response for the LVO(5 u.c.)/STO sample and plotted the percentage change in resistance
as a function of time at 76 K, 100K, 150K, 200K, 250K, and 300K under 532 nm (green) and
405 nm (blue) laser light respectively is shown in the Figure 5.4. The power of the both lasers

are set at same value equal to 75 mW.
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Figure 5.3 (a) shows the photoconductivity behavior of the LVO (3 u.c.)/STO interface under
the presence of 532 nm laser light ar different temperature between 76K to 300K. This graph
suggest that the magnitude of the change in resistance or transient photoconductivity (TPC: no
persistent photoconductivty) increases as the temperature increases from 300K to 76 K. But
there is no PPC observed in that temperature range. In Figure 5.3 (b) shows the
photoconductivity behavior of the LVO (3 u.c.)/STO interface under the 405 nm laser light.
This plot clearly shows that the percentage change in resistance increase as we go from 300 K

to 76 K but the persistent photoconductivity increases as temperature increases from 76 K to

Off On  Off

10 15
time(in min) time(in min)

Figure 5.4: Percentage change in resistance with time (a) at 76 K, 100K, 150K, 200K, 250K,
and 300K under green laser light (532 nm) and (b) at 76 K, 100K, 150K, 200K, 250K, and
300K under blue light (405 nm) for conducting (LVO (5 u.c.)/STO) sample.

300 K. After compairing both wavelengths, 3 u.c. sample shows persistent photoconductivity
only in the presence of 405 nm laser light and change in percentage resistance is almost same

for both lasers at 76 k but more change at 300K for the blue laser light.

The effect of 532 nm laser on the 2DEG conductivity at the LVO (5 u.c.)/STO interface is
shown in the Fig. 5.4 (a) at different temperatures. The 8R % decrease as temperature increase
from 76 K to 300 K but the amount of PPC increases with increase in temperature. In case of
green the maximum amount of PPC observed at 300K is 8%. On the other hand, in the presence
of 405 nm laser light the SR % is almost same at all the temperatures but the PPC increases

with increase in temperature and maximum PPC is ~ 72 %. When we compare both samples
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then insulating (3 u.c.) samples shows large %6R as compare to conducting sample in the
presence of 405 nm and 532 nm light at all the temperatures. But conducting sample shows
large PPC as compare to the insulating sample under both laser lights. Further, the conducting
interface in Figure 5.5 shows the decay of the induced photoconductivity in the absence of light
is quite slow and even after 24 hours these is still 8% persistent photoconductivity is present in
the sample. This type of property of the conducting interface consistent with the other reports
by Huijben et al.[33] and Tebano et al.[17] for the LAO/STO interface.

On Off On Off

%0R

10° 10° 10°
time(s)

Figure 5.5: The decay of the induced photoconductivity in the dark after the blue light
illumination on the LVO (5 u.c.)/STO sample. The decay is extremely slow and even after 24

hours sample persists in low resistance state.

5.4 Photoconductivity measurement results on EUO/KTO

In this work we choose two conducting (nonperovskite/perovskite) EUO/KTO interfaces S2
and S8 having different charge carrier densities. The value of charge carrier density of the
sample S2 and S8 are (1.5 + 0.016) X 10'*cm™ and (1.4 £+ 0.012) X 10'* cm™?,
respectively. First, we have investigated the photoresponce behavoir of the sample S2 under

the illumination of the 405 nm and 532 nm laser light with different power values at two fixed
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temperatures 76 K and 300 K. Before the start of experiment both samples kept in the dark
place until the resistance values becomes constant. Then the laser light of known wavelength
was shined on the sample from the fixed distance (40 cm).

The photoresponse data of the sample S2 under green and blue laser light at fixed temperature
300K and 76K are shown in the Figure 5.6 (a and b) and Figure 5.6 (c and d) respectively. Here
also data plotted in terms of change in resistance (8R %) as a function of time. The laser kept
on and off for 5 min in 2 cycles as shown in Figure 5.6 and continuously monitor the resistance
of the sample S2. Similarly, we have measured and plotted the photoconductivity behavior of

the sample S8 under green and blue light at constant temperature 300K and 76 K, which are
shown in Figure 5.7.

On  Off On Off On Off On Off
(a) (b)
0 0 g - - - --- -~ - " - - - - - - - =+
-20- -20+
& 404 & -40-
X X
B40pW
-60- = G40uW -60- B60W
: S
) B240pW
801 B gﬁﬁgﬁw -801 Bsoo::w
0 5 10 15 20 0 5 10 15 20
time(in min time(in min
n ff
(c) Ooff  On (d ©On oOff O
0 ---------
-20+
% -40-
=
-60- G40pW
G60pW
G105uW
0 Shaom
0 5 10 15 20 0 5 10 15 20
time(in min) time(in min)

Figure 5.6: Percentage change in resistance with time (a and b) under 532 nm laser light and
405 nm laser light respectively with different power values of 40uW, 60uW, 105uW, 240uW,
and 500 uW at a constant temperature of 300 K (¢ and d) under 532 nm laser light and 405 nm
laser light respectively with different power values of 40uW, 60uW, 105uW, 240uW, and 500
uW at a constant temperature of 76 K of sample S2.
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A significant amount of PC (~80%) observed in case of sample S2 under very low power
(500uW) of blue light and this might have an important technological application. Figure 5.8
shows the varation of %6R and %PPC as a function of laser power under both laser light for
both the samples S2 and S8. Figure 5.8 (a and b) at 300K shows that %8R and %PPC is large
for blue light as compared to green and the change is large for the sample S2 under both lights
as compared to high chagre carrier density sample S8. Similar trend follows in the Figure 5.8
(c and d) at temperature 76K. When we compared the measurement data of %d6R and %PPC
at 76K and 300K then it shows that the both samples have higher %6R and %PPC at 76 K.
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Figure 5.7: Percentage change in resistance with time (a and b) under 532 nm laser light and
405 nm laser light respectively with different power values of 40uW, 60uW, 105uW, 240uW,
and 500 uW at a constant temperature of 300 K (¢ and d) under 532 nm laser light and 405 nm
laser light respectively with different power values of 40uW, 60uW, 105uW, 240uW, and 500
uW at a constant temperature of 76 K of sample S8.
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Both samples possess PPC at both 300K and 76K under green and blue light laser. As the
sample S2 has more PPC as compare to S8 at both temperatures under green and blue light so
it reveals that PPC decreases with increase increase in carrier density of 2DEG at the interface.
The large PPC and large photoconductivity under 405 nm light compare to 532 nm.This could
be because 405 nm laser light has energy approximately similar to the KTO band gap (~3.5
eV) and also larger than the EuO band gap (~1.1 eV). So the electrons from both the valence
band of KTO as well as from the valence band of EuO are excited to the interface to increase

the photoconductivity.
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Figure 5.8: The variation of percentage change in resistance and percentage change in PPC as
a function of laser light power (a and b) under 532 nm and 405 nm laser light illumination at
300K, respectively and (c and d) under 532 nm and 405 nm laser light illumination at 76K,

respectively.
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5.5 Conclusion

In conclusion, we have checked the effect of light on the LVO/STO and EuO/KTO interfaces.
For LVO(3 u.c.)/STO interface, at low temperature (76K) a light induced insulator to metal
transition has been observed with ~3 orders of resistance change. For the LVO(5 u.c.)/STO
interface, PPC state achieve at all temperatures within the range of 76K to 300K in the presence
of blue laser light. A transition from transient photoconductivity state to persistent
photoconductivity state has been observed at temperature ~ 200 K under the 532 nm light
illumination. Unlike insulating interface of LAO/STO, we have observed PPC state above 150
K under 405 nm light illumination. Conducting LVO (5 u.c.)/STO interface persists in low
resistance state in the dark place even after 24 hrs. Further, we found the conducting interface
of EuO/KTO shows a large PPC and PC under minimal power blue laser light and lower carrier
density the higher the effect is. The wavelength of light and temperature in photoconductivity
effect to realize PPC or TPC. This will encourage further investigation on the photo response
and persistent current of oxide interface. Our results give an important clue to design future

generation solar cell and holographic storage media.
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Chapter 6

Chapter 6

Summary and future perspectives

6.1 Summary

In this thesis research work, we have worked on the thermal, electrical, and photoconductivity
investigations of nanomaterials and explored the effect of surface or interface on the
performance of many potential devices. In chapter 1, we have briefly discussed nanofluids and
their importance in various heat transfer applications. We have presented a thorough study of
the effect of the multiple parameters of the nanofluids on thermal conductivity enhancement.
In addition, we have described the significant discrepancy in nanofluids' experimental thermal
conductivity results due to the ignorance of some specific parameters in most of the reports.
We have also given an overview of the different thermal conductivity, electrical conductivity,
and photoconductivity measurement techniques used by various investigators efficiently to
reveal the thermal and transport properties. The literature survey found that the transient hot
wire method is the easiest and most preferred among the present thermal conductivity
measurement technique. For electrical and photoconductivity measurement, the researchers
generally employ Van der Pauw and four-point probe methods. In chapter 2, we have briefly
discussed the different characterization techniques such as TEM, XRD, TGA, IR spectroscopy,
and UV-VIS-NIR spectroscopy used to perform the thesis work. We have also given a detailed
description and working of the homemade transient hot wire method, VVan der Pauw, and four-
point probe method in the measurement methods section of the second chapter. These
measurement methods are used to carry out all the nanomaterials' thermal and electrical

transport investigations.

In the next chapter, we have investigated the thermal conductivity of the iron oxide

nanoparticles dispersed in water and toluene at different weight percentages using the
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calibrated homemade transient hot wire measurement setup. The water-based polar nanofluids
show a deterioration in thermal conductivity with an increase in the weight percentage of iron
oxide nanoparticles. This deterioration is further enhanced with an increase in the amount of
the surfactant in the nanofluids is confirmed by the TGA analysis. On the other hand, toluene-
based nonpolar nanofluid shows an enhancement in the thermal conductivity with an increase
in the weight percentages of nanoparticles. Different surfactants have been used in both
nanofluids to suspend the iron oxide nanoparticles. This indicates that the type, as well as the
amount of the surfactant, plays an essential role in controlling the thermal transport behavior
of the nanofluids. In addition, the thermal conductivity of iron oxide@CNF nanohybrids is
investigated using the homemade THW measurement technique for thermal insulation
applications. Iron oxide-2% shows the lowest thermal conductivity value, 0.0245 W/mK,
which is lower than the air thermal conductivity at room temperature. The reduction in thermal
conductivity is explained based on fibril-fibril interaction and phonon surface scattering from
the CNF aerogels.

Further in our subsequent work, we have investigated the electrical conductivity of the
polyaniline with different types of dopants (HCI, CSA, and CA) as well as by varying the
concentration of a dopant (HCI) from 80K to 300K. All the electrical transport measurements
were carried out using the Van der Pauw technique. The enhancement in the electrical
conductivity has been observed from 1.94 S/cm to 10.2 S/cm with increasing the HCI
concentration from 0 to 1 M as a dopant. Electrical conductivity enhancement results are
consistent with the absorption band gap studies. The formation of the polaron band in the
polymer chains could be contributed to the five-fold enhancement of electrical conductivity.
The electrical conductivity of the polyaniline nanofibers doped with different acids is in the
order HCI > CSA > CA. The lowest electrical conductivity of the CA-doped polyaniline
nanofibers could be due to the irregular polyaniline chains on the surface of the nanofibers,
which further affects the charge carrier mobility. Different synthesis process leads to the
formation of different morphologies, which further affects the electrical conductivity of the
polyaniline. The observed higher electrical conductivity of polyaniline nanowhisker and
polyaniline nanofibers compared to pure polyaniline could be due to higher charge mobility

from highly ordered polymer chains.

In the following work, we explored the effect of visible light illumination on the conductivity
of 2DEG at two different types of interfaces: LVO/STO and EuO/KTO. The LVO (3 u.c.)/STO
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interface shows an insulator to metal transition under 405 nm laser light illumination.
Conducting LVO/STO interface shows persistent photoconductivity under the 405 nm laser
light at all the temperature values, but under 532 nm illumination, it shows the persistent
photocurrent only above 150K. For insulating LVO/STO interface, PPC increases as the
temperature increases from 76K to 300K under 405 nm light. Still, there is no persistent current
under 532 nm light at all the temperature values. The conducting interface shows a maximum
PPC of ~72%, which decays very slowly even after 24 hr; an 8% PPC is present in the sample.
Further, we have also performed PC measurements on the two EuO/KTO interfaces having
different charge carrier densities. The sample having high charge carrier density shows less
effect of the light on the conductivity of 2DEG at the interface. The less conducting sample
shows large PPC and PC under 405 nm light with the power of 500uW at 76K.

6.2 Future perspective

This thesis work discusses the effect of the different surfactants and base fluids on the
nanofluids' thermal conductivity. However, this work is restricted to a few surfactants, solvents,
and nanoparticles. The shape and the size of the nanoparticles are also limited in this thesis
work. Toluene and water are used as based fluids with oleic acid and citric acid as surfactants
to suspend magnetite nanoparticles. More studies can be carried out using different surfactants
and solvents to understand the compatibility, dispersibility, interfacial effects, and the role of
the particle-fluid interface on the heat transfer capability of the nanofluids. The thermal
conductivity measurement studies with nanoparticles of different morphologies can enlighten
the various factors that affect the thermal conductivity of nanofluids because all thermal

interactions occur on the nanoparticle's surface in the nanofluids.

The enhancement in electrical conductivity of polyaniline with different dopant concentrations
is discussed. This study gives an idea of the type and amount of dopant to enhance the
conductivity of polyaniline up to the desired level. The morphology of the polyaniline improves
the electrical conductivity without changing carrier concentration leading to the possibility of
flexible thermoelectrical applications. The conducting PANI-based nanocomposite represents
a new area of quantum dots where promising results and unresolved technology challenges call

for deeper study and developed research.
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The oxide heterostructures have promising potential for future generation optoelectronic
devices due to their tunable photoresponse behavior. This thesis work discusses the effect of
light as a function of temperature for the LVO/STO and EuO/KTO heterostructure. But to
understand the intrinsic mechanism of persistent photoconductivity and transient
photoconductivity as a function of temperature, a detailed theoretical study is required. We
have used wavelengths in visible regions in this study up to max power of 75 mW. High-energy
lasers with an extensive power range may further improve the persistent photoconductivity.
Carrier density-dependent photoconductivity of EuO/KTO is discussed, which is non-
perovskite/perovskite oxide heterostructure. The comparison of photoresponse with LVO/STO
reveals that the thin film's structural properties also significantly affect the photoresponse
behavior. So a large variety of combinations of perovskite/perovskite and non-

perovskite/perovskite oxide heterostructures opens a door for enhanced electronics devices.

138



List of publications

List of publications:

(A) Publications included in the thesis

1. A.Singh, R. Lenin, N. K. Bari, C. Bakli, and C. Bera, Mechanistic Insights into Surface
Contribution towards Heat Transfer in a Nanofluid, Nanoscale Adv. 2, 3507 (2020).

2. R. Lenin, A. Singh, and C. Bera, Effect of Dopants and Morphology on the Electrical
Properties of Polyaniline for Various Applications, J. Mater. Sci. Mater. Electron. 32,
24710

3. S. Goyal, A. Singh, R. Tomar, R. Kaur, C. Bera, and S. Chakraverty, Persistent
Photoconductivity at LaVO3-SrTiO3 Interface, Solid State Commun. 316, 113930
(2020).

4. S. Goyal, A. Singh, R. Tomar, C. Bera, and S. Chakraverty, Tuning the Electronic
Properties of 2DEG at Oxide Interface, in Vol. 2265 (AIP Publishing LLC, 2020), p.
030275.

5. M. Dumen, A. Singh, S. Goyal, C. Bera, and S. Chakraverty, Photoconductivity of the
EuO—KTO Interface: Effect of Intrinsic Carrier Density and Temperature, J. Phys. Chem.
C 125, 15510 (2021).

6. S. Sen, A. Singh, K. Kailasam, C. Bera and S.Roy, Biomass-derived nano fibrillar
cellulose and iron oxide-based nanohybrids for thermal insulation application. Nanoscale
Advances (2022).

(B) Publications not included in the thesis

1. R. Lenin, A. Singh, and C. Bera, Role of Nanoparticle Interaction in Magnetic Heating,
MRS Commun. 9, 1034 (2019).

2. S. Sen, A. Singh, C. Bera, S. Roy, and K. Kailasam, Recent Developments in Biomass
Derived Cellulose Aerogel Materials for Thermal Insulation Application: A Review,
Cellulose 1 (2022).

3. D. Rani, A. Singh, R. Ladhi, L. Singla, A. R. Choudhury, K. K. Bhasin, C. Bera, and M.
Singh, Nanochannel Mediated Electrical and Photoconductivity of Metal-Organic
Nanotubes, ACS Sustain. Chem. Eng. (2022)

139



Appendix

Appendix

Uncertainty analysis of the Transient hot wire method:

The main sources of the non-measurement errors cause differences between the real conditions
and the assumptions of the analytical model i.e., that the heating wire has a finite non-zero
diameter and the real heat capacity, that there is a thermal barrier between the wire and the
sample, that the sample and the wire have finite dimensions and that the heat exchange between
the sample surface may occur there. The random component of the uncertainty is evaluated

statistically by analyzing the repeated measurement.

Table 6.1: Results of water thermal conductivity measurement

Sr. No. k (Wm1K1)
0.590
0.595
0.588

0.599
0.591
6 0.589

Mean 0.592
Standard deviation 0.0042

gl B~ W N

Table 6.1 summarizes the results of the thermal conductivity for the one set of measurements
performed by the independent measurement on the test sample of water. The thermal
conductivity values presented here are the values calculated for each measurement as the
average of five values, obtained from a least square-fit of the linear part of the AV vs In(t). The
average thermal conductivity results as well as the calculated standard deviation are
summarized in Table 6.1.

The relative standard deviation value in Table 6.1 represents first type of uncertainty. It can be
conducted that the value 0.71% represents first type of uncertainty component. The
manufacturer specifies the stability in the data acquisition time system. The uncertainty is better
than 0.01%. The error is so small that we do not have to consider it as a source of the thermal
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conductivity uncertainty. But we calculate the thermal conductivity using the slope of the AV

vs In(t), the influence of the uncertainty of the thermal conductivity is better than 0.1%.

In the measurement, we let the stabilized direct current flow through the platinum heating wire.
The current is produced by the stabilized power source (SMU 2450) working in the stabilized
current supply mode. The manufacturer specifies the current stability at the level of 0.05%. The

influence on the thermal conductivity uncertainty is less than 0.1%.

All the components of the uncertainty are considered to be independent. Using the law of
uncertainty propagation we can ensure that the combined standard uncertainty of the thermal

conductivity is better than 1.1%.
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